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The JFET

Device Equations

The circuit symbols for the junction FET or JFET are shown in Fig. 1. There are two types
of devices, the n-channel and the p-channel. Each device has gate (G), drain (D), and source
(S) terminals. The drain and source connect through a semiconductor channel. A diode junction
separates the gate from the channel. For proper operation as an amplifying device, this junction
must be reverse biased. This requires vgs < 0 for the n-channel device and vgg > 0 for the

p-channel device.
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Figure 1: JFET circuit symbols. (a) N channel. (b) P channel.

The discussion here applies to the n-channel JFET. The equations apply to the p-channel device
if the subscripts for the voltage between any two of the device terminals are reversed, e.g. vgs
becomes vgg. The JFET must be biased with the gate-source junction reverse biased to prevent
the flow of gate current, i.e. vgg < 0 for the n-channel device and vgg > 0 for the p-channel device.
The gate current is then equal to the reverse saturation current of the junction. This current is very
small and is usually neglected in bias and small-signal calculations. However, its effect is included
in the noise model given here. The JFET is biased in the active mode or the saturation region
when vps > vgs — Vro, where Vo is the threshold or pinch-off voltage, which is negative.

In the saturation region, the drain current is given by

ip = Bvas—Vro)®  foruvgs > Vp
=0 for vas < VTO (1)

where 3 is the transconductance coefficient given by

8= Bo (1 + Avps) (2)

In this equation, 3 is the zero-bias value of 3, i.e. the value with vpg = 0, and A is the channel-
length modulation parameter which accounts for the change in 5 with drain-source voltage. Because
i ~ 0 in the pinch-off region, the source current is equal to the drain current, i.e. ig = ip.

A second way of writing the JFET current is

2
ip = Ipss <1 — 15—;) for vgs > Vp
=0 for vas < Vp (3)



where Ipgg is the drain-source saturation current, i.e. the value of ip with vgg = 0. It is given by
Ipss = BVio = Bo (1 + Mvps) Vi (4)

Typical device parameters are By = 2 x 107% A/V2 Vo = —4 V, and A = 0.01 V1,

Figure 2 shows the typical variation of the drain current ¢p with gate-to-source voltage vgg for
Vro < vgs < 0. The slope of the curve is the small-signal transconductance ¢,,. For vgs < V7o,
the drain current is zero. For vgg > 0, gate current flows. Fig. 2 shows the typical variation of drain
current ¢p with drain-to-source voltage vpg for eight values of Vigg in the range Vo < Vg < 0.
The dashed line separates the linear or triode region from the active or saturation region. In the

saturation region, the slope of the curves is the reciprocal of the small-signal drain-source resistance
T0.
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Figure 2: Plot of Ip versus Vgg for constant Vpg.
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Figure 3: Plot of Ip versus Vpg for eight values of V5.

Bias Equation

Figure 4 shows the JFET with the external circuits represented by Thévenin dc circuits. If the
JFET is in the pinch-off region, the following equations for Ip hold:

Ip =B (Vas — Vro)? (5)



Vas = Vaa — (Vss + IpRss) (6)
B =By (1+ AVbs) (7)
Vbs = (Vbp — IpRpp) — (Vss + IpRss) (8)

Because this is a set of nonlinear equations, a closed form solution for Ip cannot be easily written
unless it is assumed that § is not a function of Vpg. This assumption requires the condition
AVpg < 1. In this case, the equations can be solved for Ip to obtain
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Figure 4: JFET dc bias circuit.

Unless AVps < 1, Eq. (9) is only an approximate solution. A numerical procedure for obtaining
a more accurate solution is to first calculate Ip with 8 = . Then calculate Vpg and the new value
of # from which a new value for Ip can be calculated. The procedure can be repeated until the
solution for Ip converges. Alternately, computer tools can be used to obtain a numerical solution
to the set of nonlinear equations.

Small-Signal Models

There are two small-signal circuit models which are commonly used to analyze JFET circuits.
These are the hybrid-m model and the T model. The two models are equivalent and give identical
results. They are described below.

