Chapter Four
Field-Effect Transistors (FET)

- Introduction:

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
that 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 as depicted in Fig.1a, while the JFET transistor is
a voltage-controlled device as shown in Fig.1b. In other words, the current I¢ in Fig.1a is
a direct function of the level of Ig. For the FET the current | will be a function of the
voltage Vs applied to the input circuit as shown in Fig. 1b. In each case the current of the
output circuit is being controlled by a parameter of the input circuit—in one case a

current level and in the other an applied voltage.

A\~ {I
[
{Comntrol carremt) 7y )

(=)

Figure 1
e There are n-channel and p-channel field-effect transistors
e Two types of FETs will be introduced: the junction field-effect transistor (JFET)

and the metal-oxide-semiconductor field-effect transistor (MOSFET).
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- CONSTRUCTION AND CHARACTERISTICS OF JFETS:

The basic construction of the n-channel JFET is shown in Fig. 2. Note that the major part
of the structure is the n-type material that forms the channel between the embedded layers
of p-type material. The top of the n-type channel is connected through an ohmic contact
to a terminal referred to as the drain (D), while the lower end of the same material is
connected through an ohmic contact to a terminal referred to as the source (S). The two
p-type materials are connected together and to the gate (G) terminal. In essence,
therefore, the drain and source are connected to the ends of the n-type channel and the
gate to the two layers of p-type material. In the absence of any applied potentials the

JFET has two p-n junctions under no-bias conditions.
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Figure 2
In Fig. 3, a positive voltage Vps has been applied across the channel and the gate has been
connected directly to the source to establish the condition Vgs = 0 V. As the voltage Vps
Is increased from 0O to a few volts, the current will increase as determined by Ohm’s law
and the plot of Ip versus Vps will appear. If Vps is increased to a level where it appears
that the two depletion regions would “touch”, a condition referred to as pinch-off will
result.
Ibss IS the maximum drain current for a JFET and is defined by the conditions
Ves =0V and Vps > |V, |.
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The voltage from gate to source, denoted Vg, is the controlling voltage of the JFET,
curves of I versus Vpg for various levels of Vgs can be developed for the JFET. Note also
on Fig. 4 how the pinch-off voltage continues to drop in a parabolic manner as Vgs
becomes more and more negative. Eventually, Vss when Vgs = V,, will be sufficiently
negative to establish a saturation level that is essentially 0 mA, and for all practical

purposes the device has been “turned off.”
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Figure 4: n-Channel JFET characteristics with Ipss =8 mA and V,= -4 V.
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The level of Vgs that results in Ip = 0 mA is defined by Vs = V,, with V, being a negative

voltage for n-channel devices and a positive voltage for p-channel JFETSs.

- Voltage-Controlled Resistor:
The region to the left of the pinch-off locus of Fig. 4 is referred to as the ohmic or
voltage-controlled resistance region. In this region the JFET can actually be employed as
a variable resistor (possibly for an automatic gain control system) whose resistance is

controlled by the applied gate-to-source voltage

ro
A=
T (1 - VadVp)?

where ry is the resistance with Vgs = 0 V and ry the resistance at a particular level of Vgs.
For example, if n-channel JFET with r, equal to 10 kQ (Ves =0 V), V, =- 6 V, will result
in 40 kQ at VGS =-3V.

- p-Channel Devices:
The p-channel JFET is constructed in exactly the same manner as the n-channel device of

Fig. 3, but with a reversal of the p- and n-type materials as shown in Fig. 5.

e

lgs=*Vaa

= Figure 5
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The defined current directions are reversed, as are the actual polarities for the voltages
Vss and Vps. For the p-channel device, the channel will be constricted by increasing
positive voltages from gate to source and the double-subscript notation for Vps will result
In negative voltages for Vps on the characteristics of Fig. 6.

Figure 7: JFET symbols: (a) n-channel; (b) p-channel.
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- TRANSFER CHARACTERISTICS:

The relationship between Ip and Vs is defined by Shockley 'equation:

— control variable

constants | "
The squared term of the equation will result in a nonlinear relationship between Ip and
Vgs, producing a curve that grows exponentially with decreasing magnitudes of Vgs.

