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1. Pretest
Q. give the steps of obtaining ac equivalent of a JFET network

2. Theory
Introduction

Field-effect transistor amplifiers provide an excellent voltage gain with th added
teature of a high mput impedance. They are also low-power-consumption
configurations with good frequency range and minimal size and weight. JFETs.
depletion MOSFETs. and MESFETs can be used to design amplifiers having
similar voltage gains. The depletion MOSFET (MESFET) circuit. however. has a
much higher input impedance than a similar JFET configuration. Whereas a BJT
device controls a large output (collector) current by means of a relatively small
input (base) current, the FET device controls an output (drain) current by means of
a small input (gate-voltage) voltage. In general. therefore. the BIT is a current-
controlled device and the FET 1s a voltage-controlled device. In both cases.
however. note that the output current is the controlled variable. Because of the high
input characteristic of FETs. the ac equivalent model is somewhat simpler than that
employed for BITs. Whereas the BJT has an amplification factor. b (beta). the FET
has a transconductance factor, g m .

JFET SMALL-SIGNAL MODEL
The ac analysis of a JFET configuration requires that a small-signal ac model for
the JFET be developed. A major component of the ac model will reflect the fact
that an ac voltage applied to the input gate-to-source terminals will control the level
ot current from drain fo source.
The gate-to-source voltage controls the drain-to-source (channel) current of a
JFET.
Recall from Chapter 7 that a dc gate-to-source voltage controls the level of de drain
current through a relationship known as Shockley’s equation: ID = IDSS (1 —
VGS/VP)?. The change in drain current that will result from a change in gate-to-
source voltage can be determined using the transconductance factor g, in the
tollowing manner:

AID = g, AVGS (1)
The pretfix frans - m the terminology applied to g m reveals that it establishes a
relationship between an output and an mput quantity. The root word conductance
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was chosen because g m 1s determined by a current-to-voltage ratio similar to the
ratio that defines the conductance of a resistor. G=1/R=I'V.
Solving for g m in Eq. (1). we have

AID
AVGS (2)

gm =
Graphical Determination of gm

It we now examine the transfer characteristics of Fig. 8.1 . we find that g m is
actually the slope of the characteristics at the point of operation. That is.
Ay Al

m=1m=— =
g Ax 'dV-GS

Ia= , (= Slope a1 (}-point)
A¥g

FIG. 8.1
Difinition of g, using transfer characteristic.

Mathematical Definition of g m

The graphical procedure just described 1s limited by the accuracy of the transter
plot and the care with which the changes in each quantity can be determined.
Naturally. the larger the graph. the better is the accuracy. but this can then become
a cumbersome problem. An alternative approach to determining g m employs the
approach used to find the ac resistance of a diode in Chapter 1 . where it was stated
that:

The derivative of a function at a point is equal to the slope of the tangent line
drawn at that point.

EXAMPLE 1 Deternune the magnitude of g i for a JFET with /pss = 8 mA and
Vp=-4V at the following dc bias points:
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d. VGS=-U.5 V.
b. Ves=-1.5V.
c. Ves=-2.5V.

Solution: The transfer characteristics are generated as Fig. 8.2 using the procedure
defined in Chapter 7. Each operating point is then identified and a tangent line is drawn at
gach point o best reflect the slope of the transfer curve in this region. An appropriale
increment is then chosen for Vg to reflect a variation to either side of each Q-point. Equa-
tion (8.2) is then applied to determine g,.

Alp 21mA

q4. 0. = = = 35msS
L8 T AV 0ev oM™
.ﬁl’,ﬂ} 1.8 mA
b. = — = = 257 mS
8m = AVes 01V
Alp 1.5 mA
Lo = = = 1L.5mS
© BT AVee T 10V
Naote the decrease in g, as Vigg approaches Vp. I (mA)
b 8
1
Emal—05V 6 ¢ 2.1 mA

Vizs (V)

FIG. 8.2
Calculating g, af various bras pomis.
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If we therefore take the derivative of Ip with respect to Vgg (differential calculus) using
Shockley's equation. we can derive an equation for g, as follows:

b 4, () V)

=7 L(I c2X @)2 = 2] ..[| — E}L(| — b)
DSS dVGS Vp <IDSS VP dVGS VI’

VGS}[ d | dVGs] [ VCS][ l
= 2/,;,[| s |l T s ) SO ) G |
N Vp L dVgs Vp dVgs e Vv

and
o 2’Ds.s| I Vcs] i
m.— ST
[ Vel Vp (4)
where | Vp| denotes magnitude only. to ensure a positive value for g,,.

