Analog Electronics (15EC32)
Module-2. Field Effect Transistors Class : III Sem
Staff Incharge : S B Akkole Asst. Prof ECE dept. Hirasugar Institute Of Tech. Nidasoshi

Field Effect Transistors: Construction and Characteristics of JFETs, Transfer
Characteristics, Depletion type MOSFET, Enhancement type MOSFET.

FET Amplifiers: JFET small signal model, Fixed bias configuration, Self bias
configuration, Voltage divider configuration, Common Gate configuration.
Source- Follower Configuration, Cascade configuration.

Objectives

e Become familiar with the construction and operating characteristics of
Junction Field Effect (JFET), Metal-Oxide Semiconductor FET
(MOSFET), and Metal-Semiconductor FET (MESFET) transistors.

e Be able to sketch the transfer characteristics from the drain
characteristics of a JFET and MOSFET.

¢ Understand the vast amount of information provided on the specification
sheet for each type of FET.

e Be aware of the differences between the dc analysis of the various types
of FETs.

The field-effect transistor (FET) is a three-terminal device used for a variety of
applications that match, to a large extent, those of the BJT transistor.

Although there are important differences between the two types of devices,
there are also many similarities, which will be pointed out in the sections to
follow. The primary difference between the two types of transistors is the fact
that: The BJT transistor is a current-controlled device whereas the JFET
transistor is a voltage-controlled device.BJT is a bipolar device whereas
JFET is unipolar device. BUJT has low input impedance here JFET has
very high input impedance. Symbol of JFET is shown in fig 6.1
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FIG. 6.1
(a) Current-controlled and (b) voltage-controlled amplifiers.
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5.2 CONSTRUCTION AND
CHARACTERISTICS OF JFETs

As indicated earlier, the JFET is a three-terminal device with one terminal capable of
controlling the current bevween the other vwo. Iln our discussion of the BJT wransistor
the npa ransistor was employed through the major part of the analysis and design
sections, with a section devoted to the impact of using a pap transistor. For the JFET
transistor the n-channel device will appear as the prominent device, with paragraphs
and sections devoted to the impact of using a p-channel JFET.

The basic construction of the n-channel JFET is shown in Fig. 5.2, Note that the
major part of the structure 1s the n-type material that forms the channel berween the
embedded layers of p-tvpe material. The top of the n-tyvpe channel is connected through
an ohmic contact to a terminal referred o as the drain (O, while the lower end of
the same material is connected through an ohmiec contact to a terminal referred o as
the sowrce ¢85). The two p-type materials are connected together and o the gate (G
terminal. In essence, therefore, the drain and source are connected to the ends of the
n-type channel and the gate 1o the vtwo layers of p-type material. In the absence of
any applied potentials the JFET has two p-n junctions under no-bias conditions. The
result is a depletion region at each junction as shown in Fig. 5.2 that resembles the
same region of a diode under no-bias conditions. Recall also that a depletion region
is that region void of free carriers and therefore unable to support conduction through
the region.
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5.3 Transfer Characteristics
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Applving Shockley's Equation

The transfer curve of Fig. 5.15 can also be obtained directly from Shockley’s equa-
non (5.3) given simply the values of fpes and Fe The levels of {pge and Ve deline
the limits of the curve on both axes and leave only the necessity of finding a few in-
ermediate plot points. The validity of Eq. (5.3) as a source of the transfer curve of
Fig. 5.15 is best demonstrated by examining a few specific levels of one variable and
finding the resuluing level of the other as follows:
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Symbols

The graphic symbols for the n-channel and p-channel JFETs are provided in Fig. 5.13.
Note that the arrow is pointing in for the n-channel device of Fig. 5.13a o represent
the direction in which Je; would flow if the pn junction were Torward-biased. For the
pechannel device (Fig. 5.13b) the only difference in the symbol is the direction of the
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Figure 3.13 JFET symhbals: (a)
fa] bl n-channel; (k) pchannel.

5.6 IMPORTANT RELATIONSHIPS

A number of imporant equations and operating characteristics have been introduced in
the last few sections that are of particular imporance for the analysis to follow for the de
and ac configurations. In an effont w isolate and emphasize their impornance, they are re-
peated below next to a comresponding equation for the BIT transistor. The JFET equations
are defined for the configuration of Fig. 5.22a, while the BT equations relate w Fig. 5220
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3.7

DEPLETION-TYPE MOSFET

Basic Construction

The basic construction of the n-channel depletion-type MOSFET is provided in Fig.
5.23. A slab of p-type matedal is formed from a silicon base and is referred to as the
substrate. It is the foundation upon which the device will be constructed. In some
cases the substrate 15 internally connected to the source terminal. However, many dis-
crete devices provide an additional terminal labeled S5, resulting in a four-terminal
device, such as that appearing in Fig. 523, The source and drain terminals are con-
nected through metallic contacts to n-doped regions linked by an n-channel as shown
in the figure. The gate is also connected to a metal contact surface but remains insu-
lated from the n-channel by a very thin silicon dioxide (510:) layer. 105 is a partic-
ular type of insulawr referred 1o as a dielectric that sets up opposing (as revealed by
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Figure 3.23 n-Channel depletion-type MOSFET.

the prefix «i-) electric fields within the dielectric when exposed to an externally ap-
plied field. The fact that the $i10; layer is an insulating layer reveals the following
fact:
There is no direct electrical connection between the gate terminal and the
channel of a MOSFET.

In addition:
It is the insulating layer of 5i0, in the MOSFET construction that accounts
for the very desirable high input impedance of the device.

In Taet, the input resistance of a MOSFET is often that of the typical JFET, even
though the input impedance of most JFETs is sufficiently high for most applications.
The very high input impedance continues to fully support the fact that the gate cur-
rent (/) 15 essentially zero amperes for de-biased configurations.

The reason for the label metal-oxide-semiconductor FET is now fairly obvious:
metal for the drain, source, and gate connections to the proper surface—in particu-
lar, the gate terminal and the control o be offered by the surface area of the contaet,
the oxide for the silicon dioxide insulating layer, and the semiconductor for the basic
structure on which the n- and p-type regions are diffused. The msulating laver be-
tween the gate and channel has resulted in another name for the device: inswlated-
gate FET or {GFET, although this label 15 used less and less in current literature.




Basic Operation and Characteristics

In Fig. 5.24 the gate-to-source voliage is set to zero volts by the direct connection
from one tenminal to the other, and a voltage V¢ 18 applied across the drain-to-source
terminals. The result is an attraction for the positive potential at the drain by the free
electrons of the n-channel and a current similar to that established through the chan-
nel of the JFET. In fact, the resulting current with Ve = 0V continues to be labeled
{ s, 88 shown in Fig. 5.25,
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Figure 3.24 n-Channel depletion-type MOSFET with Vige = 0V and an applied

valtace Ve

In Fig. 526, Vs has been set at a negative voltage such as —1 V. The negauve
potential at the gate will tend to pressure elecrons toward the p-type substrate (like
charges repel) and attract holes from the p-type substrate (opposite charges attract) as
shown in Fig. 5.26. Depending on the magnitude of the negative bias established by
Fies, alevel of recombination between electrons and holes will oecur that will reduce
the number of free electrons in the n-channel available for conduction. The more neg-
ative the bias, the higher the rate of recombination. The resultng level of drain cur-
rent is therefore reduced with increasing negative bias for Vg as shown in Fig. 5.25
for Vs = —1V, =2V, and s0 on, to the pinch-off level of —6 V. The resulung lev-
els of drain current and the plotting of the transfer curve proceeds exactly as deseribed
for the JFET.



