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Part 1

A MOVING COIL PREAMP

mong MC-pickups we used ex-
clusively at the Morwegian Broad-
casting Corp. Thanks to Dave Hafler,
I was introduced in the early 1970s
to one of the earliest Ortofon stereo
MCs. 1 later graduated to some
Denons, and now live with the best
MC I ever heard, a Clearaudio FSO.

This early exposure to MCs raised
my interest for the difficult task of
d.:a:pm;sttp—tq:ﬂ.m:ﬂ Mot being

years, | have designed nearfy a dozen
of them. One went into production
as the pre-pre for the Hafler DH101.

During my work on. l']l: EB-585

D ktroe T M fopue. T P
tions for MC-inpur. T first
concentrated on offering high gain
RIAA inputs that could take MCs
directly. | soon found, however, that
covering the whale r of low-to-
I:ﬁEm:pmMEsnﬂhﬁ 0f unaccept-

promises, so | decided
against it. [ also found a high gain
RIAA stage was a relatively easy way
to take care of what 1 call the medi-
um-to-high output pickups. This is
one of the approaches [ will present
in this article. For I;w—tu—mtﬂium
output pickups, or i you cannot
chm.g:thegntnlnl:b.i:ﬂnrmdﬂlﬁg
stage, ] propose 4 separate pre-pre.
bﬂuﬁmuﬂhchﬂtthcﬁmmdquﬂia
ty justifies the imvestment.

MC-preamp considerations

If you look at the anmual directory
published by Audio (October 1985,
you will find the lowest t MC
is the Crrtofon MC2000, which has an
ourput of 0.05mV at 5cm/S RMS lat-

EY ERNO BORBELY
Contributing Editor
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FIGURE 1: To cover the entite range of MCs, you need 3-40dB gain ahead of the

MM input

eral velocity. The ome with

hi t output appears be
Uﬁ#ﬂm%uv-ﬂﬂﬂl,\nd: Em

close uth:thpinku;a[Sm‘f],
needs only a couple of decibels extra
gain, the Crtofon MCZ000 has near]
40dE less ourput than the MMs.
though, to my knowledge, no clear
definition exists, | consider the
0.5mYV outpurt to be 4 medium one
and will refer to it accordingly in the
remainder of this article.

“To handle all MCs, you will need

anywhere from 3 to 40dB gain in
ﬁmtnfrhcnm'm.nlMMmpm Fig.
1). This muost be sccompani

very low noise to preserve the
?tﬂn's dynamic range, Obviously,
if vou need only a couple of extra
decibels to cover the high output
MCs, vou can usé the normal RIAA
amp. After all, all preamps should
have enough reserve gain to cowves
such Jemands.

It is becoming a bit more difficult
o cover the whole range of mediam-
to-high outpur MCs because this re-
quires up to 20dB extra gain in front
of the RIAA stage, The most conve-
nient approsch would be to per-
manently incorporate these extra
20dB: into the RIAA amp. Unior-
tunately, it would spell disaster with
normal MMs; they would overload
the input. The best solation is to

allow gain selection in the RIAA amp
in, say, & or 10dB increments, be-
tween the traditional 34dB and the
desired gain of 54dB (Fig. 2). As you
will see later, this is the approach 1
will propose for the EB-585 preamp.
We can go one step further and say
that even low-to-medi output
pickups can be handled by adding yet
another 20dB gain to the RIAA stage.
Although I don't intend to cover the
whale 40dB range [most of us operate
with sensitivities in the 0.1 10 5mV
range}), you will still need approx-
imately 32dB extra gain in front of
the RIAA amp. In most cases, this
will stretch ¢ ilities of most
beyond their limits. As a
mut,mmmmprmﬂmlmumh:
accepted, notably in dynamic range,
THD), and maost hkely in RIAA-
accuracy. For such pickups, & separ-
ate step-up device is the answer.
which is what an MC-preamp is sup-

=

by Bl E

FIGURE 2 Incorporating 20dB exrra
guin i the RIAA stage weill allow you to
g medivm-to-high oweput MCs,
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posed to provide, 1 consider the
followring podnts to hf- mnst g
tant for sound quality:
» Coupling the sign
nput
* Dynamic range of the amplifier
* [nput non-linearities of the
amplifier, and
¢ [nterference from power supplics.

These might seem obvious to you,
bt T would 0 COMIMEnt On S0me
of them. Concerning coupling the
signal source to the input, it is im-
poriant that you maximize the input
power to the amplifier. You can do
this with impedance matching,
which is what you do for micros
phones and for MC-pickups with
transformers. In addition to providing
power matching, transformers can
also be considered noise-free. They
will, therefore, always give superior
performance as far as signal-to-noise
ratio is concerned. Transformers,
however, have disadvantages as well,
It is difficult to design them with
high overload capahility and without
resonances when the tums ratio is
high. Also, they are very susceptible
to hum pm!r.up from surroun
magnetic fields, Well-design
transformers with double shielding
tend, therefore, to be very expensive.
I believe the best compromise is a
hyhrid design: use a ransformer with
low turns ratio which, with relative
ease, you can make for wide band-
width and high overload ::a.p-]::ht}r
Then, !drie the rest of the
active considered this T]ll:
present :lmgn. hur. due to the high
cost of quali ;i? mﬂm 1 decided
to use an

An all-active dﬂlg:n, hmm:r re-
quires a careful consideration of the
amplifier's dynamic range. More
specifically, you must pay special at-
t:uunntuﬂ::luwulnmtuithe
dynamic range, 1.¢., the amplifier's
input noise. 1 am going to spend some
time on the theoretical side of this
subject, so if you are only interested
in the actual design, skip this section
and turn to the description of the
MC-preamp.
Basic Mois¢ Theory
As with distortion, mwise van be cuu-
sidered anything which, when added

to the signal, reduces or changes its
information content’, It is, therefore,

of paramount importance that you
reduce this noise level so that it no

B The Audio Amareur 47046

murcﬂtuth:

longer influences the information
content. In mar case, mformarion
stands for music,

There are four main types of audio
amplifier moise mechanisms: thermal
noise, shot noise, 1/f or flicker noise,

of electrons in a conductor [e.g., &
resistor), was first observed by
InhnnmfFEcH Lahs in 1927 and was
analyzed by IV in 1928. Because
of their wark, E?i-‘nl nioise is some-
times ni]ln'l Johnson or Myguoist
noise, Thermal noise is given by the
following formula:

= J4KTR af i

Thermal noise is frequency-
independent over a broad range of fre-
quencies and is, with
white light, often called white noise.
The generation of thermal noise is
not affected by the flow of current
t]:lmush the resistor R. In fact, even

if you suspend it on a silk thread in
free space, it will still generate a noise
voltage becanse the resistor picks up
thermal enecrgy from the ambient
heat sources. Ideal inductors and
capacitors do not generate thermal
noise. In the case of complex imped-
ances of the form Z = R + X0,
such as an MM-pickup, the real part
of the impedance is responsible for
the noise and is frequency-
indepen .

Shot noise results when a DC cur-
rent flows through an electronic
device. Since electronic current is
composed of discrete charge carriers,
Auctuations are always present when
the current crosses a barrier becanse
the carriers pass independently of one
another. A typical example is a PN
junction in a transistor, where the
passage takes place by diffusion.

These fluoctuations te 4 noise
called shot noise, which is given by
the formouada;

la = Jig LAl i)

where:
in is the RMS noise current n Amp.

LOG By

Ler WOISE

THERMAL WDIEE

rl:l'.‘ﬂlf'

FIGURE 3: [/} noise appears in most
conductors, inchuding semicondociors,
vacunm fihes, and compozition carbon

TESISLOTS.

q i the charge of the electron
[1.6x10r"™ Coulomb)
lo 18 the DC curmrent flowing

through the junction (Amp)
Af is the noise bandwidth in Hz.

Again, the shot noise is frequency-
independent over a broad frequency
range. It is important to note that
shot noise is not in elec-
trical conductors [e.g., resistors| due
to the long-range commlation between
ch:mc CATTiCTS.

materials, in-

nl“u:hngmuunﬂucmnlndﬁmmm
tubes, also have an additional noise
component that is inversely propor-
tional to frequency [Fig. 3). This
noise is referred to as flicker, 1/f, or
ink noise. 1/f noise also appears in
composition carbon resistors made up
of squeezed-together carbon granules.
Current tends to fow unevenly
through these granules, and this be-
I:winrglmriaeml.nniiewni:hls
proportional to 1A 170 noise in
semiconductors is caused mainly by
surface problems, with important
contributing factors being generation
and recombination of carriers in sur-
face energy states, and the density of

L - S S
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FIGURE 4: Amplifier noize model.
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surface states’, Improved wafer fabri-
cation gnd surface passivation tech-
niques have significantly decreased
1/f nodse in the last few years.

1/f noise is especially troublesome
in amplifiers with bass boost, such as
RIAA amps. The situation is further
aggravated when DC coupling is
used, becanse below approximately
1Hz, it becomes almost impossible o
distinguish between 1/ noise and
DC drift effects. In RIAA amplifiers,
[ always make two noise measure-
ments: one over the normal 20-
20020kFz Tinge. Not considering
20 range. Mot i
hum here, the difference between the
two RMS5 readings should be as small
agumihlq preferably not more than

Popoorn noise, or birst noise, ap-
pears in all semiconductors and cer-
tain resistors. When fed to a loud-
speaker, it sounds like corn popping.
Popeorn notse is not white noise. Its
spectral density varies m'rh 1/fex,
::Iudhﬂ;uﬁmbemgz[lﬁ] I have

experienced popoom noise in

pood, discrete devices, but [ had lots

of problems with it in the early days

of IC op amps. Again, with today's

high q;u:.]i:mecEaadrgt::hmqm

DSt non-existent prob-
lrmfurd.:al,g;um

Noise in Audio Amplifiers

As an audio engineer, | am interested
in getting an acceptable signal-to-
noise ratio at the amplifier’s ourput.
This means I must design my system
for a minimum eguivalent input
noise. But what is equivalent input
noise!

An amplifier's noise perfformance is
usually described by m;lg-jl:l:hl,g the
OO1SEe SONECeS a5 & SCTIeS
noise, and shunt current generator,
t:prcsmungthcshutummiﬁg, AE:
Th-emmuu:lmmm:mﬁ{
pickupf 18 represented by one more

nodse sources, is given in the formula:
Ex = Je 4 e BT+ iR {3

Motice that we have three different
terms here. The first term, e, is in-
dependent of the source resistor R,

The second term increases with
and the third term increases with Ry

L] ]

LLEL

” LA 1]

1 m

1] I oK

— (T

FIGURE 5: Equivalent input moise (E.) versus R, for & hypothetical amplifier

{20-20kHz, flat, RMS).

Figure 5 shows the equivalent input
noise versus the source resistance for
a hypothetical amplifier, represented
by three asymptotes comresponding w
the three terms in formmmla 3. This is
a general curve, which applies to all
types of active devices, Of course, the
tween the three asymptotes will be
different for the different amplifiers.
As you can see, & alone is
ltvn'fluwv'mﬁufﬂ..mlfufmmuﬂd
the amplifier's equivalent short cir-
cuit input noise. This is a key issue
with MC-preamps, where the source
impedence is usually in the range of
2-30M. Consequently, MC-preamps
must have very low s

You can caloulate the noise coneri-
bution [esR) from the source resis-
tance (R.) by using Johnson's formula.
For example, a 1ki resistor will, over

a MkHz bandwidth and at room
temperature (300°K)], gencrate:

4]
et = ix] 38 103003000 = 0. 575,V

I have calculated the nofse for re-
sistors herween 10 and 10k for the
same conditions and plotted the
results in Fig. 5. Alth }'uu wlil]
invariably end up wi
vﬂu:uhth:hm:udthndtcrmsa&
the equivalent input noise for dif-
ferent amplifiers, the term e.R will
always be the same, and you can use
uuaumuu'sll htﬂ determine
the moise of different
source resistances. For example, my
Clearaudio pickup, with approx-
imavely 500}, penerates 12EnV or
0 128uV of nodse n the audio fre-
quency range, More about this later.

=
[T ]

a0 L] Lok
FREQUERCY | IHE)

FIGURE &a: Moise woltage versus fre-
quency for 25B737. hpe = 270-560
(F-Group),

® ] 1]
FAEQUENCY: 4 kg |

101w

FIGURE &b: Nodss corrent versies fre-
quency jor 25B73T. hpp = 270-580
{&-Group].
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FIGURE 7: Equivalent input noise (Es) versus R, for an amplifier using 258737,

When you use high source im-
pedances, it is important to consider
r.hn; cuu}uibutim of term three: shot

as we will see in a moment. With
FETs and vacuum tubes, shot noise
doesn’t make any contribu-
tion in audio applications, and the
equivalent input noise is determined
iy A composed of all
curve 8
three terms in formula 3, and at the
intersection points of two asymp-
totes, both contribute equally. The
resultant mean square voltage, how-
ever, is the sum of the two mean
square voltages, so the increase is 3dB
at this point [contrary to 6dB when
you add two sine waves with the
same frequency and amplitude).
Let's now look at the noise sources
of the active devices we use in audio
amplifiers: bipolar and field-effect
transistors.

Bipolar Transistors
The two equivalent noise sources for
a bipolar transistor are given by:

io=2q Is af -J—mfﬁ‘n 5]

and
com JAKT[ma' + %) af
where % . :;‘; (6]

10 The Audic Amareur 4/04

Iy and I are the base and emitter
currents, and nw' and r. are the
ing base resistance and the
emitter small signal resistance
respectively. Current noise is shot
ml:; caused by the base current,
w voltage noise ourresponds
the thermal or Johnson noise of the
base resistance, plus one half of the
small signal emitter resistance in
SCTICS.

The noise sources listed above are
independent of the collector voltage
as |l as the leakage current is
negligible. They are also indepen-
dent of the transistor configuration:
common base [CB), common emit-
ter (CE), or common collector (CC).
Due to its unity voltage gain, the
common collector [or emitter
follower] configuration is a bad
choice for low-noise applications.
Though you can use both CB and
CE configuration in low-noise audio
amplifiers, one might be better than
the other in a particular application
due to differences in voltage gain,
current gain, and input impedance.
Both configurations have been used
extensively in MC-preamps, while
the CE configuration is the natural
choice for MM-pickups.

From the above mentioned equa-
tions, can see that a transistor
with high hrpe and low ne' is
generally best for minimum noise.
With low source impedance, you
can optimize the emitter current for
the given source resistance (R}, You

must, however, select a transistor
with low ne * to begin with. In the
carly days of MCs, we spent much
time selecting transistors for low
tos . [ believe John Curl was the first
to find 2N4401/4403 switching
transistors were suitable for low im-
pedance applications. Subsequently,
these were wused in many
MC-preamps.

Typical values of ms * for general
purpose transistors vary from
several tens to several hundred
ohm. You can reduce rw’ by
paralleling transistors, and reduce it
turther with special geometry tran-
sistors. To my knowledge, the
lowest s devices on the market
are the 25B737|PNP] and
2SD7B6|NPN] from ROHM, having
typically 2 and 40Q. Input noise volt-
age and input noise current versus
frequency for the 2SB737(PNP| tran
sistor is shown in Fig. 6a and &b,
Typical e and i, values, read from
these figures for a collector current
of 1mA and at 1kHz, are: 0.6n0V{/Hz
and 0.85p. ) Over a 20kHz
bandwidth, this comesponds to:
€, =84nV and i, =120pA. Using
these values, you can construct a
curve for the equivalent input noise
versus R, using, for example, one
2SB737 bipolar transistor |Fig. 7).
Up to about 20101, the thermal noise
|€a) of the transistor will dominate.
From 20Q to about 10k, the con-
tribution from the source resistance

1x . T
ComMinN SOURCE l )
Ta » E5*C (PO LT
1008 1 I /,_ !:;
3 ///fx‘r‘
- el — 1"_.‘: P
- 10n p T. s
= L] L—T— 1 1 /
= n |
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2 10p fedes ; |
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|
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FIGURE B Gate leakage current for
25K147.




(B} will determine the total noise.
From 10k and up, the shot noise will
take over. Paralleling N transistors
will reduce e; by the sguare root of
N, but will increase i, by the square
root of M, It is, therefore, an advan-
tage to parallel bipolar transistors for
applications where B, is low, but it
is a disadvantage when the source
impedance is high.

The Es versus R, values in Fig. 7
are theoretical, and they are quite
difficult to obtain in a practical cir-
cuit. We will look at some of the
problems associated with practical
circuits in the next chapter.
Field-Effect Transistors
If youi are familiar with my previous
articles, you probably me to
talk about FETs because they are my
favorite devices for andio use. The
IW0 N0iSe Eenerators, g and i,, are

expressed by the following
formulas:

By = IE..'I’.'-:-ikT M—l-
B

where gy 15 the transconductance,

/24l af

where Ls is the gate leakage current.

7l

&)

I hawve found the values calculated
from formula 7 yield results that are
ton low when compared to the data
sheet ¢, valoes, or those measured
in a real device. [ atrribute this 1o
the mquk{:: dismcpttcmlinﬂ'!i b.lilk resis-
tance. is di ncy also exists
with the Toshiba FETs read
about in my preamp article”, For our
calculations, | will, therefore, use
the values given in the datasheet.
Reading e, off from Fig. 9 in the
preamp article for 25K147 at a drain
current of SmA, you get 0,750V Hz.
For 20kHz, this results in
ep=106nY, This is the same
amount of nose produced by 4 340
resistor. Therefore, the 25K147 has
an equivalent nolse resistance of
340 You can calculate the contribu-
tion by reading the value for Ig from
Fig. 8 at a drain-source voltage of
15V, Ig=50A, which produces an
fo = 5,610 A over the 20kHz sudio
bandwidth. To compare the noise
performance of & 25K147 FET to the
25B737 bipolar transistor, I have
drawn the eguivalent input noise
versus R, in Fig. 9 for an amplifier

% [ T
5 - ]
1 I | "${1H
-..ll'
10400 = J‘
___: 1 e 1 .r'.l- !
) = e m— nes
- 1 1
: et iid
r y (T B I
I l; . -T-' I Il LE
] e e - 1 == /
g 1 : . L] [ ] ]
—=p ,,::.;-'-’-'"' S aass il
| : . T:l-
#’:—r--l 1t ! A
L LTI T L 7
i 10 i = g
—ar Hy

FIGURE 9: Equivalent input noise (E,) versud B, for an arnplifier using 25K 147 FET.

using the 25E147. e, being a bit
higher for the FET, means the short
circuit moise will be about 2dB
higher than with the bipolar. Shot
noise, however, will not make any
contribution at all with source re-
sistances lower than 100k, and this
is significantly better than the bi-
polar transistor,

Faralleling FETs will produce the
same reduction in e, as with bipalars,
but having 4 much lower shot noise
means it will still not contribute to
the overall noise at high source im-
pedances, Therefore, the overall noise
performance of an amplifier with par-
alleled FETs is working with a wide

aof source resistors is better than
ith hipolars.
Circuit Design Problems

As | mentioned earlier, my noise
calculations were tl;lmmiul Due
to circuit design problems, it is very
difficult to get close to these figures
in practical amplifier circoits. Even

if you are not an on circuit
design, you can see that the rwo cir-
cuits shown in Fig. 10 will not con-
duoct at all; they require a base-
emitter voltage of approximately
.65V, or a base current to cause a
collector current to flow. Even if
you manage to get a collector cur-
rent, you must make sure it is inde-
pendent of variations of by, temp-
erature, and so on. In other words,
you must add some bias network.

