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A JFET Circuit for Instrumentation
Applications

GARY G. A. BLACK anp KENNETH C. SMITH

Abstract— A new class of junction field-effect transistor (JFET) circuit
is introduced, which can serve as a simple versatile building block in
instrumentation applications. Economical realizations of current-to-
voltage converters, voltage-controlled voltage sources, and voltage-
controlled current sources are described. The basic circuit building
block, called-the piggy-back pair, consists of a matched pair of JFET’s
and two resistors. The basic configuration is easily manipulated to
realize various circuit functions when combined with a few other com-
ponents. It is shown that by full utilization of the terminal properties
of JFET’s, many simple high-performance circuits can be designed,
which have circuit functions determined essentially by resistor ratios
and which accordingly are relatively insensitive to device parameters.
The circuit design procedure is very straightforward with design limita-
tions clearly indicated. The flexibility and versatility of the piggy-back
pair is indicated by the wide range of circuits demonstrated.

I. INTRODUCTION

IRCUIT designs employing junction field-effect transis-

tors (JFET) are often unimaginative in that JFET’s are
used essentially as direct replacements for bipolar transistors.
Usually only a simple advantage is taken of the high input
resistance of the JFET while depletion mode operation is gen-
erally considered a disadvantage to be tolerated. It is the pur-
pose of this paper to present a class of circuits that use to con-
~siderable advantage three properties of JFET’s, namely, (1)
~ high input impedance, (2) depletion mode of operation, and
(3) source to drain impedance transformation. A further ad-
vantage of the class of circuits to be introduced is that the
troublesome temperature effects of JFET’s can in general be
eliminated or at least minimized.

The basic circuit building block upon which this treatment
is based has been called the “piggy-back pair.” Various combi-
nations of this basic configuration accompanied by a limited
number of other components can be used to economically
implement various circuits including 1) ultralow-level current
to voltage converters, 2) voltage-controlled current sources,
and 3) voltage-controlled voltage sources. The circuits to be
described have applications in the general area of instrumenta-
tion particularly in the fields of nuclear and biomedical elec-
tronics [1]. They are also of interest in the active circuit area
asextremely low-level high-impedance synthesizing gain blocks.
These gain blocks offer the advantages of low power consump-
tion together with the possibility of extremely high-impedance
circuits in which very small capacitors can be used. All circuits
are compatible with thin-film hybrid circuit technology.
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II. CirculT DESCRIPTION

First, the detailed operation of the basic circuit building
block will be outlined. Following this will be a description of
various circuit configurations using this building block to im-
plement black box characteristics. Some test results will be
included.

A. Piggy-Back Pair

The piggy-back pair consists of two matched JFET’s Q; and
0, (n channel for the purposes of discussion) and two resistors,
R, and R, as shown in Fig. 1.

To analyze the circuit, consider the input grounded. @, and

R, establish an operating current level of /;, where
Iy =Vgs, IR:. (1)

I, can be found analytically by solving the two equations
Iy =Ipss, [1- Vs, Ve, 1?
(Middlebrook approximation) (2)
and
Ves, =hhiRy. 3

The current 7, is extracted from R, and Q, to establish an
operating point of /; and Vg, . The voltage at the output
now is

Vout = VG + VGS2 -I1iR;. (4)
Substituting (1) in (4) we see that
Vout =V + Vgs, - (Vgs, R2[Ry). ()

Now if R; =R, and Q; is matched to Q, (that is to say
Ves, = Vs, for the same current level), the output estab-
lishes itself at an operating voltage level of V.

Analysis for applied signals is very similar in nature. Consider
a voltage V;, applied at the input. The current in @, now
becomes

Vin -A VGS1
R,

Vs,
+
Ry

I+Al= (6)

for which the output voltage is given by

Ves,

Vin = AVGS,
Vour=Vg + Vgs, - AVgs, - + R, R,.
)]

Assuming that Q; and Q, remain matched over the current
range of interest [2] it can be seen that the signal transfer
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Fig.1. Circuit schematic of the piggy-back pair.

characteristic is

Vout = V("} - Vin R2/R1 s (8)

where

Ve =Vgs [1- (R2/R))].

That is, the piggy-back pair provides a negative gain of
R, /R, with a dc level shift of V.