Hybrid-m Model

Let the drain current and each voltage be written as the sum of a dc component and a small-signal
ac component as follows:

ip=1p+1i4 (10)
vas = Vas + vgs (11)
vps = Vps + vas (12)

If the ac components are sufficiently small, we can write
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where the derivatives are evaluated at the dc bias values. Let us define

ol
gm = 5= =26 (Vas — Vro) = 2v/BIp (14)
Vas
aIp 171 5171 Vps+1/)
= gpz| = [ Vs - vio?] B (15)
The drain current can thus be written
ig = i)+ -2 (16)
To
where
Z:i = lls = ImUYgs (17)

The gate current is given by i, = i), — i/, = 0. The small-signal circuit which models these equations
is given in Fig. 5(a). This is called the hybrid-m model. The resistor r4 is the parasitic resistance
in series with the drain contact. It has a typical value of 50 to 100 2. Often it is neglected in
calculations. This is done in the following. It is simple to account for r4 in any equation by adding
it to the external drain load resistance.
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Figure 5: (a) JFET hybrid-m model. (b) T model.

T Model
The T model of the JFET is shown in Fig. 5(b). The resistor rg is given by Eq. (15). The resistor
rs is given by

ryg = — 18
Im (18)

where g, is the transconductance defined in Eq. (14). The currents are given by

Vds

iq =1y + T (19)
. . %
7’:1 = Z/s =2 = ImUgs (20)
Ts
ig =i, — i, =0 (21)

The currents are the same as for the hybrid-m model. Therefore, the two models are equivalent.



Small-Signal Equivalent Circuits

Several equivalent circuits are derived below which facilitate writing small-signal low-frequency
equations for the JFET. We assume that the circuits external to the device can be represented
by Thévenin equivalent circuits. The Norton eqivalent circuit seen looking into the drain and the
Thévenin equivalent circuit seen looking into the source are derived. Several examples are given
which illustrate use of the equivalent circuits.

Simplified T Model

Figure 6(a) shows the JFET T model with a Thévenin source in series with the gate. We wish
to solve for the equivalent circuit in which the source i/, connects from the drain node to ground
rather than from the drain node to the gate node. We call this the simplified T model. Aside
for the subscripts, the T model in Fig. 5(b) is identical to the T model for the BJT with r, = 0.
Therefore, the simplified T model for the JFET must be of the same form as the simplified T model
for the BJT. Because iy = 0, the effective current gains of the JFET are o = 1 and 8 = oo. The
simplified T model is shown in Fig. 6(b), where i/, and r, are given by

il =i, (22)
1
ryg = — 23
" Om (23)
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Figure 6: (a) JFET T model with Thévenin source connected to the gate. (b) Simplified T model.

Norton Drain Circuit

The Norton equivalent circuit seen looking into the drain can be used to solve for the response of
the common-source and common-gate stages. Fig. 7(a) shows the JFET with Thévenin sources
connected to its gate and source. The Norton drain circuit follows directly from the BJT Norton
collector circuit with appropriate changes in subscripts and the substitutions a = 1, and 8 = oo,
and 7, = 0. The circuit is given in Fig. 7(b), where iy, and r;q are given by

id(sc) = Gmgvtg — GmsVts (24)
TO + TSHRtS Rts
r d 1 _ Rts/ (7'5 + Rts) TO + ’]"‘8 + Rts < 5)

The two transconductances G,y and Gy, are given by

1 To

26
Ts+Rts||r0 T0+Rts ( )

Gmg =

5



Gns = ———— 27
Rts + TSHTO ( )
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Figure 7: (a) JFET with Thévenin sources connected to the gate and the source. (b) Norton drain
circuit.

For the case rg > R;s and rg > r,, we can write

Gd(sc) = Gm (Vig — Vi) (28)
where !
= 2
Ts + Rts ( 9)

The value of g, calculated with this approximation is simply the value of i’ calculated with rq
considered to be an open circuit. The term “rg approximations” is used in the following when ¢
is neglected in calculating i4(,) but not neglected in calculating ;4.

