7.5 MOSFET [5]

Recall that the reverse bias of the gate is varied to deplete the channel in
JFETS. This type of operation is called depletion-mode operation. A depletion-type
device is a device that uses an input voltage to reduce the size of the channel to
control the amount of current. An enhancement-type device is a device that uses an
input voltage to increase the size of the channel to control the amount of current.
JFETs can operate only in depletion mode. There are two types of MOSFETS:
depletion-type MOSFETs or D-MOSFETS, and enhancement-type MOSFETS, or
E-MOSFETs. There are two types of channel: n-channel and p-channel. We will
use the n-channel MOSFETS to describe the basic operation, as shown in Figure
7.29, and 7.30. The p-channel MOSFETS is the same, except the voltage polarities
are opposite those of the n-channel.

Crrain

ietal — M

Gate I: F Substrate

Insulatan 5i0
) ‘ % BBulk or Substrate)

Source

Figure 7.29 N-Channel depletion-type MOSFET

Here,
e The channel already exists.

e An input voltage to the gate will increase or decrease the channel size.
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Gate F ]—C Substrate
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Insulaton Si0-) J I"-_. B
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Lo

g

Figure 7.30 N-Channel enhancement-type MOSFET(NMOS)

Here,
e The device has no channel.

e An input voltage to the gate will form a channel.

7.6 Depletion MOSFET (D-MOSFET) [5]

The first type of MOSFET is the depletion MOSFET (D-MOSFET), and
Figure 7.31 illustrates its basic structure. The drain and source are diffused into the
substrate material and then connected by a narrow channel adjacent to the insulated
gate. Both n-channel and p-channel devices are shown in the figure. We will use
the n-channel device to describe the basic operation. The p-channel operation is the
same, except the voltage polarities are opposite those of the n-channel.
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|i||—ll-
|EI'—I-

substrate

Figure 7.31 Representation of the basic structure of D-MOSFETS. [5]

The D-MOSFET can be operated in either of two modes—the depletion
mode or the enhancement mode — and is sometimes called a
depletion/enhancement MOSFET. Since the gate is insulated from the channel,
either a positive or a negative gate voltage can be applied. The n-channel MOSFET
operates in the depletion mode when a negative gate-to-source voltage is applied
and in the enhancement mode when a positive gate-to-source voltage is applied.
These devices are generally operated in the depletion mode.

Depletion Mode:

Visualize the gate as one plate of a parallel-plate capacitor and the channel
as the other plate. The silicon dioxide insulating layer is the dielectric. With a
negative gate voltage, the negative charges on the gate repel conduction electrons
from the channel, leaving positive ions in their place. Thereby, the n channel is
depleted of some of its electrons, thus decreasing the channel conductivity. The
greater the negative voltage on the gate, the greater the depletion of n-channel
electrons. At a sufficiently negative gate-to-source voltage, Ves(fr), the channel is
totally depleted and the drain current is zero. This depletion mode is illustrated in
Figure 7.32 (a). Like the n-channel JFET, the n-channel D-MOSFET conducts
drain current for gate-to-source voltages between Vgsff) and zero. In addition, the
D-MOSFET conducts for values of Vgsabove zero.
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Enhancement Mode:

With a positive gate voltage, more conduction electrons are attracted into
the channel, thus increasing (enhancing) the channel conductivity, as illustrated in
Figure 7.32 (b).

L

GG
=

v -

il ‘.

M|

(a) Depletion mode: Vg negative and less than Viggm (b} Enhancement mode: Vg positive

Figure 7.32 Operation of n-channel D-MOSFET. [5]

D-MOSFET Symbols:

The schematic symbols for both the n-channel and the p channel depletion
MOSFETs are shown in Figure 7.33. The substrate, indicated by the arrow, is
normally (but not always) connected internally to the source.

[¥rain Drain

Source Source

n channel p channel

Figure 7.33 D-MOSFET schematic symbols. [5]

301 |Page



D-MOSFET Transfer Characteristic:

The D-MOSFET has the same transconductance curve and equation as the

JFET.
lD
&
Depletion Enhancerment
IEI {lﬂﬁ |EI > |EI$
|D$
V
_ GE 2
-~ = Voo ID o IDSS(I'V )
Yo om G5l off)

Figure 7.34 Transconductance curve of D-MOSFET.

Example 11: For a certain D-MOSFET, Ipss = 10 mA and Vgsermy = — 8 V.
(a) Calculate Ip at Vgs =— 3 V. (b) Calculate Ip at Vgs = +3 V.

Solution:
The device has a negative Vgs(orr; therefore, it is an n-channel D-MOSFET.

(E,:l at VGS = -3V

2 2
I, = Im{l— Vos J =(10 m)[l— (ﬂﬂ =3.91mA
65(ef) —8V

(b} at VGS =43V

2 2

v, 3V

ID=IDM[1— 2l J =(1nm){1—[—ﬂ =18.9 mA
v, —gV
&5laf )
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/TL 3.91mA
vGS —=

n-channel D-MOSFET

<,
fia
[F5]
—
21
5
1
L
-
Lid
',.-4

Figure 7.35 For Example 11.

Example 12: For a certain D-MOSFET, lpss = 18 mA and Vs =
(@) Is this an n-channel or p-channel? (b) Calculate Ip at Vgs = +4
(c) Calculate Ip at Vgs =-4 V.

Solution:

(a) The device has a positive Vgserr). Therefore, it is a p-channel D-MOSFET.
(b} at VGS = +4V

2 2
v, 4V
I, =ID5{1— G J =(18 m){l—(—ﬂ = 6.48 mA
v, 10V
G5laf )

¢) at Vgg = -4V
(c) at Vg

4 2
V, —4V
ID=IM[1— el ] =(1Em){1—[—ﬂ = 35.28 mA

Gslaf ] 10V
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7.7 D-MOSFET Biasing Circuits [2]

Recall that D-MOSFETS can be operated with either positive or negative
values of Vgs. A simple bias method is to set Vgs = 0 V. A MOSFET with zero
bias is shown is Figure 7.36.

+Vop

.[}—o 0

Figure 7.36 A zero-biased D-MOSFET. [2]

The drain-to-source voltage is expressed as:

Vps = Vpp — IpssRp

Example 13: Determine the drain-to-source in the circuit of figure 19. Assume
VGS(Off) =-8 V, IDSS =12 mA, VDD =18 V, RD =620 Q and RG =10 M Q.

Solution:

Vs =Vop —{psseflp
=18- {12 mA)(620 Q)
=10.56V
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7.8 Enhancement MOSFET (E-MOSFET) [5]

The E-MOSFET operates only in the enhancement mode and has no
depletion mode. It differs in construction from the D-MOSFET in that it has no
structural channel. Notice in Figure 7.37(a) that the substrate extends completely to
the SiO; layer. For an n-channel device, a positive gate voltage above a threshold
value induces a channel by creating a thin layer of negative charges in the substrate
region adjacent to the SiO; layer, as shown in Figure 7.37(b). The conductivity of
the channel is enhanced by increasing the gate-to-source voltage and thus pulling
more electrons into the channel area. For any gate voltage below the threshold
value, there is no channel.

. My
Drain )
.l
o ”:[ n . n
S0, T— Induced

. - channel , Ei
. +
Gate E—)| | p substrate - __—__ 1"|:,|:,
n ) I "
Vi =

Source

_ = —
o)

(a) Basic construction (b) Induced channel (Vg > Voge

Figure 7.37 The basic E-MOSFET construction and operation (n-channel). [5]

The schematic symbols for the n-channel and p-channel E-MOSFETS are
shown in Figure 7.38. The broken lines symbolize the absence of a physical
channel. An inward-pointing substrate arrow is for n channel, and an outward-
pointing arrow is for p channel.

Drain [Drain

Source Source

n channel pehannel  Eigure 7.38 E-MOSFET symbols. [5]

17 L
S
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E-MOSFET Transfer Characteristic:

The E-MOSFET uses only channel enhancement. Therefore, an n-channel
device requires a positive gate-to-source voltage, and a p-channel device requires a
negative gate-to-source voltage. Figure 7.39 shows the general transfer
characteristic curves for both types of E-MOSFETSs. As you can see, there is no
drain current when Vgs = 0. Therefore, the E-MOSFET does not have a significant
Ipbss parameter, as do the JFET and the D-MOSFET. Notice also that there is
ideally no drain current until Vgs reaches a certain nonzero value called the
threshold voltage, Vesn).

In Ip

-

ry ",
& %,

/ \\\.\

= - - o
01 Vosmm Vg Vg Vosm 10
(a) n channel (b} p channel

Figure 7.39 E-MOSFET general transfer characteristic curves. [5]

The value of I at a given value of Vgs, can be determined by
2
Ip= k(VGS - VGS(rh))

iy D [.:m)

where k=
(Ves (or) — Vs (en) )2
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Example 14: For a 2N7008 E-MOSFET with Ipen = 500 mA at Vgsen = 10 V
and Ves(n) = 1 V. Determine the drain current for Vgs =5 V.
Solution:

p— ID(M:, S500mA

— — 6.1 7mA/V?
(Ve.s'(on) — Vst 3)2 Qov-1vy

Next, using the value of k, calculate Ip for Vgs = 5V

Iy = kYo Vs = (6.17mA/VE NSV -1V =98.7mA

Ip
[ 3
(10 'V, 500 mA)
(Vasiom-Ingom)
08 TmA F———————- .
h | | = Vs

Vosm =1V 5V

Figure 7.40 For Example 14.

7.9 E-MOSFET Biasing Circuits [5]

Recall that D-MOSFETs must have a Vs greater than the threshold value,
Ves(th), SO zero bias cannot be used. Figure 7.41 shows voltage-divider bias circuit
of an E-MOSFET. In the voltage-divider, the purpose is to make the gate voltage
more positive than the source by an amount exceeding Vesn). Equations for the
analysis of the voltage-divider bias become:

R
VGS - ( : JVDD> V_DS - V.DD —1 DRD
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+Vbp

Figure 7.41 Voltage-divider bias of n-channel E-MOSFET. [5]

Figure 7.42 shows drain-feedback bias circuit of an n-channel E-
MOSFET. In the drain-feedback bias circuit, the purpose is also to make the gate
voltage more positive than the source by an amount exceeding Vgsny. In the drain-
feedback bias circuit, there is a negligible gate current and, therefore, no voltage
drop across Rg. This makes Vgs = Vps

<+ VDD
O

:.

L

Figure 7.42 Drain-feedback bias of n-channel E-MOSFET. [5]
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Example 15: Determine Vgs and Vps for the E-MOSFET circuit. Assume this
MOSFET has Ipen = 200 mA at Vgs =4 V and Vesimy) = 2 V.

Vbp
+24 V
O

Rp
200

Figure 7.43 For Example 15. [5]

Solution:

y, = VDD=[ 15 k£ }-czatv
R +R, 15 k2 +100 kQ

=313V
e ID[M] _ 200mA

= 50 mA/V*
(VGSI:GH:I - VGS]:!FE)F (4 V-1 "'i\f)z

Iy = k{Vgs — Vg f = (50 mAv2)3.13 V-2 V) = 63.8mA

Vs = Vop — TpRp = 24—(63.8mA )(2000)
=11.2V

Therefore, Q-pointis at Ip = 63.8 mA and Vgs =3.13 V.