The normal mode of operation will be with R; =R, to
minimize any mismatch in @, and Q,. Any fixed voltage
offset of Q; and Q, (Vgs, - Vs, ) will constitute an addi-
tive term to Vg and is often insignificant. In effect then a
voltage signal between the gate of Q; and ground is transported
to become a voltage signal between the gate of Q, and the
drain of 0, .

Due to the depletion mode of operation of Q; there is no
restriction on the input signal polarity with the use of a single
power supply. The input signal range is restricted however by
the following conditions. First, the negative swing is limited
by the pinch-off voltage (¥},) of Q. Second, the positive
swing V. is limited by the fact that Q; must remain in the
saturation region of operation, that is,

Ve 22V max + Vbssat-

€))

These conditions are of course qualified by the fact that 0,
and Q, must remain matched throughout the entire signal
excursion. Signal symmetry can be obtained by choosing the
appropriate device parameters and the appropriate bias volt-
age V.

A significant point to note is that the circuit gain is depen-
dent only on a resistor ratio R,/R;. This allows a free choice
of operating current. The logical current at which to operate
the circuit then is at the zero temperature coefficient point of
0, and Q, such that a temperature stabilized amplifier results.
The procedure is very straightforward. The zero temperature
coefficient current I  is determined from the device specifi-
cations or by measurement [3]. Vg, is then determined
using (2) for which the value of R is given simply as

(10)

Rz =Vgszllpz-

In summary, the piggy-back pair displays the following
characteristics.

1) It has an inherent high input impedance (> 10° ) and
a low input offset or bias current (< 107 A).

2) The gain is given by a resistor ratio.

3) The output is dc level shifted.

4) The circuit can be temperature stabilized.

5) The output impedance is relatively low compared to
JFET input impedances, though not in absolute value.

III. Low-LEVEL CURRENT-TO-VOLTAGE CONVERSION

A problem facing the instrument circuit designer is that of
providing an economic but accurate means for measuring
ultralow-level currents (defined for present purposes as any
current less than 1.0 uA. For many purposes the current should
be amplified or converted to a voltage where standard instru-
ments including chart recorders and A/D converters can be
used to monitor its amplitude.

A possible method for measuring low-level currents is to
use an operational amplifier in one of two different configura-
tions. The first direct approach is to use a noninverting ampli-
fier to amplify the small voltage produced by passing a current
through a resistor. This resistor must be 100 times smaller
than the output impedance of the current source (including
cable resistance) for 1 percent accuracy. Under these condi-
tions the voltage signal that is to be amplified is typically in the
range of the input offset voltage of low-cost amplifiers and
reliable operation is difficult.

A second possible configuration involves passing the current
into the negative input of an inverting feedback amplifier, with
the feedback resistor used to convert the current to usable
voltage levels at the output. The limitation of this method is
that the input offset current must be much smaller than the
current level to be measured. This restriction normally also
eliminates low-cost amplifiers.

Two economical solutions to this problem are presented
here. All of the circuits introduced are based on providing
several stages of current to voltage conversion and voltage to
current conversion through the use of the piggy-back pair. The
impedance transformation properties of JFET’s are used to
provide gain.

A. Current-to-Voltage Converter

The first circuit is that shown in Fig. 2. Transistors Q; and
Q, are p-channel JFET’s connected as a cascode pair. This
configuration provides a very high output impedance at the
drain of Q, [4]

(11)

where g, = output conductance of Q; and Q, alone. The in-
put impedance at the source of Q, is relatively small compared
to the output impedance at 0, and can be approximated by

(12)

RO =gm/g(2),

Rin =1/gm -
Thus
Ro/Rin =g3n/g(2)~
The range of this ratio is generally 1000:1.

(13
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Fig. 2. Current-to-voltage converter.

Any current I forced into the input appears at the drain of
@, . This current is converted to a voltage by R5, which can be
very large and is chosen to provide a signal voltage in the range
of 0-10 V. Thus Q; and Q, serve to isolate a current source
with a finite output impedance from the large voltage swing
present at the current to voltage convertor resistor Rj.

The input impedance of the Q,, Q, cascode pair is current
dependent with typical values less than 1 MQ at 10 nA.

Thus currents produced by a current source with Ry >
100 M2 can be measured to 1 percent accuracy. The value
of R; (and correspondingly the current to voltage conversion
ratio) is limited by R, of the Q,, 0, cascode pair.