The transfer characteristics defined by Shockley’s equation are unaffected by the
network in which the device is employed.

By using basic algebra we can obtain an equation for the resulting level of Vg for a given

Vas = Vp(l — I—D)
V Toss

In Fig.8 two graphs are provided, with the vertical scaling in milliamperes for each graph.

level of Ip.

One is a plot of Iy versus Vps, while the other is Ip versus Vgs.
In review:
When Vgs =0V, Ip = Ipss , and when Vgs = Vp, Ip =0 mA.
The total device dissipation at 25°C (room temperature) is the maximum power the
device can dissipate under normal operating conditions and is defined by
Po =Vps Ip
- IMPORTANT RELATIONSHIPS:

JFET BJT
Vg2
In=1TIpss|]l — % = I = Bz
=
In=1I< = To=1Iy
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T =0V

Faog=-1V
VG.S":_Z W
Vag=—3V
/ G5
- | | o esT Y
VgV —4 -3 -2 -1 c o 3 10 15 20 25 Vg
Ip=0ma, Ve =%
Figure 8
- FET Biasing:
The general relationships that can be applied to the dc analysis of all FET amplifiers are
IG ~ 0 A and ID = IS

The simplest of biasing arrangements for the n-channel JFET appears in Fig. 9. Referred
to as the fixed-bias configuration, it is one of the few FET configurations that can be

solved just as directly using either a mathematical or graphical approach.

" i e
_>
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|G:0A andVRG:IGRG:(OA)RG:OV

Applying Kirchhoff’s voltage law in the clockwise direction of the indicated loop of

Fig.9 will result in
~Vee —Ves =0 and Vg = Vs
The drain-to-source voltage of the output section can be determined by applying
Kirchhoff’s voltage law as follows:
+Vps + IpRp = Vpp =0 and Vps =Vpp —IpRp
For the configuration of Fig. 9,
Ve=0

Using double-subscript notation:

Vps =Vp —=Vs or Vp =Vps+ Vs =Vpe +0V and V, = Vg
Inaddition, Vg =V, —Vs orV, = Ve + Vg = Veg 4+ OV and V; = Vg

Example 1: Determine the following for the network of Fig. 10.

(@) Vs
(b) IDQ' ols WV
(©) Vs
(dy Vo
() V. ?2 -
@ Vs
3 D
+ Vp=—8V
1 M Vs —ox5
_—— 2V
+
-
Figure 10
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MMathematical Approach:
(@) Vas, = — Voe = -2V

2 _ 2
(b) In, = IDSS( - V?Cf) =10 mA(l - %)
=10 mA(1 — 0.25)° = 10 mA(0.75)* = 10 mA(0.5625)
= 5,625 mA
(©) Vs =Vrop —InRp =16V — (5.625 mAX2 k)
=16V —11.25V =475V
(d) Vo= Vps =475V
(€) Vp=Vag=—2V
) Ve=0V

Graphical Approach:

Recall that choosing Vgs = Vp/2 will result in a drain current of Ipss /4 when plotting the
equation. For the analysis, the three points defined by Ipss, Vp, and the intersection just
described will be sufficient for plotting the curve. The resulting Shockley curve and the

vertical line at Vgs = -2 V are provided in Fig.11

A I )

VGSQ = —Vag= -2V

(b) Ip, = 5.6 mA

(©) Vps = Vop—IoRp =16 V — (5.6 mA)(2 kD)
=16V —-112V=48Y

(d) VD - VDS =48V

(€) Vo=Vae=-2V

& V=0V

The results clearly confirm the fact that the mathematical and graphical approaches

generate solutions that are quite close.
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-SELF-BIAS CONFIGURATION:

Vi, = IpRs
The current through Rgs is the source current Is, but Is = Ip 20V
and '
r r iikea
T Vs T Yre T 0
and }1:5 = - ‘l";,:ﬂ
or .IF“S - - IHRS ’(’-’55 - R m \
Vo=t ¥
Ves\2 .
In= fass(l - GS)
Vo
=7 1 — ﬂ 2 1 k)
DS, Vp |
2
Ve

Figure 11

Note in this case that Vs is a function of the output current I and not fixed in magnitude
as occurred for the fixed-bias configuration.