309|Page



Example 16: Determine the amount of drain current for the circuit shown in
Figure 7.44. The MOSFET has a Vgsi) =3 V.

Vob

Figure 7.44 For Example 16. [5]

Solution:

The meter indicates Voo = 8.5V
HEI’E, VDS = VGS =85V

Therefore

Vip—Vps 15-85V

T =
o R, 4.7 kQ

=1.38 mA
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(b} Cross-sectional view

Fig. 4.8 Physical structurs of enhancementtype n-channel MOSFET
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colid~ ricld effect Transistors
62 operatlon of MOSFET
46.

vith no bias voltage applied between g
|
£ is no passage for charge partic|

ate and source, no drain current can flow

es to flow frg
here . m source to drain. Hepee
% is called Normally OFF devi , . . »
WOSFET 18 Lallti , “i‘ Ry @ when a voltage Vis is applied. In this
Jition. the resistance of the path between the drain
(O

and source is extremely high,
he current between drain and

€rs, is to be created by the
urce.

i order of 107 Q. To make this device conduct |
@ra‘, 5 channel for the flow of free charge carri
’T ?hca!i(’" of proper D.C. voltage between gate and <o

we have scen that between the gate,
VOSFET, which is a semiconductor: the
] flel-plate capacitor.

a conducting electrode, and the bady of

¢ 15 an insulator due to S10;. This forms a

pard
: £ (Area)
itance of parallel-plate capacitor =
e i g width
Then
for oxide capacitance,
C - c(Area)
tox
where tsx = thickness of oxide coating

Denoting the gate-oxide capacitance per unit area by C,.; we have

£ g s s .
Cor 1= = where ¢ is the permittivity of the insulator used.
ox

Relative permitivity, ¢, of SiO, is 3.9.
Then

£ = £€,=35x8854 x10 2 F/m
If the thickness of SiO, layer is 10 nm; then

3.9x 8.854 x10-12
Coo = F/m?
10x10-° ( )

Cox = 3453 x 1072 (F/m})

Il
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’ ~~. 1wl Depletio
____________ “ n-channgl soEEy _* regionn
; ptypesubsirate -\ i
i P-yp leima i
o\ '
Begining of pinch-off

(c) Channel induction with increased Vs

Fig. 4.9 (c)

Jectrons can go from source to drain through this layer ana thus the drain current
fows when the drain is made positive with respect to the source. As the channel is
formed by the negatively charged electrons, the device is known as n-channel
MOSFET. The threshold voltage for this device, Vy, is positive. The value of Vy, is
«antrolled when the device is fabricated.

The magnitude of the drain current, ip, depends upon the concentration of
dectrons in the channel which is determined by the magnitude of the voltage Vs

When Vg = Vqp,, the channel is just induced and the drain current just starts to
flow. As Vg exceeds, Vj,, more electrons are attracted into the channel and_the drain
arrent increases. Thus the current ip is proportional to [Vgs - Vo, when Vpg
applied is small. The Fig. 4.10, shows a graph of ip versus Vpg for various values of
Vs |
is small, the MOSFET operates as a linear resistance
lue reduces as Vs exceeds Vin

ted in order to make MOSFET conduct.
-the channel enhances, hence

It is seen that, when Vpg
Whosg value is dependent on Vgg. Its va

Thus we see that, a channel has to be crea
When Vs is increased above the threshold voltage Vihe

e device is called enhancement type MOSFET. | " »
Now |t us study the situation as Vps is increased. To study this, we will asst

th, , _
Ve is kept constant at a value greater than Vtn
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W ¥
ip (MA) &

0.4 = Ves =V 42y

0.3 Ves.= Vyy + 15y

0.2 - Ves = Vqp + 1y
0.1 Ves = Vyp 405y
— Vas <V,
| ; ' ™ . . ‘ .

Fig. 410 The ip Vs Vg characteristics of the MOSFET

As we go from source to drain, the voltage (measured wrt. source)
0 to Vpg. Due to this, channel does not have uniform depth; but the channel begome

tapered, as shown in the Fig. 4.9 (). As Vps is increased, the channel tapers more ang
more. The drain current can no more increase with

volt ampere characteristic is shown in Fig. 4.11.

Increases frop,

Vbs but becomes constant. The

o

i

Saturation——
Vbs 2 Vgs -V,

Curve bends because —
the channel resistance
increases with VDS

Vbs < Vgg -V

— Current saturates because the
channel is pinched off at the
drain end, and Vpg no longer

affects the channel.
Almost a straight line
with slope proportional

Veas >V
to (Vgg -Vqp) GS~ "Th

~—Triode— =]

|
h
1
]
I
!
|
|
|
|
]
]
]
]
I
I
I
I
!
|
|

Vps
Vbs sat = Vgs - Vn

Fig. 4.1 iy versus Vps characteristics
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' 'S cirect Iransistors

The -V characteristic is seen to be divided into two regions Triode re
.l_ I 3 Jg

qtion 1€SIOTH

e voltage Vps at which saturation occurs s denoted by Vbsg, and

ion and

atu!

| T
Vbssat = Vas — Vmy,

Vo5 1 less than (Vgg — Vi), device Operates in triode region, where ip changes

with Vos:

when Vps 18 equal to or greater than (Vgs = Vpy), de

| Vice enters saturation region
ains practically constant,

where iy eI

164 Relationship between iy and Vv

The mathematical equation for the above -V characteristic is;

., W 1 '

ip = ki T[(VGS -~ V1h)Vps =5 VI%SJ (Triode region) (1)

. 1., W S

ip = 5 k' T(VGS — VTh)? (saturation region) ...(2)
Here , . n = Hn Cox

where p,, 1s the mobility of the electrons in the channel and C_, is oxide
capacitance per unit area. k}; has the dimensions of A/V? Its value is determined by

the process technology used to fabricate the n-channel MOSFET. It is also called the
process transconductance parameter.

Equation (1) and (2) indicate that the drain current is proportional to the ratio of

the channel width W to the channel length L. This ratio is called aspect ratio of the
MOSFET.

The conductance of the channel is proportional to the excess gate voltage,
[VGS“VTh], also called the effective voltage or the overdrive voltage. The current ip
5 controlled by this overdrive voltage.
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4.6.5 The p-Channel MOSFET

The p-channel enhancement-type MOSFET (PMOS) uses N-type sub
the drain and the source p regions. The principle of operation of thjg diegie With bog,
that of the n-channel device, the only difference being that for PMOS Ve 'S Samy :
also V. In this device, the drain current enters the I

Strate .

are negative, so
and leaves out from the drain.

NMOS devices are most widely used than PMOS for the following reason
5

1) NMOS devices can be made smaller, thus reducing IC chip size.

e,

2) NMOS devices operate faster. » .

3) NMOS devices require smaller supply Voltége.
However PMOS devices are to be studied as '

1) They are still used in discrete circuit design.

2) Both PMOS and NMOS transistors are used in complementary MOS o
CMOS circuits.
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=
o il Voltage Charactaristics

o Drain

The  circuit symbol  for  the  n-chansel

3oyl
= Body Quhnnmnurnf type MOGEET i shawn in the
o— —o(®) Fig, 4,12,
Galc

The gate, insulated from the body of the
device s reflected  in the symbol.  The
arrowhead is on the line showing the body or
Fig. 412 substrate electrode, For the n-channel device,
this arrowhead is inwards,

@ Another  symbol used  for  n-channel
MOSFET has arrowhead on  the source
terminal, as shown in the Fig. 4.13.

@ ) This arrowhead indicates the conventional
direction of the drain current flow in the
device, which is from drain to source.

Fig. 4.13

74 The ip - Vp, Characteristics

The Fig. 4.14 shows an n-channel enhancement type MOSFET to which DC
oltages Vs and Vg are applied. The static ip - Vps characteristics are shown,
hich form a set of curves plotted keeping Vs constant for each curve.

]

]

i I
Triode___!,__ Saturation region

- — P
£ feglon ‘| VGS = VTh +72
} Vs =V * 1
ID v
lasp +
= Vbs '
R l:) - ~Vgg = Vi 7 0.5
VGS ‘ L1
l ig = 1p N > Vps
Vgs <V
: Vs Vg characteristics
(a) Circuit (b) Ip P&
‘. 215 Fig. 4.14
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‘q||sia rr/
’ N V ([ " . v .. tQ
— - ol . cutoff region, tiad.. n ||
. ided in three regions do ngiQ |
The characteristic is divic ) 3 ,‘
nation Fes d as an amplifier, it operates In saturation rcgi(-,n '
» SFET is ; ISC e a1 - H w. * ()
If MOSFET is to be t rated in cutoff and triode regions my, ﬁ
' 'k switch, it is Opere '
it work as a switch, J,’
CF 1 |
/‘D The device cuts off if | |
= Vgs < Vi
| : eoion i tained when |
@ The operation/in triode region is obt: :
N
Vps < Vgs— Vn
ion/i ation region is obtained when
@ The operation/in saturation regio
- 5 IS —
| | Vg 2 Vm ‘
and ‘K —
\ > Ve -V
| Vs Gs ~ VTh ) |
\—_’_ . . . . . . :
The boundary between the triode region and the saturation ITEgIOn is CharaCtEriZed }
by

Vps = Vgs = Vyy,
In saturation, the drain current is independent of the draj
controlled by the gate voltage Vg, as given by the equation.

. 1., W
Ip = E nT[VGS—VTh]2

N voltage Vis ang ?

Thus in saturation, MOSFET is basically a square-law device.

As in saturation region, the drain current is nearl
ideal constant current source. Therefore

saturation is as shown in the Fig. 4.15.

Yy constant, hence it behaves as an

, an equivalent circuit for MOSFET operating in

-4—-iD
O_TG =0 "'—a - —?— @
1. W 2
Vs 25T NVesVml vy
C — -
Vos 2 Vg, Vbs 2 Vgg ~ Vi, S
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1aracteristics of the p-Channe| MOSFET

|
Y. 6 OSFET, the —-—
A'Tqimil”r to Nl\l\;[loqrr'r’ql L1 WO circuit  symbols used
. . h ) s <4 :' C -e S ]OW . *. hy ¢ ‘(
ement type N in Fig. 416, or the P-charne

©

Fig. 4.16 -

For the normal operation, polarities of the voltages Vg and Vpg to be applied are
| also shown. For the p-channel MOSFET, the threshold voltage Vp, is negative. To
| iduce the channel in order that the drain current will flow in the device, we have to

| apply a gate voltage which is more negative than Vry,

Vs £V (in'duced channel)

and apply a drain voltage which is more negative than the source voltage.