The same lies to the FET
shown in Fig. 10b. As shown, it will
conduct lpss, which waries greatly
for a given FET type. Again, you
must add a bias network that will
reduce and stabilize the drain cur-
rent to the value you want in your
application.

Most practical transistor circuits
include some emitter/source
regeneration [local DC feedback) to
achieve the above, In other words,
the two circuits in Fig. 10 would
look maore like the ones shown in

e ——— —

FIGLURE 10g; Basic common emitter
comfigunrtion.

ENGIIRE 105 Basfe commofn gotrcs
configuraticn,
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in the sim equivalent
circuits in 11. In other words,
they sct as though you bave in-

can the resistors with ca-
pacitors. Unfortunately, these
resistors are usually on the order of

peveral tens to several hundred
ohm, and an effective decoupling re-
wery larjge capacitors. MNow, |

't want to get into mn?ummt
about capacivors, but 1 don't think

1o have electrolytics in the in-
put an MC-preamp. With hi-
polar in the inpot, there is

¥y 0o way to avoid large
elec With FETs, however,

Similar 1o the undecoupled emit-
ter/source resistors, the owverall
feedback network also contributes
to amplifier noise. Figure 12 shows
that, from the t of view of

the two feedhack
resispors in

lel cam be con-
sidered in with the mput. To

11 The Audic Ammeur 4788

from the feedback network, R1JR2
should be smaller than the source

impédance.

As | mentioned earlier, you must
have very low noisc in the
MC to handle the low-level

preamp (see Pig. 8 p. 11, TAA
4/85). In addition to being sym-
metrical, one of the advantages of
this topology is wide bandwidth.
The other one is low noise. The two
input FETs appear to be connected

in parallel, thus reducing the
i noise resistance by two,
and the thermal noise [&) by
+1=1.41. Although this feature has
not been fully the RIAA-1
amplifier is a wvery low-noise
amplifier in its own right. It has an
t shiort cireuit input noise
200V, and an s&luiulem input
notae of 0.6pV with 2 1k source
resistance (20-20kHz, flat, RMS). To
use this topology for an MC-pre-
amp, however, you must fully capi-
talize on its low-noise ilities.
This requires the following
modifications:

bipolar transistors. FETs us
operate at significantly higher cur-
rents than bipolars (5-10mA, com-

pared to 0.5-2mA), so paralleling
several devices will increase the

I
fi
t
£
3
it

:
;
i
:
is

o 60pF of the RIAA-1 amp,

RE

FIGURE 12 The overall feedback nerwork also comtributes to the poise




which uses one pair. This is of no

concern as long as you use the

amplifier exclusively for MC-

pickups. You must be aware of this

E;nblem. however, if it is used for
th MM and MC types.

2, Feedback network. Because
the feedback network also con-
tributes to the total input noise,
must reduce it as much as possible.
Ideally, the value of the two resis-
tors in paralle] should be lower than
the lowest impedance pickup vou
are likely to use. Since the lowest
impedance pickup is around 20, n
should ideally be 18 or s0, as shown
in Fig. 13. With a closed-loop gain
of 10x ar 20dB, the amplifier cutput
must drive a 1000 load, which is
plmost equivalent to a londspeaker
load. Clearly, you will ran into pro-
blems driving such a load if you
need, say, 10V RMS at the ourpue.
Fortunately, this is not necessary.
Most normal RIAA inputs have an
input overload capability of only a
few hundred mV, which is what the
MC-preamp must deliver. [You may

LL]

PIII
+
FRGURE 13 For low ooive, RA|E1 should
be [ower than B,

recall the RIAA-]1 overloads at IV
RMS, but the combined RIAA-1/
RIAA-D has 240mV overload capabil-
ity at 1kHz.) Also, the minimum
gain I am proposing here is not
20dB, but 26dB, which further al-
leviates the loading problem.
Another problem with such a low
impedance feedback network is the
servo circuit must work across this
I shunt resistor to correct the
amplifier's input offser. If you have

30mV of offset, you will need 30mA
through the 10 resistor to correct it.
As you probably know, there aren't
many opamps on the market that
can deliver this much current, 50
¥Ou must compromise somewhat in

terms of feedback impedance. [

In Part [I, Mr. Borbely will discuss
the MC-preamp’s circuitry dand
power supply. A complete compo-
nent list will also be included.
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THE BORBELY PREAMP

Setup Procedure

General Comments

If possible, test each preamplifier module separarely before
installing it in the chassis. This simplifies measurements,

adjusement and, if necessary, component changes. If you
have access wo a scope, connect it to the output of the
module and check whether radio frequency (RF| oscilla-
tions are present. If you have complete sudio instrumen-
tation in your workshop, perform the usual gain, frequen-
¢y response, nolse, total harmonic distortion (THD), in-
termodulation distortion (IM) measurements. Inputs
should be shorted under DC measurements/ adjustments.

RIAA-1

Before switching on the module, set P1 to minimum posi-
tion [CCW|. If Q5, the servo amp is socketed, don't in-
sert it just yer, Connect the plus and minus | £ | 24V sup-
plies to the module and make the following measure-
ments/ adjustments:

1. Check the two zener voltages, D1 and D2, They
:ﬁmﬂd‘?c 15V. Check the output offset. It should be less
han 1V,

1. Check the current in the input stage by measuring
the voltage drop across R4/R14. It should read 2.8V,
+ 20%, corresponding to a current of SmaA. If it is outside
the tolerance, you might have to change R7/R8. Before
you do that, however, do a brief check of the rest of the
circuitry, a5 described below.

When everything checks OK, you can change the values
of R7/RB: if the voltage drop is too great, increase the
values [both at the same time| to 27 or 330, If the voltage
drop is too small, then decrease them to 18 or 150,

3. Secomd stage curremt should be approximarely
5.5mA. Check this by measuring the voltage drop across
RI1B-R19 (or R21-22). It should be about 2.1V, Again, a 20%
tolerance is acceptable. If it is outside these limits, go back
to the first stage and correct the current there. Second
stage current should not be too low, because you will not
be able to adjust the ourpur stage bias.

4. If you are using MPSA transisvors in the output stage,
connect your YOM/DVM across resistors R24-R26, and
adjust the voltage drop to 1V with P2. This corresponds
to the quiescent current of 15mA. Don't forget to put a
snap-on heatsink on Q8 and Q%—they tend to run hot.

If you are using MOSFET output devices, change P1 to
5000, and short out D3, D4, R24 and R26. With MOSFETS
you cannot directly measure the quiescent current. You
can, however, check the total current consumption of the
module by inserting a milliammeter in series with one
of the supply lines. You should adjust the total corrent
to approximately 40mA, which will give you approximate-
ly 20mA quiescent current in the output seage. If you don't
have enough adjustment range, either increase the value
of R20 (221 of 3320 or replace P1 with a 1kQ) wrimpot.

5. Finally, (with the power turned OFF and the filter
caps discharged through a 1-2k{l resistor) insert Q5 in the
socket, turn on the supply, and re-check the outpur off-
set, After about a minute, it should be less than 2mV.

RIAA-2

Before connecting the power supply, set P1 to mid-
position and P2 to minimum (CCW). Again, if the servo
amp 09 is sockered, don't insert it as yet. Connect the
+ 28V unregulated voltages to the module and carry out
the following measurements/sdjustments:

1. Check the supply voltage after the regulators (for ex-
ample across CIJu%pldl, which should be 24V. Check the
zener voltages. They should be 15V. Check the DC offser
at the outrn and, using P1, adjuse for zero volis.

2. Check the current in the input stage by measuring
the voltage drop across R4 and R5 (or R15 and R16). It
should be close o 2.8V, which is equivalent to 5mA in
each of the i devices. If this voltage drop is off by more
than 109, check the current sources very carefully,

3. The current in the second stage is controlled by the
voltage drops mentioned above and, consequently, you
need not make checks here.

4. When using the MPSA output transistors, connect
your VOM/DVM across R29/R30 and adjust the voltage
drop to 1V with P1. This corresponds to a quiescent cur-
rent of 15mA. Again, don't forget the snsp-on heatsinks
for Q12 and Q15.

If you are using MOSFETS, change P2 to 5000 and short
circuit DT, D8, R29 and R30, The quiescent current can-
not be checked directly, but you can check total current
consumption, Insert a milliammeter in series with one
of the supply lines and adjust the total current to
55-60mA. This will give you approximately 20maA in the

output stage. Al not absolutely necessary, if you
have a couple of hearsinks handy, put them on the
MOSFETs, This applies to all modules where you are us-
ing MOSFETs.

5. Now [with the power tumed off and capacitars
discharged through a 1-2kQ resistor| you can insert QF,
turn on the in, and re-check the offset at the
output. It should be than ZmV after a minute or so.

6. Since the RIAA compensation is distributed in the
two RIAA modules, you can check its accuracy only when
the two are connected together. | usually check it after
installing them in the case. You will need a stable
oscillavor and an accurate inverse RIAA network for this
measurement. [Old Colony KL-3C is one of the few in-
verse RIAA networks available. | Your only adjustment
here is trimming R25. If the gain is lower at 10kHz than
at the lower frequencies, paralle]l B25 with several hun-
dred kfl. If it is higher, connect a small resistor in series
with R25. Using the = 1% components recommended
|and supplied by Old Colony], the tolerance on RIAA ac-
curacy is approximarely 0.2dB, so the necessary adjust-
ment is indeed very small.

Line Amplifier

This module is essentially the same as RIAA-2, Conse-
quently the setup procedure is the same. When vesting the
line amp module separately, you can replace the balance
control with a 2500 resistor, Connect the = 24V supply
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to the module and do the measurements/adjustments
described in RIAA-L,

Tape Buffer
$et P1 to mid-position before switching on the module.
Connect + 22V (probably from the line amp) to the sup-
ply terminals and do the following measurements/
adjustments;

1. Check the current in the inpurt stage by measuring
the valtage drop across R4/R7. It should be approximate-
ly 5V, which is equivalent to SmA. If it is more than 5.5V,
change R5/R6 to a higher value. If it is lower than 4.5V,
short out R5/R6. If it is still lower than 4.5V, replace P1
with a 20-250 trimpot.

2. Second stage current should be about 15mA. Check
this by measuring the voleage drop across R9/R12, which
should be around 4.3V, Second stage current is controlled
by the voltage drop across R4/R7 in the first stage, and
if i1 is significantly different from 15mA, you must go back
to the first stage to correct it.

3. Adjust output offset to zero volis with P1

NOTE:
K2 must be 2210 as indicated in the parts list |22.10 on
the schematic is wrong!|.

This completes the setup of the four modules in the
EB-585 preamplifier.

Please report any serious discrepancies or difficulties in
the setup process 1o Old Colony Sound Lab, P.O. Box 243,
Peterhorough NH 03458. They will be shared with the
author and, if necessary, carrective action will be taken.
Necessary updates, if any, will be published in Audio
Amateur.
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Part II

A MOVING COIL PREAMP

L! rs Lok AT the complete MC-
preamyp schematic [(Fig. 1),  have
comnected four pamrs of FETS in paral-
lel, which become a good compro-
mise as far as votal drain carrent, cost
and mput noice are concermed. Ag |
promised in the noise overview, you
can do without elecmolytics in the in-
put stage by using only the lowest
Ipss group {GR: 53-10mA| of the To-
shiba FETs. You can use four pairs of
the single devices |[2SKE14TGR/
25]TIGR) T described in the preamp
article ar, if you have access wo them,
use two pairs of dual FETSs:
5K 1460GR 2517 3GR. The dual FETS
have matched devices in one com-
mom case |Photo d), but they only of-
fer an advantage if the N-chanmel
types are matched to the Pchannel
types. If mot, the single devices will
work just as well m this circuit.
Whether vou use singles or duals is
really a question of what you can
firad.

The GR group is specified at
5-10maA, and to get very low noise,
they should be operated at a mini-
mum of 5mA. By connecting four in
paralle] without source resistors, you
might get, in the worst case, 20-
40maA rotal drain current. This is too
much variation, and o handle the
drain curnent, you must get closer to
the bow-end than the high-end. Ideal-
ly, you should sclect devices with
lpss = 5-6mA and conmect these i
parallel without source resistors. You
might, however, peed to buy many
devices to find four within chis range

Instead, | have chosen a source re-
sistor of 680, which slightly in-
creases the input noise but lets you
use practically all devices from the
CGR group. Although this should as-
SUFE Proper input stage operation,
check the valtage drop across drain
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PHOTO 1: Borbely's pre-preamp is hoosed in g Swizs-mode moduwlar caldmei
made by ELMA. The only controls are two gain sslector toggle switches on the

front panel

PHOTD 2: Froot penel closeap.
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PHOTO 3: The rear perel containg the power connector jefso by ELMAJ, isolated
impur and outpot jacks, and o separate grounding pose.

resistors R11 and B26. It should be
1-1.5V (20-15mA total drain cur-
remt] but being 10% outside these
limits doesn't seem wo hury the amp's
operetion.

T awoid excessively high current
[amd poweer dissipation) in the cascode
trinsstors, connect two of the input
devices' drains and feed separate cas-
code transistors (39 and Q10 on the
M-chinnel side, and Q11 and Q12 on
the F-channel side), For mimimimm
noise, | have used exera flvering fog
the reference valtage of the cascodes

Actually, | should also have reduced
the valtage across the impur FETS 10
avoid excessively high power dissipa-
tion. High temperature will reduce
the effective gy and increase the
FETs' gate leakage current, both of
which tend to mcresse noise, The
15V seems 00 hive an msignificant ef-
fect on the nodse, vet helps keep the
input devices in the linear range of
their operation, so [ opted 1o stay
with the cascodes” original reference
voltage

The amplificr's second stage is the
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PHOTO 4: The moving coil preamp boards.

same as in the RIAA-1 amp (see the
preamp article for a detailed descrip-
tion). The output stage uses the Hi-
tachi MOSFETs (Photo 4), and these
canno be substitated by the bipolars
used in the RIAA-T amp. Adjust the
bias with P1 to approximately 20mA
For long-term seability, P1 should be
a Cermet trimpot- A beatsink on the
TO-220 MOSFETs is & muse.

For pickup load switching, 1 added
a DIL switch with up to six poles at
the amp's input. [ usually use the
resistors shown in Fig. 1, but you can
change these values to sue your
MCs, You can also leave all switches
in the “off'" position if you need a

high impedance load for your pickup?
In this case, the load will equal RS,
which I have chosen to be 47 5k{l but
which you can select as you wish. I
your change your MCs frequently and
dom’t want to go inside the amp o
change the load resistor, add a small
switch (gold-plated ELMA 01 or
equivalent) on the back panel and ar
ramge the load resistors on this
switch. You can also add a sccond set
of input connectors, connected in
parallel with the main inputs and in
which you can plug the necessary
load resistors,

[ have chosen a (L.0OX2uF cap for
the input. This might not be opti-

murn for all MCs, 20 check the man-
ufacturer's recommendations  and
change the value accordingly. The
capacivor must be high-guality lilm,
preferably polypropylene, The same
goes for cap C, which connects the
ground side of the mpur connector wo
the chassis. [ am using a 0.01xF poly-
propylene [type WINMA FKP 1) in this
position.

As | mentioned earher, | compro
mised on the value of the feedback
resistor [R31 = 2. 219, This will allow
you to use a 430 series feedback re-
gistor for a gaim of 26dB, and an 860
for 32dB. These values solve the out-
put stage loading problems, but the
offset problem remains. There is no
practical way o adjust the offser by
putting a rimpot in the source cir-
cuit. [You will notice there is a place
for such a trimpat on the layout, and
| use it mm the higher impedance
RIAA-1 version 2 [V.2] amplifier. ]
don't think you can find a 300710 nam
Cermet trimpot needed (or this job. |
So, vou must rely on the servo cir-
cuit. Using the LE411 here, with a
mintmum recommended load of 2k,
vou can easily calculate the amount
of offset the servo can compensate
» Taded
Van 7y 2210=13mV  {9)

2kfl

Vo max =

where Ve ™ is the maximum out-
put swing of the LF411, here assumed
e be 12V. This doesn't sound like
much, but [ never had problems
tracking the offset when the input
FETSs were from the same group. [ am
afraid if the offset 1s higher, you must
find either an op amp with higher
current capability, or get FETs with
beteer matching.