For posiuve values of Vg, the positive gate will draw additional electrons (free
carriers) from the p-type substrate due to the reverse leakage current and establish
new carriers through the collisions resulting between accelerating particles. As the
gate-to-source voltage continues to increase in the positive direction, Fig. 5.25 reveals
that the drain current will increase at a rapid rate for the reasons listed above. The

Asrevealed above, the application of a positive gate-to-source voltage has “enhanced”
the level of free carmers in the channel compared to that encountered with V.o =
0 V. For this reason the region of positive gate voltages on the drain or transfer char-
acteristics 18 often referred to as the enhancement region, with the region between
cutof and the saturation level of [, referred to as the depletion region.
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5.8 ENHANCEMENT-TYPE MOSFET

Although there are some similarities in construction and mode of operation between
depletion-type and enhancement-type MOSFETs, the characteristics of the enhance-
ment-type MOSFET are quite different {rom anything obtained thus far. The transfer
curve 15 not defined by Shockley’s equation, and the drain current is now cut off un-
tl the gate-to-source voliage reaches a specific magnitude. In particular, current con-
rol in an n-channel device i1s now effected by a positive gate-to-source voltage rather
than the range of negative voltages encountered for n-channel JFETs and n-channel
depletion-type MOSFETs.

Basic Construction

The basic construction of the n-channel enhancement-type MOSFET is provided in
Fig. 5.31. A slab of p-tvpe material is formed {rom a silicon base and is again re-
ferred 1o as the substrate. As with the depletion-type MOSFET, the substrate is some-
tmes internally connected to the source terminal, while in other cases a fourth lead
is made available for external control of its potential level. The source and drain ter-
minals are again connected through metallic contacts o n-doped regions, but note in
Fig. 5.31 the absence of a channel between the two n-doped regions. This is the pri-
mary difference between the constructon of depletion-type and enhancement-type
MOSFETs—the absence of a channel as a constructed component of the device. The
8103, laver is still present to isolate the gate metallic platform from the region be-
tween the drain and source, but now it is simply separated from a section of the
petype material. In summary, therefore, the construction of an enhancement-type
MOSFET is quite similar to that of the depletion-type MOSFET, except for the ab-
sence of a channel between the drain and source terminals.
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Figure 3.31 n-Channel enhancement-type MOSFET.



Basic Operation and Characteristics

If Fesis setat 0V and a voltage applied between the drain and source of the device
of Fig. 5.31, the absence of an n-channel (with 1ts generous number of free carriers)
will result in a current of effecuvely zero amperes—quite different from the deple-
ton-type MOSFET and JFET where [ = [ 1018 not sufficient to have a large ac-
cumulation of carriers (electrons) at the drain and source (due to the n-doped regions)
i a path fails to exist between the two. With Vps some positive voltage, Vegat 0V,
and terminal 8§ directly connected to the source, there are in fact two reverse-biased
p=n junctions between the n-doped regions and the p-substrate to oppose any signif-
icant flow between drain and source.

In Fig. 5.32 both Vg and Vs have been set at some positive voltage greater than
0V, establishing the drain and gate at a positive potential with respect to the source.
The positive potential at the gate will pressure the holes (since like charges repel) in
the p-substrate along the edge of the 810, layer to leave the area and enter deeper re-
sions of the p-substrate, a3 shown in the figure. The result 15 a depletion region near
the 810y msulating layer void of holes. However, the electrons in the p-substrate (the
minority cariers of the material) will be attracted to the positive gate and accumu-
late in the region near the surface of the $i10; layer. The 510 layer and s insulat-
g qualities will prevent the negative carriers from being absorbed at the gate termi-
nal. As Vs ncreases m magnitude, the concentration of electrons near the $10; surface
increases until eventually the induced n-type region can support a measurable flow
between drain and source. The level of Ve that results in the significant increase in
dramn current 18 called the threshold voltage and 18 given the symbol Vr. On specifi-
cation sheets it 15 referred 1o as Figry, although Fris less unwieldy and will be used
n the analysis to follow. Since the channel is nonexistent with Ve =0V and “en-
hanced” by the application of a positive gate-to-source voltage, this type of MOSFET
15 called an enhancement-type MOSFET. Both depletion- and enhancement-type MOS-
FETs have enhancement-type regions, but the label was applied to the latter since 1t
15 its only mode of operation.
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As Ve is increased beyond the threshold level, the density of free carriers in the
induced channel will increase, resulting in an inereased level of drain current. How-
ever, il we hold Fee constant and increase the level of Fas the drain current will
eventually reach a saturaton level as occurred for the JFET and depletion-type MOS-
FET. The leveling off of 5 is due to a pinching-off process depicted by the narrower
channel at the drain end of the induced channel as shown in Fig. 5.33. Applying Kirch-
hofl*s voliage law 1o the terminal voltages of the MOSFET of Fig. 5.33, we find that

Foc= Foy— Fex (5.11)
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Figure 3.34 Drain characteristics of an nchannzl enhancement-type
MOSEET with vy =2V and k= 0.278 % 1077 an?,

For levels of Vo = Vo, the drain current is related o the applied gate-to-source
voltage by the following nonlinear relationship:
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Sketching the transfer characteristics for an n<hannel enhancement-

type MOSFET [rom the drain characteristics.
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FET Biasing

The gtmt;a] relationships that can be applied o the de analvsis of all FET am-

plifiers are

IGEDA

and

fﬂ=f5

(6.1)

i(6.2)

For JFETS and depletion-type MOSFETs, Shockley's equation is applied o re-

late the input and output quantities:

(1 — V)
jﬂw’-}—'m|
\ "

fi

(6.3)

For enhancement-type MOSFETSs, the following equation is applicable:

fﬂ = ;i'.'f._Vc,:s e V_Tl:ll

6.2 FIXED-BIAS CONFIGURATION

and

Feg = Ific =

fo=0A
(0 AR =0V

(64

The zero-volt drop across R permits replacing 8. by a short-circuit equivalent, as
appearing in the network of Fig. 6.2 specifically redrawn for the de analysis.
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W Figure 6.2 Network for de analysis,



The fact that the negative terminal of the battery is connected directly to the de-
fined positive potential of Vs clearly reveals that the polarity of Vg is directly op-
posite to that of Ve, Applying KirchhofT's voltage law in the clockwise direction of
the indicated loop of Fig. 6.2 will result in

—Veag —Ves=10

and Vcnv;: _VE,'E,' [55"1

Since Ve 18 a fixed de supply, the voltage Ve s fixed in magnitude, resulting in the
notation “fixed-bias configuration.”

The resulting level of drain current /5 1s now controlled by Shockley’s equation:

| Fona
Jrﬂ = fﬂg[ 1 - #_EAI
Ve |

Since Ve 1s a fixed quantity for this configuration, its magnitude and sign can
simply be substituted into Shockley's equation and the resulting level of [ caleulated.
This 15 one of the few instances in which a mathematical solution to a FET configu-
ration 18 quite direct.

A graphical analysis would require a plot of Shockley's equation as shown in Fig.
6.3. Recall that choosing Ve = V/2 will result in a drain current of /¢4 when plot-
ting the equation. For the analysis of this chapter, the three points defined by /g
Fp, and the intersection just described will be sufficient for ploting the curve.

Figure 8.3 Fotting Shockley’s
equation.




The drain-to-source voltage of the output section can be determined by applying
Kirchholl's voltage law as follows:

Vps I R —Vpp=10

and Y. ra (6.6)

Recall that single-subscript voltages refer to the voltage at a point with respect o
ground. For the configuration of Fig. 6.2,

Ve=0V (6.7)
Using double-subscript notation:
Vos=Vp— Vs
or Vo =Vps+ Ve=Vpe+0V
and P (6.8)
In addition, Ves=Ve— ¥y
or Ve =Ves + Ve=Vee + 0V

and Ve = Fas (6.9)
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6.3 SELF-BIAS CONFIGURATION

The self-bias configuration eliminates the need for two de supplies. The controlling
zate-to-source voltage 18 now determined by the voltage across a resistor Ry intro-
duced in the source leg of the configuration as shown in Fig. 6.8,

Figure 6.8 JFET szlf-hias con-
figuration,

For the de analysis, the capacitors can again be replaced by “open circuits™ and
the resistor B replaced by a short-circuit equivalent sinee fi; = 0 AL The result is the
network of Fig. 6.9 for the important de analysis.