Similar to NMOS transistor, the p
i regions of operation : cutoff region, triode region,

-channel MOSFET characteristics reveal three
and saturation region.
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Slinel | ) ~Jety,,
Cutoff region is oblained when Vg applied is less negatiye than y, a”tiu
_[ "

For operation in Iriode region;
Ve 2 Vas = Vi
Then the current iy in triode region is given by

i l -
K v\l/v (Vas = Virn)Vis 3 V,Z)SJ

il}ﬂ

Fere Kp o= 1 Cox
where My is the mobility of the holes.
To operate in saturation,
Vs € Vgs = Vi
and
the currcht’ ip is given by
ip = %k,p % [Vgs - Van)’

4.7.3 Channel Length Modulation

The Fig. 4.17 shows induced channel at different levels of Vps. In the figure &,
thickness of the induced channel layer qualitatively indicates the relative chm
density. In Fig. 4.17 (a), applied Vpg is small and for this case the relative cha:;e
density is constant along the entire channel length. The Fig. 4.17 (b) shows #
.- situation when Vpg increases. As the drain voltage increases, the voltage drop acs
the oxide near the drain terminal decreases, which Theans—fhat the induiced inversir
Chargg density near the drain also decreases. The incremental conductance of

channel at the drain then decreases, which causes the slope of the Ip versus i
curve to decrease. This effect is shown in the Ip versus curve in the figure.

As Vpg increases to the point where the potential difference across the oxide 'il
the drain terminal is equal to Vry, the induced inversion charge density at the dml:
terminal is zero. This is illustrated in Fig. 4.17 (c). When Vps becomes larger :”
vDS(sal): the point in the channel at which the-inversion charge is just zero ~rn:])m?(
towards the source terminal. In this case, electrons enter the channel at the
 travel through the channel towards the drain, and then at the point wher¢ h b

i
5 5 - . ot D)
goes to zero, are Injected into the depletion region, where they ar¢ el
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Channel inversion
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(b) Larger Vpg value
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4.10 MOSFET as an amplifier

, non-linear device [square-law df‘-‘Vice], .
v ‘

\Ta) e ' ! . l .

lo use pmp.u DC b.lasmg SO that h“(‘a,

V... and the corresponding drain current- Iy Th ®Vic,

yropriale Vs ¢ ' 5 ity - o

gt lified, Voo 18 superimposed on DCbias Vg Whep o e
amp ’ i , ol , ] ) S

| ! COMUES pmpmlmnal to vy, This assureg i Igng)

As the NMOSEET is pasicall

. b
) such a device, we have

amplitication fron
pperates alan a}

sipnal voltage to be

iy be
v i “\Hh\“” llll‘ \,ﬂl.l-l\ql)()l\k“n\l', I eari[y
s '
mn ‘]n”\lili\‘.]llﬂll. ' . R 18 g
he Fip. h31 shows the circuit diagram of the most practically ygeq MOSFE
Ihe My 4310 S ' TP - T
TS «n [CS] amplificr.
wplifier, viz the common-souree [CS] am]
Ip
\ e}
. t=<— Saturation
<—Tr|ode—>:
Y
DD
Rp
Load line ’
Slope = =
Ro Ves
I Q
Da
|
|
|
RN
Vbsq Voo Vbs = Vou

Fig. 4.31

Here, the input is applied between the gate and source and the output is taken

between the drain and source. Thus, the source is common between the input and
output.
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: b
" Vl)” = ll') l\[) |- VDS

Vs = Vout < VDD = i[‘_} RD

f : -1 Vpp
L Ip = l}R_[—J-:' Vout + Ti_[)—

. pepresents a straight line on in - isti
N qation ; g the ip ~ vpg characteristics. The line has

;L hence it is known as the load line.
peoP¢ | Rp

[0 operate _MOSF_ET as an an?plifier' it'is operated in its saturation region of
.mmctt’fisucs' The quncscefﬁ' operating point ] selected to be preferably, the mid-point
:\( e load line: The co-mdl.nates of the Q-.pomt are [Vpgq Ipgl The small signal to
e ampliﬁCd is then SLl.pGl'ln]pOS('Ed on this DC quiescent operating point, Q. The
qalting output voltage is proportional to the input signal.

1{1 Biasing in MOS Amplifier Circuits

As seen in previous section, to use MOSFET as an linear amplifier, it should
genate in saturation region which is ensured by DC operating quiescent point.

;.4:11.1 Biasing by Fixing Vgs

The most simple way to bias a MOSFET is to fix its gate-to-source voltage Vg as
nquired by the set quiescent operating point. This required DC Vg can be obtained
m another suitable DC voltage available in the system, or alternately it can be
deived from the power supply voltage Vpp using an appropriate resistive voltage
vider. However, these methods of biasing are not practically suitable to stabilize the
"Miating point. The reason is as follows :

In saturation region,

1 W 2
ID = 5 [pn Cox] [T) [VGS - VTh]
ThLlS \V

aSPL‘ct T

alues of the threshold voltage, Vi the oxide capacitance Cox the transistor

W . : iz d type. This is
atip —L . he devices of the same SIZ€ and typ
- [ vary widely among t ) t,h f t

N as unip- : o . . ic replaced by another of same type,
- -lo-u arie ) f one device 15 rep
\ piigAsiation. S0 the fixed DC Vgs used. Further,

ake the quiescent drain current Ip

¥ See ‘
hal d device may not be biased properly by

ley erTh d pn depend on temperature which m
Uture depend ent.
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Device 2 Device 1

Fig. 4.32

-

o S llan |
N , Sigtr# ]
The_ Fig. 4.32 clanheb thy |

-~ 1S at
value of Vg is not 3 good tecl h“ﬂ

biasing. Iy, 9
In the figure, two
characteristics, iy - "ﬂn\f&r

g\l f\l'Q 5h
the two devices of the Same e 0 f,

' & ko
that a fixed value of Vas will have ‘

W
drain CUrreyy lo
ﬂnd ID:‘ ]

substantially different

4.11.2 Biasing by Fixing Vg and Connecting a Resistance in the Sourgg

Terminal

Voo Voo

Fig. 4.33

Device 2 Device 1

* Vgs

Fig. 4.34 Effect of biasing circuit

A practically better biasing Ciroyt
for discrete MOSFET circuits, shown i,
the Fig. .34, consists of fixing the pe
voltage at the gate, Vi s say by using 3
potential divider and connecting
resistance Rg in the source lead. For this
circuit, we can write

VG = V(;S + ID Rs ...(1)

The resistor Rq stabilizes the
quiescent operating point Q, viz. Ipg
Let us see how. Suppose Ip increases
the voltage drop I,Rg will accordingly
increase. But as V; is constant, Vcs has
to decrease proportionately. This
turn  decreases I, nullifying e
increase that has occured. Thus Ip
stabilized.

The Fig. 4.34 clearly indicales fh
effectiveness of this biasing circuit {
figure shows ip = Vgs haractenshcfc’
two devices of the same type ﬂﬂdd b
number. A straight-line repre nt: &
the equation (1) is drawn © "
characteristics. This line <Y uts °
characteristics at Q; and Qx

il
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) qf;’m,’,vi ML IR SRR} = 1o § lranﬁisws
> saed bias crcuit, here the o

ANge in Iy is much sm

- POCOMES MOTe honmma! and c¢h ller. 1f Ry is made

. anges in |
2 )y are g :
. ot D¢ till reduced and more

Vs Fg. 433 shows a circuit using  one
’\\\?er . & 7 L »
st\ supply - Vi, and derives i

L - "

1 Cessary V. through a voltage divide:

Rai- Rel As gate current is nearly zero,

R\L_afﬂ R«* are selected in MQ) range. Th,g

assures 76 INDUET rercicha e
es ;]BTQL mpul resistance to the signal

source that may be connected to the gate.

to thp D‘Bte.
The resistor Rp is selected to be reasonably

@ large to get high voltage gain and at the

_ same time, }\ee~ pl‘ntr “OSFET B ssturation
' S r all tmes. = A V———
t SRs fo

R
‘=

1

e e mon,

{ > The biasing scheme suitable for the
v —" arcuit using dual power supply is shown in

As the gate current is zero, the gate

v
F

[
B
L
]

£y
A
‘:L(
-
|-
i
[z
-
7
:
o
g-
<
9_
&
asg
(o
7

Vi = IpRs— Vas

-~ presents 2 mcn input resistance to a signal source w hich will be
wmees &0 the gate for the signal amplification.
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Vas = Vps =Vpp - Ip Rp
VDD - VCS + ID RD

1l Ip Increases, Ip
rdingly.

. giasing with a Drain-to-Gate Feedback Resistor

Yet another effective method of
biasing a discrete MOSFET circuit is to
use a feedback resistor between the.

drain and the gate, as shown in
Fig. 4.37.

The feedback resistor, Re used is
quite large, usually in the MQ range.
Since the gate current I = 0, the
drain and the gate are at same
potential for DC purposes. Hence

Rp will also increase. But as Vpp is constant Vs decreases
This reduces I and stabilizes the drain current.
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4.11.4 Biasing with a Constant-Current Source

Biasine a MOSFET circuit using a constant-current source IS mogy

asing S

MOSFETs used in Integrated circuits. The circuit commonly yseq j sh
- b OH,I

. -
Fig. 4.39.
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FoouSv
. "M +Vpp
| 2R
IReF
l | =0 —= ‘
Iny lb2
Q1< H— Q,
Vas
—Vss
Fig. 4.39

The transistor Q, has its drain shorted to gate and so it is opérating in saturation

1., W
Im = Ekn[—L—il [Vas - Vil g
: v
: TRee= (] Sl
Since gate current is zero; Ro v
Voo - Vs - (- Vp= Vas 7 V85

Lo = Ipy = 22 Gs —(=Vss)
REF — ‘D1 — R

When a desired value of Iggp is known alongwith the parameters of Q,; the
equired value of R can be obtained from the above equation.

Vg for Qq and Q, is same. Assuming that Q, is working in saturation, which

gves

1 W 2
[ = —kyl—1| [V -V
D2 Zk"[LL [Ves = Vol

Where V., is assumed to be the same for both Q and Qx.

Then
. - Im o { ]2
IREF [ ]
1

Thu- .
Sy is related to Ixgp by ther

I \l”_ w
. } = {T‘] : then IDZ = IREF
2 Lk

—| =

—| =

Atio of the aspect ratios of Q, and Q..
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ARJUVTIWE WFARAiAae e 2

rated by Qs repeated in Q. Henee the
Clrey,:
ug .

Chen current I sene

T WA - - :
current repeater cireuit. When Ipy = g We can also b that 1, s —_—
g Therefore this circuit is also known as current-mirror, [t jg very _lur iy by

e ' ‘ idol, 8¢,
' - - - -~ ¥ gy » 4
the design of 1C MOS amplifiers. y g

4.12 Nonideal Current Voltage Characteristics

have seen the ideal current-voltage (drain) cha
<

Uptill now  we .
F ristics of MOSFET havef?'ctensu“
i

MOSFET. In practice, the current-voltage characte
effects.