The equivalent noise circuit for the
MC-preamp’s inpat stage is shown in
Fig. 2. The FETs are represented by
their equivalent noise resistance,
which, vou might recall from our
noise theory, is 340. The equivalent
noise resistance of the entire input
stage is calculated to be 9.542, thar is,
the input stage is generating the same
amount of noise with shorted input
a8 4 9.500 resiston,

The equivalent input noise versus
source resistance [, as measured on
several protorypes, is shown in Fig.
3. Notice the curve 18 very close to
the theeretical one, going asymptot
ically 1o e, = 56mV, which is equiva-
lent to the noise of a 100 resistor.
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Comtinined from Page 31

Although not shown, the noise at
47.5kq} is what is expected from a re-
sistor of that value and with no sign
of shot noise. 'm not claiming this
15 the lowest noise MC-preamp on
the market, but it does offer excellent
noise performance for pickups with
sensitivities down o abowt 0.2mV,

Figure 4 shows the MC-preamp
layout. In accordance with the wishes
of the editor, I have changed the re-
sistor spacing to (1.5, This will allow
you to use Resista’s MK-3-type met-
alfilm resistors which Qld Colony
plans to standardize for future de-
sigms. Note the “clean” sipnal ground
on the board. You can connect this
separately to the regulator board, but
you must connect a 0.01uF/160V
polypropylene capacitor directly on
the board between the signal ground
and the power supply ground. This
will avoid problems at high frequen-
ciés. As an alternative, you can con-
nect the two grounds on t.hc bua.rd,
as shown on the stuffing guide |Fig.
5|. When stuffing the board, be
careful when you insert the imput
FETs. The stuffing guide shows the
layout for the dual FETs. When us-
ing the single FETSs, carefully consult
the pinout in Fig. 14

Power Supply
As mentioned earlier, one of the im-
portant factors in low-noise amplifi-
cation is imterference from power
suppliecs. When you deal with ex-
tremely low levels of an MC-pickup,
there should be practically no in-
terference at all. Consequently, only
the highest quality power supply is
suitable for MC-preamps.
When I set out to design my power
supply, I looked through my old sup-
ply designs. Instead of trying to up-
date these, however, I decided to use
one of the excellent Sulzer designs in
TAA. The final circuit is shown in
Fig. 6, a modified version of the Sul-
zer circuit published by J. Breakall et

,al in TAA 1/83%

It consists of a preregulator using
the LM317/337 three-terminal IC
regulators (Photo 5|, and the op amp
regulator using the NE5S534. Unregu-
lated input to the preregulators
should be about 3V higher than their
output, and the input to the op amp
regulator should be about 3V higher
than the final ourput. To build in
some safety, I adjusted the preregula-

TABLE 2
PARTS LIST

Resistors*

RrR1 100

R2 3019

R3 5119

R4, 10, 12, 13,

28 24 27, 57 1008

RS 5110

RE. 11, 28 1k

R7. 3 2.2

Rr2 47 5%

R9, 26 2210

Ri4, 25 10k

R15-22 6.810

F29, 30 86.60

RE2 2k

R3% 34 MR

R35, 39 5320

¥i6, 38 4D 47 50

=3l 1eW = 1% metaifiim, Resista MK:2 /aauly.

mmnunm
5000 Cermet, Dale
1017 /eguiy.

Capacitors

C 001uF/63V/20% PP WIMA
FKP 2 Jequiv

5 | 0.0022,F EDV PP WIMA
FKP 2 /equiv

C2.5,6,89 10, 0.22.£/160v/20% PP

14, 15,97, 18, 21 WIMA MKP-10/ equiiy.

2N FJI0pF 1608/ 2.5% PP
Slermens 833063 equiy.

ca, 7 ADuF I35V TA ROeIerstain
ETPW ./ &guiv.

C1Z2 13 1NFMB0V PP Slemens
B33063/ aquiv.

€16, 20 220uF M6V EL Rosderstein
EK/enuiv,

19 100pF/ 630V/2 5% PS
Slemeans BI10EZ/ equiv.

2z M 47uFraoy EL Roederstedn,
EX/equiv

€23, 28 1xF/ 55N TA Roetlerstein
ETPW 'eguiv.

Semiconductors

Q14 2SKUEGR 2x or ISK1A7GR
4x Tashiba

Qs5-8 ZEITICR 2% Or 251720R dx
Tashiba

a8, 14, 15 50736 ROHM

a1, 12, 14 2EATET ROHM

at3 LF411CN Mationad

‘o186 213 or 28216 Witachi

a7 25076 or 25J79 Hitachl

D1, DZ 15V zener, 0.5W

tors for an output of approximately
28V for a final output of 24V. The
rectified DC voltage of 32-33V comes
from a transformer with 2x24V RMS
secondary. Just as with the preampli-
fier, I used independent power sup-
plies for the two chaunerJ

Here are the formulas to calculate
the necessary resistor values should
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vou choose woltages different from
the ones shown in Plg. &

Y | =&
1%

1.45

RI[A] = ¥ 1THl 1]

For a Vowl
2 55k

= I8V R1, and R& 15

I O
K4[11) = Vot 1]
5

Formula 11 is valid when B3 and R10
pre 1k and the reference voltage is
SV._ For a Vo =24V B4, and R11 is
3.8k

The op amp regulators’ reference
voltage is supplied by the LM33sZ-5.0
reference diodes. These “diodes'™
have a tolerance of + 4%, so the ab-
golute value of the output voltage can
be 4% off the nominal value: 24V
+ 1V, If you are comcerned with the
absolute value and/or with the plus
and minus sides being equal, you'll
have to wrim resistors B3 and R1O

Layout for the regulator is shown
in Fig. 7. You will need two ol these
boards for an MC-preamp. The stuff-
ing puide is shown in Fig. 8. Mot 1
have used a common heatsink [Phota
6] tor the preregulator and the series
pass transistor on each side [Fig. 9|
Make sure you mount these with
mica and nylon screws, and use a
generous amount of silicone grease
on both sides of the mica insolaror,

Mo fuses are shown in connection
with the power supply. | recommend,
however, putting a fuse in the plus
and minus leads, between the power
supply and the MC-preamp. The qui-
escent current consumption of the
MC-preamp 15 55-60mA, buor will
rise to approximately 100maA with
full drive. ¥You should, therefore, fuse
the circuit with 200mA medium-
blow fuses

Maturally, you can use this supply
for other projects, such as instru-
ments and crossovers, by scaling the
voltages for your particular applica-
tion. Before you imstall the power
supply, test it with a load resistor, a
valtmeter, and preferably a scope
The load resistor should reflect your
application’s final currént demand. 1
alsp measured the power supply
noise, using a low-noise préamp and
a MHz-20kHz noise filter. The RMS
noise output was 1-2uV. This shoukd
satisfy just about all andio application
FEUITEMEN S
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The wiring diagram for the MC-
preéamp 15 shown in Fiz. 10. 1 have
betn nsmg a one-unit kigh, 260mm
deep, 19" box for the pre-pre, and
have considerable space to spare. |
put the gain switches on the front,
andgnm;r phono connectors for

output on the back panel.
transformer, like the preamp, is
in a separate box, interconnected
with a &-pm LEMUO connector [Photo
7| to the pre-pre.

Medinm Output MCs

Although the previously-described
MC-preamp can fake care of just
about all MCs, you do not nead it
when yvou have a medium-to-high

output pickup and an EB-585 preamp.
A medium has been defined
as, you will , 0.5mY @& Scm/sec

BEMS lateral vclumt}r With these
pickups, vou need approximately
20dB extra gain mn froot of the RIAA
stage or, as | propose here, built into
the RIAA stage,

In theory, if you wer only inter-
ested in MCs, you could use the MC-
prt-.'lm i 11 (TAA 4/86) as an

F Flglfftll:lﬂt]]ktmtmﬂ
]thf:rtuhavchuﬂJMM and MC in-
put, you can't use the MC-preamp
without modifications, Four pairs of
FET% have an input capasitance of ap-
proximately 250pF, and this might be
oo high for some MM-pickups. Also,
the MC-preamp can't drive the feed-
back network in pure class A bevond

t; fmt:';i v maw%-}m
£n RIAA-1 or
METI"%:E:: 5. Faor MJ'«'I?E;‘J::-E single
pair is the solution, as used in
the RIAA-]1 stage of the preamplifier.
For MCs, the four-pair mput circuit
i& the best, ag shown mm the MC-
preamp. For a ciroutt that muast work
with both, a two-pair input 15 the best
compromise,

Figure 11 shows the complete
schematic of the high-gein version of
the RIAA-1 amplifier. Motice the in-
put stage uses two pars of single
FETs (1SK147/28]72] or one pair of
dual FETs (25K 146/25]73), Since the
MC-input is for medinm-to-high our-
put pickups, it is not nEoessary [ nse
very low values for the keedback and
source resistors. The relaation of the
first makes it easter to drive the feed-
back network and to track the input
offget. The second gives vou a wider
choice of mput devices Although |
recommend you stick tothe BL group
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faor best low-level linearity, vou can
mix BLs with GRs m vour circuit, 1
have also mixed two BLs on the N
channel side with one GR and one V
on the P-channmel side, but this 5 a
worst case situation and showuld be
avoided.

The feedback necwork, which uses
o 6,80 shunt resistor, allows you to
gelect 20, 30 or 0B gain. The lowest
%:n'n position is for MM-pickups and

or high output MCs, and the highest

gain position is for mediom ootput
MCs. With such a closed-loop gain
[40dB), vwou might be wondering
abonit the performance of the RIAA-]
V.2, Naturally, the THID of the RIAA-
1 ¥.2 deteriorates somewhat at the
highest gain setting becavse of re-
duced feedback. It's still omly
0.0035% at 5% BEMS and 1kHz,
which | consider negligible. More im

rtantly, | confirmed with extensive

istening tests chat there was no

sound guality deterioration,

The RIAA-1 W.2's noise perfor-
mance is indicated im Fig. 3. The
equivalent noise resistance of the in-
put stage equals M1, with a theoret-
ical value of g, =840V, Actual mea-
surements, a5 shown in Fig. 5, come
very close to confirming this value.

LI T

Vg

PHOTO 5: Separare power supplies for each chamrnel ase provided with full regula-
tion and (adividog! fusing for each of the four sopplies.

The mput can be switched be-
tween MM and MC with an on-board
switch (gold-plated, 0.1 spacing|, or
with a switch vou can put on the
front panel and wire to the board with

a three-wire shiclded cable [connect
the shield to the mput ground on the
board). The MM input has 47 5ki
load, installed permanently. The MO
input, like the MC-preamp, can be

PHOTO &: Full view of the chassis and the jour boards. The unit iz standard mek width (197), 1% * high by 104 * deap.
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PHOTO 7: The raw DC power |}'|_|'J'.|]-' is housed in o separate enclosure with a

ar A peawer comnector with ity ondaff sadtch

sixvepin Jocking commectar, o modua
on the front end.

loaded with up w six different
resistors. Mote that capacicor C1 is
equal 10 Coad-Cay, Where G i3 the
recommended load capacitor for your
MM-pickup and Cyn is the input
capacitance of the amplifier [Cy=
120pF). C2 15 again 0,00224F, but vou
should adjust it according to the man-
ufgcturer's recommendations. Both
capacitors must be high-guality flm

types
The Tousec high-frequency rolloft
is provided by R36 and C16. 1 re-
duced this netwaork's impedance to
reduce the source impedance as seen
by the RIAA-2 amplifier, which in
turn reduces the noise in that stage.
As you did with the original preamp,
I suggest vou check the RIAA ac-
curacy with an imverse RIAA network
when wo install this high-gain ver-
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FIGURE 7 Copper side lapour for the preamp’s podver supply
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s of the RIAA-1 sopither. I neces
sary, trim the accurcy with H5b

Lavout for the RlaA-]1 V. I s the
sarme aga the MC preamp :Fu;.: 4]. The
stuffing pudde 5 shown m Fig 12
Again, cthe stulfing guide shows dual
FETS at the input. Il you use single
FETy, carclully study the pinout
dingram in Fig. 14,

Unfortunately, using the MC-pre
amp lavout for the RIAA-1 V.2 has a
drawback: its size. Because IE 18 moTe
than an inch longer than the original
RIAA-1, vou might heve problems e
placing it with this lagper board in an
existing box. Two poasible sodutions
immediately come o0 mind when
wou use the box and mechanical lay
out indicated in my preamp article
i wow dion 't need the Lape butters,
the problem doesn't ocist; the RIAA-]
V.2 and the RIAA-Z boards will fic
nicely in the available space, )

I you need the mpe buffers and
wiint to use the B1AA-1 V.2 hoards,
consbder moving the power supply
boands out of the preamp box and in
to the scparate transiormer hox. This
will free up an entire column of space
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in this box size and allow you wo put 8 2= zoomn
in many extra features, including the 1 M-
tape buffers. As in altermative, con- i 0 [ O

sider making a special layout for the
RIAA-1 V.1 thar fits into the place ol
the original RIAA-1 board. You won'
have a problem if vou have a dual-

Cordinued on page 47

FIGUERE 10 The preamp’s wiring dinggram.
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The Audio Amateur 1/87 39




Hﬁ

o
L 4

e

2 M1l
e

B30 2

/17

Gl. Q2 1w E5x1460L OR
2w 2EK14THL

O3, Od: 1% 35)718 ON
Ex I5J72HL

Rl « 10
RZ« 37
R3« 511
Ad « 100
"5 s 511
RE = Ix

o — — w—— —— ——

3

Al 3R 3R1 $AL 3A6 $26
£2

p= s Juw o oo g
|
[

TR

=

188737

Bl
L&y Tﬂ iz

b :LC;'.‘ -Lgl'

ale CETR 2
. 1K 1§
nn1
e

—

FIGURE 11: Schematic for the RIAA-1 V. 2 (high-gain version of the EB-585 preamp).

Fm———————

DiL SWITCH
AMPF 000 OR
EQUIVALENT

—— — — — — — —— — —— — ———— — ——— — — — — — —— S S S S e e e W

"2 \V
500
R4
§8.1
c13
1nF
. )L .
I
(= 1]
720aF
1
Fal
R
GaL
aIn
21im
& maz
cls
T 0.22
A28 .
<IM
- e
co

T 100 plF

cin

oz 022
ot
158147 v I ag
= = 280784
— 12

InF Rl g
b w22 A2y a3
- * 218 1= vy
21 152 3

Len
'Irnzz

40 The Aodio Amareur 1/87



TABLE 4

e e e e e —: RIAA-1 V.2 COMPONENT LIST
- " I +1iv BEG ‘:fl]l'l!ﬂ"" i
L5 lﬁ" i r2 3018
’I‘w I 14 | RS 51.10
0k i ! I B4, 8 12 1000
. - i RS 5110
RE, 12, 21 1k
| "7 2310
I Bq 47,54
I I B0, 0N 7w
I R4, 22 X140
, 814, 20 10K
| | g15-18 1m
| #24 £8 10
;r!!r?.! LY I e iy
E [FBLELE] | :gg ;31;,
I R2E, 29 T
s | "9 R30 34 m
213 m'\ 31, 53 4750
w35 b e
- . = LE T
Fraal I LYW 1% metalfilm, Reuots ME-28E0iv.
3l |
B g Trimpotentiomater
I P 1061 Carmet. 10 turns
= B:ﬂ'ﬂ Cerrmet, dale
| 01T BoL
I
1
T Capacitors
Hee | c OLOM o /BB 205 PP WINGA
. 150 | FEP 2/ eqquiv
1 (] Sew ext
| 0LO0EZF ¢ STV 209 PP Wikkh
] T TR FEP 7/ 8uiv
] g AT £38,7,8,10,  0F.F0 IS0V 20% PR WINGA
3 ot 1 11,15, 16,18, BP0/ equiv.
P e 19, 2
-+ b i ang G0 1213 1000DFI160V/25% PR
! L Siernans B33063/equiv.
1 5,8 104F35% TA Roegerstemn
_L—I-f EUPPLY ETPW ey,
a1 i BND £qq, 25 TIODE/BEON) 2.5% PS5
EE.7E I Siemens 1063/ eouiv.
TEHTH) | 17, M T0.F 16N EL Roederstein
| EK/ pauly
I .1} 10COF/ESON 1 2.5% PS
Siemenl BI1085.) 0 uy
I cos, 27 A7uFiA0V EL Roederstein
I EKfamuiv
I C24, 78 14F) 35V TA, Roederstein
ETPW/ g Uiy,
I [ ] 'I:I.‘IpF.lﬁwn"l‘H PP RIFA
| PHEAZS/ ®@auiv
I
I Semiconductors
) ) ! E— 33:‘11?;51 1x or JSH14TEL 2
"Lf,F *L’f" I o3, 4 FSUTIAL I or J5ITIEL
I i I 1= I Tashiba
| L 4 0%, 8 FEOTEE ROHM
Qi s i ] i f i 06, 8 FEATET ROHM
ar LFAT1CN National
i) 290213 or 29216 Mitach
ar Z5H76 or 25179 Hitachi
oY, 2 15V zener. 0.5W

Resistors

F1, 8 255K

K2 4 1210

F3, # 1k

R, 11 383k

RS, 12 &7 5

RE, 15 10k

RT 14 &7F 5k

Capacitors

A O &F S Ceramic

2, 44 TILE A0V EL BoEoEriEin
EG/ equiv.

C3. 12 O1:F MR PP WINMA
fscP A0 gy,

ca, 13 10:F/ I5W TA Brosprsarsogin
ETERN nuiy,

L5, 44 1005 40 EL Roeaersten
B/ By,

CE A, 1% 17 125155 TR BOSgaroresn
ETN/ aquiv,

L7, 16 & T.F 35\ TA Roadarsiesn
ETERf amuly

9. 78 TI0F 40N Bl Roedertiemn
EE  BELIf.

g, 18 0 E2.E 18IV PP WINA
[ e [T T

Semiconductors

ot LMETTT Natwonal

02,5 MESSIE Signetcs

as BO241A MOLOTods, 555

0a LM3ZTT Mational

Q6 B02424 MoLorods, 555

o 148 TS50V Brigge

pi-5 M0

DE, T LME3EZ-5.0 National
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height box becanse you can stack two
boards on top of cach other.

Befer o Fip. 13 before wiring the
RIAA-1 V.2 board into the EB-585
preamp. | included some changes in
this wiring diagram that also apply 1w
the original preamp, incleding wiring
of the RIAA-Z stage output, the 1ki
resistor im serles with the volume
control and the rwisted pair of wir-
ing to the line amp input.

Conclusion

[ apologize if vou have already buile
the regular RIAA-] input stage when
you really needed the high-gain ver-
sion, At the time [ submitted the pre-
amp article, however, | hadn't de-
cided to offer this high-gain version.