The current through £ 1s the source current fx, but {5 = /5 and

Vi, = InRs
For the indicated closed loop of Fig. 6.9, we find that
—Vgs— Ve, =10
and Ves = —Va,

The level of Ve can be determined by applying Kirchhofl*s voliage law o the
output cireuit, with the result that

VR.‘I - Vﬂ.&' - JI(:'-l"?.r:- - JI(-.:n'.'.|.|'.'.| =10

and Vps=Vpp — Vo, = Ve, = Vop — Ils — Ipfip
but fa=1
and Vos = Von — Ig(Bs+ Rp) (6.1
In addition:
Ve=IoRs (.12
Ve=0VW (6.13)

and

Vo= Vos+ Vo=V — ¥y, (6.14)




6.4 VOLTAGE-DIVIDER BIASING

The voliage-divider bias arrangement applied o BIT transistor amplifiers is also ap-
plied to FET amplifiers as demonstrated by Fig. 6.20. The basic construction 18 ex-
actly the same, but the de analysis of each is quite different. {; = 0 A for FET am-
plifiers, but the magnitude of fg for common-emitter BJT amplifiers can affect the de
levels of current and voltage in both the input and output circuits. Recall that {5 pro-
vided the link between input and output circuits for the BIT volage-divider config-
uration while Vs will do the same for the FET configuration.

The network of Fig. 6.20 is redrawn as shown in Fig. 621 for the de analysis.
Note that all the capacitors, including the bypass capacitor Cy, have been replaced by
an “open-circuit” equivalent. In addition, the source Vppn was separated into two equiv-
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i, Rz
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Figure 6.20 Voltage-divider bias arrangement, Figure 6.21 FRedrawn network of Fig. 8.20 for de analysis,



alent sources to permit a further separation of the input and output regions of the net-
work. Since /g = 00 A, KirchholT's current law requires that fg = fp, and the series
equivalent cireuit appearing to the left of the figure can be used o find the level of
Ve The voliage Ve, equal to the voltage across 82, can be found using the voliage-
divider rule as follows:

Vo= Relop (6.15)
R+ R

Applying Kirchhofl"s voltage law in the clockwise direction to the indicated loop
of Fig. 521 will result in

Vo= Vos = Ve =10
and Fc,:_g = J-""c,: - J-":lgs

Substituting Mg, = fsfls = Ip fs we have

Ves= Vg — IpRs (A.18)

Onee the quiescent values of /py and Ve, are determined, the remaining network
analysis can be performed in the usual manner. That is,

Vos = Vop — Ig(Rp + Rs) (6.19)
V_D:VDD_IDRD [5.2[}\]

Vs =1IpRs (621

e P -

L L (622)




BJT

FET

10.
11.

Two types of carriers (electrons and holes) are
required.

Carriers move through the base by diffusion
process.

The BJT has a comparatively lower switching
speed due to the diffusion process

Only one type of carrier (electron or hole) is
required.

Carriers move through the channel by drft
process.

The FET has a higher switching speed due to
the drift process; the drift of the carrier is faster
than diffusion.

The BJT is not a thermally stable device. 4.

In case of IC fabrication, the BJT requires more 5.

space than the FET.

At audio frequencies the BJT offers less power 6.

gain.

The BJT is a current-controlled device. 7.
The BJT offers low input impedance. 8.
BJT is much noisier than FET. 9.

The BJT has offset voltage.

taken to be in the OFF state when operating in
the cut off region, and in the ON state when it is
operating in the saturation region.

10.
The BJT can also be used as a switch; it is 11,

The FET has a negative temperature coeffi-
cient at high-current operations, i.e., the current
decreases as temperature increases Due to
this particular feature, a uniform temperature
distribution and protection against breakdown
can be achieved.

In case of IC fabrication the FET requires lesser
space than the BJT.

At audio frequencies the FET offers greater
power gain.

The FET is a voltage-controlled device.

The FET offers high input impedance, therefore,
it can be used as a buffer.

FET is less noisy.

The FET has no offset voltage.

The FET is particularly useful for its operation
as a controlled switch, operating in both the
conducting and the non-conducting zones.




Small signal model of FET( Important)

9.2 FET SMALL-SIGNAL MODEL

The ac analysis of an FET configuration requires that a small-signal ac model for the
FET be developed. A major component of the ac model will reflect the fact that an
ac voltage applied o the input gate-to-source terminals will control the level of cur-
rent from drain o source.
The gate-to-source voltage controls the drain-to-source (channel) current of an
FET.

Recall from Chapter 6 that a de gate-to-source voltage controlled the level
of de drain current through a relationship known as Shockley’s equation: {p =
Inssl] — V' Ve)®. The change in collector current that will result from a change
in gate-to-source voltage can be determined using the transconduetance factor g,
in the following manner:

Ap=gn AVgs (9.1)

The prefix frans- i the terminology applied o g, reveals that it establishes a re-
lationship between an output and input quantity. The root word conductance was cho-
sen because g, s determined by a voltage-to-current ratio similar w the ratio that de-
fines the conductance of a resistor G = /R = /1.

Solving for g, in Eq. (9.1), we have:

Al
e o)
B = (9.2)
VEES
din
s
Alp o -
Em= TG& {=Slope at (J-point)
- Fignre @.1 Definition of g,
o Vos using transfer characteristic.
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The derivative of a function at a point is equal to the sl

drawn at that point,

ope af the tangent line

I we therefore take the derivative of [ with respect 1o Ve (differential caleulus) us-
ing Shockley’s equation, an equation for g, can be derived as follows:

Af df / Fo..\2
G = =—+~ =— fm;.s'[l -
AVies (hepL dVis (hept. dVes \ Ve |
I J.‘_.-E.:s -.I 1 l"nj-l al || J.""E.:j -.I
=lpg——| 1 ——=| =2J [ 1 -
RS 'CH'E.-& \ J'"p | ﬂ.\'.?|i F.P J '5“'[.-& l.__ J'#.P |
Vs d 1 dVFee Vs 1
=2pssg | — || ——1) - —— | = 2psef | - 20— —
.El.‘s?.?|i J-""p :|[ ﬂl Fc,:_g J-""p ﬂl Fc,:_g oas J-":p J-""p
21 Ve
and g =22 - 5 (9.4)
Vel Ve

where |Vp| denotes magnitude only to ensure a positive value for g,,.

It was mentioned earlier that the slope of the transfer curve 1s a maximum at
Fee = 0V Plugzing in Vs = 0V inte Eq. (9.4) will resultin the following equation
for the maximum value of g, for a JFET in which fpge and Ve have been specified:

TN [ 1»;,]
and B = —ii”j (9.5)

where the added subscript 0 reminds us that it is the value of g, when Ve = 0V
Equation (9.4) then becomes

For the JFET having the transfer characteristics of Example 9.1:

ia) Find the maximum value of g,

ib) Find the value of g, at each operating point of Example 9.1 using Eq. (9.6) and
compare with the graphical results.

Solution

pge A8 mA)
[V 4V

[h\] AL J-""c,:_g= -5 V,

(a) g = 4 m8 imaximum possible value of g,.)

;- —&sv
G = gm-:m[l - E] =4 mS[l — L] =35mS (versus 3.5 mS
Ve —4V graphically)



Impact of I, on g,

A mathematical relationship between g, and the de bias current {p can be de
noting that Shockley’s equation ean be written in the following form:

VERS .'I L)

] — 2

Ve = \'I Ings

Substituting Eq. (9.8) into Eq. (9.6) will result in

. e (1o
Em = Smn[\ll A J

FET Input Impedance Z,

The input impedance of all commercially available FETs is sufficiently large 1o as-
swme that the input terminals approximate an open circuil. In equation form,

Z (FET) = = 0 (9.10)

For a JFET a practical value of 10 £3 (1000 M{Y)is typical, while a value of 10"
to 10'% €1 is typical for MOSFETs.