It was mentioned earlier that the slone of the transfer curve is a maximumat Vg = 0 V.
Plugging in Vg = OV into Eq. (4) results in the following equation for the maximum
value of g, for a JFET in which 1g5 and Vp have been specified:

2 |
2pss [ gy ]
|Vl

g”l =

e
and 2mo = £ (5)

where the added subscript () reminds us that it is the value of g, when Vg = 0 V. Equa-
tion (4) then becomes

VG‘] (6)

Em — 8.;;0[' = V_P

EXAMPLE 2 For the JFET having the transfer characteristics of Example 1 :

a. Find the maximum value of g mr .

b. Find the value of g m at each operating point of Example 8.1 using Eq. (6) and
compare

with the graphical results.
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Solution: The transfer characteristics are generated as Fig. 8.2 using the procedure
defined in Chapter 7. Each operating point is then identified and a tangent line is drawn at
each point to best reflect the slope of the transfer curve in this region. An appropriate
increment is then chosen for Vgg to reflect a variation to either side of each Q-point. Equa-
tion (8.2) is then applied to determine g,,.

Alp 2.1 mA
- P = = 3.5mS
BT AV 0.6V m
Al 1.8 mA
b, Em — D == = 2.57 mS

AVeas QTN
AID 1.5 mA

c. = = = 1.5 mS
Bm = AVgs oV
Note the decrease in g, as Vs approaches Vp. 41p (MA)
p 5
7

8mat =05V . 2.1 mA

Vas (V)

FIG. 8.2
Calculating g, at various bias points.

Plotting g versus Vgs

: Vs s
Since the fuclnr(l v of Eq. (8.6) is less than | for any value of Vg other than 0 V.,
P
5 2 ; . V.G85 ;
the magnitude of g, will decrease as Vgg approaches Vp and the ratio —— increases in

P
magnitude. At Vg = Vp. g, = 2,,0(1 — 1) = 0. Equation (8.6) defines a straight line
with a minimum value of 0 and a maximum value of g,,. as shown by the plot of Fig. 8.3.

In general. therefore
the maximum value of g, occurs where Vs = 0V and the minimum value at

Vs = Vo The more negative the value of Vg the less the value of

o
St
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Figure 8.3 also shows that when Vg 1s one-half the pinch-off value. g,, is one-half the
= 5 I B

maximum value.

A Znm (3)

$ S

Vp Vip Q Vs (V)

—~

FIG. 8.3
Plot af g, versus Vg

Effect of Ip on g

A mathematical relationship between g, and the de bias current Iy can be derived by not-
ing that Shockley’s equation can be written in the following form:

Vs Ip
o Yes I (8.8)
Ve Ipss

Substituting Eq. (8.8) into Eq. (8.6) results in

Vs Ip
&m = gmu(l - V ) = Em0 f_ {8-(-’:'
P DSs

Using Eq. (8.9) to determine g, for a few specific values of Jp. we obtain the following
results:

a. Iy = Ingss.

f Ipss

Em = Emd \ m

= KEmb

b. IT]"D — IDSSI'E_

c. If ID = IDSSIH’"-L

Ipss/A guo

8 = Bmo \"m =" =05g,
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JFET Input Impedance Zi

The input impedance of all commercially available JFETSs is sufficiently large to assume
that the input terminals approximate an open circuit. In equation form,

Z, (JFET) = = () (8.10)

For a JFET a practical value of 10? Q (1000 M) is typical. whereas a value of 10'> Q)
to 10" € is typical for MOSFETSs and MESFETs.

JFET Output Impedance Zo

The output impedance of JFETSs is similar in magnitude to that of conventional BJTs. On
JFET specification sheets, the output impedance will typically appear as g, or y,, with the
units of uS. The parameter v, is a component of an admittance equivalent circuit, with the
subscript o signifying an output network parameter and s the terminal (source) to which it
is attached in the model. For the JEET of Fig. 6.20. g, has a range of 10 uS to 50 uS or
20kQ (R = 1/G = 1/50 uS) to 100k (R = 1/G = 1/10 uS).

In equation form,

1 1
LUFED =n=—=— (8.11)

g os 'ﬂS

The output impedance is defined on the characteristics of Fig. 8.6 as the slope of the
horizontal characteristic curve at the point of operation. The more horizontal the curve, the
greater is the output impedance. If it is perfectly horizontal, the ideal situation is on hand
with the output impedance being infinite (an open circuit)—an often applied approximation.