These are :

 Finite output resistance

e Body effect

e Subthreshold conduction

e Breakdown effects and

e Temperature effects

4.12.1 Finite Output Resistance

In ideal case, when a MOSFET is biased in the saturation region, the drain Current,
Ip is independent of drain-to-source voltage, Vps. However, in practice, the [p i
slightly dependent on the drain to source voltage, Vps. This can be observed on Iy
versus Vps characteristics where a nonzero slope does exists beyond the saturation
point. Refer Fig. 4.40. '

________________ 1 F'ID
Slope =—= —
o dVos

|
— / / - F B I
=0( @ ‘et~ por™” ]
4” : e )
P - ]
, o e . |
‘\/' - —" T ]
’/’f’— - \
7 AL AT
[ gE=-" \
/ | .
1
-V, =1 i v
A -
A f/ [~ "‘.'?‘/ ‘/OQA.(_ ",CL)) IO ""‘?VDS"I DS

A £ lamcre. T L
9. 4.40 Finite output resistance due to channel length modulation
Vigereas. HiE mok . - . cion chaf®
£0es to zero =4t the actual point in the channel at which the inversiot length
dccrmsus,md nlmvcs away from the drain terminal. The effective channeé
’ 1ence the slope exists in the saturation region of y-l chara¢

| A
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I CITect Transistors

curve in the saturation region can |
an be

of istics in the form, for an n-ch “escribed b

Y eXpressing the Ip

« - positive quantity called the R R
gisaP %@gthmﬂdﬁlﬁfiﬁnam tern s

\\-l1€fg£[1€ exaggemted view of VI Charactemsth’ the cury
et O elnge i at a point Vpg o Va. Tho o €5 can be extrapolated to
LR Oltage V, s usually defined

# o percet ity and is similar to t )
A1 e quantity he early vol;

] age of a bipo] :

Sl . Ipolar t 5 Ih

P ¢} and Va can be related. From ®quation (1) we haye (f+k VDr;;SIS:)OLt he
= 0 at the

52

¥

mefe -+ where Ip =0. At the poj -
P;rr;POIated point wh POINt VDs =~ V. Therefore,
& ~Va) =0
1+h (- VA
" 1
Va = X

Jeautptt resistance Io due to the channel length modulation ig defined as

~_ 0Vps
o = 51

VGS = constant

fom equation (1) we can evaluate the output resistance at the Q point as
_ 9Vbs _ VDsQ ~(-Va)
T B . 2. 7
D K [(VGSQ = V1)* (1 %A Vosq)] -0

X - o2}
VDSQ l % VA /(\

K[(VGSQ - V)2 (14 VDSQ)]

A Vpsg +1
- ,
KK[(VGSQ - V7) (1+?»VDSQ)]

_ 1
VK[(Vasaq - vr)’]

1 2
Ino = K|(Veso - V1)
AIDQ PO [( ]
Va | ’
Ipg

Key . . ' » ]
L Point. 1 practice, ro is not infinite ; it has some finite value and it appears in the
. r To ’

SmQ” s
81l equivalent circuit of MOSFET. ‘
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. STU

Y fCU L
T b

-

}o 37C -
"'.-"‘:‘h

subt

< that VT 1creases due to body effect.

b cant cause a degradation In circuj
pedy I m 2 draat performance because of the changing threshold
e ¥ =R an, resho

hreshold Condition

 yin carrent; Ip in the ideal V-1 characteristic is given by

Ip = K(Ves -Vr)*

R

_, square roots on both sides we have,
-;_king -

JIo = YK (Vs - V1)

Vs

The above relation is represented in Fig. 4.43.
The ideal curve in the figure, says that \/[_E is a
linear function of Vgs. However, in practice, when
Vs is slightly less than VT, the drain current, Ip
is not zero. This current is called the subthreshold
current. This effect may not be significant for a
single device, but if hundreds or thousands of
devices on an integrated circuit are biased just
slightly below the threshold voltage, the power
supply current will not be zero but may contribute
to significant power dissipation in the integrated

Fig. 4.43 Plot of \fl—[; versus Vs circuit.

124 Breakdown Effects

There are three different breakdown effects which may occur i

3
e

a MOSEFET. These

Breakdown due to avalanche multip]ication.

Breakdown due to punch-through effect.

Breakdown due to near-avalanche O snapback-

\\'h

Ore

i
N breakdown.

fEad
0 T e .
Wn due to avalanche multiplication

en : _ '
"oy pplied drain voltage is 0O hig
M fun "N due to avalanche multiplication-

-substrate pn junction may

drain-to |
i the me as reverse biased

This breakdown is sa
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awvwN T p————
yunch-thr

[® A A LR L

Breakdown due to |
Mimch-through oceu

- 'y
ough offoct \
vhen the drain voltage is large enough for .,
I's v . " y ” s A - p(.-
he drain 10 oxlend completely through the (.,.hc'lan[ O the : oy
region armd drain current to increase rapidly wig, ont, M
)

This effect also causes the '
Fhis effect also h breakdown mechanism © Sy
may be

" 1 .]I, .
termin The punch throug _

increase in drain voltage, . "
wienificant for smaller size devices.
‘ ack
Breakdown due to near-avalanche or snaph | t
. enanback breakdown occurs due to secong-
The near-avalanche ot snapback brei - Q”ms

xcess clectric field in the oxid

\

Ty as parasitic action or ¢
within the MOSEET, such as parasitic action .

A= POk |

4.12.5 Temperature Effects
The values of threshold voltage; Vag and condition parameter Kyare dependen :
temperature. The magnitude of the threshold voltage decreases with temperatu,en
which means that the drain current increases with temperature at a given Vg, On th(;
other hand, the condition parameter K is a direct function of the inversjop Carrier
mobility, which decreases as the temperature increases. This causes reduction i, drain
current. Since the temperature dependance of mobility is larger than that of the
threshold voltage, the net effect of increasing temperature is a_decrease in drain
current at a given Vgs. This particular result provides -’te‘mpe'_t:qturg- stability . for
MOSFETs’and prevents them from thermal runaway./ | \

4.13 Single Stage MOS Amplifier

Before studying single stage MOS amplifier, let us first define parameter, g, for
MOS transistor.

The parameter relating iy and Vgs under small-signal conditions, is

Vpg constant
Ves=VGs

g]n - av gs

It is known as transconductance or mutual conductance.

The voltage gain, A, of the amplifier is then

IAVI = 8mn RD

where

Rp is extor
D 1S @Xfelnall conn ' : the
e . : :
amplifier. Y cted drain resistance, serving as the load resistance for
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+V
o0 *Vop

o [
(

|
| % Rg2
I

Fig. 4.44

the input is applied between gate and ground and the output is taken from
drain. The input signal voltage Vs between gate and source provides a current
at the drain terminal as MOSFET is a voltage controlled current source for
s. The input resistance is very large, ideally infinite since the gate
e output resistance looking into the drain r,, is also very
valent circuit for MOSFET is as shown in Fig. 4.45.

Here,
the
fm VgS
signal purpose
airent is practically zero. Th

jarge. Then the small signal ac equi

O— — 1O

Fig. 4.45

the dc voltage sources

. for signal purposes, ‘
ut 8 is of the order of 10 kQ

While analyzing the amplifier circ . !
t resistance, Iy

e 10 be replaced by short circuits. The out_pu

o1 Mo,

. )No.te that the small-signal p
Perating point of the MOSFET. If the out

R
of the circuit is

the DC quiescent

and 1, depend upon
d then the voltage

arameters, gm . :
‘ ance 18 considere

put resist

A, = - 8m Req where Req = Rp |l To
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.\l 4
W s ‘J"((')‘ YT
“‘"JIV(:S"V'I‘I\] = /’)\2_- ‘ "C)( I‘v!“-/a. &

e . ' ) '3y,
The parameter gy, 1s gliven by -~ N

il

b k'
om n l — p A
i ﬁ"‘\-_\‘_ sl
\ ~

PV

where o=y Cox —2 i
\T\’ Ls

T
Y e e—

It is seen .t-lml Bm 18 pl()pmllonal lo process transconductance Parameter, | and
©nand
)

B gain
the device must have larger width W and smaller length L for channel region

. W _ R —— (o
the ratio T Hence to obtain a larger value for gn, and thereby larger volt

The g,,, can also be obtained as

; ’W
Em = 2 ki 1 viD

This equations indicates that, gy, is proportional to the square-root of the DC pia
current. Increasing 1 4 times will increase gy, two times.
One more equation for g, is

_ 21p _21Ip
&m Vgs - Vth Vov

where V, is known as overdrive voltage.

The output resistance r, is given by

|[Val
Ip

[¢]

where

Va = %— is a MOSFET parameter which is either

given or can be measured
- e = 10K
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4.13.1 Common - Source MOSFET Amplifier

Similar to Common Emitter (CE) configuration of BJT, Common <
Jn '(‘
configuration is the most commonly used configuration for MOSFET ,, .
pli

o

A common - source amplifier, using constant-current biasing is shc
J

’) F\
For ac analysis of the amplifier, we will assume that all capacitor

as a sho;t circuit at 51gna1 hcqucncy The constant -current source I,

il Nne r'-'v_

y A%

o o~

C1

c;?o‘c,«hlpy P«m) \J:‘tjf"-
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Fig. 4.48

Also, the DC supply Voltage.pointis, Vop and - Vss, will be assumed to be at
Jtential for ac signal analysis. -ThlS ground is called as signal ground or ac
signal source voltage Vg is connected to the gate through a coupling
| . The internal resistance of Vg is Rg. The signal output voltage at the
- . coupled to the load resistance Ry through a large coupling capacitor Ce,
| ocks the dc drain voltage and applies only ac signal voltage to R;.

aﬂalysls.

| hich bl
» o analyze the amplifier, we replace the MOSFET by its small-signal equivalent

circuit. It is shown in the Fig. 4.49.

RS ——riin

@ Rr\ul

Rin =
Fig. 4.49
Assume the gate current equal to zero-
| The i
3 N Vin = 1lin Rg
Hel\Ce R. = _y,.lll = Rg
n iin
RG
Vin = Rs +RG vs
S
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R '-qnsl
| ange, then many times R >> Y
Normally Rg selected is in M rang y G Re, 3 Y

and Vin = Vsig

Let {eq = Io ” RD H RL‘
Vout = ~ &m Vis Req
But Ves = Vin
V out
: L — = — g R
Voltage gain Ay = m eq

Voltage gain including the source is

Vout _ Vout , Vin
Ayvg = —_— = — X

Vg Vin Vs

. RG
Avs = Ay [R—(;Tﬁg]

To find R, we replace vg by a short circuit. Then
v = 0; and hence vy =0
and also Bm Vgs = 0

ie. current source = 0 meaning that it-acts as an open circuit (no current)

Therefore, looking back into output terminals,

Rout = To Il Rp _
From the above analysis of CS amplifier, we note that it has
1. very high input resistance,
2. reasonably high voltage gain, and

3. relatively high output resistance
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. Devic@S Al 7~ -
o amplifier with a Source Resistance

4.13.2 Common Source +Vpp

~Vss

Fig. 4.51 Common source amplifier with a source resistance

w 1

The Fig. 4.51 shows a common source amphfler, using constant-current Source

biasing, with a resistance. — Rg in the source lead.

The effect of r, on the operation of this discrete-circuit amplifier is not important
Hence we shall neglect it and analyze the circuit. The small-signal ac equivalent circyjt

is shown in the Fig. 4.52.