I believe the approach presented
here is the best compromise for
sound guality, which is, after all,
what this hobby is all about. Build-
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FIGURE 13: Wiring diagrom for the kigh-gain version of the EB-585
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ing the preamp with or without the
MC-preamp, as dictated by vour par-
ticular pickup(s], will, [ believe, give
you some of the best sound quality
availsble today. Cood luck with your
project. C
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hen I first published my semi-

conductor phono preamp

some ten years ago,! I never
thought I would try to make a tube ver-
sion of it. It is hard enough to deal with
the necessary low noise levels for MC
(moving-coil) pickups using semicon-
ductors, but with a pure tube MC
phono, it is practically impossible to
achieve the same quality of noise per-
formance that exists in the best semi-
conductor models. Even if you use
tubes having the lowest noise—such as
the EC86 with an equivalent noise
resistance of 250Q—and parallel a num-
ber of them, it will always sound noisy
compared to semiconductors.

This was not an issue in the golden
days of tube audio, because the pickups
at that time, mostly MM (moving-mag-
net), had much higher outputs than the
current MCs. So when the MCs
appeared, people had to use input trans-
formers. Some of these were of high
quality, providing very satisfactory pet-
formance, but they tended to be expen-
sive, and not everyone could afford them.

The solution is, of course, to combine
old and new technology: use low-noise
JFETs to manage the input-noise prob-
lem, and let tubes handle the large sig-
nals. Then you will get the best of both
worlds: low noise and high overload
capability. And it sounds good, too.

MC-Preamp Considerations

I don’t believe much has happened in
terms of pickup sensitivity in the last
several years. Most MCs fall in what I
call the medium output category, which
means an output of approximately
0.5mV at 5cm/s RMS lateral velocity.
This is about 20dB lower than the nor-
mal MM output of 5mV. Naturally, there
are lower output pickups than ¢.5mV,
but they need an additional gain. The
high-output MCs are very close to the
MMs and need no extra gain. Overall, an
extra gain of up to 30dB can be neces-
sary in front of the MM input to handle
all MCs on the market.!

Two advantages of tubes are that
they work with very high supply volt-
ages and that their signal-handling
capability is significantly better than
that of transistors. It is easy to envisage
an output voltage of 30-40V RMS from
a tube stage, compared to the usual
5-10V of transistor amplifiers. So the
upper limit of the amplifier’s “dynamic
range” is very good with tubes.

But what about the lower limit, which
is normally restricted by noise? Here,
semiconductors are much better than
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tubes. Suppose you want an 80dB signal-
to-noise ratio in an MM system. Referred
to 5mV, the input noise of a phono stage
must be less than 0.5uV. This is just
about the limit of what is possible with
simple tube circuitry. However, if you
want the same signalto-noise ratio in an
MC system with 0.5mV output, the input
noise must be less than 50nV, which
would be very difficult with tubes. In
fact, such noise levels are not easy even
with semiconductors.

Clearly, a compromise is necessary,
and the best one I have found is to use
semiconductors to handle the low
noise and tubes to work with the large

BY ERNO BORBELY

signals. This is done in a cascode cir-
cuit, where the lower part of the cas-
code is a low-noise, dual JFET, and the
upper part is a low-noise dual triode.

The MC/MM Phono Preamp

The EB-1195/221 MC/MM phono pre-
amp is a high-quality, two-stage tube pre-
amplifier with approximately 63dB gain
on the MC input and 44dB gain on the
MM input. The circuit uses three tubes
and one dual, low-noise JFET per chan-
nel, and works without feedback (Fig. I).

The MC input stage is a low-noise,
hybrid circuit made up of dual (or two
matched) JFETs and a 6922 double tri-

PHOTO 1: Prototype of phono prearp, with only MC input tube installed. Note the two HV regulators
and dual-filament regulator on the lefi-hand side. Two LEMO connectors are used for the AC con-
nections from the transformer.
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FIGURE 1: MC/MM phono preamplifier.
TABLE 1

ode. The two JFETs and the two halves
of the double triode are connected in
parallel and then in cascode. The cas-
code circuit derives from high-frequen-
cy amplification, where low noise,
wide bandwidth, and overload capabili-
ty are the major requirements.

The current in the input stage, deter-
mined by the JFET source resistor R4, is
sct to about 10mA to optimize noise.
The reference voltage for the triodes
develops across a 20V zener diode. The
voltage drop across V1 is 90V, the maxi-
mum permitted for the tube. The stage
must be supplied from +210V, which
can be derived from the main 260V sup-
ply through a 3.3k/4.5W resistor, or
from a second regulated supply of 210V
(see below).

Typical specifications for the MC
input stage (all specs measured with
100k load):

Gain 50dB
Frequency response —3dB at 80kHz
THD 1V 0.08%
3V 0.25%
10V 0.8%
ABOUT THE AUTHOR
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The distortion is second harmonic.
Equivalent input noise: 120nV

MM Input Stage

The MM input stage is a cascode-con-
nected 6922. The reference voltage for
the cascode tube is 80V, developed
across two zener diodes. The circuit
works at around 9mA to get the best
noise performance.

Typical specifications for the MM
input stage (measured with a 100k load):

Gain 30dB

Frequency response  —3dB at 80kHz

Distortion 0.3V 0.027%
v 0.05%
3V 0.15%
10V 0.5%
20V 1%

All distortion is second harmonic.
Equivalent input noise: 0.6pV

Both MC and MM inputs have an
impedance of 47k. If you need other
terminating resistors for your pickups,
you can solder the appropriate resistor
cither on the PCB or on the input con-
nector. Capacitors C1 and C7 are sol
dered on the PCB. Again, you might
want to leave these off the board and
solder the appropriate ones on the
input terminal or connector. You can
also place both the terminating resistor
and capacitor on a back-panel switch.

Both input stages use the 6H23P-
EB/6922 Russian military tube, which
has the lowest noise I have ever mea-
sured on any tube. Equally important, it
has practically no microphony. You can
vse other equivalent tubes, but, although
they might provide better sound, they
would probably degrade the circuit’s
noise performance. Our kits are deliv-

PARTS LIST FOR PHONO PREAMPLIFIER

EB-1195/221

Resistors

R1, Ri1™ 47K5

R2 221Q

R3, R13 10k, 1%, 2W, ROE MK-8
R4 1210, adjusted for 10mA
R5, R15,R21,R26™ 1M

R6, R7, R10* 1k

R8* 3k3, 4.5W, ROE WK-8
R9 33k, 45W, ROE WK-8
R12, R20, R25™ 475Q

Rig™ 150Q2

R1g™ 75k

R17** 8.25k

Ri8 412k

R19 2M20

R22, R24** 825Q

R23* 10k, 2.3W, ROE WK-5
R27 150k, 1.4W, ROE WK4
R28 100k, 1.4W, ROE WK-4
R29, R30 4704, 1.1W ROE WK-2

All resistors are %W, 1% metal film, tnless otherwise
noted.

Capacitors

¢1,C11 . 2200pF, 160V or 830V, PP

C2,C8,C12,C15 10nF, 160V or 630V, PP

C3,C9,C14 0.22pF, 400V, WIMA MKP-10

C4,017 10pF, 450V, ROE EKO

Cc5 47uF, 100V, ROE EKQ

C8,C18 0.144F, 400V, WIMA MKP-10

c7 100pF, 160V or 630V, PP

C10 39nF, 1%, 63V, RIFA PHE 425

C13 3.3nF, 160V or 630V, PP

16 TWF, 250V, WIMA MKP-10

JFET, Tubes, Diodes

ai 25K146BL, or 22SK147BL
matched

Wi, v2 6922/E88CC Russian

V3 ECCBI/EBICC Tungsram

D1 82V, 1W zener, ZPY62

D2 20V, 1W zener, ZPY20

Miscellaneous

6 S-pin cerarmic sockets with gold-
plated contacts

30 1.3mm solder pins

2 EB-1195/221 PCB

* Leave out R8 if MC input stage is supplied from sepa-
rate, +210V regulator.

** A Tantalum resistor upgrade kit is available for these
resistors (34 x %W, 2 x 1W),
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ered with the Russian tubes, but we can
also provide them with Siemens ES88CC
or other equivalent tubes. Please see our
price list for upgrades.

The Second Stage network has an attenuation of 25dB
The second stage, common to both MC  and provides an RIA A accuracy of bet-
and MM, contains the passive RIAA  ter than +0.5dB across the audio band.
equalization and a mu stage. The RIAA to page 38
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6.3V

+260V
PGND

FIGURE 2: Preamp copper side (100%).

FIGURE 3: Preamp component side (85%).
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Jfrom page 34

The mu stage uses an ECC83 and oper-
ates at approximately ImA. The typical
specifications are:

Gain 38dB

Frequency response -3dB at 75kHz

THD v 0.012%
3V 0.028%
10V 0.095%
20V 0.2%

The mu stage reaches 1% distortion at
about 30V and saturates at over 40V,
This stage determines the overall distor-
tion of the phono preamp because it
works with the highest signal levels.
Although the output impedance is rea-
sonably low (several kQ), you can’t load
the stage very much without loss of
amplitude and distortion. The recom-
mended minimum load is 100k, but it
can drive 50k without significant losses.
A 50k or 100k volume control in the fol-
lowing lineamp works very well.

Note that all coupling capacitors
consist of two capacitors in parallel.
Although all the coupling caps are
polypropylene, I use a smaller one in par-
allel with a larger. This
appears to improve the

TABLE 2

PARTS LIST FOR TWO-OUTPUT MOSFET REGULATOR

EB-296/218A

Resistors

R1 1k, 4.5W

R2, A5, R8 1k, 1.1W

R3,R6, R 270k, 1.4W

A4,R7 10k, 1.1W

Capacitors

C1,C2 47uF, 450V Radial, Siemens

C3,C4 0.1uF, 400V WIMA MKP-10

C5,C6,C7,C8 10uF, 450V Radial, ROE EKO, or
Rubycon

Semiconductors

Q1 25A1156 400V, 0.5A, NEC

Q2,Q3 BUZ92 600V, 34, Siemens

D1,D2,D3,D4 BYT11-1000 1000V, 1A fastrec.

D5 ZPD5 1 5.1, 0.5W, zener

D8 ZPY51 51V, 1W, zener

D7,D8 ZPY100 100V, 1W, zener

Dg, D10 - ZPY18 18V, 1W, zener

Miscellaneous

1 EB-296/218A PCB

10 1mm solder pins

2 SK75 heatsink for Q2, Q3

1 FK209 heatsink for Q1

1 Fuse holder/fuse Wickman 19648,
19648 holder and cover

1 5 x 20mm, 100mA, medium-fast fuse

V2 for MM). This limits the filament cur-
rent to about 600mA per channel. If you
have two pickups, one MC and one MM,
you can operate both input stages and
switch between them. The filament cur-
rent will then be 900mA. The kit comes
with all three tubes for each channel.

Due to the high gain and the RIAA
bass boost, the circuit is very sensitive

to hum pickup. Hum can come from
power supplies or transformers. I rec-
ommend using regulated power sup-
plies for both the high voltage and the
filament. It is also good procedure to
place the mains transformer and the reg-
ulators in a separate box for maximum
hum protection.

For additional protection, you should

midrange and the high D1

34

end of the audio range. T
The layout accommo-
dates the use of two
caps. Feel free to experi-
ment with different
capacitors to get the
best sound from your
amplifier.

In case you wish to
experiment with differ-
ent types of tubes, the

200-280V
AC

L444

R7 R8 ;
Q2 WreWr 1[¢yas
D10
+Vsi +Vs2
< + -4 <
Tre == B3
c7 cs

second-stage layout ]')‘4
allows the use of both

ECC83 and 6922 pinout

PGND.

FIGURE 4: Two-output MOSFET regulator.

tubes in this position.

All that's necessary is to
reconfigure the fila- -]
ments: the 6922 needs
6.3V between pins 4
and 5; for the ECC83,
connect pins 4 and 5
and make the 6.3V con-
nection between pins
4/5 and 9. In case you
use a 6922 here, you
should connect pin 9 to

ground.
Combining Stages

Only one of the input
stages is operational at
any one time, and only

EB-296/218A
MADE IN GERMANY

the appropriate tube is

FIGURE 5: MOSET regulator copper side (100%).

installed (V1 for MC, or
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use shielded tube sockets for V1 and
V2. Although shielded PCB sockets are
not readily available (and are not sup-
plied with the kit), you can make them
from shielded chassis-type sockets by
cutting off half of the pins with a pair
of very sharp pliers, and then ground-
ing the socket and the shield to a
ground track on the PCB.

The filaments are biased to approxi-
mately +100V, which keeps the maxi-
mum voltage between cathode and fil-
ament within the limits given in the
data sheet. This also helps reduce the
tubes’ hum susceptibility, which is
very important in low-noise circuits
like a phono preamp.

Phono-Preamp Setup Procedure

I recommend that you test the amplifi-
er modules separately before building
them into the chassis (Figs. 2 and 3).
As a minimum, you will need a digital
voltmeter (DVM) to set up the circuit.
Use utmost caution in testing the cir-
cuit, for you are dealing with high volt-
ages. If you have no experience with
tube circuits, you should ask an experi-
enced friend or an electronics techni-
cian to test your circuit for you.

PHOTO 2: The two-output HY MOSFET regula-
tor (EB-296/218A).

First, short all three inputs to ground.
Insert one tube at a time, starting with
V3. Apply 260V and 6.3V regulated volt-
ages to the board. Connect the DVM
across R24 and check the voltage drop,
which should be about 0.75V, indicating
a current of 0.9mA. Switch off the sup-

the capacitors on the board
have discharged.
Now remove V3 and install V2.
Check the voltage across D1-D2,
which is the reference voltage for the
cascode tube. It should be 82-84V.
Connect the DVM across R14. The volt-
age drop is 135mV, indicating a current
of 9mA in V2. Also check the anode
voltage on pin 6 of V2; it should be
close to 170V.

Repeat the procedure of switching
off the supplies and discharging the
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200~
280V

FIGURE 6: MOSFET regulator stuffing guide (100%).

capacitors on the board. Remove V2
and install V1. Then switch on the sup-
plies and check the voltage across D2,
which should be 20V. Connect the
DVM across R4, where the voltage
drop should be 120mV, indicating a
current of 10mA. If the current is more
than that, increase the value of R4; if it

is less, decrease the value of R4. After
adjusting the current to 10mA, check
the anode voltage on pins 1-6 of V1,
which should be 110V.

If you have audio instrumentation, I
recommend you test each stage separate-
ly. Connect the audio oscillator to the
MC input and measure its performance

at the output of that stage. Similarly, con-
nect the oscillator to the MM input and
check the performance there. Finally,
connect the oscillator to the second
stage (V3) and check it through.

If you wish to check the whole circuit,
you may need to connect a2 40-50dB
attenuator at the input of the amplifier
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PHOTO 3: The single-output HV MOSFET
regulator (EB-296/218).

(try a 10k, 100Q
resistor for a 40dB
attenuator); otherwise,
ground loops and hum
will make the measurements
difficult. To check the RIAA accuracy
use an inverse RIAA circuit, such as the
one described by Lipshitz and Jung.? The
RIA A accuracy should be within +0.5dB.
The phono-preamp kit comes with
Roederstein MK-2 metal-film resistors

and WIMA MKP-10 polypropylene
capacitors. You are free to experiment
with other components like tantalum
resistors, other capacitors, and so on. 1
recommend using tantalum resistors in
selected locations. These are available as
an upgrade kit; please see our price list.

High-Voltage Regulator

In order to preserve the low-noise
capability of the phono preamp, it is
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essential to feed it from a power supply
having little ripple and noise. Older de-
signs used capacitors and choke filters
to reduce the ripple to an acceptable
level. 1 have found that in addition to
reducing the ripple, it is also an advan-
tage to regulate the supply voltage,
especially in low-level stages, because
it tends to improve the imaging. This
applies to both semiconductor and
tube circnits.

The degree of regulation can vary
from circuit to circuit, and in tube cir-
cuits you might get away with less reg-
ufation than with semiconductors. The
important thing is, of course, that the
regulator removes the ripple and adds
very little wideband noise to the DC.

The EB-296/218A power supply
(Photo 2; Figs. 4-6) combines a full-
wave rectifier with fast-recovery
diodes, high-quality capacitors, and
two MOSFET source-follower regula-

REFERENCES

1. Ema Barbely, “A Moving Coil Preamp,” Parts 1 and 2,
TAA 4/86, 1/87.

2. Stanley P. Lipshitz and Walt Jung, “A High Accuracy
Inverse RIAA Network,” TAA 1/80.
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tors. Using 450V capacitors, the maxi-
mum AC input should be limited to
approximately 280V. With 400V caps,
the AC input should be less than 250V.

R1 and C2 provide additional filter-
ing after C1. You can also use R1 to
drop the incoming DC voltage in case
the required regulated voltage is signifi-
cantly lower than the unregulated.

The regulated output voltage is
defined by the zener string at the gate of
the MOSFETS. This string is fed from a
constant-current source to make sure

that ripple is not transmitted to the zen-
ers. The constant-current source, Ql, is
again using a zener (5.1V) as a reference.

The 5.1V zener is fed through a 270k
resistor, and both it and the string of
high-voltage zeners are fed with a cur-
rent of 1-2mA. The output of the zener
string is further filtered with a 10kQ
resistor and a 10pF capacitor. The 1kQ
resistors in series with the gate, as well
as the 18V zener between the gate and
the source, provide protection for the
MOSFET in case of overload.
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Output +Vsl is fed directly from the
top of the three zener diodes; the second
output, +Vs2, can be selected between
the top and the second zener. You can
therefore have two equal voltages, or one
higher and one lower. In the case of the
phono preamp, the higher voltage is
260V, and the lower one, which feeds
the MC input stage, is 210V. By using dif-
ferent zeners, you can adjust the two volt-
ages to your needs.

Naturally, you can use the two-output
regulator in many other applications,
such as lineamps, crossovers, and driver
stages for power amplifiers, as welf as
for stabilizing the voltage for grid 2 of
output pentodes.

You should heatsink Q1, Q2, and
Q3. The heatsinks for Q2 and Q3 are
mounted on the PCB, and that for Q1 is
free-standing. All heatsinks should be
mounted with mica or silicon rubber
for insulation.

