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requires significantly less than 200pF 
capacitive loading, then it would seem 
to be incompatible with this pream-
plifier. However, the input impedance 
is more complicated than this due to 
global negative feedback, which I have 
neglected due to its analytical complex-
ity. You could sacrifice noise perfor-
mance for reduced input capacitance 
by eliminating one or more of J1A – J1D, 
but noise performance is very impor-
tant in the first stage of a gain-of-10,000 
preamplifier. 

If the cartridge requires more than 
200pF, simply add an extrinsic capaci-
tor Cin in parallel with Rin so that Cin 
+ 200pF = recommended capacitive 
load. I hope that any capacitive loading 
requirement is a loose one because the 
previous calculations, while theoreti-
cally sound, are based on typical val-
ues for JFET parameters. Actual values 
can sometimes vary greatly from the 
typical.

PSPICE
In this preamp, quiescent drain current 
IDQ for the input JFETs is set by the 
DC voltage drop across R3. Assuming 
matched JFETs, then VGSQ = –4IDQR3. 
The JFETs are therefore self-biased and 
will assume a value of IDQ that is a func-
tion of their intrinsic parameters IDSS 
and VP according to the square-law 
equation IDQ = IDSS(1 - 4IDQR3/VP)2.

I think it’s difficult in the new mil-
lennium to be a serious designer with-
out a working knowledge of PSpice. 
It might be illustrative, then, to look 
at how the simulation program deals 
with JFET bias. JFET models in 
PSpice directly use pinch-off voltage 
VP, although it is called the threshold 
voltage and symbolized as VTO. While 
IDSS is not directly specified, it can be 
determined from IDSS = VTO2*BETA, 
where BETA is a PSpice parameter 
with units of A/V2 called the transcon-
ductance coefficient. 

The PSpice model for the 2SK170 
has VTO = VP = –0.5024 V and BETA 
= 0.05986 A/V2, so IDSS = VTO2BETA = 
(0.5024)(0.05986) = 15.11mA. To compli-
cate matters, the intrinsic JFET model 
with these values of VP and IDSS is aug-
mented by a series source resistance 
RS = 4.151Ω that will increase |VGS|by 
ID × RS. This slightly increases the 

complexity of the square-law equation, 
but even so JFET bias drain current in 
PSpice for the input stage can be pre-
dicted from Equation 1.

Numerically:  I2
DQ–0.0702IDQ + 

0.000433 = 0. From the quadratic for-
mula in Equation 2, you can immedi-
ately rule out the former result because 
it is much greater than IDSS. PSpice 
therefore should, if our calculations 
are correct, yield a drain current of 
6.83mA. However, the simulation value 
was 6.86mA, a discrepancy that might 
be thought to be due to rounding error, 
but is not.

In real FETs, IDQ will be increased 
above the square law value by a fac-
tor 1 + λVDSQ, where λ is the channel-
length modulation. PSpice accounts 
for this with the parameter LAMBDA, 
which for the 2SK170 is 0.001923V–1. 
The effect of LAMBDA is analogous to 
the Early effect in BJTs. In fact, Early 
voltage, designated by VA, is analogous 
to 1/λ. In the saturation region, drain 
current will increase linearly with in-
creasing drain-source voltage, exactly 
as though there were an intrinsic re-
sistor rd from drain to source. This re-
sistance, sometimes designated ro in 
textbooks, is determined by triangle 
relationships on the iD – vDS graph to 
be 1/(λID), where ID is the drain current 
calculated from the square-law equa-
tion neglecting the effect of channel 
modulation. In the present example, rd 
= 1/[(0.001923)(0.00683) ≅ 76kΩ.

In general, intrinsic collector-emitter 
resistance in BJTs is lower than rd. The 
result is that in their respective normal 
operating regions, FET iD – vDS curves 
are “flatter” than BJT iC – vCE curves, 
i.e., an FET more ideally, which is to 
say more closely behaves like a pure 
transconductance device (voltage-con-
trolled current source).

Using VDSQ = 1.47V from the simula-
tion to adjust the above result gives IDQ 
= 6.85mA. The above result indicates 
that while addition of rd to the JFET 
model improves its fidelity, drain cur-
rent errors are minor if this resistance 
is omitted. There is also a drain ohmic 
(contact) resistance denoted RD which 
would change VDSQ by a few tens of mV 
and affect the result even less than the 
omission of ro.

In point of fact, the typical values 
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power supply rejection, because varia-
tions in the positive power supply are 
otherwise amplified. Unfortunately, the 
capacitor would provide little benefit at 
low frequency where JFET flicker noise 
dominates and will produce instabil-
ity in servo operation unless a zero is 
introduced into the integrator24. I chose 
the alternative of a fairly elaborately fil-
tered and regulated low-noise positive 
power supply.