Thévenin Source Circuit

The Thévenin equivalent circuit seen looking into the source is useful in calculating the response
of common-drain stages. Fig. 8(a) shows the JFET symbol with a Thévenin source connected to
the gate. The resistor Ry represents the external load resistance in series with the drain. The
Thévenin source seen looking into the source follows directly from the Thévenin emitter circuit for
the BJT with appropriate subscript changes and the substitutions a = 1, 8 = oo, and r, = 0. The
circuit is shown in Fig. 8(b), where v, and r;s are given by

To
grs + 70

Us(oc) = Ut (30)

rie = rs (ro + Ria) (31)
Ts + To

When Ryy = 0, note that r;s = rs||ro.

Summary of Models

Figure 9 summarizes the four equivalent circuits derived above.
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Figure 8: (a) JFET with Thévenin source connected to the gate. (b) Thévenin equivalent circuit
seen looking into the source.

Figure 9: Summary of the small-signal equivalent circuits.



Example Amplifier Circuits
The Common-Source Amplifier

Figure 10(a) shows the ac signal circuit of a JFET common-source amplifier. We assume that the
bias solution and the small-signal resistances r; and rg are known. The output voltage and output
resistance can be calculated by replacing the circuit seen looking into the drain by the Norton
equivalent circuit given in Fig. 10(b). These are given by

Vo = —ig(se) (Tidl| Bed) = —Gmyg (Tial| Rea) vig (32)

Tout = Tz‘dHth (33)

where G,y and 74, respectively, are given by Eqs. (26) and (25). Because the gate current is zero,
the input resistance is infinite.

Figure 10: (a) Common-source amplifier. (b) Common-drain amplifier. (¢) Common-gate amplifier.

The Common-Drain Amplifier

Figure 10(b) shows the ac signal circuit of a JFET common-drain amplifier. We assume that the
bias solution and the small-signal resistances rs and rg are known. The output voltage and output
resistance can be calculated by replacing the circuit seen looking into the source by the Thévenin
equivalent circuit given in Fig. 8(b). These are given by

v =2 Ry _ To Ry v (34)
? s(oc) Tis + Ris rs + 170 Tis + Ris Y9
Tout = TisHRts (35)

where vy (o) and 75, respectively, are given by Eqgs. (30) and (31). Because the gate current is zero,
the input resistance is infinite.

The Common-Gate Amplifier

Figure 10(c) shows the ac signal circuit of a JFET common-gate amplifier. We assume that the
bias solution and the small-signal parameters s and r¢ are known. The output voltage and output
resistance can be calculated by replacing the circuit seen looking into the drain by the Norton
equivalent circuit given in Fig. 7(b). The input resistance can be calculated by replacing the circuit



seen looking into the source by the Thévenin equivalent circuit given in Fig. 8 with v, = 0. These
are given by

Vo = —ig(se) (Tid|| Ria) = Gms (Tial| Ria) vig (36)
Tout = ridHth (37)
Tin = Ris + Tis (38)

where Gy, 74, and 75, respectively, are given by Egs. (27), (25), and (31).

Small-Signal High-Frequency Models

Figure 11 shows the hybrid-m and T models for the JFET with the gate-source capacitance cys and
the gate-drain capacitance cyq added. The capacitor cyss is the gate-substrate capacitance which
in present in integrated-circuit devices but is omitted in discrete devices. These capacitors model
charge storage in the device which affect its high-frequency performance. They are given by

Cgs0
Cgs = (39)
(L4 Vag /)
Cgd0
Cqd = (40)
! (1+ Vpa/ve)/?
Coss = Cgss0 (41)

(1+ Vssa/1o) '/

where Vsa, Vpg, and Vssg are de bias voltages; cgs0, Cgd0, and cysso are the zero-bias values; and
1) is the built-in potential. The voltage Vss¢ is the gate to substrate voltage.
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Figure 11: Small-signal high-frequency models of the JFET. (a) Hybrid-m model. (b) T model.