Regulator Setup Procedure

To test the regulator, connect 27k, 4.5W
resistors to both outputs. Connect 250V
AC to the AC input. Insert a 100mA medi
um fuse in F1. If you have a Variac,
increase the mains slowly and monitor
the output voltages with a DC volimeter.
‘The DC should stabilize close to the zener
reference voltage(s) after a couple of min-
utes. If you have a scope or an AC mV
meter, check the ripple at the output. It
should be less than SmV peak-to-peak.
Borbely Audio also offers a simpli-
fied version of the high-voltage regula-
tor with only one output (type number
EB-296/218) (Photo 3). All BA kits
include epoxy PC boards, all resistors,
capacitors and mechanical components
that go on the board. Main transform-
ers for 115/230V, 50/60Hz are also
available on request. L

Borbely Audio reserves the right to
improve or otherwise alter any
specification supplied in this docu-
ment or any documentation sup-
plied hereafter.

The EB-1195/221 Phono Pream-
plifier and the EB-296/218A Two-
Output MOSFET Regulator design is
the property of Erno Borbely/
Borbely Audio. Commercial use is
not permitted without a license
from Erno Borbely/Borbely Audio.




Erno Borbely

JFETS: THE NEwW FRONTIER, PART 1

Welcome to a new era in audio amplification where JFETS rule.
This noted designer champions their use to produce the best

sound in your audio amp circuits.

s most of our customers know, |
‘ \ have been advocating the advan-
tages of FETs in general and JFETS
in particular, especially for low and
medium level circuits. JFETs provide ex-
tremely high resolution, bringing out
more details, sounding cleaner, clearer,
and more natural than the best bipolar
transistors such as the LM394, and even
the best Telefunken tubes. Overall, | be-
lieve the JFETs offer the best sound in
audio circuits.

| have been working with JFETSs since
the middle of the "70s, when | developed
low-level amplifier modules with JFETS at
Motorola. However, they were not com-
petitive with the best bipolars at that
time. In the early '80s came the first real-
ly low-noise, high-g,,, devices on the mar-
ket. | have used these devices in the
input stages of practically all my designs
since then. However, | use bipolar tran-
sistors in the second stages, mostly be-
cause they offer a fairly simple design.
The output stages have always been
MOSFETSs, because of the relatively high
current required in these stages.

In the ever-continuing quest for better
sound, | have reviewed my designs regu-
larly, improving the topology of the am-
plifiers and also using better compo-
nents, thus bringing significant improve-
ments. However, | first achieved a real

About the Author

Erno Borberly has been employed by National Semi-
conductor Europe for the last 17 years. He was Manag-
er of Technical Training and worked as a consultant in
human-resources development. He received an MSc
degree in electronic engineering from the Institute of
Technology, University of Norway in 1961, and worked
seven years for the Norwegian Broadcasting Corp. de-
signing professional audio equipment. He lived in the
US and was Director of Engineering for Dynaco and
The David Hafler Co. From 1973-1978, he worked for
Motorola in Geneva, Switzerland, as Senior Applica-
tions Designer and Applications Manager. He has now
taken an early retirement from National and is looking
for OEM customers for whom he can design high-end
audio equipment.
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breakthrough when | started to use
mostly JFETs in the amps. It is my consid-
ered opinion that it would be best to use
only JFETs in all stages of the audio
chain. However, due to their limited
power-handling capability, it is practical-
ly impossible to use them in output
stages. Here, MOSFETs wiill rule for the
foreseeable future.

In spite of their quadratic characteris-
tics and relatively high input capacitance,
JFETs are fairly simple to use in audio am-
plifiers, and you, as an amateur, can de-
sign most low-level stages in an audio
chain yourself. Just like a single vacuum-
tube triode or pentode, a single JFET can
handle the task of a line amp, and it is sig-
nificantly simpler to hook up. You can
also build a single-ended (SE) phono
stage with only two JFETs. The rest is up
to your imagination. Suffice it to say that
I hope the following introduction to
JFETs will whet your appetite for the
“new frontiers” in audio amplification.

JFETs

Field-effect transistors (FETs) have been
around for a long time; in fact, they were
invented, at least theoretically, before
the bipolar transistors. The basic princi-
ple of the FET has been known since J.E.
Lilienfeld’s US patent in 1930, and Oscar
Heil described the possibility of control-
ling the resistance in a semiconducting
material with an electric field in a British
patent in 1935. Several other researchers
described similar mechanisms in the
'40s and '50s, but not until the '60s did
the advances in semiconductor technol-
ogy allow practical realization of these
devices.

The junction field-effect transistor, or
JFET, consists of a channel of semicon-
ducting material through which a cur-
rent flows. This channel acts as a resis-
tor, and the current through it is con-
trolled by a voltage (electric field) ap-
plied to its gate. The gate is a pn junc-

tion, formed along the channel. This de-
scription implies the primary difference
between a bipolar transistor and a JFET:
the pn junction in a JFET is reverse-bi-
ased, so the gate current is zero, whereas
the base of a bipolar transistor is for-
ward-biased, and the base conducts a
base current. The JFET is therefore an in-
herently high-input impedance device,
and the bipolar transistor is comparative-
ly low-impedance.

Depending on the doping of the semi-
conductor material, you get so-called N-
type or P-type material, and these result
in the N-channel or P-channel types of
JFET. The symbol for an N-channel JFET
is shown in Fig. 1A. The three “elec-
trodes” are called G, D, and S, for gate,
drain, and source. The output character-
istic for the N-channel JFET with the gate
shorted to source (i.e., V¢ = 0) is shown
in Fig. 1B.

The characteristic field is divided into
two regions, first a “resistive” region
below the saturation voltage V., where
an increase in Vg results in a nearly lin-
ear increase in drain current I,. Above

D
G
S
N-CHANNEL JFET
A-1535-1a

FIGURE 1A: Symbol for N-channel JFET.
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FIGURE1B: Output characteristic for V;=0V.



Vgar, @n increase in Vg does not result
in a further increase in I, and the char-
acteristic flattens out, indicating the “sat-
uration” region. Sometimes these two re-
gions are also called “triode” and “pen-
tode” regions.

You can use the JFET as a voltage-con-
trolled resistor or a low-level switch in
the triode region, and as an amplifier in
the pentode region. As you see, the N-
channel JFET conducts maximum cur-
rent lyqs with Vo = OV. If you apply a
negative voltage to the gate, it reduces
the current in the channel, and you get a
family of output characteristics as shown
in Fig. 2A. This device is called a “deple-
tion” type of JFET.

In summary, the JFET consists of a
channel of semiconducting material,
along which a current can flow, and this
flow is controlled by two voltages, Vg
and V. When V¢ is greater than Vg,
the current is controlled by V¢ alone,
and because the V is applied to a re-
verse-biased junction, the gate current is
extremely small. In this respect, the N-
channel JFET is analogous to a vacuum-
tube pentode and, like a pentode, can be
connected as an amplifier.

The P-channel JFETs behave in a simi-
lar manner, but with the direction of cur-
rent flow and voltage polarities reversed.
The P-channel JFET has no good analogy
among vacuum tubes.

The Transconductance Curve
As mentioned previously, you can use the
JFET as an amplifier in the pentode, or
saturation, region. Here the V¢ has little
effect on the output characteristics, and
the gate voltage controls the channel cur-
rent I,. Because of this, it is easy to char-
acterize the JFET in terms of the relation-
ship between I and Vg, that is, with
the transconductance curve. Figure 2B
shows the transconductance curves for a
typical low-noise, high-g, JFET, the
2SK170.

The drain current as a function of V¢
is given by the formula:

2
In =1 _Ves| .
D = 'DSS Vp

V,, is the gate pinch-off voltage, and is de-
fined as the gate-source voltage that re-
duces I to a very low value, such as
0.1pA. The formula indicates that the
transconductance curve has a square-law
form. It also shows that if you know I
and V,, you can draw the transconduc-
tance curve for any JFET. The transcon-
ductance g,,,, which is the slope of the
transconductance curve, is found by dif-
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FIGURE 2A: Family of output characteris-
tics for 2SK170.

ferentiating I with respect to V!

_dp_ :_M[ _m]
Im 1

The transconductance g, becomes
—2lpss/Vp Where the transconductance
curve meets the y-axis. This is the value
you normally find given in the data
sheets. Notice that there are five differ-
ent transconductance curves given for
the 2SK170 in Fig. 2B. This indicates
there is a range of I curves for each
JFET, due to manufacturing tolerances.

Also notice that the transconductance
curve stops where it meets the y-axis.
This is because the gate pn junction
would be forward-biased if V4 were
made positive for N-channel and negative
for P-channel JFETs, and gate current
would flow. This is analogous to the con-
dition of vacuum tubes when the grid is
made positive. Of course, a silicon pn
junction does not conduct before the for-
ward voltage reaches 0.6-0.7V, so you
can apply several hundred mV in the for-
ward direction without ill effects. JFETs
are often operated with both polarities
of gate voltage—i.e., with gate current—in
RF applications.

The change in the transconductance
curve is not just a matter of tolerances
due to manufacturing, but it also de-
pends on the temperature, and this is
due to two different effects. As the tem-
perature increases, the mobility of the
charge carriers in the channel decreases,
which leads to an increasing channel re-
sistance, and hence a reduction in |,.

On the other hand, the barrier poten-
tial of the gate pn junction decreases
about 2.2mV/°C, which causes the I to
increase. There is a point on the
transconductance curve where these
two effects cancel one another, and the
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FIGURE 2B: Transconductance curves for
2SK170.

temperature coefficient (tempco) be-
comes zero. Obviously, if you need to de-
sign for low drift, then the JFET must be
operated at this point.

You can calculate the zero tempco
point with the following formula:

Vg = Vp +0.63V

Typical transconductance curves for two
different JFETs are shown in Figs. 3A and
3B for a high-V, and a low-V, JFET, re-
spectively. It is obvious from the curves
that the zero tempco point occurs at a
lower I for high-V,, JFETs and at a higher
I, for low-V, JFETs. If the V, is close to
0.6V, then the zero tempco point is close

t0 Ipgs:

The Bias Point
As shown in Fig. 2B, the JFETs have a rel-
atively wide range of transconductance
curves. In order to operate the JFET as a
linear amplifier, you need to have a clear-
ly defined operating point. A typical
common-source amplifier stage is shown
in Fig. 4A. Assume that the +Vs is 36V,
and you have selected a load resistor R, =
10k. What happens now if you insert a
typical JFET, such as the 2SK170, for Q1?
Figure 4B shows five of the transcon-
ductance curves for the 25SK170, with
Ipgs between 2.1mA and 10mA. If you
take one of these at random and operate
it without Rg, the actual drain current
will be the I value. With 2.1mA, the
voltage drop across R, will be 21V; i.e.,
the drain (OUT) will be sitting at 36 — 21
= 15V. This might not be optimal from
the point of view of maximum output or
minimum THD, but it will work all right.
However, with I = 10mA, the volt-
age drop should be 100V, which is clear-
ly impossible with Vs = 36V, and the
to page 30

Audio Electronics 5/99 27



SHIENE |

G
Vo= 10T

an -1A - ;_;, [ =i
DATE-SCURCE YOLTAOR Vgg (W
A-1535-3a
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from page 27

amplifier goes into saturation. Obviously,
if you wish to use any or all of these JFETS,
you must reduce the effect of the wide
range of Ig.

The solution is to use a source resistor
Rg, similar to the biasing arrangements
used in bipolar transistors or tube ampli-
fiers. To illustrate the effect, | have
drawn in the line for a 100Q resistor in
the transconductance characteristics.
The range of drain currents is now limit-
ed between 1maA for the I = 2.1mA de-
vice, and about 2.6mA for the Iy =
10mA device. The drain voltages will be
36 — 10 = 26V and 36 — 26 = 10V, respec-
tively. This is still too much variation
from the point of view of THD and maxi-
mum output swing, but at least there is
no saturation with any of these devices.

Fortunately, JFETs are sold with much
narrower e ranges, which makes life
easier in terms of proper biasing. The
2SK170 comes in three I¢ groups: the

GR” group is 2.6-6.5mA, the “BL”
group is 6-12mA, and the “V” group is
10-20mA. If you use a “GR” device with
Rs = 100Q, the Iy will vary between 1
and 2mA, which is almost acceptable.
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The best solution, of course, is to se-
lect the devices for your particular appli-
cation. Assume you wish to build a sin-
gle-ended phono amp with JFETs and a
passive RIAA correction network, and
you decide to use the 2SK170 devices. In
order to keep circuit noise to a mini-
mum, you would use the 2SK170 with-
out Rg, i.e., at Ing. Furthermore, you
would need a relatively high current to
be able to drive a passive RIAA correc-
tion network. If you choose, say, 5mA,
you would need to select the devices
from the “GR” group. But how? The se-
lection is easy.

Testing JFETs

Figure 5 shows a simple circuit with
which you can select JFETs and also
match them if necessary. The tester feeds
current into the source or connects the
source to ground to measure the essen-
tial parameters of the device. In position
1 (switch in counterclockwise position),
the source is connected to —10V through
a 1M resistor. This feeds the source with
approximately a 10uA current, which
you can consider the cutoff point V, for
the JFET. (Data sheets specify lower val-
ues, but this gives you a more practical
value for measurements.) The voltmeter
now indicates the pinch-off voltage V,
for the device.

The next two positions measure the
Vg for the device at given drain cur-
rents. These positions give practical read-
ings for design purposes, and you can
choose the constant-current sources for
the values you need. The push-button
switch shorts the source to ground, and
the mA meter measures | If you wish
to measure only V, and I, you can per-
manently wire the source to -10V
through the 1M resistor, which gives you
Vp, and then short the source to ground
with the push-button to read .

If you test P-channel devices, you
must reverse the supply voltages and the
constant-current diodes. Normal-
ly, | test a large batch of devices
(say 100 of each type) and sort
them by ... The different de-
vices are then used in different
applications.

ideal devices are hard to come by, and
practical devices also generate some
higher harmonics. Again, in this respect
there is a close similarity to vacuum
tubes. Looking at the transconductance
curve, you can easily see that it is more
linear close to the y-axis than further
down on the curve. From the point of
view of linearity, it is therefore an advan-
tage to operate the JFET with a higher I,.

Figures 6A and 6B show the transcon-
ductance characteristics for two JFETS |
use in many of my amplifiers. The
2SK170 is a high-transconductance de-
vice with low V;, and the 25K246 is a
low-transconductance JFET with a high-
er V.

I have selected a 2SK170 with =
6.2mA and a 25K246 with I = 5.6mA

+Vs
Ry,

ouT

INP.

A-1535-4a

FIGURE 4A: A common-source amplifier.

Some Practical

Measurements

As mentioned previously, the
transconductance curve has a
quadratic form, and if you wish
to use it to amplify audio signals,
it will create harmonics. A true
quadratic curve would generate
only second harmonics; however,
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FIGURE 4B: The source resistor R, stabi-
lizes the bias point.
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FIGURE 5: A simple test jig for N-channel JFETs.



to illustrate the difference of operation
with very similar values of I. The gate
pinch-off voltage is approximately 0.45V
for the K170, and 2.75V for the K246. In
order to operate them at the most linear
part of the characteristic, | selected bias
points at Vg = 0.1V and I = 3.8mA for
the K170, and Vg = 0.5V and I = 4mA
for the K246. These points are set with R
=27Q and 125Q, respectively.

The most obvious difference between
the two JFETs is in the maximum input
swing with which you can drive them.
The K170 allows approximately 0.1V
peak before the gate goes positive, but
the K246 has a range of £0.5V! Naturally,
I could move the working point further
down on the transconductance curve in
order to increase the input range, but

DOMMOE GOURCE

- Fpg = LUV B

w ¥ .1:,-

o id " 1,
Yiia IMPUT RAHGE
e l

A-1535-6a
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20.68/0.2 = 103.4, which is 40dB. The
output range for the K246 is 2.5mA to
5.6mA. With the same drain resistor of
4.7k, the output-voltage swing will be
26.32 — 11.75 = 14.57V pk-pk. The gain
is 14.57/1 = 14.57 times, which is
23.38dB. That is, the high-V, device has
lower gain than the low-V; one.

When Higher Is Lower

Of course, this can be explained by the
transconductance. The g, for the K170
is 2lnge/Vp = 27.55mS. The gain is g, X
R., which gives 127 times, a bit higher
than the graphical analysis. The explana-
tion for this is that this g, is at the point
where the curve crosses the y-axis,
which is always higher than at the work-
ing point, and that the curve is not a

COMMCS GOLUEC R
Epp™= 107

-
FOHYY LNdLng

A-1535-6b

FIGURES 6A/6B: Input/output range for 25K170 and 2SK246, respectively.
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FIGURES 7A/7B: Practical amplifiers with 2SK170 and 2SK246.

eventually | would reach the other limit-
ing point, where the gate cuts off at V.
The thing to understand here is that a
high-V, JFET has a wider range of input
swing than one with a low V.

Other obvious differences involve the
output range and the gain. With a £0.1V
gate voltage, the drain current varies be-
tween 1.8 and 6.2mA for the K170. With
a drain resistor R = 4.7k, this results in
an output swing of 29.14V — 8.46V =
20.68V pk-pk. The gain will then be

straight line, making the output swing
smaller than the theoretical value.

In any case, this quick calculation
gives you a reasonable starting point
from which to design the circuit. The
corresponding g, for the K246 is 4m§,
so obviously the gain is also much small-
er at 19.14, that is, 25.63dB. Again, this
results in a higher value than the graphi-
cal analysis.

Now for some real circuits and THD
measurements. Figures 7A and 7B show

two amplifiers with K170 and K246. The
K170GR had an g of 5.5mA, and | op-
erated it first with RS = 0 and R = 3.3k.
This gave me a gain of 36.4dB and a fre-
quency response of over 400kHz. The
THD is shown in Column 1 of Table 1.

Column 2 shows the same K170GR
device, but this time with Ry = 50Q. This
reduces the drain current to approxi-
mately 2.5mA, so | increased the drain
resistor to 8.2k to have the same DC con-
ditions as before. The THD is reduced by
roughly 6dB. Column 3 shows the
K246BL amp operating at Iy = 5.1mA,
with Ry = 100Q, and R, = 4.7k. The out-
put is now a bit lower than half of the
supply voltage, and the maximum output
is therefore limited. But the THD is quite
low, again about 6dB lower than the pre-
vious circuit.