Example 2: Determine the following for the network of Fig. 11.

@) Ves,
(b) In,.
() Vps. }
(@ Vs. i
(€) V. Netw
) Vo

I =8mA, Vog=-8V

|
|
|
(@) The gate-to-source voltage is determined b i
Ves = —IpRg I
Choosing I, = —4mA obtained V¢ = —4V |
And plot the line as shown. L L
For Shockley’s equation, if we choose -8 7 -6 -5 -4 -3 -2 -1
Ves =Vp/2 = =3V then I, = Ipss/4 = 2mA
And plot of fig. below will represent the characteristic of the device

VGS=OV,ID=Om.

;GSW)
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from the plot we obtain Vesg =-2.6V

I ()

(b) At the quiescent point: 8
IDQ = 2.6 MA 7
) Vps = Vpp — Ip(Rs + Rp) j
=20V — (2.6 mAX]1 k) + 3.3 k() ,
=20V —11.18V iR
=882V C-point M=~~~ I =26mh
A
N\
(d) Vo= IpRg A A -
= (2.6 mA)X1 k{}) -6 -5 -4 3 i—z -1 0 Fe(V)
=26V Vas, =—26V
(e) Ve=0
) Vo=V +Fo=882V +26V=1142V

Va=Von— IR, =20V — 2.6 mA)(3.3k(}) = 1142V

Home work: Determine the following for the common-gate configuration of Fig.

(4) Vasp-
(b) IDQ- 1’y
(C) VD-
(d) Ve.
(e) Vs. 1.5x0
® Vos.

D It - oV,

G !o_“-lzl“r\
l Vi—- 4V
56 —v,
4801 ()
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VOLTAGE-DIVIDER BIASING:
The network of Fig. 12 is redrawn as shown in Fig. 13 for the dc analysis. Note that all
the capacitors, including the bypass capacitor Cs, have been replaced by an “open-circuit”

equivalent.

¢ ¥op ? ¥op ?¥op

Figure 12 Figure 13

RZVDD

V. =
% Ry +R,

Applying Kirchhoff’s voltage law in the clockwise direction to the indicated loop of

Fig.13 will result in

Ve = Vias = Veg =0
and VGS - VG - VRS
Substituting V= IsRg = In R, we have

Vas = Ve — InRs
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If we select Ip to be 0 mA, we are in essence stating that we are somewhere on the
horizontal axis. The exact location can be determined simply by substituting Ip = 0 mA

and finding the resulting value of Vgg as follows:

Vas = Ve — IpRs K
= Ve — (0 IT]A)RS

"m ml) "l'...'p = PF'-E;

Vs = Vi - Ty

Vas = VG‘ID=O s

Ipe0mA, Fgy = ¥y
___,..-H'

¥r lo e Vi

For the other point, let us now employ the fact that at any point on the vertical axis
Ves =0 V and solve for the resulting value of Ip:

Vas = Vg — InRs

_ Vg
ID_R—S Vo= OV

Increasing values of Rs result in lower quiescent values of I, and more negative values

of Vgs.
The remaining network analysis can be performed in the usual manner. That is,

Vos = Vop — IRy + Rg)

Vo=Vop — IoRp

Ve =IpRs

_y __Vop
mn =l SRR
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Example: Determine the following for the network of Fig. bellow:

(a) IDQ and VG.S‘Q-
(b) Vp. ' ' o+l6V

(€) Vs.
% 21M0

(d) Vs
(€) Voo

r
oV,

0kQ
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{a) For the transfer characteristics, if Jp = Jneod = 8 mA/M = 2 mA, then Voo =
Vpi2 = —4V/2 = —2V. The resulting curve representing Shockley’s equation ap-

pears in Fig. . The network equation is defined by
RoVpp
Vo =—""—
“ R t+R,

Q70 k(A6 V)
21 MO+ 0.27 MO

=182V
and VGS: VG_IDRS
=182V — I(1.5 k€D)