The voltage at the gate of 0, is set at some positive potential
by the voltage divider R;, R, thereby establishing the input
potential at ground and eliminating currents produced by the
input potential and Rg. Such currents would otherwise swamp
the current signal to be measured.

The signal voltage across R is referenced to - V. Itis de-
sirable to shift this signal such that it is referenced to ground
potential without loading the high impedance signal point 4.
To accomplish this the piggy-back pair of Q3, Q4 is used with
the gate of Q, tied to ground. Thus the signal at 4 is repro-
duced at the output with a phase inversion and a ground po-
tential reference.

If R, is made small (a few kilohms) the standing current in
Q5 and Q4 will be in the milliampere range, which is often
compatible with the temperature stability criterion. This high
current operation also allows a significant amount of output
current without performance degradation of the piggy-back
pair and a resulting loss of accuracy. Thus the output can drive

a standard instrument such as a recorder or an A/D converter

for computer monitoring of low-level currents.

B. JFET Buffer

If the problem of output loading is encountered, a simple
but elegant JFET buffer can be used without significant addi-
tional cost. The buffer circuit is illustrated in Fig. 3. The
buffer uses complementary n-channel and p-channel JFET’s
analogous to the class AB output stages found in many inte-
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Fig. 3. Complementary JFET buffer.

grated operational amplifiers. This configuration is however
self-biasing with the gates of Q, and Q, connected together
to form the input node. The source of Q, is at +Vgs, and the
source of Q, is at - Vs, This means that the tap on the
resistor R can be adjusted to give zero dc offset at the output.
The standing current level is determined by R and the JFET
parameters as may be seen by the simultaneous solution of

(14)~(16):

Ves, t Vas
= (14)
I 1/2
VGS, = VP: [1 - “——] (15)
Ipss,
I 1/2
Vgs, = Vp, [l - ]_—] (16)
DSS,

The output impedance R, is a direct function of R. The
value of Ry, can be lowered to a few hundred ohms by choos-
ing the appropriate value of R.

C. Voltage-Controlled Voltage Source

The second configuration in the class of circuits utilizing the
piggy-back pair is basically a voltage-controlled voltage source
as shown in Fig. 4. This circuit is capable of amplifying input
signals in the millivolt range to produce output signals in the
volt range. That is, an accurate voltage gain of 100 or more is
realizable in an open-loop manner.

For the circuit illustrated in Fig. 4 the input stage is an n-
type piggy-back pair Q;, Q,. From the previous analysis of
the pair it can be seen that any voltage at the input appears
across R,. Thus R, converts the input voltage into a current
of the value V;,/R, and extracts this current from node 1.
This same current is then injected at the drain of Q,. Thusa
constraint is placed on the ratio R, to R, . In order to ensure
the 1 percent accuracy of the input pair, R, should be two
orders of magnitude larger than R; .

The current Vi,/R, extracted from node 1 is then drawn
through Q3 and appears at a high impedance level at its drain
due to the impedance transformation properties of Q3. It
should be noted that Q5 provides the same function as the cas-
code pair in the previous current-to-voltage converter. The in-
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Fig. 4. Positive-polarity voltage-controlled voltage source.

put impedance of the impedance transformer Q3 however, is
not critical in the present circuit, due to common mode rejec-
tion at node 1. That is, any change in the potential of the
source of Q3 due to its input impedance is not seen across R,
since the gate of Q, is bootstrapped to the source of Q3. Thus,
the voltage across R, and thus the current through it are deter-
mined solely by the input pair.

Q3 in conjunction with Rs and R4 also provides the bias
voltage Vg for the input pair.

Note however in this particular circuit Q3 imposes a signal
polarity restriction on the input. The input can never go nega-
tive since Q5 is a unilateral device.

The current ¥y, /R, , which is drawn through Q3, is converted
into a large voltage signal by R;. This signal is referenced to
+V,. so a p-type piggy-back pair Q4, Qs is used to transfer
the signal reference to ground potential in a similar fashion to
05, Q4 in Fig. 2. The voltage gain of this circuit is again a re-
sistor ratio given by

Vout/Vin =R3/R;. 17)
The measured voltage transfer characteristic of this voltage-
controlled voltage source (VCVS) is illustrated in Fig. 5.

D. Polarity Independent Current-to-Voltage Converter

A simple modification of the VCVS of Fig. 4 allows the im-
plementation of a current to voltage converter with a bipolar
current input. This circuit is illustrated in Fig. 6.