The K170GR circuit seems to be popu-
lar for phono input stages, and a number
of these are circulating on the Internet.
Ry is usually shorted to achieve minimum
noise. However, even without R, the
noise of a single K170 is not low enough
for MC pickups. To achieve lower noise,
you can parallel several of these devices.
Doubling the JFETs with comparable g,
reduces the noise by approximately 3dB.
I hooked up four K170s in parallel to see
how it works (Fig. 8). Each device had an
Ipgs Of approximately 15mA, and the
drain currents with R; = 6R8 are 10mA
each. With an R, =511, the drain is sit-
ting at 14.8V DC.

The gain is 34dB and the frequency re-
sponse is 360kHz. The THD for this cir-
cuit is shown in Column 4 of Table 1. Re-
member that this circuit is working at
very low levels, where THD is indeed
low. The equivalent input noise is also
reasonably low at approximately 100nV
over a 20kHz bandwidth. Not bad for a
simple circuit. Want to try it?

Input Capacitance
As mentioned before, the JFETs have a
relatively high input capacitance, which
can be an important design factor. Just
like tubes and bipolar transistors, JFETS
also have interelectrode capacitances
that affect the frequency response of the
JFET when it is used as an amplifier. The
two capacitances, which are of impor-
tance for audio use, are the Ciss and Crss.
The Ciss is called the input capaci-
tance and Crss the reverse transfer ca-
pacitance. Typical values for the Ciss are
30pF for the K170, and 9pF for the
K246. The high-g, devices have a much
higher input capacitance than the low-
g, ones. The Crss is 6pF and 2.5pF, re-
spectively. The Crss seems to be relative-
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ly low, but this is the one that dominates
the input capacitance of an amplifier
through the Miller-effect.

The input capacitance of a normal
common-source JFET stage as shown in
Fig. 7, but with Ry = 0, is given by the
formula: C,, = Ciss — A, x Crss, where A,
is the voltage gain of the stage. Note that
a common-source stage inverts the
phase, so A, is negative, making C;, a
positive number. Since A,, can be a sig-
nificantly large number, the input capac-
itance of the stage can be very high.

I have measured the input capaci-
tance for the amplifier in Fig. 7, both
with and without Rg. Without Rg, the ca-
pacitance was over 600pF! With Rq =
100Q, the input capacitance dropped to
127pF, because of the local feedback
through Rq. To appreciate the signifi-
cance of this, assume that you are dri-
ving the amplifier from a 100kQ volume
control. The amplifier will see a maxi-
mum “source impedance” of 25k when
the volume control is in the middle. If
you calculate the 3dB point of the low-
pass filter formed by the volume control
and the input capacitance of 600pF, you
find that it is about 10kHz! If you use the
K170 without R, you certainly must use
a volume control, which is less than
100k.

Cascode to the Rescue
There is another way of reducing the
input capacitance of the amplifier. Cas-
code connection of devices was invented
in the tube era, but has also been used
extensively with bipolar transistors. One
of the advantages of cascoding, if you re-
call, is reduction of input capacitance,
which makes it easier to design high-fre-
quency amplifiers.

| have connected two circuits to test
this (Fig. 9). The upper JFET needs a bias
voltage, and it is easy to get this by con-
necting its gate to the source of the lower
JFET. (Of course, you can also
generate this bias from the sup-

duced to 50pF. With such low input
capacitance there is no longer any
danger of creating a low-pass filter
with the volume control.

As though the existence and size
of the input capacitance were not

— V=36V

E R -51IR

AdA

enough, it is also voltage depen-
dent, which might cause distortion
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@ 4xK170V

T
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in certain applications. Figures 10A
and 10B show the voltage depen-
dence of Ciss and Crss, respectively,
of the K170 JFET.

Depending on the excursion of

A-1535-8

FIGURE 8: Paralleling JFETs reduces the noise.

) . TABLE 1
the Input/output signal, you get a Output Column1 Column2 Column3 Column4
capacitance modulation, and this  JER - oRe b gt e iRl akiTov,
can cause distortion of the audio  ygys Rg=0, Ry=50, Rg=100, Ry=6RS
signal. This shows up mostly when R =33k R =82 R =47k R =511R
you drive the circuit from a high-  ¢1v 0.095% 0.06% 0.02% 0.04%
source impedance. | have tested the 0.3V 0.2% 0.1% 0.047%  0.1%
circuit described in Column 1 and 1V 0.6% 0.32% 0.15% 0.32%
Column 2 of Table 1 with different gx 133’ 8223’ 84213% ?;37%
. J/0 8 0 a/0 0
source |mped§nc_e_s, and_ could npt 5V 399, 17% 1.65%
measure any significant increase in 45y 6% 3.4% 35%

THD up to 50k source.

However, when the noncascode
circuit was driven from 500k, the THD
increased approximately 6dB. The cas-
coded circuit showed no significant in-
crease at any source impedance up to
500k. To avoid capacitance modulation
problems, | recommend that you use a
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volume control of no more than 50k. (Of
course, you would probably use no more
than 50k anyway, because of the in-
creased noise with higher impedances.)
Note that in these circuits only two
types of JFETs have been involved,
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FIGURES 9A/9B: Cascoding and local feedback with R, reduces the input capacitance.
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deed reduces the input capaci-
tance. Further reduction is
achieved by adding local feed-
back with R, (Fig. 9B). The
input capacitance is now re-
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FIGURE 10: Voltage dependence of Ciss for
2SK170.
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FIGURE 11: Voltage dependence of Crss for
2SK170.



whereas there are thousands of them on
the market. Also, | have used them for il-
lustration purposes only, and, although
they work as described, | have made no
attempt to optimize them for any partic-
ular application.

In Part 2 of this article, | will discuss
the differential topologies. If you have
questions, please don’t hesitate to send
me an e-mail or a fax (Borbely Audio, e-
mail: borbelyaudio@t-online.de, FAX:
+49/8232/903618, Web site: http://
home.earthlink.net/~borbelyaudio).
And, of course, if you wish to buy some
JFETs to experiment with, we have tons
of them in stock. For a little extra, we
even do a selection for you. Have fun ex-
periencing the “new frontier” in audio
amplification. ]
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Erno Borbely

JFETS: THE NEW FRONTIERS, PART 2

This noted design expert from Germany continues his series by
showing how you can best take advantage of JFET performance.

single-stage (or single-ended) amplifi-

er operating in common-source
mode. As these stages are usually limited
in audio to AC signals, the inherent DC
drift is of relatively little importance. You
can even use them for DC signals if you
select the working point carefully at zero
temperature coefficient. However, if you
remember the formula for zero tempco
(Vgs = Vp + 0.63V), you realize that the
condition is different from unit to unit,
since V, is different.

A better solution is to use a differential
amplifier, where the drifts of two
matched JFETSs tend to cancel each other.
The configuration is shown in Fig. 12a.
If R, is large enough, then:

I n Part 1 of this article, | discussed the

Ipy + Ipz =l

Further, if Iy, changes Aly,, then Iy,
also changes by the same amount, but in
the opposite direction, i.e.,

Alp; =—Alpy.

&
3

RDI:E = Rp2

-X
VDI._'

-'—.VDZ

Vst

Vg A-1536-12a

FIGURE 12A: Basic differential amplifier
with JFETSs.

The differential gain of the stage is:

AVDD) = (Vp1 = Vp2)/ (Vs — Ves2)
= RD X Oy

which is the same as the gain of a single
common-source stage. For R, to be very
large, -V must also be very large. This is
usually inconvenient, so instead of a re-
sistor, you use a so-called constant-cur-
rent source, which delivers I, indepen-
dent of -V, (Fig. 12b).

Due to its symmetrical nature, you can
also consider the differential amplifier as
two symmetrically arranged “half-cir-
cuits,” each with a JFET, a load resistor,
and half of a current source, providing
Io/2.1 This is shown in Fig. 13. If the two
JFETs are “identical,” then you can join
the two half-circuits together at the
sources without upsetting the DC opera-
tion. However, you now have balanced
single-ended amplifiers.2

Seen from gate 1, JFET 1 operates as a
common-source amplifier, except that
the source is connected to the source of

+Vg
“Il)l ]Dz'lf
BD 1 - Ep2
= =
lehl ._.VDZ
Vs g + T—p—t V(oo
— lg —
-Vg A-1536-12b

FIGURE 12B: Improved differential amplifier
with constant-current source.

JFET 2, operating it with source input.
Seen from gate 2, the same thing hap-
pens—JFET 2 is in common-source mode,
driving JFET 1 in the source. There are a
number of advantages to operating two
JFETs in this way, and | will start here
with the common-mode rejection.

Common-Mode Signals
A very important feature of the differen-
tial amplifier is its ability to reject com-
mon-mode signals. Common mode
means that both gates are driven with the
same polarity and equal amplitude sig-
nals. It is easy to see that if only gate 1 is
driven positive, then I, increases and
I, decreases. But if both gates are driven
positive, then both Iy, and Iy, must in-
crease, which is impossible because I, +
Ips = lgs 1.€., 15 is constant. Consequently,
the differential amplifier cannot amplify
same-polarity or common-mode signals.
Just how good it is in rejecting com-
mon-mode signals is expressed with the
common-mode gain:

A(CM) = -Rp/2r,,

where r is the output impedance of the
constant-current source. In order to have
low common-mode gain (i.e., good rejec-
tion), the output impedance of the cur-
rent source must be very large.

3
a3

FD1g ~RD2

anﬁu

[ —.VDB

VGSst

A-1536-13

FIGURE 13: The differential amplifier repre-
sented with two symmetrically arranged
“half-circuits.”

16 Audio Electronics 6/99




The importance of low common-mode
gain is closely related to the temperature
drift, because changes in I, Vg, and g,
can be considered common-mode signals
if they are the same for both JFETs. Nor-
mally, a common-mode rejection ratio
(CMRR) is specified for the differential
amplifier. It is the ratio between the dif-
ferential gain and the common-mode
gain:

CMRR = A (DD)/A(CM) = 2g,., X I,

Obviously the two JFETs must be
closely matched to achieve good com-
mon-mode rejection. In fact, these two
formulas are valid only if the two JFETs
are perfectly matched. Although it is pos-
sible to select well-matched JFETS, the
easier way is to use dual JFETs matched
by the manufacturer, or even better, dual
JFETs manufactured on the same silicon
chip, i.e., monolithic duals.

| have been using the NPD 5566 dual
N-channel and the AH 5020CJ dual P-
channel JFETs.3 However, these are not
truly complementary types, as | pointed
out in my article.3 The first complemen-
tary types on the market were the
25K240/258J74 medium g, and the
2SK146/258J73 high g, /low-noise types.
These are closely matched single de-
vices, mounted in a common aluminum
case for good thermal tracking. Unfortu-
nately, these devices are no longer in
production.

Dual Monolithic JFETs

Although there are plenty of N-channel
dual JFETs on the market, complemen-
tary dual monolithic JFETs are rare. In
fact, | know of only one family, the
2SK389/25J109, made by Toshiba. These
are still manufactured and available, so |
use them in all my amps with differential
input. Now I'll describe some practical
differential circuits.

Figure 14a shows a simple differential
amplifier with the 25K389 dual mono-
lithic JFET from I5¢ group V. | hooked it
up with £36V to operate the JFETs under
conditions similar to those of the SE
ones. The constant-current source is a
J511 JFET delivering 4.7mA. In order to
run the drains at roughly one-half the
supply voltage (about 18V), | chose Ry,
=Rp, =10k.

First | tested the amplifier in single-
ended mode, i.e., gate 2 connected to
ground, with the measurements taken at
Vs (Vp, has the same phase as Vg;.)
Although from the operational point of
view it is single-ended, | think this mode
is more appropriately called the unbal-

+Vg=36V

!
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FIGURE 14A: A practical differential amplifi-
er with the 2SK389V dual monolithic JFET.
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FIGURE 14B: The cascode connection
reduces the input capacitance.

anced mode. Gain without local feed-
back (Rg; = Ry, = 0) is about 64 times,
which is 36dB. Frequency response is
175kHz, and the input capacitance is
330pF. THD, measured at 1kHz, is
shown in column 1 of Table 2.

Next | inserted source resistors Rg; =
Rs, = 100R, and reran the measurements.
Due to the local feedback, the gain
dropped to approximately 28 times, and
the input capacitance to 160pF. The
THD also decreased by about 6dB.

In order to reduce the input capaci-
tance further, | put 25K246 cascodes in
the circuit (Fig. 14b). The gain did not

anced signal from the two drains.

I have made some rudimentary THD
measurements in balanced mode,
shown in column 3 of Table 2. Unfortu-
nately, my oscillator and THD analyzer
(HP339A) are unbalanced, so | needed
to improvise the balanced operation
with op amps, limiting the measure-
ments to the levels shown in the table
(lower levels were masked by noise).
Nevertheless, it clearly indicates that the
circuit thrives in balanced mode, having
10-20dB less THD compared to unbal-
anced mode. It also indicates the advan-
tages of this circuit relative to the SE cir-

TABLE 2
Output in Column 1 Column 2 Column 3
VRMS SE mode, Rg; =Rg, =0 SE/cascode Balanced mode,
mode, Rg, = Rg, =100R Rgi=Rg, =100R
0.3 0.013% 0.006% (noise)
1 0.035% 0.012%
3 0.27% 0.1% 0.023%
5 0.85% 0.33% 0.06%
2.6% 1% 0.12%
10 47% 2.3% 0.17%

change significantly, but the input capac-
itance dropped to 50pF! THD also de-
creased, as shown in column 2, Table 2.

Balanced Mode

A couple of comments are in order con-
cerning this circuit. According to the
measurements, it is a very decent de-
sign, considering that it uses only a very
small amount of local feedback. The gain
is still fairly high, and you can reduce it
further by increasing the source resis-
tors, which in turn further reduces the
THD. However, to fully take advantage
of the symmetrical nature of this circuit,
you should use it in balanced mode,
which requires applying a balanced sig-
nal at the two gates and taking the bal-

cuits discussed in Part 1.

The SE purists might naturally say that
this is due to the cancellation of even-
order harmonics in the balanced circuits,
which is true. But as Nelson Pass points
out on his homepage, in comparison to
the SE stages, the balanced circuit does
not give rise to odd-order distortion.
There is simply not much distortion left
in the balanced circuit.

As mentioned in Part 1, the input
capacitance is voltage-dependent, which
can cause THD when the amplifier is
driven from high source impedances. |
have tested the circuit described in col-
umn 2 of Table 2 with 50k, 100k, and
500k sources. There was no measurable
change in distortion up to 100k, but at
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FIGURE 15A/B/C: Basic JFET source-follower circuits.
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500k, | could see a slight increase. TABLE 3
Again, for noise reasons, you should Output V Column 1 Column 2 Column 3 Column 4
probably keep the source impedance | pys Rs=5.11k Rg = constant- Rg =JFET The “Borbely”
below 50k, so there is no problem with current source current source source follower
the capacitance modulation anyway. | | 03v 0.0025 0.0023 0.002 0.0025
also checked the CMRR by connecting |1V 0.0033 0.0024 0.0018 0.0035
the two gates together and driving them |3V 0.011 0.0025 0.0016 0.0045
with a 3V RMS signal. The output, again | %V 0.02 0.003 0.0016 0.0074
in balanced mode, was down 87dB at
1kHz. The CMRR dropped to 70dB at
10kHz ar}d 63.5dB at 20kHz, but even at +Vg=24V +Vg=24V
100kHz, it was 50dB! -
= Rp=500R
The Output K170BL K170BL
I have now described two types of am- (ﬁ _| 0.22u >t
plifier stages using JFETs, the common- INP. og—p! ' INP. o—s  OUT
source or single-ended stage, and the dif- - OUT
ferential or balanced amplifier. You can 74BL
use either of these to build audio ampli- - B K170BL — J
fiers, depending on your preference for Re-29R B = =M
balanced or unbalanced operation. Per- STl 3 3
sonally, | prefer the differential circuit, —Vg=24V
because you can use it with balanced or ® -Vg=24V
unbalanced sources, and it can also feed A-1536-16A A-1536-16B

balanced or unbalanced power ampli-
fiers. Balanced operation gives a subjec-
tive impression of increased dynamics.
It can also be an extremely useful inter-
facing consideration in breaking up
ground loops.?

There are two issues to consider when
talking about the SE and balanced ampli-
fiers. First of all, the output does not sit
at OV DC, but at some 10-20V above
ground. If you wish to connect it to, say,
a DC-coupled power amplifier, you must
block this DC voltage from reaching the
power-amp input. This is easily done
using a capacitor, and this problem is
well known to all SE fans, whether of
tube or semiconductor variety. | will
therefore not spend much time on the
subject.

A much more important question is
whether these circuits can drive the
input impedance of a power amplifier.
The output impedance of the amps ex-
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FIGURE 16A/B: These source-follower circuits can drive low-impedance loads with very

low THD.
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FIGURE 17: The all-JFET balanced SE line amp.




amined is basically equal to the drain re-
sistor of the amplifier. If Ry = 10k, then
the output impedance is also close to
10k. But if the input impedance of the
power amp is also 10k, then you are cer-
tainly in trouble. First, you lose 6dB of
gain by the voltage division between the
10k resistors; second, the 10k input will
most likely load the output and cause a
lot of THD. Even with 20k or 50k input
impedance, you might run into prob-
lems. It is advisable to put an impedance
transformer at the output to avoid this.
Source followers to the rescue!

JFETs as Followers

Just like tubes and bipolar transistors,
JFETs can also be operated as followers,
more specifically source followers. The
basic circuit is shown in Fig. 15a. The
drain is AC-grounded, and the output
signal is taken out across the source re-
sistor, which means it operates with
100% local feedback. The gain of the
source follower is:

Ay=0n XR/(1+9,XR)

Two things become obvious from the
formula: first, the source follower does
not reverse the phase of the signal, and
second, if g, x Rg >> 1, then the gain be-
comes approximately unity. In order to
make Rg large, you can use a constant-cur-
rent source with high output impedance
(Fig. 15b). The linearity is also dependent
on R (see the 1kHz THD measurements
in columns 1 and 2 of Table 3).

The input capacitance is low because
it is not augmented by the Miller effect. |
measured approximately 5pF for the cir-
cuits in Fig. 15a and b. The output im-
pedance equals approximately 1/g,,.
With high-g,, devices, this will be fairly
low. | measured 38Q for the basic cir-
cuits in Fig. 15a and b.