FET Output Impedance Z,

The output impedance of FETs is similar in magnitude o that of conventional BJTs.
On FET specification sheets, the output impedance will typically appear as y,, with
the units of w8 The parameter v, s a component of an admittance equivalent civ-
cuif, with the subseript o sgnifying an ouput network parameter and s the terminal
isource) to which it is awached in the model. For the JFET of Fig. 5.18, y,, has a
range of 10 o 50 @S or 20 kKO (8= 1/G = 1/50 uS) w 100 kK (R=1G=
110 u1S).
In equation form,

Z (FET) =r, =1 (9.11)

oy

& (mA)

V=0V

AV
rg= L Vg = constant at =1 W
Al
¥
‘_\ G5 (point / 1
- |
.
[ .y 4 AT
AVpg
=2V
Fog IV

Figure .6 Definition of ry using FET drain characteristics.



FET AC Equivalent Circuit

Now that the important parameters of an ac equivalent circuit have been introduced
and discussed, a model For the FET transistor in the ac domain can be constructed.
The control of [, by ¥, is included as a current source g, V,, connected from drain
to source as shown in Fig. 9.8, The current source has its arrow pointing {rom drain
to source Lo establish a 1807 phase shift between output and input voltages as will
oceur in actual operation.

(7 ————a . o

Prg: + B Vg: L

Fignre ®.8 FET ac equivalent circuit.

The input impedance is represented by the open circuit at the input terminals and
the output impedance by the resistor vy from drain o source. Note that the gate o
source voltage is now represented by Vy, (lower-case subscripts) to distinguish it from
de levels. In addition, take note of the fact that the source is common to both input
and cutput circuits while the gate and drain terminals are only in “touch® through the
controlled current source g, Mo

Given s = 3.8 mS and y,, = 20 uS, sketch the FET ac equivalent model.

Solution
1 1
Em=)s=38mS and ;= ; = m = 50 ki}

resulting in the ac equivalent model of Fig. 9.9,

(7 ey ¢ o [

§ osxwrty 2ok

5o ‘ o5

Fignre @9 FET ac equivalent model for Example 9.5,



9.3 JFET FIXED-BIAS CONFIGURATION

Now that the FET equivalent eircuit has been defined, a number of fundamental FET
small-signal configurations will be investigated. The approach will parallel the ac
analysis of BIT amplifiers with a determination of the important parameters of 2, Z_,
and 4, for each configuration.

The fixed-bias configuration of Fig. 9.10 includes the coupling capacitors O and
(5 that isolate the de biasing arrangement from the applied signal and load; they act
as short-circuit equivalents Tor the ac analysis.

Figure @10 JFET fixed-hias configuration.

Onee the level of g, and r; are determined {rom the de biasing arrangement, spec-
ification sheet, or characteristics, the ac equivalent model can be substituted between
the appropriate terminals as shown in Fig. 9.11. Note that both capacitors have the
short-cireuit equivalent because the reactance Xp- = 1/(27f0) 1s sufficiently small com-
pared to other impedance levels of the network, and the de bateries Ve and Vg are
set o zero volts by a short-circuit equivalent.



X =002 K, =01k

Cr o
Koo - ' ok,
" R
- G {, g, r 5o
z z,
Battery Vg - i Battery Fiy,
replaced by 5 replaced by
short short
Figure @.11  Suhstituting the JFET ac equivalent circuit unit into the netwark of Fig. 9.10.

The network of Fig. 9.11 is then carefully redrawn as shown in Fig. 9.12. Note
the defined polarity of V., which defines the direction of g, V... I V,, is negative,
the direction of the current source reverses. The applied signal is represented by V,
and the output signal across £, by V.

£ Figure 9.12 clearly reveals that

i

Z.= R, (9.13)
i o

[+ - ¥ =]
¥ + +

z
.z .
¥ fs v, + Bnbp &1 fy
_ e N
o o

Fignre ©.12  Fedrawn network of Fig. .11,

£yt Setting F; = 0V as required by the definition of Z, will establish ¥, as 0
Voalso. The result 18 g ¥ = 0 mA, and the current source can be replaced by an
open-circuit equivalent as shown in Fig. 9.13. The output impedance is

Zn = Rﬂ"rd [g.l'q'\.l

If the resistance ry is sufliciently large (at least 10: 1) compared 1o 8, the approxi-
mation 1| & Bp can often be applied and

£, = Ry (9.15)
rEl0R,




Az Solving for V, in Fig. 912, we find
Fn = "HEm J':g.'r[rd"Rﬂl]

bt Ve = Vi
and V= —g.Virdfo
s0 that
&
i - — gl 1| Rp) (9.16)
If g = 108
Vo
Ab.=?= —g.fn (917
: raz 108

Phase Relationship: The negative sign in the resulting equation for 4, clearly re-
veals a phase shift of 1807 berween input and output voliages.

EXAMPLE 9.7 The fixed-bias configuration of Example 6.1 had an operating point defined by Ves,
= —2Voand /5 = 5625 mA, with fpge = 10mA and Vp = —8 V. The network 1s
redrawn as Fig.%.m with an applied signal V.. The value of y,, 15 provided as 40 8.
(a) Determine g,..
ib) Find vz
(¢) Determine Z;.
(dy Caleulate Z,,.
ie) Determine the voltage gain A..
() Determine 4, ignoring the effects of ry

l Ipgg= 10 mA
-+ Vp==fV
5 e
v, Z,

oo

o Figure 9.14 JFET configuration for Example 9.7,




Solution

2pss _ 210 mA)

= =2.35m$
(8) 2o v 3V m
| g . [_2 vy 1
Em = Hm-:ll..l - _lpﬁ| =25 ms.__l - m| = .58 mS
(b) ry= —=—1_~25Kk0
T e 40 S

(¢) Z, = R = 1 M£)

(d) Z, = Rylr, = 2 k(1]25 k() = 1.85 kO

(e) 4, = —g.R5r) = —(1.88 mS)(1.85 kil)
= —3.48

(N A, = —g, Ry = —(1.88 mS)(2 k() = —3.76

9.4 JFET SELF-BIAS CONFIGURATION

Bypassed Rs

The fixed-bias configuration has the distinet disadvantage of requiring two de volt-
age sources. The self-bias configuration of Fig. 9.15 requires only one de supply to
establish the desired operating point.

Figure 9,13  Zell-hias JFET configuration.

+0

R

[=]

Fignre ©.17  Fedrawn network of Fig. 9.18.



Since the resulting configuration is the same as appearing in Fig. 9.12, the re-
sulting equations £, 7., and 4, will be the same.

s
Zi= R (9.18)
£
Z, =rdRp (9.19)
If ry= 1085,
s (9.20)
Az
Av = —gmlrdRp) (9.21)
If ry= 1085,
A, = —gnflp =, (9.22)

Phase relationship: The negative sign in the solutions for 4, again indicates a
phase shift of 1807 between J; and V.



Unbypassed Rs

If Cg 15 removed from Fig 9.15, the resistor #5 will be part of the ac equivalent cir-
cuit as shown in Fig. 9.18. In this case, there 1s no obvious way to reduce the net-
work to lower its level of complexity. In determining the levels of Z;, Z,,, and 4,, one
must simply be very careful with notation and defined polarities and direction. lni-
tially, the resistance vy will be left out of the analysis to form a basis for comparison.

3 D
- =]
+ + | kS
L
Tln + £l
) Var Z

] 5 -3 '

¥, é Rn o 3 R.I'J'
<
Rs
"rf.'l

- —
o

Figure 9.18 %lf-hias JFET configuration including the effects of R with ry = =L

£z Due o the open-cireuit condition berween the gate and output network, the

input remains the following:

zj' o RG

£ The output impedance 15 defined by

Yo

£, =
Llw =0

(9.23)

Sewing ¥; =0V in Fig. 9.18 will result in the gate terminal being at ground poten-
tal (00 V). The voliage across f; s then 0V, and R¢ has been effectively “shorted

out” of the picture.