In equation form,

rg=—2 (8.12)

Alp Vigs=constant

Note the requirement when applying Eq. (8.12) that the voltage V(s remain constant
when 7, is determined. This is accomplished by drawing a straight line approximating the
Vs line at the point of operation. A AVj,s or Alj, is then chosen and the other quantity
measured off for use in the equation.
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A1, (mA)
Vos=0V
v

py A 0ns "(;‘.w constant at=1V

Alp v /
\ ¢ Q-point -1V

= ” 2kl
AVpe
-2V
Ol’ Vos (V)
FIG. 8.6

Definition of ry using JFET drain characteristics.

JFET AC Equivalent Circuit

Now that the important parameters of an ac equivalent circuit have been introduced and
discussed, a model for the JFET transistor in the ac domain can be constructed. The control
of I;by Vs included as a current source g,V connccted from drain to source as shown
in Fig. 8.8. The current source has its arrow pointing from drain to source to establish a
180° phase shift between output and input voltages as will occur in actual operation,

Go————= . oD

So — . o §

FIG. 8.8
JFET ac equivalent circuit.

The input mpedance is represented by the open circuit at the mput termmals and the output
impedance by the resistor 74 from drain to source. Note that the gate-to-source voltage is now
represented by Fgs (lowercase subscripts) to distinguish 1t from de levels. In addition, note that
the source 1s common to both input and output circuits, whereas the gate and drain terminals are
only in “touch” through the controlled current source gm¥%s. In situations where 74 1s 1gnored
(assumed sufficiently large in relation to other elements of the network to be approximated by
an open circuit), the equivalent circuit 1s simply a current source whose magnitude 1s controlled
by the signal 7 gs and parameter g m —clearly a voltage-controlled current source.
EXAMPLE 4
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Given g = 3.8 mS and g,; = 20 mS, sketch the FET ac equivalent model

Solution:
1 1 :
= = 3.8 mS d =—=——=50k{2
Em £fs Im an rd 2o 20 S
resulting in the ac equivalent model of Fig. 8.9.
Go——ao : o [
s
Vi, '. 38x10°V,, @ 4y
So = ‘ : o 5

FIG. 8.9
JFET ac equivalent model for Example 8.6.

FIXED-BIAS CONFIGURATION

Now that the JFET equivalent circuit has been defined, a number of fundamental JFET small-
signal configurations are investigated. The approach parallels the ac analysis of BJT amplifiers
with a deternmunation of the important parameters of Z7 , Zo , and .4v for each configuration. The
Jfixed-bias configuration of Fig. 8.10 includes the coupling capacitors €1 and C2 | which isolate
the de biasing arrangement from the applied signal and load; they act as shorteircuit equivalents
for the ac analysis.

FIG. 8.10
JFET fixed-bias configuration.
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_ Battery Vpp

Battery Vi -
= replaced by

replaced by

short short
- -
FIG. 8.11
Substituting the JFET ac equivalent circuit unit into the network of
Fig. 8.10.
D
| +
*—o
7
} a%3n  $m -
N
L
FIG.8.12
Redrawn network of Fig. S.11.
Z; Figure 8.12 clearly reveals that
Z; = Rg (8.13)

becausc of the infinite input impedance at the input terminals of the JFET.

Z, Setting V; = 0V asrequired by the definition of Z, will establish V,, as 0 V also. The
result is g,Vys = OmA, and the current source can be replaced by an open-circuit equiva-
lent as shown in Fig. 8.13. The output impedance is

Z, = Rpllra (8.14)
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! | w0
GV =UmA § fa Ry T
i | o

FIG. 8.13

Determining £,

IT the resistance ry is sufficiently large (at least 10:1) compared o Rp, the approximation
ra| By = Rp can often be applied and

zr:l = R” ra= 108y {8-15‘
A, Solving for V, in Fig. 8.12, we find
VI'J = _gmvgs{rd”RD]
but ]r(gs = V-:
and Vo = —gmVilra| Rp)
so that
vy
A, = V. = —gmfrd| Rn) (8.16)
If g = 10.!'?;),
Vv
A, = vﬂ = —gmRp (S'IT)
I J',filﬂi?p

Phase Relationship The negative sign in the resulting equation for A, clearly reveals a
phase shift of 180° between input and output voltages.
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EXAMPLE 8.7 The fixed-bias configuration of Example 7.1 had an operating point defined
by Vs, = =2 Vand Iy, = 5.625 mA, with Ipgg = 10mA and Vp = —8 V. The network
is redrawn as Fig. 8.14 with an applied signal V;. The value of v, is provided as 40 uS.

a. Determine g,

b. Find ry.

c. Determine Z;.

d. Calculate #,.

e. Determine the voltage gain A,

[. Determine A, ignoring the effects of ry.