The circuits in 15a and b have a DC
offset voltage at the output—the gate-
source voltage at the given drain current.
For the JFETs | used in the test setup, |
measured a 0.2V offset. If you need zero
DC output, you can use the circuit in Fig.
15c¢. Here the constant-current source is
made with the same type of JFET as the
followver.

If the two JFETs are matched and the
two source resistors are equal, then the
DC offset will be very small. With two
matched K170BLs, | measured less than
1mV offset. (It would probably be even
lower if you used here a dual monolithic
JFET like the K389BL/V.) DC drifts tend
to cancel out as well, because of the
matched devices. The circuit also has

very low THD (see column 3 of Table 3).

Follower Feature

One of the most important features of a
follower is its ability to drive low-imped-
ance loads. | checked all three circuits
with 1k and 10k loads at 3V RMS output.
With 1k they measured 1%, 1.7%, and
0.23%, respectively. Although its output
impedance is actually higher than the
circuits in Figs. 15a and b, that in 15c is
better in driving low-impedance loads.
With a 10k load, the circuits in 15b and
15c¢ didn’t have many problems. THD
was 0.004 and 0.0022%.

My choices of source followers are
shown in Fig. 16. The circuit in 16a is a
JFET version of the tube White cathode
follower.> Basically, the circuit is an ex-
tension of Fig. 15c, in that the follower is
fed with a constant-current source, but
in addition the drain current of the cur-
rent source is modulated by the AC sig-
nal. When the output signal goes posi-
tive, the tail current decreases, and when
it goes negative, the current increases.
The result is a significant reduction of
the output impedance and an apparent
increase in drive capability.

The output impedance with the de-
vices shown measured 2.3Q. The input
capacitance is about 5pF, the same as
the previous source-follower circuits.
The penalty for the drive capability is a
slight increase of distortion (see column
4 in Table 3). The THD with a 1k load
and 3V RMS is 0.0095%. The necessary
gate drive voltage is derived from a small
resistor in the source follower’s drain
circuit, and it is AC-coupled to the cur-
rent source.

Power Dissipation
John Curl used the complementary JFET
source follower shown in Fig. 16b in the
JC-2 phono-preamp module.® The JFETs
work in Class A as long as the peak load
current is less than twice the bias cur-
rent. After that, the circuit works in
Class AB. | usually let the two matched
devices work at Iy¢s, to maintain as
much Class A headroom as possible.
However, you must watch the power dis-
sipation. If I is such that the power
dissipation is more than the maximum al-
lowed, then you need to insert a source
resistor to reduce the drain current or se-
lect a device with lower I

| tested the circuit with K170/J74,
both the BL and V types, and got excel-
lent results. The THD is shown in col-
umn 4 of Table 3. Depending on the
matching, the offset can be as low as
1mV. The output impedance is about

18Q, and the input capacitance is 28pF.
Most important, the circuit can drive
low-impedance loads without distress—
the 1k/3V RMS THD was 0.0078%. With
a 10k load, there is no difference from
the no-load results.

| also tested the source followers for
THD caused by the voltage-dependence
of the input capacitance. Since the volt-
age excursion is much larger at the input
because of the unity gain, the circuits are
also more susceptible to the distortion.
There is no significant increase up to a
10k source; however, at 50k the THD is
increasing by an order of magnitude.
Normally this is no problem, because the
source impedance is usually very low.
However, in certain applications such as
filters, this can cause distortion.

Of course, using any of these source-
follower buffer circuits with the SE and
differential amplifiers discussed previ-
ously solves only one of the problems
stated at the start of this section—the
drive-capability problem. The DC volt-
age is still there. Given the topology of
these circuits, you must use a capacitor
at the output to block the DC voltage.
Naturally, you can also solve this prob-
lem by using level-shifting circuits, but it
requires a bit more circuit design. For
now, I'll look at an all-JFET balanced/SE
all-FET line amp, using the circuits al-
ready developed.

The Balanced/SE All-JFET Line Amp
The schematic shown in Fig. 17 consists
of the differential amplifier Q1/Q2, cas-
coded with Q3/Q4, and the output
buffers Q5/Q6 and Q7/Q8. The differen-
tial amplifier uses a dual monolithic
K389V JFET. Each JFET operates at just
over 2mA, this current supplied by the
J511 constant-current source. The 330R
source resistors provide local feedback
and control the gain of the differential
amplifier. The trimpot P1 cancels out
small imbalances between the two
JFETSs, but it is normally unnecessary
with monolithic duals, and you can leave
it out.

The Cascode FETs are K246BLs. The
output buffers are those | developed
from the tube White Cathode Follower,
shown in Fig. 16a (“modestly” called the
“Borbely” source followers here). The
supply voltage is £36V. Of course, you
can make the negative supply much less
than 36V, the constant-current source re-
quires only a couple of volts for proper
operation. | made them both 36V to be
able to try other configurations.

The output caps must be of highest
quality in order to preserve the outstand-
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ing sound quality of this simple circuit. If
you are likely to drive loads down to 1k,
then the caps must be a minimum of
10uF. If you are driving normal 10k or
higher loads, you can get away with a
1uF or 2.2uF cap. | tried the Hovland Mu-
sicaps, which are rather neutral, but
there are plenty of good caps on the mar-
ket you can try.

Normal oil caps are not for this circuit;
they destroy the excellent resolution to a
“nice” blurred mish-mash. (Don’t get the
idea that | don’t like oil caps; I use them
in some of my amps.) | would have liked
to try some silver-foil caps, but, alas, the
prices are more ridiculous than the cable
prices, and | refuse to play that game. (If
anyone knows of a reasonably priced sil-
ver-foil cap, please let me know.)

You can use the line amp with unbal-
anced or balanced sources, and you can
feed power amps with balanced or un-
balanced inputs. However, you should re-
ally take advantage of its superior perfor-
mance in balanced operation, as | men-
tioned before. Should you use it with un-
balanced sources, then you must short
the —INP to ground. And in the unlikely
event that you don’t wish to take advan-
tage of the balanced outputs, you can
leave out the circuit around Q5/Q6, i.e.,
the negative output. | recommend a 10k
or 20k ladder attenuator as a volume con-
trol. Good luck with the JFETS, the “New
Frontiers” in audio amplification. ]
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Starter Kits Series: ALL-JFET MM/MC

Phono Preamp, Part 1

By Erno Borbely

This distinguished veteran of the audio design wars presents an interest-
ing tutorial on phono preamps-followed in Part 2 by details of his latest

high-quality, low-cost unit.

n the article “A

Moving Coil Pre-

amp, Part 1”1 I cov-

ered basic noise
theory and noise in
audio amplifiers in de-
tail. Please read that
article, because I will
be giving you only a
simplified description
here. The article has
a detailed treatment
of the noise issues in
phono preamps.

The majority of
pickups fall into two
categories: moving magnet (MM) and
moving coil (MC). MM pickups have a
typical output of 5mV, while the MCs
feature 0.5mV at 5cm/sec lateral veloc-
ity. There are MCs with lower output.
(I believe the old ORTOFON MC2000
was one of the lowest at 0.05mV!) The
high-output MCs are close to the MMs
in terms of output, and you can use the
normal MM input for these. MMs usu-
ally need a gain of 30-40dB and normal
MCs 20-30dB more.

Of course, the extra gain needed

for the MCs can be supplied with a
transformer that has the proper turns
ratio. There are a number of suitable

transformers on the market, ranging
from about $60 to >$1000%. The trans-
former has the advantage of providing
the gain without adding noise to the
signal. However, the transformers also
have disadvantages, mainly in terms of
distortion and limited frequency range.
I am not a transformer designer; con-
sequently, I am always using active
devices also for MCs.

FIGURE 1: Common source amplifier.
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The major challenge in designing
phono preamps is the dynamic range,
which is the difference between the
lower limit—i.e., noise floor of the am-
plifier—and the upper limit, which is
the clipping level of the amplifier. In a
well-designed amplifier the noise is de-
termined by the noise of the input stage
and is usually specified as the equiva-
lent short circuit input noise.

If you want this noise to be, say,
80dB below the normal output of 5mV
of an MM pickup, then the equivalent
short input noise must be 5mV/10000 =
0.5uV. This is usually easy to achieve,
even with tubes. However, in the case
of an MC pickup with 0.5mV output,
the equivalent short circuit input noise
must be 0.5mV/10000 = 0.05uV (50nV!).
This is much more difficult to achieve,
as we will see later.

Of course, it’s not just the amplifier
that generates noise; all resistors are
doing the same. In fact, the pickup it-
self can be considered a resistor that
generates its own noise. The noise volt-
age generated by a resistor is given by
the formula:

e, = V4KTRAf

where:

e, is the RMS noise voltage in volts

k is the Boltzmann constant (1.38 x
10723 joule/degree K)

T is the room temperature in kelvin
(300°K)

Af is the noise bandwidth in Hz
(20000Hz)

R is the resistance in ohms.

If you have an MC pickup with an
ohmic resistance of, say, 50Q (I have
chosen the 50Q arbitrarily, MCs come
with 10-50Q), then this pickup will
generate a noise voltage of 0.128UV, or
128nV, in the audio frequency range.
So you see that both the source—i.e.,
the pickup—and the amplifier contrib-
ute to the overall noise you hear.



FIGURE 2: Paralleling JFETs reduces the input noise.
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Assume that you connect this 50Q
pickup to an amplifier that has an
equivalent short circuit input noise of
125nV. The total input noise will be
V(1282 + 125% )= 179nV, and the signal-
to-noise ratio is 0.5mV/179nV = 2793x,
which is 69dB. There is nothing you
can do about the first term, the noise
generated by the pickup, but you can
certainly do something about the noise
of the amplifier by designing a lower
noise input stage! The lower its noise,
the less it contributes to the overall
noise.

If you look carefully you notice
that the pickup and the amp contrib-
ute about the same amount of noise in
the above example—i.e., the amp be-
haves as though it was also a 50Q resis-
tor. You can, in fact, characterize the
noise behavior of the amplifier with
its equivalent noise resistance (Req.).
As you will see, this is convenient for
calculating the noise of the phono pre-
amp, because the active devices—i.e.,
the tubes, transistors, and JFETs—can
all be described by their equivalent
noise resistance. Of course, you (or at
least me!) are only interested in how
the JFETs behave in this respect, but

which I described in
detail in Part 1 of the JFET articles®.
Figure 1A shows the simple JFET stage
without the source resistor, because I
want to show what the source resistor
does in terms of noise. The K170 JFET
has an equivalent noise of 0.95nV/\/Hz,
which over the audio frequency range
is 134nV. This is the same as the noise
of a 55Q resistor. For comparison, the
discontinued K146 JFET was specified
at 0.75nV/\/Hz, meaning an equivalent
noise resistance of 34Q2. The ROHM bi-
polar transistor 25D786 had 0.6nV/VHz,
which is 21.3Q.

Triode tubes can also be represented
by their equivalent noise resistance,
which is =2.5/g_, where g, is the trans-
conductance of the tube in mA/V at
the operating point. The ECC88/6DJ8
has a transconductance of 12.5mA/V
at 15mA anode current and the Req =
2.5/12.5ma/V = 200Q. The 5842 and the
WE417A tubes can be operated with a
g, = 25mA/V, which will result in Req
=100€2. The 3A/167M, the WE437A, and
the Russian 6C45n can produce, with
approximately 40mA anode current,
>40mA/V, thus bringing Req down to
about 55Q. This is very close to what
the K170 JFET does.

FIGURE 3: The basic four-JFET circuit and its upgraded version for low-noise

application.

+Vs=24V
332R

>
>

vy
A

153

K170BL J74BL/V

INP.

2xK170GR :

- +Vs=24V
>

> 332R
174V

AAA
vy
AA

AAA,
Y
I
=3
=]
)

INP. ouT

MAL
i
=

1AM

=
-
=

AAA,

Rpy
L
Rpz3

>
-
>

ouT

o K170BL/V

3 332R
~Vs=24V

vy

.
1K53

2xJ74GR

L K170V
® 332R

T
B
3
|
=
3

vy
AAA

—Vg=24V

Coming back to the common source
amplifier of Fig. 1A, the equivalent
short circuit input noise of this stage
is 134nV. A normal MM pickup has an
equivalent ohmic resistance of about
600€2, which generates a noise voltage
of 445nV. In this case the noise of the
pickup dominates and the amp noise
has little influence on the overall sig-
nal-to-noise ratio.

Of course, the picture is different if
you want to use this simple stage with
MC pickups. Assuming again an MC
with 50Q resistance, the self-generated
noise is 128nV. The amp is generating
134nV. Total noise is V(1282 + 134%)=
185nV.

The signal-to-noise ratio with a nor-
mal MC pickup will now be: 0.5mV/
185nV = 2700x, which is only 68dB.
The RIAA characteristic also helps a
few dB due to its HF rolloff. But being
a low-noise freak, I wouldn’t consider
this adequate for MC preamps.

A customer sent me the schematic
of a simple two-stage phono preamp,
which he found on the Internet (Fig.
1B). It uses two identical stages with
K170, both operated at Idss = 5mA,
with passive RIAA equalization be-
tween the stages. Each stage has a
gain of g X Rd, where g is =30mA/V
at Idss = 5mA and Rd = 2k4. The gain
per stage is about 70x, or 37dB, which
means a total gain of 74dB.

The insertion loss of the passive
equalization network, due to the 100k
gate resistor of the second stage, is
about 22dB at 1kHz, so the effective
gain is about 52dB. This is a bit too
much for an MM, but marginal for an
MC. I have also seen a version with Rd
= 5k1, which gives you a few dB more
gain.

I hooked up the circuits in Fig. 1B
to check out the performance. First, I
measured the noise and distortion in
the input stage only. The input noise
was 137nV over a 30kHz bandwidth, so
the equivalent noise resistance was ac-
tually less than the data sheet value of
55Q. The distortion was dominated by
second harmonics: it was 0.88% at 1V
RMS/1kHz and 2.5% at 3V/1kHz.

This is to be expected of a single-
stage K170 without a source resistor.
You could reduce this by using a source
resistor as I have shown?, but since the
source resistor is added in series to
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the equivalent noise resistance, it will
increase the noise of the input stage!l.
A 50Q source resistor would reduce
the THD by almost 6dB, but the equiva-
lent noise resistance would increase to
55 + 50 = 105Q, which would result in
an input noise of 186.5nV. The signal-
to-noise ratio with a 50Q2 MC pickup
would be reduced to 66.8dB.

Next I hooked up the whole circuit
as shown in Fig. 1B. I measured a total
gain of 50dB at 1kHz. Overall distortion
was reaching 1% at 1.4V RMS/1kHz.
RIAA showed a 0.5dB rise at 10kHz,
but was flat at the low end.

Thanks to the dominating second
harmonics, this phono stage is prob-
ably very warm sounding. Indeed, a
customer reported that this amp sound-
ed very good with a DENON DL103
MC pickup in spite of the low gain, the
second harmonic distortion, and the
relatively high equivalent short circuit
input noise.

DEVELOPING THE INPUT STAGE
FOR THE STARTER KIT

Let’s look at the input noise first.
Just as paralleling resistors reduces the
value of the resistors, the paralleling
of JFETs reduces the equivalent noise
resistance. Paralleling JFETs with com-
parable g reduces the resistance to
half and the noise by approximately
3dB.

I tested the circuit shown in Fig. 2,
which I published in reference 3. Theo-
retically, four JFETs in parallel should
have 6dB less noise than one JFET.
However, you normally use a small
source resistor with each to get better
matching between the devices and/or
to control the drain current, as shown
in Fig. 2, so the equivalent noise re-
sistance of each is 61.8Q. The four in
parallel are then 15.45Q, and the input
noise drops to about 72nV.

I believe Nelson Pass is using this
input stage in his DIY phono stage,
albeit with 22Q source resistors, which
increases the equivalent noise resis-
tance and the input noise a bit. Note
that the input capacitance also increas-
es 4x, but it is not important here due
to the low source impedances in phono
preamps.

Paralleling the JFETs solves the
noise problem, but does very little for
linearity. This four-JFET circuit is a bit
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better than the single JFET in Fig. 1A
due to the higher supply voltage: it’s
0.32% at 1V RMS/1kHz and reaches 1%
at 3V RMS/1kHz.

If you remember my priorities from
the first part of this series (March ’05
aX)4 they are low noise, inherent linear-
ity, and DC coupling. This circuit fails
on the second and third of these priori-
ties. I developed a line amp, based on
complementary differential circuitry.
I mentioned that I use that topology in
most, if not all, of my amplifiers.

The “if not all” means that I also use
the single-ended complementary topol-
ogy in some of my amps. In fact, I use
both in this two-amp phono preamp,
but the single-ended topology offers
lower input noise than the complemen-
tary differential circuitry, so I use that
for the input stage. The complementary
differential circuit is used for the sec-
ond stage.

Figure 3A shows the four-JFET sin-
gle-ended complementary circuit that
was published in reference 5. Its linear-
ity is orders of magnitude better than
the single JFET circuit. O.L. THD is
0.032% at 1V RMS/1kHz and reaches
only 0.4% at 10V RMS/1kHz!

This topology works fine for an
MM-only input stage, but it requires
a circuit upgrade for real low noise
operation. Figure 3B shows the low-
noise topology. I have doubled the input
stage, making it equivalent to the four-
JFET circuit shown in Fig. 2 in terms
of noise resistance.

However, as you will see later, the
feedback resistor(s) also contribute to
the equivalent noise resistance, so that
must be made as small as possible as
well. Consequently, I added a comple-
mentary source follower to the output
to be able to use low value feedback
resistors. Granted, this is no longer a
one-JFET circuit, and you will find very
little of the second harmonic distortion
in it. However, you will find low noise,
good inherent linearity, and you can
also use it without capacitors in the
signal path. With the background ma-
terial presented here, Part 2 will look
at the complete phono preamp.