Fig. 4.52

s = V, — = v. ;
&5 & Vs Vm“ld RS

]

out

- _id [RD ” RC] =% W= (8m Vgs) [RD H Rd
out = =g [Vin = id Rs] [RD ” RF_]
out = = 8 Vin (RD II RL) iR P id RS (RD ” RL)

out =
out]

" 8m Vin [Rp || R] + 8m Rg [~ v
/
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e pevices and Gircuits 4.55

. TR%V

Fleld Effoct Transistors

. Y R Vowt & 7 8w Vi th I RL]

at
Vaar & “ - S P\I =

- \“l\\ \‘“\ [Rn “ RC]

A o= owt “.\'n\(RD”Rl)
W va o Tr—
Vi L+ gmR,
V'

\. 3 = no———— X \‘
m RS - R(.': N\

Vs Q

T —.

" v

' }\.\‘ + Rg

A = Vol - Vouw » Vin

NN “ o R =~ —-‘——
> Vin Vg

R—-\
AL = AL X =

%
}\S' + RL‘,
companing the pertormance of this circuit with its counte

S oat Rein the source lead, we

EL

rpart, e, previous circuit
: note that inclusion of Rg in the source lead reduces
B olnage gain of the circuit. This is because Rg introduces negative feedback. As the
2+ i reduced. Rg is also known as source degeneration resistance.

14
e

_;E 133 Common - Gate (CG) Amplifier

= Hhe common-gate or grounded-gate amplifier, the gate terminal of the MOSFET

5
— Tt

& soundad for ac or signal purposes. The input is applied to the source, while the
#2015 taken from the drain. Thus gate remains common between the input and

A Qmmon-gate amplifier circuit is shown below.

+Vop

o1
Cer
+
|
@ Vs !
= -Vss
Fig. 4.53
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: 1 e chorl circuit at signal frequency, ¢
Assume all capacitors to acl as shorl circ f jHency, Ty,
o h e+ 1
\ ' { 4 i -,L’4. {
cqui\'nlonl circuit is shown 1n Fig. 4 g

Vin Vin
Rin = T T
14 gmVegs
: 1
Normally, Rg, is much less than —.
gm
When Ry is small, vi, = v
and
-
Vin 1
Rin = =

gmVin  gm
Vgs = Vg = Vs = [0] - [ig R + v
Vour = g [Rp | Ry]
= = (8m Vgo) [Rp || Ry]
= (8m) [- 14 Ryjg + Vgl TRp || Ry]

sig]

&m Rsig [RD | RL]id * 8m [RD | RL] Vsig

Vout = 8m Rsig |~ Vout] * 8m [RD | RL] Vsig

Vout [1 + &n Rsig] = 8m (RD I RL) Vsig

AVS = ——v Ollt — iML_)
Visig 1 t8&m Rsig

Scanned with CamScanner



g we feplacc:‘ the volta.se source Vg by short circuit. Then v, = (; and
“.[L,urct’v o Vs _ 0, i.e. open circuit. Therefore
Ruut = RD
< com? a6/CS amplifier with CG amplifier.
-n e CS amplifier, output is inverted w.r.t input, i.e. there is phase shift of

1 : .
1. tween input and output signals. In CG amplifier, the input and output

180" be
onals are in phase.
°lo
The P resistance of the CS amplifier is very high, while that of CG
- gmplifiers is low.
: Vv
While the voltage gain Ay = VO_Ut for CS amplifier is nearly equal 1 o g
n
cG amplifier the overall voltage gain, Ay = Vvomf for the CG amplifier is
S

less than that for the CS amplifier. This is due to the low input resistance of

the CG configuration.

s consider the CG amplifier supplied from the signal current source i
The circuit is shown below.

| et u
aving an internal resistance Rsig-

+Vpp

= ¢ = -Vgs

¢ Fig. 4.55
W ; ,
¢ have shown previously that for CG circuit,

1

Rin='—"'

gm
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Then the equivalent circuit on the input side is as shown be]g,, ;

: . Rsig
IVision : L, = Ige | 55—
Bv current divis n = 1is | Ryg + Rin

iin = isig [%\
Rsig +7 Ten

| 1 Normally |
isig = % :
Rsig >> g‘r;'
_ = and then
Fig. 4.56 lin = gy

This equation shows that there is very little signal-current attenuation at the input,
As shown previously, i;, = iy = 8m Vgs- Thus, this circuit acts as a unity gain current
amplifier or current follower. For input current, input resistance is small, whilethe
same current is reproduced at the output at a much higher output resistance. Thi

property of CG configuration is used in it most widely used application, known a
the cascode circuit.
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L34 common-Drain or Source-Follower Amplifier

43 _
- \\-nmon-dmm contiguration of MOSFET
g W “

amplifier, the
E _.ond (it need not be at ground pote L  fhe d

\

! -y }\\l vee 1 l[. e ¢ l’ ‘
D) ') "‘ 1 , '] ]

&
comes

source. This
rather than common-drain.

|

i

- oyation is more commonly known ag source followe

! X ) v 2T,
)

ST

L=t

1
3
F
l
i

1

*Vop

e

WY I
(_rl\_)vs,g

ig CC
+
. v|n out

Latli ALt AL oS Ll Do s sialandl e oo, o i

Fig. 4.58

. s the drain terminal is to be at ac ground to make drain as common terminal,
% 'axi-r:-ma]l_\- connected resistor Rp required in other configurations, is not necessary
‘-~¢ configuration. The signal input is applied to the gate via Foupling c:fpacitor ¢C1
N the output signal voltage is connected to the load resistor Ry via coupling

<IEve

+=Q%or CQ__

%th . : o act as short circuit at input
_ 0 the capacitors Cc; and Ccp will be assumed to ac p

Bal fr,
g ﬁﬁquency.

Scanned with CamScanner



T RV e, T WS, WO W W e R R ST e

The small-signal ac equivalent circuit is shown below.

Mo
Vout
R
Fig. 4.59
\Y Si’
Vin = 5 X RG
Rg + Rsig
Vin _ Rg
Vsig RG + Rsig
By KVL to drain circuit
Iy [id - 8m Vgs] + id RL =0 -
Vgs = Vg — Vs = Vin ~ ig RL
R id — 8m Ly [Vin - id RL] + 14 RL =0
id [ru + 8m To RL + RL] = 8m I's Vin
: gm foVin
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e voltage gain will be nearly equal to "one", but slightly less than "1".
N

A= L then Voyut = Vip- This means as Vin increases, v, will increase and as

{Vhen .
ses Vout will also decrease. Thus output follows input. As the output is taken

! decred . ..
i e SOUICE, the circuit is known as source follower.
ram =
\ \ Vi

Avs . o.ut — v out % o in

Vsig Vin  Vsig
R
A G x A

L Rg +Rsig v

| Tofind R,y of the circuit, we disconnect the load R; and replace the input signal
ource by short circuit. At the output terminal, we apply externally the voltage V. The

(ircuit becomes as shown below.

Rsig @ o _,@ i
—A\WW\————2° ‘ % J'
Rg ke 'g=9m"gs =

gS
B
YKVL to drain side

I
n[ld‘gmvgsl-vzo
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This shows that R, is-reasonably small. Thus, the source followe
nput resistance, a relatively low output resistance, and a voltage i

than but nearly equal to unity.

= v [T+ g 1]
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4|ntern3' Capacitances of MOSFET

Wwhen the MOSFET 18 to be used at h igh frequency
Oor w ! = P
h cpt\d in digital logic circuits: the intern e it is to b

i 2 roes

‘ role al capacitances of MOSFET »
portant TOLE- -
: . 1 _ ) -
+ore are basically two tvpes of i AT ‘
There at ) vp nternal Cdpacitances in the MQSEET
1. The gate capacitive effect Capacitance : The cate terminal f
ga terminal forms

parallel-plate capacitor with the channel the two bein
other by oxide insulating layer serving as the
area is denoted by C_ . (F/m?)
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Depletion-layer Capacitances : There are two depletlon.layer o Oy
; a3
associated with MOSFET. ity
For n-channel MOSFET, drain and source regions are of Metype
e : 7% whe
<ubstrate in between is of p-type. Thus, there are twg PN junce:. ey
substrate her bet dras Ction . e
between source and substrate, the other 'e ween. rain and SUbstrat |
are reverse biased p-n junctions. Associated with each of the, e
depletion region capacitance. Thus, there is one depletion region cap
between source and substrate and the other between drain apg Substratqtance
e,

For MOSFET with four terminals, viz. Gate, Drain, Source, ang Body
there are five capacitances :

€

C,q @ capacitance between gate and drain,

[y

’

(Substrak,]

: capacitance between gate and source,

og .
as

C,p, : capacitance between gate and body,
Cp : capacitance between source and body,

Cgqp : capacitance between drain and body.

Gate Capacitive Effect

The gate capacitive effect can be taken into account by the three Capacitances : ¢
Cg,d and Cgb &

1. When the MOSFET is operating in the triode region of its characterigtics

where the drain current increases with Increasing drain voltage, the channe |
is having uniform depth.

Cox Is gate capacitance per unit area. Hence, if W and L are width and length

of the channel, respectively; then the gate capacitance = WL C,,. (F). Wit

uniform channel depth, this is equally divided between the source and drain
ends; thus
1

Cos = Cpg = 5 WL C,, (triode region)

S

Qg

Of course, this is an approximation, but sufficiently justifiable for the triode regio®
2. In saturation region, the channel is tapering and it pinches off at or nef lhe

" : :
drain. Due to this, ng can be assumed to be zero. It can be shown that t

gate-to-channel capacitance is approximately % WL C,,.
Thus

2
CgS = § WLC 0oX

i L saturation region
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ha T"f‘-‘ dr .\‘3}" »wars when the \’()\m IS Cutodt. This makeﬁ C dc
e AN LN

‘ sy But we can consider the gate cana )
| to 7C1 SN apaative effect by assign,;
e | - L. = SIYT ¥
o h — WL ., tothe l-._:_;]'.'{_‘ baody Capacitance ‘ rning a
P ' ’ . ’
. Ci:"‘ - C;'J. :Q W’
{
and ' cut off
C;‘g - ‘\.14Cﬁ‘
. above formulae  fo fotent ¢ -t i
, To the above form | for  different capacitances, an additional  small
| pacitive component s to be added to €, and C,, The small capacitance
LaP- - 0y .

asufts due to source and drain diffusions ﬁ--'uhm «lu,hth under the gate

If this everlap length s denoted by L. then the overlap capacitance

nude
“,;npnrwﬂl is

C . Wil

fnscally l - 005 to 01 times 1 (channe] beneth)
l.l- " 5 v

e Junction Capacitances
[he two pnjunchons, one betwers the source and body and the other bebween

s and bady are reverse-buased penjunction Wath each ot these two p-n junctions,
;C;,‘-frhun»l.lh‘!‘ C.l}‘.h‘ll.!m ¢ I associated

fhe depletion-layer capacitance between the source and body, Cg, Is given by

- C sho
e U
oL
VTV
e,
Cyv = value of Cg, when no bias is applied
Ve = magnitude of the reverse bias voltage applied,
V, = internally developed junction potential,
3 tvpically between 0.6 Vio 08V
Sy,
= e n given b
- -laver capacitance between the drain and the body is giv y
Cd‘i\ = Cdl"]
1o D8
Y Vo
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where ™
_— ‘everse-bias voltaee
—  camacitance value when no re AZe g
thn = C(]Pd(_ilﬂ]lc(.— C g 9 ;]ppliud
Vpg = magnitude of reverse bias voltage