The signal current ig is converted to a bipolar voltage by the
resistance R, that is then fed to a biased voltage-controlled
voltage source. To make a biased VCVS of the kind shown in
Fig. 4, a constant bias current /; is extracted from node 1.
This is accomplished by the addition of Q¢ and R as a con-
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Fig. 5. Experimental results for positive polarity VCVS.

{Vcc
! Ry

R
Rg 3 Q4

Q3 lIZ

Rq
OUTPUT
= —O
WII 2 Ra I
Q Qs Q;
N2 =
1 3Re
>R9

\)
—Vee

Q),Qp | MATCHED
Q4,Qs © MATCHED

Fig. 6. Polarity-independent current-to-voltage converter.

ventional JFET constant current source. Now positive and
negative signal currents can flow in Q5 eliminating the polarity
restriction encountered previously.

The effect of this bias current /; at the output must now be
removed. To accomplish this, a bias current I, is extracted
from the source of Q4 such that Q4, Rg, and Qs do not see
the effect of any bias currents. [, is produced in a similar
manner to /; by the use of 0, and Ry. The cancellation of
the bias current /; by I, means that these currents must exist
with a ratio given by

Iy /I, =R, [R5. (18)
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Fig. 7. Equivalent circuit representation of VCCS.

Thus to a first approximation assuming J and ¢, matched

(19)

Allowing that the bias currents cancel each other, the current
to voltage conversion can be viewed in the following manner.
Current amplification of value R;,/R, is provided by the input
piggy-back pair. This amplified current is then converted to a
voltage signal by the impedance transformer Q3 and R3. This
voltage is then transported to the output by the output piggy-
back pair. Thus the current to voltage conversion ratio is
given by the following relationship

Ry/R¢ =R4/R;.

Vo/is =RinR3/R2~ (20)

IV. VOLTAGE-CONTROLLED CURRENT SOURCES

In many circuit and system designs it is often convenient to
have at one’s disposal a voltage-controlled current source. Such
a circuit building block can be thought of as the complement
of an operational amplifier, which is a current- (or voltage)
controlled voltage source. Voltage-controlled current sources
have many distinct advantages in instrumentation systems
where current signal transmission is desirable in a high-speed
noisy environment. They also have many applications in the
class of networks that include active filters, gyrators, and
negative impedance convertors.

Before examining the detailed circuit operation, the black
box terminal characteristics of a voltage-controlled current
source (VCCS) must be defined. An equivalent circuit repre-
sentation of a VCCS is illustrated in Fig. 7. In the ideal case
the circuit should possess:

1) infinite input impedance Ry,

2) infinite output impedance Ry,

3) constant K over a wide signal range,
4) zero input bias current Ipyp,

5) zero output offset current /o,

6) temperature and time stability.

These properties will provide a basis for judging the quality of
the circuit implementation proposed.

There are two types of VCCS’s as illustrated in Fig. 8(a) and
(b) distinguished only by their transfer polarities. The positive
VCCS [Fig. 8(a)] is characterized by an input voltage V at
port 1 producing an output current / at port 2 in the direction
indicated. The relationship between V and 7 is given as

I=KV. 21
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®

Fig. 8. Black box representation. (a) Positive-polarity VCCS. (b)

Negative-polarity VCCS.

Fig. 9. Circuit schematics. (a) Positive VCCS. (b) Negative VCCS.

The negative VCCS [Fig. 8(b)] produces an output current
in the opposite direction to that of the positive VCCS as indi-
cated in (22)

I=-KV. (22)

Economical implementations of both types of VCCS’s utiliz-
ing JFET piggy-back pairs will now be introduced. An applica-

tion of these circuits as active network building blocks will also
be presented along with experimental results.

A. Positive VCCS

The first circuit of the class above is that of the positive
polarity VCCS as illustrated in Fig. 9(a).
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Fig. 10. Experimental and computer-calculated transfer characteristics
of positive and negative VCCS’s for different values of the conversion
resistor R.

The input stage is an n-type piggy-back pair Q;, O, trans-
porting the input signal from port 1 to a signal voltage existing
between the power supply Vi and the drain of Q,. This
signal is fed in turn to a modified p-type piggy-back pair Q3,
Q, instead of a resistor as in the voltage-controlled voltage
source. Thus the loading of the first pair has been eliminated.