Erno Borbely received an MSc de-
gree in Electronic Engineering from
the Norwegian Institute of Technology,
University of Trondheim. In the 60s he
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he received a US patent.
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plifiers, low-noise preamplifiers, and
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1984 Mr. Borbely and his wife Irene
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high-quality kits to end-users. Since
1982 he has been publishing his de-
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i of the usual single amplifier. This allows
you to optimize it for low noise, RIAA
accuracy, high gain, and dynamic range.
The block schematic is shown in Fig. 4.
i You can use the two-amp configura-
. tion in three different ways to realize
© the RIAA function: all active, all pas-
he EB-804/419 is a high quality, - tion of low input noise and high gain sive, or hybrid, meaning combination
low-cost all-JFET DC-coupled MM/ : allows you to use it with practically all of passive and active. Two of these are
MC phono preamp with on-board pickups on the market. The EB-804/419 supported in the EB-804/419: the hy-
all-FET regulators. The combina- | uses a two-amplifier approach instead @ brid and the all passive.
. In Fig. 4A the amp on the left is a
. low input noise and flat frequency re-
20-40dB RIAA MM/MC IN  20-40dB PASSIVE RIAA 40dB . sponse. You can use it with 20 or 40dB
. gain by changing the feedback resis-
. tor. The R18/C11 network between the
. two amplifiers provides the 75us pas-
- sive rolloff. The second amp provides a
- further amplification of 24dB at 1kHz
and at the same time boosts the bass
according to the RIAA characteristics
; actively through R33/R32/R31/C14.

FIGURE 5: The EB-804/419 all-JFET MM/MC phono preamp.
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For those of you who want to exper-
iment with all-passive equalization I :
have included the components for Walt : :
. EB-804/419. The input stage is essen- |
tially the same as the one in Fig. 3B, but
I have added source resistors to each of
the input JFETSs in case these are need-
ed for matching and/or adjusting the

Jung’s network N267 in Fig. 4B. Here

both amplifiers provide flat frequency

response and all RIAA equalization is

done passively between the two ampli-
fiers by R18/C11/R19/C12. MM gain
is 44dB and MC gain is 64dB for the
circuit in Fig. 4A. The gain in Fig. 4B
depends on the all-passive equalization
network discussed later. The Starter :
kit is supplied with components for
the circuit in Fig. 4A. You can order

the all-passive network separately from :

Borbely Audio.
Figure 5 shows the schematic of the

drain current. Because the DC gain of

the circuit can be very high (MC appli- :
. resistance can be calculated to 25.5Q.
. This will produce 92nV over the audio
. bandwidth. If you use this preamp with

cation and/or all-passive equalization), I
use a servo circuit instead of capacitive
coupling to keep the offset close to OV.

I calculated the equivalent noise re-

FIGURE 6: Calculating the equivalent noise resistance of the input stage.

sistance of the input stage using the

- drawing in Fig. 6. The JFETs are rep-
- resented by the 55Q equivalent noise

resistors in series with the 10Q source
resistors. These are connected to P1,
which is a 10Q trimpot. Finally, the
center point of the trimpot goes to R10
= 6R8 feedback resistor.

Because the JFETs are connected in
parallel AC-wise, the equivalent noise

a 50Q MC pickup, you will have a total

. noise of V1282 + 922 = 157.6nV, which re-
. sults in a signal-to-noise ratio of 70dB
. referred to 0.5mV.

The 50Q pickup itself contributes

»S >S =
- <
::55 ::10

G G

A-786-6

EE55 EE55 128nV—i.e., if the amp were noise-
s ¥s 65 . less, the signal-to-noise ratio would

- e H .
w0 10 °8V5‘| : T " be 71.8dB re 0.5mV. This means that

AAA AAA AAA : .
> - vy vy _ vy - ¢ the amp contributes only 1.8dB to the
B=( < - = [ = = [ = . .

I 6.8 vy . JAA 8.8 ey noise. You could decrease this by reduc-
< < Yy vyv vy N 1 . . f h . . _
3w 65 37.5 ing/eliminating some of the noise-pro

¢ ducing resistors in the input circuits.

If you select the input JFETs very

f closely, you could eliminate the 10Q

source resistors. The close matching
could also eliminate the offset trimpot.
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This would result in an equivalent noise :
resistance of 20.5Q with a signal-to- :
noise ratio of 70.4dB, which means that
the amp would contribute only about :

0.4dB to the overall noise. For a 50Q
MC pickup this is probably the best you

ther. (Calculate the signal-to-noise ratio
for an MC pickup with 20Q resistance!)

is 75Q, and the equivalent noise re- :
sistance is 93Q. The equivalent short

circuit input noise is 175nV. The total

The second stage of the phono preamp

kit EB-604/410%. It provides the active

due to its high DC gain (in active eq.

FIGURE 7: EB-704/418 all-FET regulators.

mode the DC gain is 44dB!) a servo has
been added. The servo amps are sup-

- plied with +10V from shunt regulators.
input noise with a 600Q MM pickup is !
- V(4452 + 175? = 478nV, and the signal-
to-noise ratio relative to 5mV is 80dB.
can achieve; however, for lower imped- |
ance/lower output MC pickups you will !
need to reduce the amp noise even fur- :
. bass boost of the RIAA characteristic
. through its feedback network. However,
For MM the feedback resistor R10

The all-FET phono preamp is a very
sensitive amplifier and is capable

of picking up small signals not only
¢ through its inputs, but also through vi-
uses the same topology as the Starter :

bration. It is, therefore, very important

- to make the whole amp as “dead” as
possible for vibration by using rubber
- stand-offs or mounting the whole board
- on a Teflon plate, 6-8mm thick. And

a mumetal box will certainly put the
icing on the cake.

Uﬁf%l(‘;/ TYPICAL SPECIFICATIONS
“ad ('21)1 D“ﬁ R9 Q5
”'1|'1 LR =Y Gain: 1st stage: 20 or 40dB
cuf] Ri3 /7 THD, 20dB gain, 3V/1kHz: 0.0033%
- A 3V/10kHz: 0.005%
a N Q7 Gain: 2nd stage: 24dB
it (F ﬁ) “'ﬂ +(15-24)V REG THD, 3V/1kHz: 0.003%
cal R5Z K7 & ’ 3V/10kHz: 0.007%
= 17 < 9 = +
AD5S s 33 P15:"‘1 Ri1Z (£ Max. output voltage: approx. 9V RMS
PGND @ 0 PGND Risetime
,,1-, ==C4ﬁms . E3 PZ? RizE clls (without RIAA network): 0.3/0.4us
Rl . R6 £ 18 O S— Freq. Response: RIAA 10.2dB
i J) Eﬁj ’ Equivalent input noise: <100nV,
Q3 Q4 a8 8 20Hz-30kHz
R14 f H
s —Wr-A |
B0 @ - THE EB-704/418 ALL-FET
coy, Qo - ~ ON-BOARD REGULATOR
oREe J.Cz . The schematic of the on-board EB-
r;';r A-786-7 . 704/418 all-FET regulators is shown in
. Fig. 7. The topology is very similar to

the EB-604/415 regulators
used in the EB-604/410 line
amp described in reference
4. However, I added Q7 and
Q8 MOSFET source follow-

FIGURE 8: Stuffing guide for MM/MC phono preamp EB-804/419 with EB-704/418

regulator.

and P2. If you use them
with fixed 24V output, then
you can short P1 and P2.
Make R5 = R6 = 3k32.

. Cln‘q qb —> dh —RSB—qI@OB

v 1hs éé . e —sae Rgg— ers to be able to cope with
al i %lpl LI h L H == o a0, [erz the demand of the phono
- DP If E M é —Reo— Y preamp (70mA). You can
(R ]} Dms = - - ? - change output voltage be-

2,¢§ 1 e tween 15 and 25V with P1
(] C I

[

=

Q11

EB-804/419
R c19 O . Minimum input/output
I 21_ - l voltage differential is 3V,
§ ﬁ —R33— —R3p— O FPI 33 but 4V is recommended.

= ] G
H I
16 o

&

Q167 |

1 Ll
Rza— H ¥ |TD

I
@iﬁmﬁ Maximum unregulated
5 input voltage is £31V, and

|
PG OUT | _-§§§2-12T ci2”f et Q!, L ll:lp| | you must heatsink Q7/Q8.
I;hl ot 1 | Cll g3 1 Y Tﬁé';& The output noise of the
" gfci | 150;‘?553;% c12”| 3 ?' = 3SH regulators is <5V across
T 5 | I - b ¢ e the audio bandwidth. Rec-
EB-704/418 QF = L3O, I}zz@‘@ §o A, - ommended power supply
A786-8 is the EB-604/265. The

stuffing guide for the EB-

18 audioXpress 7/05

www.audioXpress.com



804/419 phono preamp is shown in

Fig. 8.

SETUP PROCEDURE

Start the assembly with the regulators, |
insert the solder pins and the jumpers,
and then install the resistors, FETs,
and finally the capacitors. Connect
332R/5W resistors between the +output
and ground and the -output and ground
of the regulators. Apply +29V unregu- |
lated DC to the regulators. Check the
output voltage across the load resis-

tors; it should be 24V, £5%.

Next, begin the second stage of the

RIAA EQUALIZATION

he RIAA characteristic is de-

fined by three time constants:
T1 = 3180us, T2 = 318us, and T3
= 75us, corresponding to the
crossover frequencies of 50, 500,
and 2122Hz. A fourth time con-
stant of 7950us has been added
by the IEC as an amendment to
the RIAA characteristic; how-
ever, it has never been officially
standardized by the RIAA. This
time constant means a 6dB roll-
off below 20Hz, and is meant to
function as a rumble filter, reduc-
ing turntable/record related low-
frequency disturbances. This fea-
ture is not included in the phono
preamp described here.

The RIAA characteristic is
shown in Fig. A with the asymp-
toms. It is specified in dB rela-
tive to 1kHz (0dB). It appears
that the DC (or zero frequency)
gain is 20dB (10x) higher than
the gain at 1kHz. However, be-
cause of the interaction between
the time constants, the actual
DC gain is 9.898% the gain at
1kHz. This means that in an
ideal RIAA preamp the 1kHz
gain is always 0.101xDC gain
(see reference 6: Walt Jung; Op
Amp Applications, Chapter 6-1,
Analog Devices, 2002, ISBN:0-
916550-26-5), so specifying the
gain at 1kHz also defines the
gain for all other frequencies. B
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phono preamp (R20 and onwards) by :
installing all solder pins, jumpers, resis- :

tors, JFETSs, and capacitors. Put in the
supply jumpers between the regulators
and the second stage and short the input
of the second stage (jumper across R20).
Do not install Q18 just yet. Connect the

129V unregulated supply to the regula- :

tors. Measure the voltage drop across

R22 (or R29) with a DVM and adjust it
with P2 to 3V. Then check the offset volt- :

age at the output and adjust it with P3 to

0V. Insert Q18 in the socket and recheck

the offset; it should be less than a couple
of mV after a few seconds.

Finally, assemble the input stage, ex- :

cept the RIAA components between the

two amps and Q9. Disconnect the supply
jumpers between the regulators and the !
- second stage and connect the regula-
. tors to the input stage with short wires. !
. Short the +INP-pin of the input stage :
: to SGND and check the voltage across
. R15 (or R16), which should be between !
2.8V and 3.3V. Check the offset voltage
. of the input stage at the test-point TP
and adjust it to zero with P1 (do this
very carefully because the DC gain is '
. very high). Install Q9 in the socket and '
recheck the offset, which should go
. down to a couple of mV in a few sec-
: onds. ‘
Remove the jumper from R20, install :
¢ the RIAA components, and connect the
¢ should be constant with a maximum

FIGURE A: The RIAA playback characteristic.

i connect it to the output and make sure

N\
N
N
N\
N\,
N\,
N
N\
N
N
20 30 40 S0 100 150 200 300 400500 1! 1.5k 2K 3k 4k S 10k 15k 20k 30k
Freq. Hz

£1 f2 £3 A-786-A
with the cap and calculate the neces-
DESIGN PROCEDURE sary resistor. If you want to use a 47nF

he design procedure for the hybrid

circuit in Fig. 4A is relatively simple:

1.) 75us passive network: choose an
appropriate value for R18, which should
be as low as possible because it influ-
ences the noise in the second stage, but
high enough so that the input stage
can drive it at high frequencies. If you
use op amps for the two amps, the value
should be between 600Q and several
kQ, depending on the drive capability
of the op amps. I use R18 = 750Q for the
discrete JFET input circuit used in the
EB-804/419 because it is easy to make
the 75us time constant with a C11 =
75u/750 = 0.1uF capacitor. Because re-
sistors are available with many more
values than caps, you can also start

20 audioXpress 7/05

resistor, R18 = 75us/47nF = 1.6k. Natu-
rally, you can also use two capacitors
in parallel to make a convenient value.
2.) 318 and 3180u feedback network:
choose a practical value for R33, which
determines the 3180us time constant.
Because I wanted to use the same cap
as for the 75us, I calculated the resis-
tor from R33 = 3180us/0.1uF = 31k8
(closest practical value is 31k6). Next
calculate R31 from the formula that
gives the DC (zero frequency) gain. The
1kHz gain is 0.101XDC gain, or the DC
gain is 9.898x the 1kHz gain. I want
a 1kHz gain of 24dB, which is 15.85x,
so the DC gain will be 9.898%15.85 =
156.88x. R1 = (9.898xR3)/(9xDC gain)
= 222Q (closest value is 221R). Finally,
calculate R2 from (R3/9)-R1 = 3290

www.audioXpress.com

proper supply jumpers between the
regulators and the second stage and

. between the second stage and the input

stage. Leave the short at the +INP and
switch on the supply voltage. Check
the offset at the output, which, after a
couple of minutes, should be a few mV.
A certain short-term drift of the offset
is normal—remember, you are dealing
with a total DC-gain of 84dB!

If you have audio measurement
equipment, including an inverse RIAA
circuit® connect it to the input of the
phono preamp and sweep the audio

¢ generator from 20Hz to 20kHz. Monitor

the output of the phono preamp with
an audio mV-meter. The output voltage

tolerance of £0.2dB. If you have a scope,

: that the circuit does not overload dur-
. ing the measurement.

The phono preamp is now ready to

. be connected to your system. Changing
- between MM and MC means replac-
. ing R10. For MM, R10 = 75R and for
- MC it is 6R8. For MM, R2 is 47k, and
. for MC you will need to connect the
i appropriate load resistor at the input.
: You can solder this resistor either di-
i rectly across the input terminals of the
: PCB or across the input connector on
i the back panel. A shunt capacitor (C1)
¢ might also be necessary; consult the
. datasheet of your pickup. X

(closest value: 3k32).

For the all-passive equalization in
Fig. 4B 1 used Walt Jung’s network N2”
with the following component values:

Theoretical: Closest fit:
R18 =7k29 7k32
R19 = 1k06 1k05
C11 = 0.3uF 0.3uF
C12 = 0.1029uF 0.1yuF + 3nF

All network components should be pre-
cision ones: resistors 1% or better and
caps 2% or better. The Starter kit EB-
804/419 is delivered with 0.1% Dale CMF-
55-143 non-magnetic resistors and 1 and
2% polypropylene and polystyrene capaci-
tors. Using Walt’s inverse RIA A network®
both networks show better than +0.2dB
accuracy across the audio range. B
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without a license agreement.

PARTS LIST

PHONO PREAMP EB-804/419

Resistors, Trimpots

R1 Short for MC 10R
for MM

R2 47k5 for MM
See spec for MC

R3, R4, R5, R6 10R

R7, R8, R11 681R

R9 2K21

R10 958 for M

R12 Optional for passive eq.

R13, R14, R20, R34, R35 ™M

R15, R16, R22, R29 332R

R17, R25, R38 47R5

R18 750R

R19 See passive eq.

R21, R28 1k5

R23, R24 100R

R26, R27 75R

R30 100k

R31 221R

R32 3k32

R33 31k6

R36, R37 1k2

P1 10R COPAL

P2 200R COPAL

P3 50R COPAL

Capacitors

C1, C8 100pF, 160V, PS

€2, C3, C20, C22 0.1uF, 100V, PP

C4, C13 33pF, 160V, PS

C5 Appl. Dependent

€6, C7, C15, C16 0.22uF, 250V, PP

9, C10, C19, C21 47uF, 35V

e, c14 Ll 7 T

C12 See passive eq.

C17,C18, C23, C24 100uLF, 25V, ROE EKO

FETs, Diodes

K170GR
01, 02 (Idss: 3.5-4mA)
J74GR
03, 04 (Idss: 3.5-4mA)
05, 014 J74V (Idss: >10mA)

REFERENCES

4. Erno Borbely, “Starter Kits, Part |I: EB-604/410
AII-JFET Line Amp,” audioXpress, March 2005,
p. 9.

5. Erno Borbely, “The AlI-FET Line Amp” audioX-
press, May 2002, p. 28.

6. Walt Jung, Op Amp Applications, Chapter 6-1,
Analog Devices, 2002, ISBN 0-916550-26-5.

7. Walt Jung, “Topology Considerations for
RIAA Phono Preamplifiers,” AES Preprint 1719,
67th Convention, 1980 Oct. 31/Nov. 3 New
York. (http://home.comcast.net/~walt-jung/
wsb/PDFs/Topology_Considerations_for_RIAA_
Phono_Preamps.pdf )

8. Walt Jung and Stanley Lipshitz, “A High Accu-
racy Inverse RIAA Network,” The Audio Amateur,
1/80, p. 22.

06, 015 K170V (Idss: >10mA)
07,016 I(ﬂZE:Bé-mmA)

08, 017 J74 (Idss: 8-10mA)
a10, Q1 K170BL/V*

012, 013 JTABL/V*

09, 018 LFATICN

D1, D2 LM4040DIZ-10

* Dual JFET K389BL/V can be used for Q10-Q11
** Dual JFET J109BL/V can be used for 012-013

Miscellaneous
40 x Tmm solder pins
PCB: EB-804/419

REGULATORS EB-704/418

Resistors, Trimpots

R1, R2, Rb, R6 3K09

R3, R4 1K82

R7. R8 8K25

R9, R10, R13, R14 100R

RM, R12 10K

P1, P2 5K COPAL
Capacitors

C1, C2, C3, C4 0.1uF, 100V, PP
C5, C6 220ULF, 16V
C7,C8,C9, C10 470F, 35V

€1, €12 33pF, 400V, MICA
FETs, Diodes

01, @2 (e s >om)
03, 04 (Jnﬁg%ly Idss: >3mA)
a5 J148

a6 K982

a7 K2013

a8 J313

D1, D2 E202 (2mA)

D3, D4 E102 (1mA)

D5, D6 LM329DZ (6.9V ref.)

* Dual JFET K389BL/V can be used for 01-02
** Dual JFET J109BL/V can be used for 03-04
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