Applying Kirchhofls current law will result in:

with

s0 that I+ 1.

or

and =1,

Since

then

and

jr.l L ju = gmlfg.f

Fg.'r ==L~ IRz

= —Hm [Jrr.l L juw.f = _gmjnR.f - Emiﬂ.&'

L[l + gmfls] = — L1 + gmfls]

(the controlled current source g, Ve, =0 A
for the applied conditions)

Vo= ~LRo
Vo= ~(—L)Ro = LRy
¥
=2 =00
£, I I
oozl

(9.24)



I #; 1s included in the network, the equivalent will appear as shown in Fig. 9.19.

G a I
L= - ]
£ + | . -‘_,rl__ +
P " I' F r "ri‘ t
z &ty . -~
Z,

Figure @19 Including the
elfects of ryin the sell-hias JFET

= L+ I configuration.
. . ¥, i)
Since L, =— = _LRo
jr.l By o W jr.l

we should try o find an expression for {, interms of £
Applying KirchhofT"s current law:

Jr{'.l = g.lﬂ J;E.T T Jr.l'._l - j.l.?

but V=V, + ¥,
Vot Vi
and jr.l = Em Fg.'r + —=£ j”
Fa
or L= g+ | Ve = 22 — 1, using ¥, = 1R,
\ Fa) Fy
:\EDW, Fg.'r = _[ju T Jrr.ll] R.&'
50 that L=—gn —i][f,;—m Rs— 280 _
\ Fd ) ¥

with the result that jn[l + gl + &] = —ju[l T Emfls T Bs  Bp

L Fa g

_;”[1 g R+ S R—ﬂ]

o o

or I = R

1+ ng.f L

Fa



LS
Z, =-2=
and

Vo
Ry
1 UJER$ T r_d
"1 LB ngS L ry Rﬂ
Rp
5 r_d] R
Zn=[1 + Emfls vy Rs—_ﬂ
Iy, - r_d rd
and fina | : 2
K '| >>
i T ‘-"'_.ER_s' + )
=10 Rpg |._ 1
For ry = |

FJE 3 al d.
T LY

g-'

- I

L

= 108,
rg =



Az For the network of Fig. 9.19, an application of KirchhofT*s voltage law on
the input cireuit will result in
Vie Vg = Ve, =0
= FJ' - L:RS

Vex

The voltage across ry using KirchhofT's voliage law is

and "=

so that an application of KirchhofT"s current law will result in

. J"'*'-' B J"'-R.':
ju = HEm J"'g.'r L 1y

Substituting for ¥, from above and substituting for ¥, and V,_we have
| —fofp) — (LR

ju = gm[ Fj - jarl:ﬂ.f] -

L
so that !J,[l + g e+ Ro=Rs|_ gV
&
¥
IJr j”‘ = g.ll‘! JR R
1+ HmR.s'_ 2 =3
Fd
The output voliage 1s then
.lr:R Fj
Vo= —Ifp=— . DR + R
|+ gnRs+ —2—
Fa
V mdt
and S i (9.26)
i 1 + gnRs + oot Pl )
Yo
Again, il ry = 1R, + £,
d,=Ye- __Exo (927)

: s I+ g.fs

rE A, + By

Phase Relationship: The negative sign in Eq. (9.26) again reveals that a 1807
phase shift will exist between V; and V.



The self-bias configuration of Example 6.2 has an operating point defined by V.o =
—26 WV and Iy, = 2.6 mA, with [0 = 8 mA and Vp = —6 V. The network is re-
drawn as Fig. 920 with an applied signal ¥, The value of v, is given as 20 g5,
(a) Determine g,,.

ib) Find

ic) Find Z.

id) Caleulate £, with and without the efTects of »,. Compare the results.

ie) Caleulate 4, with and without the effects of »,. Compare the results.

Y

13k

e
’ ' Trge= 10 mA
p,.,_] it
! Fo=—fV
—-—
I 2.-
I kLl

Figure @200 Network for Example 9.8,

Solution



MUpee | 2A8 mA)

= = =267 m%
(8] & v PN, m
{ Feos f —2 6V
- _o e _ =28V .
Em = é.';nnl..l J":;q- : = 2.67 m5|ll —[ 5 \-ﬂ] : = .51 m%S
ib) ry= Lo _skn
Yor 20 pS

ic) £ = R = 1M1l
id)y With ry:
re=30k{}= 108, =33k()
Therefore,
Z,=Rp=233 ki)
If vy == 1
Z,=Rp=233 ki)
ie) With rp

o Rp + Rs 33 k0O + 1 kD
| + gufis + 1 (151 msil ki) + ———
sl T (151 m3)(1 ki) 50 k0
= —=1.92
Without ry
- .lr:R —(l.3 .
o &R _ —(SImS)B3KY) _ o

T 1+ geRs 1= (151 mS)1 k)

9.5 JFET VOLTAGE-DIVIDER
CONFIGURATION

The popular voltage-divider configuration for BITs can also be applied o JFETs as
demonstrated in Fig. 921,

Figure ®.21 JFET voltage-divider configuration.



Subsututing the &¢ equivalent model 1or the JFE 1 will résull i the conhguration
of Fig. 9.22. Replacing the de supply Fpp by a short-circuit equivalent has grounded
one end of £, and B Since each network has a common ground, R, can be brought
down in parallel with #; as shown in Fig. 9.23. K can also be brought down to ground
but in the output eircuit across rp. The resulting ac equivalent network now has the
basic format of some of the networks already analyzed.

R y
V_. & i I - o | .
—— p "
Z R Bt gr Ry 7

¥
|

Fignre 933  Nerwaork af Fig.

21 under ac conditions,

K - —C a
+

&, Ry ¥y

Em Vgr r4

-||——'v=uv~a——-t:
ot

i
!

Fignre @.13 Redrawn network of Fig. 922



L Rpoand #; are i parallel with the open-circuit equivalence of the JFET re-
sulting in

Z, = Rj||R, (9.28)

Zyt Setting ¥ =0V will set Vg, and g, Ve to zero and

Z, = rdRo (9.29)
For ry = 108,
i (930)
raZ 108
Az
Ve =V
and F*'-' = _g.rr: J':g.'r[ra""Rﬂ\J
7 e I R
so that A= Yo o =&V Rp)
F’. Fg.'r
4
e 4= = ~En(rdiRo) (931)
If ry= 10K,
¥,
A“'=T= _g.rrﬂﬂ [gjz']
J R,

Note that the equations for Z, and 4, are the same as obtained {or the fixed-bias
and self-bias (with bypassed Rg) configurations. The only difference is the equation
for Z;, which is now sensitive to the parallel combination of £, and R;.



9.6 JFET SOURCE-FOLLOWER
(COMMON-DRAIN) CONFIGURATION

The JFET equivalent of the BIT emiter-follower configuration is the source-follower
configuration of Fig. 9.24. Note that the output is taken off the source terminal and,
when the de supply is replaced by its shon-circuit equivalent, the drain is grounded
i henece, the terminology common-drain).

Figure ®.24 JFET source-follower configuration.

I

& a
. 3 | = .
+ = +

—— VE" —

z > > Z,
Ay EMP;; + 21‘4 BRS .
« Fa

ol

_— _— —_— -

Figure ©.26 Network of Fig. 925 redrawn.



£z Figure 9.26 clearly reveals that Z; is defined by

Z; = R (9.33)

£ Sewing Vi = 0V will result in the gate terminal being connected directly to
ground as shown in Fig. 927, The Tact that Vg, and ¥, are across the same parallel
network results in ¥, = —Fg.

5 ls
' a
— +
——
2.-
[’}_.- + E.‘Hpj.l' Py By
+ —
©®  Figure 917 Determining Z, for
= the netwaork of Fig. 9.24.