When I, = 0 mA:
Ve = +1.827V

When Ve =0 V:

182V
Io=—2Y — 121 mA
215k

The resulting bias line appears on Fig. bellow with quiescent values of

I, =24 mA
aﬂd VGSQ =—18V
(b) Vp=Vop—IpRp
=16V — 2.4 mA)(2.4 ki})
=1024V
(c) Vo =IsRs = (24 mAX1.5 k(D)
=36V |
|
() Vps = Vop —IpRp + Rg) Ly
=16V — (2.4 mA)(2.4 k( + 1.5 k) (—4) 3 2] -1 o 1 |2z 3
— v Voo =—1.8W Ve=182V
=664V F G (IC;=0mA)
of Vpe=Vy—Ve=1024V — 36V
=664V
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(e) Although seldom requested, the voltage V' can easily be determined using
Voe=Vp— Vg
=1024V - 182V
=842V

Home work: Determine the following for the network of this

) Q V=20V
Figure: Voo
§RD=1.81<Q
(a) Ip, and Vg,
(b) Vps.
(c) V. Ings=9mh
@ Vs. =3V
§RS=1.51<Q
O Fer=—10V

- FET Small-Signal Analysis:

The gate-to-source voltage controls the drain-to-source (channel) current of an FET.
The change in collector current that will result from a change in gate-to-source voltage

can be determined using the transconductance factor g,, in the following manner:

Al =g, AVgs

Solving for g, , we have:

Alp

Ew = &VGS

If we now examine the transfer characteristics of Fig. 14, we find that gm is actually the

slope of the characteristics at the point of operation. That is,

N
5
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Ay _ Al
Ax AVes

Ewm — M

Figure 14

As Vs approaches 0 V, the magnitude of g,, increases.

Example:

Determine the magnitude of z,, tor a JFET with /nee = § mA and Ve = —4 V at the

following dc bias points:
(a} Vas= —0.53 V.
(C) Vgg: 2.5V

In (ma)

7
(@) 2, = Aln o 2 1mA — 3.5 mS
AV e 0.6V 6 r21mb
AT 1.8 mA
(b) g = 2=~ =257 mS ;
AVas 0.7V
4
©) g, = Alp _ LSmA _ o o
ﬁVG.S’ 1.0V 3

Note the decrease in g,, as V. approaches V.

?}GS (V)

=

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

that point.
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AVas opt  @Vas nes Ve

d Vst Vas | d Vs
= Ing 1-— = 2lnsg 1 — 1-—
*d VGSK Ve ) o Ve Jﬁf VGSK Ve

el ] el - 2]

_ dip
opt @V as

e

Vp i VG"S VP i VG"S r VP
and g, = 217.?"_'.335' |—1 _ VGS (
S

Where |Vp| denotes magnitude only to ensure a positive value for g,. The slope of the
transfer curve is a maximum at Vgs = 0 V. Plugging in Vgs = 0 V into above will result in
the following equation for the maximum value of g, for a JFET in which Ipss and Vp have

been specified:

- @{1 _ _0_}
Vel Ve
27
V.
or Ew = gm0|:]- - V_G;j|
Example:

For the JFET having the transfer characteristics of above Example:
(a) Find the maximum value of g,,.
(b) Find the value of g,, at each above operating point and compare with the graphical

results.
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Solution
2lney _ 2(8 mA) _
|VP| 4V

G = gmc.[l - —VGS} =4 mS{l —
Ve

(@) 2o = 4 mS {maximum possible value of g,,)

=3.5mS (versus 3.3 mS
graphically)

—O.SV}

At VGS = _15 V,

Ewm = £m0|:1 — @} =4 mS{l S 1 V} =25mS (versus 2.57 mS
Ve —4v graphically )

At VGS: —2.5 V,

Ew = gmrj|:1 - @} =4 mS{l St V} = 1.5mS (versus 1.5 mS
VE v graphically)

Zm (8]
4 1m5

_ Plot of g, vs. Vs for
a |JFET wath [pee = 8 mA and

Vp=—4V
2 mia

o Vag (V)

A mathematical relationship between g,, and the dc bias current Ip can be derived by
noting that Shockley’s equation can be written in the following form:

o

IDSS

Ew = gmﬂ( - _) = Ewn

&G (5)
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Plot of g, vs. Ip for a JFET with [pss = 8 mA and Vs = —4 V.