: . n v eapacitance using above mentione
While calculating the depletion layer capacita 4 Ntione

. ‘(icient, m is assumed to be equal d “Yuatiq,
it is to be noted that the grading coefficient, 1 ASAES jual to 05 ¢, bmhl
junctions. Also the above formulae for depletion-layer  capacitanceg 50y

- . .
small-signal  operation. These formulae can be suitably modified :

to oy
" 1 a1 ) tam
approximately the average values for these capacitances when the Mg

FET .
“g® d . ’ . . l)
operated under large-signal conditiorts e.g. use of MOSFET in logic circuits.
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leld Effect Transist'ors
Frequency MOSFET Model

g fhe 131 model of a MOSFET .mcludm

g four Capacitances C_

Cyar C
s/ I ;
it is useful for oo B s

determmmg the

Fig. 4.62

the body and source are shorted together, the above equiv
When |
s to the following :

T 1"
e

alent ci‘rcuit
Al

ImVgs

@

Fig. 4.63

role in the high
The capacitance Cgp is usually neglected while Cyy plays I\;na;:(:md e i
Equency response determination for MOSFET amplifier. Neg be
s to the followmo :
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T S "
] 4,64, we can dctermmp N

Using the above model shown in Fig, the ¢ g

r, as shown inFie ()rl

current gain of common source MOSFET amplifier, 8. 4.65 "t,n |

" . @:;'

l rf)
e
.To determine the short-circuit gain, the amplifier is supplied from a Current@%(

I, and the output terminals are directly short-circuited with [, as Short-clrcult g
current. With the output terminals shorted, the circuit reduces as shown in Fig, 1

Fig. 4.66
Short-circuit current gain Ay is
I
A, = 2
Is Iln
b = gn Ve
' 1
Voo = I x
gs In ]m[CgS + ng]
Alb = ‘I_l e Em
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frequency T
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Feedback Amplifiers

3.1 Introduction

Feedback plays an important role in almost all electronic circuits. It is almost
invariably used in the amplifier to improve its performance and to make it more ideal. In
the process of feedback, a part of output is sampled and fed back to the input of the
amplifier. Therefore, at input we have two signals : Input signal and part of the output
which is fed back to the input. Both these signals may be in phase or out of phase. When
input signal and part of output signal are in phase, the feedback is called positive
feedback. On the other hand, when they are in out of phase, the feedback is called
negative feedback. Use of positive feedback results in oscillations and hence not used in
amplifiers.

In this chapter, we introduce the concept of feedback and show how to modify the
characteristics of an amplifier by combining a portion or part of the output signal with the

input signal.
3.2 Classification of Amplifiers

Before proceeding with the concepts of feedback, it is useful to understand the
classification of amplifiers based on the magnitudes of the input and output impedances of
an amplifier relative to the source and load impedances, respectively. The amplifiers can
be classified into four broad categories : voltage, current, transconductance and
transresistance amplifiers.

3.2.1 Voltage Amplifier
Fig. 3.1 shows a Thevenin’s equivalent circuit of an amplifier.
Ry £ Ry |

Ri>> R, - R>R,
Fig. 3.1 Thevenin's equivalent circuits of a voltage amplifier
(3-1)
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If the amplifier input resistance R; is large compared with the source resistance R,
then V; = V. If the external load resistance R, is large compared with the output resistance
R, of the amplifier, then V, = A, V, = A, V.. Such amplifier circuit provides a voltage
output proportional to the voltage input and the proportionality factor does not depend on
the magnitudes of the source and load resistances. Hence, this amplifier is called voltage
amplifier. An ideal voltage amplifier must have infinite input resistance R; and zero
output resistance R . For practical voltage amplifier we must have R; >>R,and R; >>R,.

3.2.2 Current Amplifier

Fig. 3.2 shows Norton’s equivalent circuit of a current amplifier. If amplifier input
resistance R; — 0, then [; = I,. If amplifier output resistance R,, — =, then I; = A;I;. Such
amplifier provides a current output proportional to the signal current and the
proportionality factor is independent of source and load resistances. This amplifier is called
current amplifier. An ideal current amplifier must have zero input resistance R; and
infinite output resistance R,. For practical current amplifier we must have R; <<R, and
R, >> R,.

Ig ) Rs Ry }u
Ry—=00rR<<R, RL“RQ‘”R@-"““

Fig. 3.2 Norton’s equivalent circuits of a current amplifier

3.2.3 Transconductance Amplifier

Fig. 3.3 shows a transconductance amplifier with a Thevenin’s equivalent in its input
circuit and Norton's equivalent in its output circuit. In this amplifier, an output current is
proportional to the input signal voltage and the proportionality factor is independent of
the magnitudes of the source and load resistances. Ideally, this amplifier must have an
infinite input resistance R; and infinite output resistance R,. For practical
transconductance amplifier we must have R; >> R, and R, >> R, .

Fig. 3.3 Transconductance amplifier
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3.2.4 Transresistance Amplifier

Fig. 3.4 shows a transresistance amplifier with a Norton's equivalent in its input circuit
and a Thevenin's equivalent in its output circuit. In this amplifier an output voltage is
proportional to the input signal current and the proportionality factor is independent on
the source and load resistances. Ideally, this amplifier must have zero input resistance R;
and zero output resistance R,. For practical transresistance amplifier we must have
R; <<R; and R,<<R,.

Fig. 3.4
3.3 Feedback Concept

In the previous section we have seen four basic amplifier types and their ideal
characteristics. In each one of these circuits we can sample the output voltage or current
by means of a suitable sampling network and apply this signal to the input through a
feedback two port network, as shown in the Fig. 3.5. At the input the feedback signal is
combined with the input signal through a mixer network and is fed into the amplifier.

Signal
source

Fig. 3.5 Typical feedback connection around a basic amplifier

As shown in the Fig. 3.5 feedback connection has three networks :
e  Sampling Network

*  Feedback Network

¢ Mixer Network
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3.3.1 Sampling Network

There are two ways to sample the output, according to the sampling parameter, either
voltage or current. The output voltage is sampled by connecting the feedback network in
shunt across the output, as shown in the Fig. 3.6 (a). This type of connection is referred to
as voltage or node sampling. The output current is sampled by connecting the feedback
network in series with the output as shown in the Fig. 3.6 (b). This type of connection is
referred to as current or loop sampling.

Voltage {node) Current (loop)
sampler . sampler .
Basic Basic
ampiifier amplifier
—] A —d A
*—1 Feedback ®| Feedback
network network
o B o B
(a) Voitage or node sampling (b) Current or loop sampling

Fig. 3.6

3.3.2 Feedback Network

It may consists of resistors, capacitors and inductors. Most often it is simply a resistive
configuration. It provides reduced portion of the output as feedback signal to the input
mixer network. It is given as,

Vi = BV, )
where [ is a feedback factor or feedback ratio. The symbol B used in feedback circuits
represents feedback factor which always lies between 0 and 1. It is totally different from p

symbol used to represent current gain in common emitter amplifier, which is greater
than 1.

3.3.3 Mixer Network

Like sampling, there are two ways of mixing feedback signal with the input signal.
These are : series input connection and shunt input connection. The Fig. 3.7 (a) and (b)
show the simple and very common series (loop) input and shunt (rode) input
connections, respectively.
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Source Series mixer Source  Shunt mixer

Basic
amplifier
A

Basic
amplifier
A

network
(a) Series mixing (b) Shunt mixing
Fig. 3.7

3.3.4 Transfer Ratio or Gain

In Fig. 35, the ratio of the output signal to the input signal of the basic amplifier is
represented by the symbol A. The suffix of A given next, represents the different transfer
ratios.

v *

T"; = Ay = Voltage gain . (1)
I z

K = A, = Current gain e @)
1

vl = Gy = Transconductance e (3)
v .

.I—l_- = Ry, = Transresistance e (4)

The four quantities Ay, A;, Gy, and R, are referred to as a transfer gain of the basic
amplifier without feedback and use of only symbol A represent any one of these
quantities.

The transfer gain with feedback is represented by the symbol A;. It is defined as the
ratio of the output signal to the input signal of the amplifier configuration shown in
Fig. 3.5. Hence A; is used to represent any one of the following four ratios :

v

¥ = Av = Voltage gain with feedback e (5)

II—‘: = A, = Current gain with feedback - (6)

L,i = Gy = Transconductance with feedback e (7
5

vl'l

= Ry = Transresistance with feedback ....(8)
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Fig. 3.8 shows the schematic representation of a feedback connection around a basic
amplifier. Recall that, when part of output signal and input signal are in out of phase the
feedback is called negative feedback. The schematic diagram shown in Fig. 3.8 represents
negative feedback because the feedback signal is fed back to the input of the amplifier out
of phase with input signal of the amplifier.

Comparator ) ) i
or mixel Differance )Esrgnal Boacic Outpl.i s‘&r\al
ampiifier —
Xg M A
Inpit
nal
Sig R,
Feedback
circuit =
X1=BX, B

k signal
Fig. 3.8 Schematic representation of negative feedback amplifier
3.4 Ways of Introducing Negative Feedback in Amplifiers

The basic amplifier shown in Fig. 3.8 may be a voltage, current, transconductance, or
transresistance amplifier. These can be connected in a feedback configuration as shown in

the Fig. 3.9.
* +1 1 votta T
g _ r amplif?:r o gﬁ‘_ }E’_

A
- +

Vi B

Fig. 3.9 (a) Volla'gn amplifier with voltage series feedback

=1y
+ Trans - —_—
V,
= 4" | ampifer R
+
Blg = Vy B

Fig. 3.9 (b) Transconductance amplifier with current series feedback
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—al; To=1I
Current
I ) amplifier Ry
= mul
B

Fig. 3.9 (c) Current amplifier with current shunt feedback

RN NES
!.=nv‘,1 L J
B

Fig. 3.9 (d} Transresistance amplifier with voltage shunt feedback
3.5 Effect of Negative Feedback

3.5.1 Transfer Gain

We have seen, the symbol A is used to represent transfer gain of the basic amplifier
without feedback and symbol A, is used to represent transfer gain of the basic amplifier
with feedback. These are given as,

xo xl)
A —f and A X,
where X, = Output voltage or output current

X; = Input voltage or input current

X, = Source voltage or source current
As it is a negative feedback the relation between X; and X, is given as,
X; = X, +(X)
where X; = Feedback voltage or feedback current
X _ X
Xy X, +X;

Ap
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Dividing by X; to numerator and denominator we get,
WL XeIX,
f X; +X WX,
_ A
T+X,7X,

_ A
T TR X, K, 7X;)

X
Ar = 1+‘Ea ; v B=x- - @

where B is a feedback factor.

Looking at equation we can say that gain without feedback (A) is always greater than
gain with feedback (A/(1 + PA) ) and it decreases with increase in B ie. increase in
feedback factor.

For voltage amplifier, gain with negative feedback is given as,

A
— v
Ay = 1A 6 AP e (2)
where Ay = Open loop gain i.e. gain without feedback
p = Feedback factor

3.5.2 Stability of Gain

The transfer gain of the amplifier is not constant as it depends on the factors such as
operating point, temperature etc. This lack of stability in amplifiers can be reduced by
introducing negative feedback.