Applying KirchhofT's current law at node s,
jr.l T g.rr:":g.'r = Jr.".f - I-R.'s

—te e
Fd £y
. . A1 ! :
I'he result 15 L=V —+— -V,
L Ry -
1 !
=V —+ | —g -}
A A2
1 !
=}J|—+ —+




and Z,= Yo _ Vo = ! = 1
I, 1 1 1,1 1,1 1
J'{'.l - T g.lﬂ - T —_— T g.ll’! - T —_— 7T __
ra  Rs ry Ry ra Ry ligy
which has the same format as the wotal resistance of three parallel resistors. Therefore,
zr.l o rd"R.Y" 1"Ilg.rr: I gjiﬂ
For r; = 108,
Z, & Re|l/ 9.35
a & " Em 2] s [ \'I

A The output voltage V, 1s determined by
K (74| Rs)

and applying Kirchhofls voltage law around the perimeter of the network of Fig. 9.26
will result in

= Hm J"g.'r

P Ve T Vo
and Ve =¥ =¥,

so that V=g (Vo= V)| R

or Vo = gV {7a|Rs) — g Valra|Rs)
and Vil + galraRe] = g, Vilra|Rs)

Vo _ _ EmlralRs)
L 1 + gulra|Rs)

In the absence of ryor il /= 108y

so that A, = i(9.3a)

.5 Emlls
J"J' 1 -k ng.f

IPWET B 1 NEUWOTK ).
Phase Relationship: Since 4, of Eq. (9.36) 15 a posiuve quantity, ¥, and V; are
in phase for the JFET source-follower configuration.



A de analysis of the source-follower network of Fig. 928 will result in Vs, = —286 V EXAMPLE 9
and Ip, = 4.56 mA.
ia) Determining g,.

(k) Find ryu
(c) Determine £ Lo
id) Caleulate Z, with and without 7. Compare results. &
ie) Determine 4, with and without r; Compare results. {peg=16mA
Fam =d V
I: Yoy =23 U8
+ 005 ufF
¥, 7 ;l MLl .05 uF *
22K} -——
_ z,
+ =

Figure .28 Netwark to be analyzed in Example 9.9,



2pss _ 2A16mA) _

[ = 8 mS
(a) Zmo v v m
[ Ves) f —2.86 V)
- _ %\ _q _ == _ .

Em = .‘5’m-:]|l..1 T | =8 m5|l..1 iV | = 2.28 mS
(b 1 ! 40 Kk

= =

Ty, 25 pS

(c) Z, = R = 1 Mi}
id) With ry-
Z, = rRdl/g, = 40 k£2[2.2 k)] 1/2.28 mS

= 40 k€122 k()[438.6 0
= 36252 0

revealing that Z, is often relatively small and determined primarily by 1/g,.. With-
oul ¥

Z, = R lig, = 2.2 k4386 () = 365.69 O

revealing that #; typically has litle impact on Z,.
(&) With rg

g R (228 mS)(40 kO[22 kO
A= T g Ry~ 1+ (228 mS)(40 k(122 k1)
TR 2
(228 mS)209 KEY) 477 _ .

1+ (228 mS)(2.09 k)) 1 +4.77

which 1s less than 1 as predicted above.
Without r:

o geRs (228 m$)22 kD)
Ul +gaRe 1+ (228 mS)(2.2 kI
502
= T—sm2 = (L83

9.7 JFET COMMON-GATE
CONFIGURATION

The last JFET configuration to be analyzed in detail is the common-gate configura-
ton of Fig. 929, which parallels the common-base configuration employed with BIT
Lransistors.

Substituting the JFET equivalent eircuit will result in Fig. 9.30. Note the contin-
uing requirement that the controlled source g, Vg, be connected from drain to source
with r in parallel. The isolation between input and output circuits has obviously been
lost since the gate terminal is now connected to the common ground of the network.
In addition, the resistor connected between input terminals 1s no longer R but the
resistor Rg connected from source to ground. Note also the location of the control-
ling voltage ¥y, and the fact that it appears directly across the resistor Rs



iy " - -+ i
—— EnVn "z— -‘z_
;o E - a s
¥ A Ver Ay
’ ¥ )
Figure 9.2¢ [FET comman-gate configuration. Figure 9.30 Network of Fig. ©.29 following substitution of

e

JFET ac equivalent maodel.

The resistor Ry s directly across the terminals defining Z;. Let us therefore
find the impedance Z; of Fig. 9.29, which will simply be in parallel with 85 when Z;
is defined.
The network of interest is redrawn as Fig. 9.31. The voliage ' = — V.. Apply-
ing Kirchhofl's voltage law around the output perimeter of the network will result in

V' =V, = Vg, =10
V=V —Vg,=V —I'Rp

and
—
o
+ =
—
=
v, Vs
- +
o

Figure 9.31 Determining Z{ for

the nzrwark of Fig, 2.29,



Applying KirchhofT's current law at node a results in

gV, =1

Ex ra

=R
and I'= Jrr‘. — Em Fg.-r = g — Em Fg.-r
Yo
or A -2 _fp — gV
Fa Fq
50 that I'[l + R—ﬂ] = #"[L + gm]
L Y
1+ R_ﬂ
p Fy _
and Li=—= 1 (9.38)
]
o
or z=L 7T kp
{ I+ gwta
and 2, =R Z!
. 2 rg+ Rp
results in Z=RJ=——= (9.39)
Lk Em'a

If ry = 105 Eq. (9.38) permits the following approximation since f,/r, << | and
Wiy == g

|~ fn
) d 1
L= 1 1=—
[Hm T _:| Em
Ya
and Z;= Rs|l/gn (9407

rEl0R,

£ Substituting ¥ = 0V in Fig. 930 will “short-out™ the effects of Ry and set
Fee to 0 V. The result 15 g, ¥ = 0, and r will be in parallel with £, Therefore,

Z,=RJr, (9.41)

For ry = IDR_D,

Z,o= R (9.42)

R,




Figure 9.30 reveals that

Az
Vi= =V
and Vo=1.fn
The voltage across » is
V, =V, =V,
V., —F
j:l'. = _a i
2 -

and

Applying KirchhofT"s current law at node & in Fig. 930 resulis in

L". + i+ Em Fg.'r =10

ju = _Jr.l';’ — Hm J"'g.'r

_[hﬂr—:h] — gV

and

§ o= Yim Vo, .V

L il P .‘-;-,’ml'?j:|Rﬂ

,_
a
|
S
e}
I
r
-
P

s0 that

and

£p
ra

[ngﬂ T
(9.43)

with
ra

v
A,=—*%=
Vi [1 - E_ﬂ]

For v, = 1084, the factor R/, of Eq. (9.43) can be dropped as a good approxima-

tion and

Au o ngﬂ [9'44\1
ra= 108

Phase Relationship: The lact that A4, is a positive number will result in an in-
phase relationship berween V, and V, for the common-gate configuration.




Although the network of Fig. 9.32 mayv not initally appear to be of the common-gate
variety, a close examination will reveal that it has all the characteristies of Fig. 9.29.
I Vs, = _.2'2 Vand [ = 2.03 mA:

(a) Determine g,,..
ib) Find

ic) Caleulate Z; with and without r,. Compare results.
id) Find 2, with and without »,. Compare results.

ie) Determine ¥, with and without . Compare results.

Figure ©.32  Network for Example 9.10.

2pss _ 2A10mA) _

[al‘-' Ewl = F_,rr 4V SmS
T [ (=22V))
g = guof 1 — 2| = s ms(1 - 220 _ 205 ms
Ve (—4 V) |
(b) 1 ke
= —=—=
© ar S0 pS

() With rg

1 Sm'd L [2.25 mgl‘][zﬂ k.fl\,l
= 1.1 k051 k) = 0.35 kQ

T g 4
Z = Rs‘"[%} = 1.1 kﬂll[ 1 20 kL) + 3.6 ki)



(d)

()

9.8

Without ry:

= .31 kil
Even though the condition,
ry= 108y = =20 k() = 10(3.6 ki)) = = 20 ki) = 36 kil

is not satsfied, both equations result in essentially the same level of impedance.
In this case, 1/g,, was the predominant factor.