The current in Q5 has two components: 1) a dc quiescent cur-
rent / determined in the same manner as the quiescent current
in the piggy-back pair and 2) a signal current i, which is given
by Vin/R,. The objective now is to cancel the bias current and
extract the signal current / at the drain of Q5. Thisis accom-
plished simply by tying the gate of the bottom JFET of the
output pair (Q4) to the drain of 03, which is now the output.
Q. is now operated in a two terminal constant current source
mode exactly canceling the quiescent current of Q; at the
output node. Ideally then

iout = in/Rz- (23)

Measured and computer-calculated results are shown in Fig. 10.

B. Negative VCCS

The circuit for the negative-polarity voltage-controlled cur-
rent source is illustrated in Fig. 9(b). Its operation is very simi-
lar to that of the positive VCCS except that an intermediate
piggy-back pair @3, Q4 has to be added between the input and

output pair to provide for a signal voltage inversion. The out-
put stage is now an n-type pair operating in exactly the same
fashion as the p-type pair in Fig. 9(a). The ideal output cur-
rent signal is given by the following relation:

iout = _Vin/R3~ (24)

The measured and computed results for this circuit are also
shown in Fig. 10.

C. Comparison of Circuit Implementation
with the Ideal VCCS

A comparison of the actual circuit implementations of the
two VCCS’s with the ideal terminal characteristics as laid down
in Section IV can now be made.

1) The input impedance is that of a reversed biased semi-
conductor diode junction. Typical values are a few hundred
megohms at low frequencies decreasing to a few hundred
kilohms at frequencies in the 100-kHz range due to the input
capacitance.

2) The output impedance is essentially that of the output
impedance of two JFET current sources in parallel. Typical
values are usually in the range of a few hundred kilohms. If
higher values are required two techniques can be employed:
a) use a cascode FET connection in the output stage; or b) use
bifets in the output stage. By using the added circuitry the
output impedance can be boosted to values ranging from 1 to
10 MQ.

3) The signal range, as indicated previously, is determined
primarily by the pinch-off voltage of the JFET’s used. Thus
input signals ranging typically from * 1 to + 6 V are allowed.
The output current signal range depends on the value of
conversion resistor one wishes to use. There are however
limitations on the size of this resistor. Ideally, as stated
previously,

Vin

lout =% =

R conv

This implies that the g,, of the output conversion JFET must
be very high and remain constant over the entire range of
output signal currents. This constraint can be relaxed to the
extent of allowing g, to take on realistic small values. Under
the condition of low g,, the voltage to current conversion
relationship becomes

£ N— (25)
Reonv t 1/gm
This relationship can be verified by considering the small
signal equivalent circuits of Fig. 9. Thus for good linearity
R nv should be large since in fact g, is approximately con-
stant over a range of a few hundred microamperes of signal
current. Small conversion resistors result in large signal cur-
rents with nonlinearity while large resistors result in very
small signal currents that are linearly related to the input.
Practical limits on R,y are between 1k and 1 MQ as
Fig. 10 indicates. To achieve larger currents while still main-
taining linearity, bifets must be employed in the output pair.

lout =
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4) The input bias current is the leakage of a reversed biased
p-n junction and is typically less than 1nA at 25°C.

5) The output offset current can be eliminated by a trimming
resistor in the output stage.

6) Temperature stability can be attained by thermal coupling
of the matched JFET’s and by operating them at their zero
temperature coefficient point.

D. Circuit Application

The particular application investigated was that of an eco-
nomical active bandpass filter for low frequencies. A gyrator
was implemented using the VCCS’s to produce an active LC
resonant circuit (Fig. 11) [S]. Such an implementation re-
quires only 10 JFET’s. Q approaching 100 over the frequency
range of 10 Hz to 1 kHz were obtained for signal voltages up to
8V peak to peak. The value of Q is dependent however on the
value of the conversion resistor as illustrated in Fig. 12.

V. CONCLUSIONS

A new class of JFET circuits are introduced, which employ
the basic circuit configuration herein called the piggy-back
pair. The design of this set of circuits was based primarily on
the exploitation of all the inherent characteristics of JFET’s
namely their high input impedance, their depletion mode of
operation and their impedance transformation from source to
drain.

Circuit implementations of low-level current-to-voltage con-
verters, voltage-controlled voltage, and current sources are
discussed. The use of these circuits as building blocks in such
areas as instrumentation systems and active network design
is presented to indicate their wide range of application.
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