We know that,

A, = A
f 7 T+fA
Differentiating both sides with respect to A we get,
da, (1+BA)1-PA

da 1+pa)?
- 1
(1+pa)?

da, = — %

(1 +pA)?
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Dividing both sides by A; we get,

dAg A 1
Ag (1+BA¥  A¢
da (1 +pa) A
= — _x since A = ———
G+pAz | A f~T+BA
dag _da 1 3)
A A T+pA)
where
dA
A—f = Fractional change in amplification with feedback
- f
% = Fractional change in amplification without feedback

Looking at equation (3) we can say that change in the gain with feedback is less than
the change in gain without feedback by factor (1+pA) The fractional change in
amplification with feedback divided by the fractional change without feedback is called the
sensitivity of the transfer gain (1/(1+f A). The reciprocal of the sensitivity is called the
desensitivity D (1+pA).

Therefore, stability of the amplifier increases with increase in desensitivity.

If fpA>>1,then

A o A _A
T~ T+pA " PA
1

o o (8)

and the gain is dependant only on the feedback network.
Since A represents either Ay, Gy, A or Ry, and A; represents the corresponding
transfer gains with feedback either Ay, Gy, Ay or Ry the equation signifies that :

*  For voltage series feedback
Ay = % Voltage gain is stabilized. e (5)

+  For current series feedback

Gyr = -é Transconductance gain is stabilized. ... (6)

* . For voltage shunt feedback

Ryr = é Transresistance gain is stabilized. e (D
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s  For current shunt feedback
A = § Current gain is stabilized. )

3.5.3 Frequency Response and Bandwidth

We know that,
A
At = 17BA
Using this equation we can write,
= Amid
Armd = T+PA . (9)
Alow
Aflow = 1"'3310“,- ... (10)
Ah!gll
and Afbigh = T+PA g . (11)

Now we analyze the effect of negative feedback on lower cut-off and upper cut-off
fr y of the amplifi

"1

Lower cut-off frequency
We know that, the relation between gain at low frequency and gain at mid frequency,

is given as,
Ay 1 A

Zhow S . A, = mid .. (12)
A I Tow It
S O ()

Substituting value of A, in equation (10) we get,

Amig A mid

TRy [f] TR .
1-j —t'.— 1-][%]-“\“,;3

Afiow =
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Dividing numerator and denominator by (I1+ A, B) we get,
A mid

T+A P

Aflutw =
f
1-j L
1+Am-di§
L™ F
At mid ) A

- - A{mid:fm
1—i[ .
1

f;
1+AmidE

f

A
A““"" =1 ..(13)
=

f

where

f,
Lower cut-off frequency with feedback = f;; = — L

1+A 4B

From equation (14), we can say that lower cut-off frequency with feedback is less than
lower cut-off frequency without feedback by factor (1+ A ;4 B). Therefore, by introducing
negative feedback low frequency response of the amplifier is improved.

... (14)

Upper Cut-off Frequency

We know that, the relation between gain at high frequency and gain at mid frequency
is given as,

Anigh _ 1
Amid. [ f ]
1-j —
fH
= Amid ... (15)

Apign = ¢
)

Substituting value of Ahish in equation (11) we get,

Agpugn = _ Amia _ Ama
S f [ f
1- 1- A
]?; J[‘f}"[—)‘ mldB
1+B) A mid
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.Dividing numerator and denominator by (1+ A, B) we get,
Amid 5
1+A
Afhigh = F mfm :
U\ Gva s, |

A . A
_ fmid . - mid
Afmgh = —F r 7 ¥ Amid =TI R

1’i~(1+AmMﬂ)fH ]

A fmid

)

where upper cut-off frequency with feedback is given as,
fyp = O0+A B fy o (16)

From equation (16), we can say that upper cut-off frequency with feedback'is greater
than upper cut-off frequency without feedback by factor (1+A [ Therefore, by
introducing negative feedback high frequency response of the amplifier is improved.

Bandwidth
The bandwidth of the amplifier is given as,

BW = Upper cut-off frequency - Lower cut-off frequency
- Bandwidth of the amplifier with feedback is given as,

fi
BW, = fir ~fig = (14 A B fy (52— . (17)
It is very clear that (fy; - f;,) > (f;~f_) and hence bandwidth of amplifier with
feedback is greater than bandwidth of amplifier without feedback, as shown in Fig. 3.10.

Gain
A
D707 Ay frrennemafflenennnmmsnnesneaaiiansnl
A
0.707 Af e
: Frequency
(LY
— BW ——— ey

b BW, |

Fig. 3.10 Effect of negative feedback on gain and bandwidth
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3.5.4 Frequency Distortion

From equation (8) we can say that if the feedback network does not contain reactive
elements, the overall gain is not a function of frequency. Under such conditions frequency
and phase distortion is substantially reduced.

If B is made up of reactive components, the reactances of these components will change
with frequency, changing the i As a result, gain will also change with frequency. This fact
is used in tuned amplifiers. In tuned amplifiers, feedback network is designed such that at
tuned frequency § — 0 and at other frequencies § — . As a result, amplifier provides high
gain for signal at tuned frequency and relatively reject all other frequencies.

3.5.5 Noise and Nonlinear Distortion

Signal feedback reduces the amount of noise signal and nonlinear distortion. The factor
(1+BA) reduces both input noise and resulting nonlinear distortion for considerable
improvement. Thus, noise and nonlinear distortion also reduced by same factor as the
gain.

3.5.6 Input and Output Resistances
Input resistance

If the feedback signal is added
| to the input in series with the
" Sampling

Amplifier network %"l applied voltage (regardless  of
B whether the feedback is obtained by
J sampling the output current or
voltage), it increases the input
p resistance. Since the feedback voltage
V; opposes V,, the input current I; is
Fig. 3.11 less than it would be ?f Vp were

absent, as shown in the Fig. 3.11.

s T — Henee, the input resistance with
) Sampli % v,
I () ri Amplifier it RL feedback R;; = ;* is greater than the

network

T —

input resistance without feedback,
[ for the circuit shown in Fig. 3.11.

B On the other hand, if the

feedback signal is added to the

Fig. 3.12 input in shunt with the applied

voltage (regardless of whether the

feedback is obtained by sampling the output voltage or current), it decreases the input

resistance. Since I, =1; +1;, the current I; drawn from the signal source is increased over
what it would be if there were no feedback current, as shown in the Fig. 3.12.
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Vi .
Hence, the input resistance with feedback R;; = I—‘ is decreased for the circuit shown

5
in Fig. 3.12. Now we see the effect of negative feedback on input resistance in different
topologies (ways) of introducing negative feedback and obtain R;; quantitatively.

Voltage series feedback

The voltage series feedback topology shown in Fig. 3.13 with amplifier is replaced by
Thevenin's model. Here, A, represents the open circuit voltage gain taking R into
account. since throughout the discussion of feedback amplifiers we will consider R, to be
part of the amplifier and we will drop the subscript on the transfer gain a.nd input
resistance (A, instead of A, and R;; instead of R|fs )

Fig. 3.13

Look at Fig. 3.13 the input resistance with feedback is given as,
v,

Ry = -{’- ... (18)
Applying KVL to the input side we get,
V,-L R -V =0
V, = LR +V
LR, +BY, . (19)

The output voltage V,, is given as,
A, VR

V. o= v i L

e Ro+R

= Ay LR, = AyV; e (20)

V, ARy
W Av = = R R,

Key Point: A, represents the open circuit voltage gain without fmibaak and Ay is the
voltage gain without feedback taking the load R into account.
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Substituting value of V, from equation (20) in equation (19) we get,

V, = LR +BAy LR,

V.

Ti’- = R, +BAy R;

Ry = R; (1+BAy) .. (21)

Current series feedback

The current series feedback topology is shown in Fig. 3.14 with amplifier input circuit
is represented by Thevenin’s equivalent circuit and output circuit by Norton’s equivalent
circuit.

Fig. 3.14

Looking at Fig. 3.14 the input resistance with feedback is given as,

Applying KVL to the input side we get,
V,-LR -V, =0

V, = LR +V, =L R +BI, - (22)
The output current I is given as,
_ Gp ViR, _
L = R, +R_ -GMVI ... (23)
here =L
w Cum = -

GM = GmRo
R, +R

Key Point: G, represents the open circuit transconductance without feedback and Gy is
the transconductance without feedback taking the load R, into account.
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Substituting value of I, from equation (23) into equation (22) we get,

Vs = [R+B Gy V
= LR+pGy Ry v Vi=kK
V.
T = Ri(1+BGy)
VB
Ry = 1 =R; (1+BGy) - (24)
Current shunt feedback

The current shunt feedback topology is shown in Fig. 3.15 with amplifier input and
output circuit replaced by Norton's equivalent circuit

Re=
s
Rot  Ror
Fig. 3.15
Applying KCL to the input node we get,
L =T+
= L;+BI, .. (25)
The output current I, is given as,
L= ALR
o Ry +R
= AL ... (26)
AR
where A = L2
: R, +R_

Key Point: A, represents the open circuit current gain without feedback and A is the
current gain without feedback taking the load R into account.

Substituting value of I, from equation (26) into equation (25) we get,
I, = L+BA
= I (14BA,)
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The input resistance with feedback is given as,
. Vi
it = T, TTL(1+B A}
R; - R=
(1+BA)) - R I - @)

Voltage shunt feedback

The voltage shunt feedback topology is shown in Fig. 3.16 with amplifier input circuit
is represented by Norton’s equivalent circuit and output circuit represented by Thevenin's

equivalent.

Fig. 3.16
Applying KCL at input node we get,
L =L+
=L +pV, ... (28)
The output voltage V, is given as,
R,, LR,
VvV, = nio
s R, +Rp
= Ry | e (29)
. RIIIRB .
where Ry = R, +R,

Key Point: R, represents the open circuit transresistance without feedback and Ry, is the
transresistance without feedback taking the load R into account.

Substituting value o'.f V,, from equation (29) into equation (28) we get,
L = +B Ry
L, (14 Ry)
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The input resistance with feedback R;; is given as,
oY
Ry = I, L(+PBRy)

R; e rm oM
R = mrpky (R . (30)

Output resistance

The negative feedback which samples the output voltage, regardless of how this
output signal is returned to the input, tends to decrease the output resistance, as shown in

the Fig. 3.17.
Lo,
T T
A N

Ry <Ry

B

Fig. 3.7

On the other hand, the negative feedback which samples the output current, regardless
of how this output signal is returned to the input, tends to increase the output resistance,
as shown in the Fig. 3.18.

|| L
N I N
network _L°_

B

Fig. 3.18

Now, we see the effect of negative feedback on output resistance in different
topologies (ways) of introducing negative feedback and obtain R ; quantitatively.
Voltage series feedback

In this topology, the output resistance can be measured by shorting the input source
V, = 0 and looking into the output terminals with R disconnected, as shown in the
Fig. 3.19.
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R, 1 —
SR, AV, v SR
-~
177
Ry=¥ Ry
Fig. 3.18
Applying KVL to the output side we get,
AV, +IR, -V =0
V_Avv;
I = R ... (31)
The input voltage is given as,
V. = -V,=-BV =~V =0 - (32)
Substituting the V; from equation (32) in equation (31} we get,
I = V+A, BV
= R
_ Va+pay)
RB
v
R =1
= RO 33)
= GFPAD e

Key Point: Here A, is the open loop voltage gain without taking R, in account.
Ror = Ror IRy

R" xRy
Ry xRy T+pA,
Ry +R R,
awpa, TR
R.R, RoR,

= R,+R (1+PA,) = R, +R_+PA R,
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Dividing numerator and denominator by (R, + R ) we get
R:lf T

R_R AR
o, v Ry =L and A, =Lk
v o TRy an R, +Rp

Key Point : Here A, is the open loop voltage gain taking R; into account.
Voltage shunt feedback

In this topology, the output resistance can be measured by shorting the input source
V, = 0 and looking into the output terminals with R, disconnected, as shown in the
Fig. 3.20.