With ry:
Z, = Rp|rs = 3.6 k220 ki) = 3.05 k02
Without ry
Z,=8Rp=36 ki)

Again the condition vy = 10/ is nof satisfied, but both results are reasonably
close. £ 15 certainly the predominant factor in this example.

With g

Rp 3.6 ki
Emflp —— 225 4=
[ b :";] [[ mS)(3.6 ki) + 35 HJ
A= LRl T | L 36K
ra 20 k1)
8.1+ 0.18
=——=17.02
I+ 0.18
and A, = % =» V, =4V =(702)(40 mV) = 2808 mV
Without 7
A =g R,=(225m%)(3.6 kil) = 8.1
with V,= AV, =(81)(40 mV) =324 mV

DEPLETION-TYPE MOSFETs

The fact that Shockley's equation is also applicable w depletion-type MOSFETS re-
sults in the same equation for g, In fact, the ac equivalent model for D-MOSFETs
is exactly the same as that employed for JFETs as shown in Fig. 9.33.

The only difference offered by D-MOSFETs is that Vi, can be positive for
n-channel devices and negative for p-channel units. The result is that g, can be greater
than g, as demonstrated by the example w follow. The range of r, is very similar 1o
that encountered for JFETs.



Figure .33 D-MOSFET ac equivalent model.

The network of Fig. 9.34 was analyzed as Example 6.8, resulting in Vg, =035V
and fp, = 7.6 mA.

ia) Determine g, and compare 1o g

(k) Find ra

ic) Sketch the ac equivalent network for Fig. 9.34,

id) Find Z,.

ie) Caleulate Z,. 18V
() Find 4,.

o [RY

§I.Ek_[1

§ 110 M ,—i[’—o ;

) erss =fHmA
o IE Vpm=1V¥
Vi e—— | Ju=10pS
—
Z e
zZ

JRLR R 153062



nes 206 mA)

= = =4mS
(2) Emo Ve Ty m
/ Fes, / (+ 035V .
Em = Emd |1 - Tl =4 m3 |.__1 - [‘Tl =4 mS(l +0.117) =447 mS
ib) =1 = ! = 100 k{2
S P TS

(c) SeeFig. 9.35 Note the similarities with the network of Fig. 9.23. Equations (9.28)
through (9.32) are therefore applicable.

& o
Les S O =]
+ + +
4
v o ° 10 MO oMo Fy * 447 x 102, & 100 k2 LEkny ¢ F
o o = Lk =]

Fignre .33 AC equivalent circuit for Fig. 9.34.

(d) Eq.(928): Z = R R, = 10 M{)110 ML} = 9.17 ML
(e) Eq. (929): Z, = r,|Rp = 100 k0|18 k) = L77 k2 = R, = 1.8 k2
() r, = 10R, — 100 k() = 18 ki)

Eq.(9.32): 4, = —g,. Ry = — (447 mS)(1.8 ki}) = 8.05




9.9 ENHANCEMENT-TYPE MOSFETs

The enhancement-type MOSFET can be either an sn-channel (nMOS) or p-channel
(MO8 device, as shown in Fig. 936, The ac small-signal equivalent circuit of ei-
ther device is shown in Fig. 936, revealing an open-circuit between gate and drain-
source channel and a current source from drain to source having a magnitude depen-
dent on the gate-to-source voltage. There 15 an output impedance from drain to source
¥y, which 15 usually provided on specification sheets as an admitance y,,. The device
transconductance, g, 1s provided on specification sheets as the forward transfer ad-
mitlance, .

ol
G I pMOS
5

fa) =

Fignre .36 Enhancement MOSFET ac small-signal maodel.

In our analysis of JFETs, an equation for g, was derived from Shockley’s equa-
ton. For E-MOSFETs, the relationship between output current and controlling volt-

age is delined by
In =k Vas — Vasmm)®
Since g, 1s still defined by
Al

= Aes

we can lake the derivative of the transfer equation o determine g, as an operating

point. That is,
_dlp __d
ﬂll""c,:_g d‘-""c,:_g

Em (Vs — 1'“c;snhﬂ: =k (Ve — Vc;.thﬂ:

d‘-""c,:_g

d
=2k Ves— Vg FT (Fos — Vo) = 2 Ves — Vagmm)(1 — 0)
s

and &m = 2k Ves, — Vesm) (9.45)




Recall that the constant & can be determined from a given typical operating point on
a specification sheet. In every other respect, the ac analysis is the same as that em-
ployed for JFETs or D-MOSFETs. Be aware, however, that the characteristics of an
E-MOSFET are such that the biasing arrangements are somewhat limited.

9.10 E-MOSFET DRAIN-FEEDBACK
CONFIGURATION

The E-MOSFET drain-feedback configuration appears in Fig. 937, Recall from de
caleulations that R could be replaced by a sho-circuit equivalent since f; =0 A
and therefore Vg, = 0V, However, for ac situations it provides an important high im-
pedance between V', and V.. Otherwise, the input and output terminals would be con-
nected directly and ¥, = V;

i

+ Z =
. Brbge + Td Ap
¥ % Py
L $
Figure 9.37 E-MOSFET Figure 938 AC equivalent of the
drain-feedhack configuration. network of Fig. 2.37.

Substituting the ac equivalent model for the deviee will result in the network of
Fig. 9.38. Note that #g is not within the shaded area defining the equivalent model
of the device but does provide a direct connection between input and output eircuits.

£y Applying Kirchhofl™s current law to the output circuit (at node £ in Fig.
9.38) results in



and

s0 that

ar
Therefore,
with

and

s0 that

and finally,

jl = .‘5’;:’:4 x T T

& r‘fERﬂ
Vgr = ¥

¥

jj' = gml:f T =
?’dlﬂﬂ
jl' - gmlfi = L
rdlﬂﬂ

J_.--n = [rdl R.Ell][jl — gml_,fj.j
Vo=V Fu‘ — [?1:5 Rﬂ.:l[jl' —

L.=#=

Rr R

f,'RF = J-": - [rgl Rﬂjjj L [rdl Rﬂjgm Fj
J':I'[.l' L gm[ rdl R.Ell]] = jj'[RF L r:fl Rﬂ]

Re + rd R

Ll

7= _Jri =
{;

1+ gdrdRo)

(9.46)



Az Applying Kirchhofl™s currtr;t ]am;- ElL r:uri& El of Fig. 9.38 will result in

¥,
IJ' = .lr:F T ——
e T ko
| E—
h‘LlL Fg'r = Fj Elrld jj = i a
! —RF
so that Vi Vo g V- _ta
R - ¥ d"Rﬂ
and L — h = | L Vo
Re ke 5T lRs
1 1 1
so that V) ——+— | = V| — —gn
[r d"Rﬂ RF] [RF ]
1,
RF ot
and dg=te T 1T T
Vi ralRo  Re
Typically, R = r.{Rp, so that
Zw—fr
1 + gulra| Rp)
}"Ur Fa = IDR_D,
o (9.47)
1 e ngﬂ

Rpsimr | R, ra= 10R,
£, Substituting ¥, = 0V will resultin ¥V, = 0V and g, V., = 0, with a short-
circuit path from gate to ground as shown in Fig. 939 B, r, and #p are then in

parallel and

Zn == RF".?'d"Rﬂ [9.43\]

Re
J’ 0
V= 1,=0V BV gr=0ma ry " -‘/—

T 0

Figure ©.3% Determining Z, for the network of Fig. 9.37.