-

The plots of clearly reveal that the highest values of g, are obtained when Vs approaches
0 V and Ip its maximum value of Ipss.
On specification sheets, g, is provided as y; where y indicates it is part of an admittance

equivalent circuit. The f signifies forward transfer parameter, and the s reveals that it is

connected to the source terminal. In equation form,

Em = Vg

The input impedance of all commercially available FETs is sufficiently large to assume

that the input terminals approximate an open circuit. In equation form,

Z, (FET) = o {}

The output impedance will typically appear as yos with the units of uS. The parameter yos
Is @ 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.

In equation form,

Z, (FET) = ry= —

Lrhy
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AV
4 AT

For= constant

For Vgs = 0V, a tangent line is drawn and AVps is chosen as 5 V, resulting in a Alp of
 AVps 5V

rg= = =25 kQ
0.2mA. d ATy |yoy  02mA
For Vgs = -2 V, a tangent line is drawn and AVpgs is chosen as 8V, resulting in a Alp of
0.1mA. rd:% = 8V = 80 kﬂ
MD VGS=_2V 0.1 mA
}Ipima)
e . — Vag=0V
- v 4 SAI=0.2 ma
D .
- Voe=—2V
y )\\\ _GS
ATyt V Adp=0.1 ma
L1 L1 10 Ves=AW
S o6 7 8 9 10 11 12 13 14 Fog (V)

- FET AC Equivalent Circuit
The control of 14 by Vg is included as a current source gnVys connected from drain to
source as shown in Fig. 15. 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. The input impedance is represented by the open circuit at the input terminals

and the output impedance by the resistor rq from drain to source.
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G o——0 0 oD

SO - 05
Figure 15
Example;
Given yz = 3.8 mS and y,, = 20 u8, sketch the FET ac equivalent model.
Solution
=y =3.8mS8 and }‘":L: L = 50 k{}
Em Y . o Yos 20 ,U.'.S
resulting in the ac equivalent model of
Jo———o0 0
J’_
v, l, 38% 1037, gmm
oo — =
- fixed-bias

The fixed-bias configuration of Fig.16 includes the coupling capacitors C; and C, that

isolate the dc biasing arrangement from the applied signal and load; they act as short-
circuit equivalents for the ac analysis.

[ In'l
e D /
Vo Vo
- 3w b e 3 g
] Zo
Battery VGG - — Battery VDD
replaced by 5 " replaced by
short short
- - w
Figure 16

112 Professor Dr. Mahmood, 12 March 2019



Z: = KRg

Z, = Rg|lra

If the resistance rq is sufficiently large (at least 10:1) compared to Rp, the approximation

IS: Z, =R,

r=10R,

Av: Solving for V,, we find

Vo = ~Ew Vgs(rd”RD)

but Ves = Vi
Ellld Vo = _gmm(rdHRD)
5o that

Vo
Av = _Vj = _:gm(’vd”RD)

If ry = 10RL:

re=10Fs

The negative sign in the resulting equation for Av clearly reveals a phase shift of 180°
between input and output voltages.