Inge =10 mA
V; Y

FIG. 8.14
JFET configurarion for Example 8.7,
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Solution:
2pss 210 mA) o
de G = |FP| = SV = 235mS
Vs, .. (-2V) |
8m = &mol | — v, )" 25mS{ | - =5 ) = 188 mS
S -
T Ve A0pS

c. Z,=R;=1MQ

d. Z, = Rp|lrs = 2kQ[ 25k = 185k

e. A, = —g.(Rpl|lry = —(1.88 mSH1.85kL})
— —348

f. A, =—g,Rp = —(1.88m$)2kQ) = —=3.76

As demonstrated in part (f), a ratio of 25 k(2:2 k) = 12.5:1 between r, and Ry, results
in a difference of 8% 1n the solution.

SELF-BIAS CONFIGURATION
Byvpassed Rg

The fixed-bias configuration has the distinct disadvantage of requiring two dc
voltage sources. The self-bias configuration of Fig. 8.15 requires only one dc
supply to establish the desired operating point.
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Vop

- 1 G
L bl
Z,
- R¢
% HSE I C
FIC. 8.15

Self-bias JFET configuration.
The JFET equivalent circuit is established in Fig. 8.16 and carefully redrawn in

Fig. 8.17 . Since the resulting configuration is the same as appearing i Fig. 8.12 .
the resulting equations for Zi . Zo . and 4v will be the same

e, -00 Xe, <00
Vi o - | * O 1.
l’ e §"d
a—
— Z
7 Re Rp
S R bypassed v
" Rsbypass Vg
by X .
3
= w
FIG. 8.16

Network of Fig. 8.15 following the substitution of
the JEET ac equivalent circuit.
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G D
o o
¥ n | +
z
1 J:{ LA I
Vi o Ry Vo ‘ 8mVes Td Rp Ve
] s )
o o L - 1
FIG. 8.17

Redrawn network of Fig. 8.16.

Z Z, = R; (8.18)
I, Z, = rq| Rp (8.19)
It ry = 10Rp,

Z=Ro| . (8.20)
A,

A, = —gulral Rp) \ (8.21)
Ifry = 10Rp.

Ay = _ngﬂ ri=10Rp (322]

Phase Relationship The negative sign in the solutions for A, again indicates a phase shift
of 180° between V;and V.
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EXAMPLE 8.8 The self-bias configuration of Example 7.2 has an operating point defined
by Vf;_ﬁ-l] = —2.6V and I_,;,{] = 2.6 mA. with {pgs = 8 mA and Vp = —6 V. The network
15 redrawn as Fig. 8.20 with an applied signal V;. The value of g, 1s given as 20 @S,

a. Determine g,,,.

b. Find rg.

¢. Find Z;.

Calculate Z, with and without the effects of ry. Compare the results.

Calculate A, with and without the effects of ri. Compare the results.

=

w

20V

FIG. 8.20
Netwark for Example 8.8

3. Self-test
Draw the ac equivalent network of fixed bias network?
VOLTAGE-DIVIDER CONFIGURATION

The popular voltage-divider configuration for BJTs can also be applied to JFETs
as demonstrated in Fig. 8.21 .

+Vinp

e

)

gl

V;

FIG. 8.21
SFET voliage-divider confTguration.
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Ly Ry and Ry are in parallel with the open-circuit equivalence of the JFET, resulting in

(8.28)

Iy Setting ¥; = 0V sels Voo aind gV, 10 22w, andl

8.29)

Forryg = 10Rp,

Zo=Rp| _ .. (8.30)
g= n
Rp
D v . . Y . b ol
[ ' +
— —
Z Z
¥ i '
"' Bn¥pu R ‘;_ R Ry Vis * EaVes ry Ry
ot -
FIG. B.22 FIG. .23
Network of Fig, 821 under ac conditions. Redrawn aerwork of Fig. 8.22,
Ay
Ve = V;
and V, = —;,',,;VRS[rd"RDJ'
(hat A V‘, _gmvg.![rd”RDI
s0 tha Tl —
v, Ves
Vo . 231
and A, = F = —gm{rd”i?ﬂ} [8“. l)
i
- o Vn - : -
! ra=10Rp

Note that the equations for Z, and A, are the same as obtained for the fixed-bias and self-
bias (with bypassed Rg) configurations. The only difference is the equation for #;, which is
now sensitive to the parallel combination of By and R».
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