Normally, 8r s so much larger than ry||Bp that
Z, & ry|Rp

and with ry = 1084,

Z,= R (9.49)

Rysoer | B, r = 10R




but ot
rd"Rﬂ fr RF"rd"Rﬂ
1
and o ——
1 Em i
so that A, = =B RrIFalRD) (9.50)

Since Be is usually == vy |Rp and if 7y = 108,

A= —E.ho (9.5
Rpsemr | Ry, razl OR,,

Phase Relationship:  The negative sign for 4, reveals that V, and V; are out of
phase by 180°

The E-MOSEFET of Figo W4l was analyzed m Example 6,11, with the result that
k=024 X 1077 AV, Vs, = 64 V, and Ip, = 2.75 mA.

ia) Determine g,.

ib) Find r.

ic) Caleulate Z; with and without #,. Compare results.

id) Find Z, with and without r;. Compare results.

ie) Find A4, with and without #;. Compare results.

L -
T i
1t O |
I uF -17
10 M2 "o
&= 5
. IH Iy omy = 6 mA
Vo | H Fasjemy =8V
I uF Vasimm =3V
Vor=20uS
—
Z —

Figure @40 Drain-feedback amplifier from Example 6.11.



Solution
(8) g = 26 Ves, = Vasrw) = 20,24 X 1077 ANV (64 V =3 V)
= .63 m%
ib) ry= i =¥1#_5 = 50 k{}
() With rg
Re+rglRy 10 MO + 50 k)2 k)
| + gnlrJRo) 1+ (1.63 mS)(50 k)2 k€))
10 MO + 1,92 ki
BEERE

= 2.42 Ml

Without ry:

PR L — 10 M2 = 2.53 M{}
I + gmfln I = (1.63 mS)i2 ki)
revealing that since the condition v, = 108, = 30 ki) = 40 kf} is sausfied, the
results for 2 with or without », will be quite close.

id) With ry:

Z, = RrdlR 5 = 10 M50 k02 k() = 40,75 k0|2 k)
= 1.92 kil
Without 7
Z =R, =12ki)

again providing very close results.
ie) With rp
v = ~Eul RArdRp)
—(1.63 mS)( 10 MOY|50 k02 k1)
—(1.63 mS)(1.92 kil
—3.21

Without 7

= —g fy= —(1.63 mS)2 ki])
= —=3.26

which 15 very close to the above result.



9.12 DESIGNING FET
AMPLIFIER NETWORKS

Design problems at this stage are limited to obtaining a desired de bias condition or
ac voltage gain. In most cases, the various equations developed are used “in reverse”
to define the parameters necessary to obtain the desired gain, input impedance, or
output impedance. To avoid unnecessary complexity during the inital stages of the
design, the approximate equations are often employed because some variation will
oceur when caleulated resistors are replaced by standard values. Once the inital de-
sign is completed, the results can be tested and refinements made using the complete
equations.

Throughout the design procedure be aware that although superposition permits a
separate analysis and design of the network from a de and an ac viewpoint, a para-
meter chosen in the de environment will often play an important role in the ac re-
sponse. In particular, recall that the resistance 8 could be replaced by a short-circuit
equivalent in the feedback configuration because f: =0 A for de conditions, but
for the ac analysis, it presents an important high impedance path between V', and
Vi In addition, recall that g, is larger for operating points closer to the [p axis
(Ve = 0V, requiring that Ry be relatively small. In the unbypassed K5 nevwork, a
small Rg will also contribute 1o a higher gain, but for the source-Tollower, the gain is
reduced {rom its maximum value of 1. In wotal, simply keep in mind that network pa-
rameters can affect the de and ac levels in different ways. Often a balance must be
made between a particular operating point and its impact on the ac response.

In most situations, the available de supply voltage is known, the FET 1o be em-
ployed has been determined, and the capacitors o be employed at the chosen fre-
quency are defined. It is then necessary 1o determine the resistive elements necessary
to establish the desired gain or impedance level. The next three examples will deter-
mine the required parameters for a specific gain.



EXAMPLE 9.13

Design the fixed-bias network of Fig. 943 o have an ac gain of 10. That is, deter-
mine the value of £p.

V(=20 V)

Ry Vo =20 U5

1D MR
Figure .43 Qreuit for desired
voltage gain in Example 9.13.

Solution
Since Fas, = 0V, the level of g, 15 gpo. The gain is therefore determined by

Av = =gl Bpllrd) = =gl Balr)
Upes _ 2010 mAy)

with B = V) rEY 5 mS
The result is =10 = =53 mS(fr,)
10
and B =——=2kf}
n plra 5 mS
From the device specifications,
m=—t=—"1__ - 50k0

Ve 20X 107FS

Substituting, we find
Rplrs = Rpl350 kQ =2 k0
Rais0 kil

d =2k
an Rp = 50 kQ)
or S0Rp = 2(Rp = 50 k(2) = 28, = 100 k()
with 48Rp = 100 k)
and R, = 1_m;:£ = 2.08 ki)

The closest standard value 15 2 kf} { Appendix C), which would be employed for this

design.
The resulting level of Vos, would then be determined as follows:

l*',g_gq = Fppn — !ﬂaRﬂ =30V —(l0mA)NZ K =10V
The levels of Z; and Z, are set by the levels of 8 and Rp, respectively. That is,

£ = K= 10 ML
Z, = Rplry = 2 k€150 k) = 1.92 k) = R, = 2 ki,



Choose the values of Ky and f5 for the network of Fig, 9.44 that will result in a gain
of 8 using a relatively high level of g, for this device defined at Vas, = Ve

Voo
~0V
Ry
< Cy
_l K,
C _ 0l uF
. i AR P
Ve 1l .-I_ L
0.1 uF 10 ML)
A R mm}g“mes

10 MIY P‘p*—4 v
ImuF oy =20 U8

Figure @44 Network for desired voltage gain in Example 9.14.



The operating point is defined by

P T | - ;
J-"c,:_ga—_ql_lp— I[_q"'lr\.l = _1 1'!'
[ bes)2 [ =LV
and fh=lpe|l ——2| =10mA|]l ———| = 3825 mA
goTes |-._ Ve _.| |-__ (—4 V) _.|
Determining g,,.,
| FEE.&' b
Em = .‘5’».-:]| 1= __.ﬁ
Ve |
=sms(1 - 2395 ms
| [—4 V7))

The magnitude of the ac voltage gain is determined by
"I vl = ."-_=,.T.lr:[—Fﬂ.n':lll-rdl‘-I
Substituting known values will result in

B = (375 mS)(Aplrs)

b
=— 9 _
so that Rl 375 S 213 ki)

The level of r; is defined by
1 1

rﬁ.=ﬂ= 30 1S = 50 kil
and Rp|50 k€ = 2,13 k€)
with the result that
Rp =22 kil

which 15 a standard value.

The level of £y is determined by the de operating conditions as follows:

F[,:_s'a = —Ipfs
—1V = —(5.625 mA)Rs
'Y :
and R$ = m = 1_|'|_|'|.H Il
0L 1

The closest standard value is 180 {). In this example, Ry does not appear in the ac
design because of the shorting effect of Cs



Determine Ry and #; for the network of Fig. 9.44 o establish a gain of § if the by-
pass capacitor Cy 18 removed.

Solution

Vigs, and I are still —1'V and 5.625 mA, and since the equation Vg = —/pR has
not changed, f; continues to equal the standard value of 180 £} obtained in Exam-
ple 9.14.

The gain of an unbypassed self-bias configuration is

4 — g.lr:R.El

A, [+ g R,

om

For the moment it is assumed that r; = 10(£; + Rg). Using the Tull equation for
A at this stage of the design would simply complicate the process unnecessarily.
Substtuting (for the specified magnitude of 8 for the gain),

—(3.75 mS)fg _ 3. 75 mSiRp
1 = (375 mS) 180 £h 1 + 0.675

and Bl + 0675 =375 mS),
134
so that R = 175 mS = 3,573 ki}

with the closest standard value at 3.6 k().
We can now test the condition:

Fa = ID[R_D T R_&'\]
S0 ki) = 1003.6 kI + 0,18 kiY) = 10(3.78 kD)
and 50 kil = 37.8 kil

which 15 satusfied—the solution stands!