CONSTANT—CURRENT SOURCES
There are two constant-current sources 
in this preamplifier, both serving as ac-
tive loads. As we just saw, the current 
source formed by Q2 serves the addi-
tional role of completing the DC servo 
loop. Its emitter resistor R5 enhances 
performance by increasing the Nor-
ton-equivalent resistance of the source 
from ro–Q2, which is the intrinsic col-
lector-emitter resistance of Q2, to (1 + 
gm-Q2R5) ro–Q2. Current-source current 
will be {[R6/(R6 + R7)]V+ + VBE–Q2}/R5 
≅ {[1,000/(1,000 + 866)]18 + (-0.7)}/392 
= 23mA, anticipating that J1A – J1D 
will require a total of 20–25mA. As 
discussed previously, current-source 
current will be modulated by the servo 
to set Q3 emitter current at the level 
needed to maintain output offset volt-
age near zero.

The second stage is a folded-cas-
code whose current source/active load 
consists of Q4D8D9R10R11. It will com-
mand Q4 collector current of (VD8 + 
VD9 – VBE–Q4)/R10 ≅ 0.7/18.2 = 38.5mA. 
While this current command does not 
directly set Q3 collector current, it will 
indirectly do so. Always keep in mind 
that active region transistor collector 
or drain current is set by base-emitter 
or gate-source voltage, respectively.

DC feedback via the servo is the key 
as it sets M1 gate voltage and hence 
MOSFET quiescent drain current to 
that value necessary to null output 
quiescent voltage. It accomplishes this 
by adjusting the emitter voltage of Q3 
through the resulting R8 voltage drop. 
This voltage drop is produced by cur-
rent through R8, which will be (VD5 
+ VD6 + VD7 + VBE–Q4) /R8 ≅ 1.4/15.0 = 
93mA, of which about half will flow into 
the emitter of Q3 and half into the drain 
of M1. These bias currents were set, by 
the way, on the basis of the minimum 

required to avoid slew-rate limiting at 
full output from 20Hz–20kHz.

This is an interesting proposition. 
You can determine Q3 collector current 
using the Q4D8D9R10R11 current source 
and the quiescent M1 drain current 
will, ignoring Q3 base current, be 1.4V/
R8 – ICQ–Q3, i.e., M1 quiescent drain 
current is set by the value of R8. The 
servo-controlled first-stage active load 
takes care of the rest, producing both 
the desired second-stage bias currents 
and near-zero quiescent output voltage. 
What a bargain!

There is some loss of signal current 
in R8, a loss that could be eliminated 
with a current source. Little difference 
in performance was seen on the bread-
board. Anyway, as long as the imped-
ance “looking” into the emitter of Q3 is 
significantly less than the value of R8, 
the signal current loss is inconsequen-
tial. Obviously, a resistor is cheaper 
and occupies less board space than a 
constant-current source.

Without the use of active loads for 
Q1 and Q3, the preamplifier could not 
meet the low-frequency open-loop gain 
requirement, a(jf ) > 100dB. Of course, 
the advantage of an active load is lost 
unless impedance at the output node 
is high, i.e., provided the input imped-
ance of the following stage is high. At 
the output of the first stage, impedance 
remains high due to the high imped-
ance “looking” into the M1 gate. The 
second stage must drive the input im-
pedance of a control preamplifier or 
perhaps a potentiometer. Such an im-
pedance is typically tens of kilohms at 
a minimum. 

To be sure this design met reason-
able interface requirements, testing 
was done driving a 10kΩ resistor. Volt-
age sampling at the output reduces out-
put resistance by the factor 1 + βa. The 
net effect is that little fall in output 
voltage is seen over the audio band 
when the output is shunted by 10kΩ, 
indicating that output resistance is sig-
nificantly less than this.

For those who think they hear deg-
radation in sound reproduction due to 
active loads, I would say that the alter-
native is added gain stages, which no 
one likes. In addition to setting current-
source current, R10 raises the Norton-
equivalent resistance “looking” into 

the collector of Q4. This latter effect 
potentially boosts gain because no-load 
second-stage gain is approximately  
–gm–M1RNorton.

Next month, in the final part of this 
series, we’ll examine power-supply con-
siderations.      aX

* S = Siemens, new name for mu (µ).
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Parts are specified for one channel only, except as noted.

PREAMPLIFIER
Resistors are 1%, metal film, 0.25W resistors  
unless otherwise specified. Values are in ohms.
Rin — See text
Riso — 10.0
R1— 49.9K
R2 — 4.02K
R3 — 5.00 (two paralleled 10Ω resistors)
R4,R9,R11 — 4.99K
R5 — 392
R6 — 600
R7 — 1.00K
R8 — 15.0, 1W
R10 — 18.2
R12 — 1.00M
R13 — 20K 

Capacitors are 2%, 50V polypropylene film capac-
itors unless otherwise specified. Values are in farads.
Crf — 10n, 100V ceramic disc
C1 — 56n
C2 — 20n (formed by paralleling two 10nF capacitors)
C3 — 1µ
C4 — 390p
C5,C6 — 100n, 25V ceramic disc

Diodes
D1–D9 are 1N4148 silicon signal diodes.

Transistors
J1A–J1D — 2SK170 JFETs
M1 — IRF511 MOSFET
Q1 — BC549C BJT
Q2 — BC559C BJT
Q3 — TIP30C BJT
Q4 — TIP29C BJT

ICs
U1 — LF411A

PARTS LIST
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