Example:
The fixed-bias configuration of Fig. bellow had an operating point defined by Vgsq=-2 V

and IDQ =5.625 mA, with IDSS =10 mA, 20V
Vp =-8V, and Yos = 40}.18 21«:{2;
(a) Determine gy, (b) Find ry. (c) Determine Z;. C

. . et
(d) Calculate Z,. (e) Determine the voltage gain Av. | f’ll o { o= 10ma
(f) Determine Av ignoring the effects of ry. 7 G
1 ML 5 w7
e %
T
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Solution

o = — 2.5mS
(a) Ewl |VP| SV m
v _
oo = ol 1 — 22 = 25 ms{1 - L2V _ 188 ms
Ve (-8 V)
b) ry= =1 — 5k
Yos 40 uS

(c) Z, = Re = 1 MQ

(d) Z, = Rofry = 2 kY25 k(2 = 1.85 kO

(e) 4, = —g.(R|lr) = —(1.88 mS)(1.85 k{l)
= —3.48

) A, = —2,Rn= —(1.88 mS)2 k) = —3.76
As demonstrated in part (f), a ratio of 25 k{}:2 k{} = 12.5:1 between 7y and R p,
resulted in a difference of 8% in solution.

- JFET SELF-BIAS CONFIGURATION Bypassed RS:
The fixed-bias configuration has the distinct disadvantage of requiring two dc voltage

sources. The self-bias configuration of Fig.17 requires only one dc supply to establish the

desired operating point.

.
XCITDQ X%TDQ %

&
- Rybypassed - Vap
by X, oy

- L - w

Figure 17
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Since the resulting configuration of Fig.17 is the same as appearing in Fig. 16, the
resulting equations Zi, Zo, and Av will be the same.

- Unbypassed RS
If Cs is removed from Fig 17, the resistor Rs will be part of the ac equivalent circuit as
shown in Fig.18. In this case, there is no obvious way to reduce the network to lower its
level of complexity.

e’ D
+ + ‘ , +
?!'-— Vs ‘ G -‘?
¥ §RG — 47 §RD Yo
Ry
IO
_ 5 -
=
Figure 18
ZE = RG o _Vg _ JTDRD
? j;: Fp=0% Io
R
t ]. + ngS + D
Ta
Again, if 7, = 10(R, + R,
AV _ Vo _ ngD
Vi 1 + gwhs

r=10(R, + R
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- JFET VOLTAGE-DIVIDER CONFIGURATION:
The popular voltage-divider configuration for BJTs can also be applied to JFETs as

demonstrated in Fig. 12. Substituting the ac equivalent model for the JFET will result in

the configuration of Fig. 19.

f—

Vz’ . ¢ O o
.
ZO
s §ﬂf gﬁﬂ
L 2 L 2

= = _-l-

Figure 19
Z{- = R1||R2
Z,: Setting V, = 0V will set V; and g,V to zero and
Zo = 7dRp
For r,; = 10Rp,
Z,= Ry
F=10R0
Vg = 7,
and Vo= ~&n Vgs(’"d”R.D}
_ mV n
so that A, = Vo _ —2nVesdllRo)
v, Vs
Vo
and Av=2= —&n{7d|Rp)

It re = 10R L,

¥
A, = 2= —g.R
% EmitD

£

re=10Rs

Note that the equations for Zo and Av are the same as obtained for the fixed-bias and self
bias (with bypassed Rs) configurations. The only difference is the equation for Zi, which

IS now sensitive to the parallel combination of R; and R,.
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Operational Amplifiers

- Introduction:
An operational amplifier, or op-amp, is a very high gain differential amplifier with

high input impedance and low output impedance. An op-amp contains a number of
differential amplifier stages to achieve a very high voltage gain. As shown in Fig. 1 each
input results in either the same or an opposite polarity (or phase) output, depending on

whether the signal is applied to the plus (+) or the minus (-) input.

Isverting mput

Op-amp ———— Output

Nosanverting input o

Figure 1

The ac equivalent circuit of the op-amp is shown in Fig.2
R

o

y —— AN

Va & % Az ¥y % AgVa

N
N

@ (®)

Figure2: Ac equivalent of op-amp circuit: (a) practical; (b) ideal.
- Basic Op-Amp
- Inverting Amplifire:

The basic circuit connection using an op-amp is shown in Fig. 3. The circuit shown

provides operation as a constant-gain multiplier. An input signal, W
V3, is applied through resistor R; to the minus input. =

The output is then connected back to the same +w O
minus input through resistor Ry. The plus input is f

connected to ground. Figure 3
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Fig. 4: shows the op-amp replaced by its ac equivalent circuit.

A e wa e S
Ry R’y
& £,
lIII-I Al il | Al vg '|.l'I %— ‘I'J m - ﬂ.i’r - ‘l'_,
¥, %R, Ny ALY
+ .
| - i

w
i el

Figure 4: Operation of op-amp as constant-gain multiplier: (a) op-amp ac equivalent circuit; (b) ideal op-
amp equivalent circuit.
Using superposition, and solve for Vi:
For source Vi only (-A, V; set to zero):
v, =—T _y
“T R +R

For source -A, V; only (V; set to zero):
R,

Vi, =
2 Ry +Rf

(=Av Vi)
The total voltage V; is then:

V.=V, +V, = Ry v Av Vi
TR T e SRR R1+Rf( vV

Which can be solved for V; as

Ry
= 14
If Av > 1 and AvR; > Ry, as is usually true, then:
Ry
Vi =
AVR,

Vi

Vi
Solving for V, /V;, we get:

V; V,  V,AvR, ViR,
So that:
Vo —Ry
Vi Ry

The result, in that last equation, shows that the ratio of overall output to input voltage is
dependent only on the values of resistors R; and R; —provided that A, is very large.
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- Noninverting Amplifier:
The connection of Fig. 5 shows an op-amp circuit that works as a noninverting
amplifier or constant-gain multiplier. It should be noted that the inverting amplifier

connection is more widely used because it has better frequency stability.

ne— +

Rr
Op-amp ——— ¥V, = 1+?1 n

NN
By

Figure 5

Ry

V=
Ry + Ry

Vo

which results in

[ R1+Rf 1+ Rf

1 Ry Ry

The unity-follower circuit, and that the output is the same polarity and magnitude as the
input. The circuit operates like an emitter- or source-follower circuit except that the gain
Is exactly unity.

- Summing Amplifier:

Probably the most used of the op-amp circuits is the summing amplifier circuit shown
in Fig. 6. The circuit shows a three-input summing amplifier circuit, which provides a

means of algebraically summing (adding) three voltages, each multiplied by a constant-

) R R K
gain factor. 7, = _(_f v+ i v, + icd Vg)
£y Hy Rs
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> I | l
+ -
Figure 6
Example:

Calculate the output voltage of an op-amp summing amplifier for the following sets of

voltages and resistors. Use R; =1 MQ in all cases.

(@) Vi=+1V, V=42V, Vs= +3V, R, = 500k{}, B, = 1 M{}, Rz = 1 M{}.
(b) V)= -2V, Vo= +3V, V3= +1V, R =200k{}, B; = 500 k{}, Ry = 1 M.

—

r 1000 k{} 1000 k{} 1000 k{} 1
{a) V,= | ——(+1V) + +2V)i+ ———(+3V)
| 500 k{} 1000 k{} 1000 k{} ]
=—[2(1V)+1(2V)+ 1(3V)]=-7V
r 1000 k{} 1000 k{} 1000 k{} T
by V,= | ———(—-2V) + IV + ——{(+1 V)
| 200 k{} 500 k{} 1000 k{}

= —[5(—2V)+2B3V)+ 11 V)] = +3V

- Integrator:
So far, the input and feedback components have been resistors. If the feedback
component used is a capacitor, as shown in Fig. 7a, the resulting connection is called an
integrator. The virtual-ground equivalent circuit (Fig. 7b) shows that an expression for
the voltage between input and output can be derived in terms of the current I, from input
to output. Recall that virtual ground means that we can consider the voltage at the
junction of R and XC to be ground (since Vi = 0 V) but that no current goes into ground at

that point.

v.(t) = _EIE J vi(t) dt
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The above equation shows that the output is the integral of the input, with an inversion
and scale multiplier of 1/RC.

FIEE

C R K"f
AN
v, —N?\,—A————— I — —_—
/ i
Opamp  ——— V. ¥y V=0V V,
[’ ] v
] b}

Figure 7

- Differentiator

A differentiator circuit is shown in Fig. 8. The resulting relation for the circuit being

v (t =
ity e ) wo—H

Figure 8
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