=
R}y I R
Ror Rot
Fig. 3.20
Applying KVL to the output side we get,
R, L, +IR, -V = 0
_ V-Rul
I = —%, ... (35)
The input current is given as,
I, = A, ==V . (36)
Substituting I; from equation (36) in equation (35) we get,
1= V*RyBY_VU+R,P)
o RI’I
v
Roe = 7
= R“
= IFRB - 37)

Key'Point: Here, R, is the open loop transresistance without taking R, in account.
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R, xR
Ry, = R IR, = 2L
of of L Rnf+RL
R, xRy
_ T¥R P R, Ry
T R, TRo+R (I+R, P
TR, PR
Dividing ator and d inator by R, + R we get,
RuRL
R, = R0+RL
of ~ 1+Bgm R,
R, +K,
- _Ro wg = Ro Ry _Ran Ry
= PR, ReTw +r, ™Rw g iw, - (38)

Key Point: Here, R, is the open loop transresistance taking R in account.
Current shunt feedback

In this topology, the output resistance can be measured by open circuiting the input
source I, = 0 and looking into the output terminals, with R, disconnected, as shown in
the Fig. 3.21.

| -l fo .

Ig20 G Bl, Vi R ()‘\'4 R, v gERL
L o
Ru=¥ Ror
Fig. 3.21
Applying the KCL to the output node we get,
v
I = R, A - (39)
The input current is given as,
L = ~l=-Ppl, =~ 1,=0
= BI wi==1, ... (40) -
Substituting value of 1; from equation (40) in equation (39) we get,
I = l-AiBI

R,
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A

TA+A B = ¢
o
R, = ‘T"z R, (1+BA;) ... (41)

of

Key Point: Here, A.

is the open loop current gain without taking R, in account.
R xR

o = of L

Ror = Ry ||RL R +R

_ R, (+BAR, _ R, R (1+BA;))
" R, (I+PA)+R_ R, +R +BA; R,

Dividing numerator and denominator by R, +R; we get,
R, R, (1+BA;)

K. - R, +R =R;,(l+|3ai)
of 1+BAi R, (1+PA;)
R, +R
R, R AR
R, = 2L anda,=—l_-0o (42
° R,+R, TR R, “2)
Key Point: Here, A, is the open loop current gain taking R in account.
Current series feedback
In this topology the output resi e can be ed by shorting the input source

V; = 0 and looking into the output terminals with R; disconnected, as shown in the
Fig. 3.22.

-n—l - vk—r
T <
R ( G, v, 2o I’ SR
Ry=¥  Ror

Fig. 3.22

Applying KCL to the output node we get,
v

I = 7, "G Y - (43)

The input voltage is given as, V. = -V, ==,

= pI vl =-1 oo (44)
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Substituting value of V, from equation (44) in equation (43) we get,
\4
I=2-G,BI

RO
A
I(1+G, B) = _ﬁ:
v
Ry = 7 =R, (1+GpP) .. (45)
Key Point: Here, G, is the open loop transconductance without taking R in account.
— _ R xRy
Ror = Ryl er
R, (14BG, )R, R, R, (14+BG,)
" R, 0+BG,)1+R_ R, +R_+BG, R,
Dividing numerator and denominator by R, + R; we get,
R, R, (1+BG,, )
R, +R
R, = o L
of T T BGa R,
R, + R,
_ R'(,(1+BGm)“ . RuRL _ Gn R,
® PGy R TR, er, MO g yr, @
Key Point: Note that here, G\, is the open loop current gain taking R, in account.
Table 3.1 summarizes the effect of negative feedback on amplifier.
Parameter Voltage series Current series Current shunt Voltage shunt
Gain with = Ay = Su - =R
Ad=T3pR, | O =Tipe, | MecTipA; | Rer T PRy
di decreases
Stability Improves Improves
Frequency Improves p P Improves
Frequency Reduces Red Red Reduces
distortion
Noise and Reduces Red R Reduces
Ry = R;(1+BAy) | Ry = R,(1+B Gy) -_ R =R
Input resistance if i v £ = B Gy Ry = WﬂlT, Ry m;
decreases decreases
=_Ro Ry = Ry(I+B G | Ry = R (14 A) -_R
Output resistance RM'WBT; of ° R(1+f of B Ry T:_Bgﬁ:
decreaszes decreases

Table 3.1
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-
Characteristics Topology
Voltage series Current series Current shunt Voltage shunt
Feadback signal X; Voltage Voltage Current Current
Sampled signal X, Voltage Current Current Voltage
To find input Vo= 10 I,=0 I,=0 V=0
loop, set
To find output =0 lj=0 V=0 Vi=0
loop, set
Single source Thevenin Thevenin Norton Norton
B=X; /X, VeV, Ve /1o It/ e/ Vo
A=X, /X Av=V /¥, Om =1/ ¥ A=l /5 Ry = Y/,
D=1+pA T+BAy 1+B Gy 1+f A 1+ Ry
Ay AyD Gyy/D AyD Ry /D
Ry R;D R;D R/D R/D
Ry ﬁfﬁ" Ro(1+BGp) | Ry(1+B4;) 1+RR,,
Table 3.2

3.8 Voltage Series Feedback

In this secticn, we will see two examples of the voltage series amplifier. First we will
analyze transistor emitter follower circuit and then source follower using FET.

3.8.1 Transistor Emitter Follower

Fig. 3.23 shows the transistor emitter follower circuit. Here feedback voltage is the
voltage across R, and sampled signal is V, across R,.
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Analysis
Step 1:  Identify topology.

By shorting output voltage (V,=0),
feedback signal becomes zero and hence it
is voltage sampling. Looking at Fig. 3.23 we
can see that feedback signal V; is subtracted
from the externally applied signal V, and
hence it is a series mixing. Combining two
conclusions we can say that it is a voltage
Fig. 3.23 series feedback amplifier.

Step 2 and Step 3 : Find input and output dircuit.

Teo find the input circuit, set V, = 0,
and hence V, in series with R, appears
bctmeandE.Toﬁndﬂwoulputcircuit,
set I, = I, = 0, and hence R, appears only
ml.heoutputloop With these connections
we oblain the circuit as shown in the

Fig. 324,

Fig. 3.24

]
Step 4 :  Replace transistor by its h-parameter equivalent circuit.
R 3

=1y

(2]

&
AMAA
VYWY

o)

AAARN
VYWY

-
A?l A

@ h T
i Py

+

.

R E Ro R
Fig. 3.25 Transistor replaced by its approximate h-parameter equivalent circuit

Step 5:  Find open loop voltage gain.

A = E = hfc[hn'e
A |

Applying KVL to input loop we get,

Vo= Ib(Rs"'hic)
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Substituting value of V, we get,

he R 50x 100
= fe e _ =
Av = Rg+h,  1K+11K 238

Step 6: Indicate V,, and V; and calculate i

vV
We have B = Tf =1 -* Both voltage present across R
o

Step7: Calculate D, Ay , Ry , Ry and R,

D = 1+fA
= 1+1x238
= 338
Ay = %{T
= Av_ 238
D 3.38
= 07
R = R+ h
=1K+11K=21K
Rif = RiD
= 21Kx338
= 70898 K
R, = o
Ry = =
Ry = %’l where R, = R,
Ry ‘%‘ "%%%
=2958Q

3.8.2 FET Source Follower
Fig. 3.26 shows the FET source follower circuit. Here feedback voltage is the voltage
across R, and sampled signal is V,, across R,,.
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Analysis :
Voo
Step 1 : Identify topology.
D
By shorting output voltage V, = 0,
¢ Ei‘fnx feedback signal becomes zero and hence it is
d voltage sampling. Looking at Fig. 3.26 we
+ s can see that feedback signal V, is subtracted
QD from the externally applied signal V, and
Vi RyZ5KY hence it is a series mixing. Combining two
conclusions we can say that it is a voltage
L series feedback amplifier. )
Fig. 3.26
D - Step2and Step3: Find input and
output circuit.
L To find the input circuit, set V; = 0, and
+ RS Vo hence V, appears between G and S. To find
6’9 3 the output circuit, set I; = I = 0, and hence
- R, appears in the output loop. With these
} + connections we obtain the circuit as shown
s in the Fig. 3.27.
Fig. 3.27
Step 4 : Replace FET by its equivalent circuit.
G D
Donves w2 v, RV,
L
1
s R Ry
Fig. 3.28
Step 5: Find open loop voltage gain.
Ao = V_ozgm Vis TaRs
VTN T RN,
_ Em Nk . =
- TR Vo =V, -
R
-1 VH=En T - @

1y + Ry




Oscillators

4.1 Introduction

Feedback plays an important role in almost all clectronic circuits. It is almost
invariably used in the amplifier to improve ils performance and to make it more ideal. In
the process of feedback, a part of output is sampled and fed back to the input of the
amplifier. Therefore, at input we have two signals : Input signal, and part of the output
which is fed back to the input. Both these signals may be in phase or out of phase. When
input signal and part of output signal are in phase, the feedback is called positive
feedback. On the other hand, when they are out of phase, the feedback is called negative
feedback.

The positive feedback results into oscillations and hence used in electronic circuils to
generate the oscillations of desired frequency. Such circuits are called oscillators.

4.2 Concept of Positive Feedback

The feedback is a property which allows to feedback the part of the output, to the
same circuit as its input. Such a feedback is said to be positive whenever the part of the
output that is fed back to the amplifier as its input, is in phase with the original input
signal applied to the amplifier. Consider a non-inverling amplifier with the voltage gain A
as shown in the Fig. 4.1.

) 0° phase shift
Input signal Mixer Output signal
i, Vo Vo _AD
N
~+—— Fegdback
signal
Feedback

Input and feedback ¥ signal
are in phase with
each other

Fig. 4.1 Concept of positive feedback
@-1
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Assume that a sinusoidal input signal (voltage) V, is applied to the circuit. As
amplifier is non-inverting, the output voltage V, is in phase with the input signal V,. The
part of the output is fed back to the input with the help of a feedback network. How
much part of the output is to be fed back, gets decided by the feedback network gain B.
No phase change is introduced by the feedback network. Hence the feedback voltage Vy is
in phase with the input signal V

Key Point: As the phase of the feedback signal is same as that of the input applied, the
feedback is called positive feedback.

4.2.1 Expression for Gain with Feedback
The amplifier gain is A i.e. it amplifies its input V;, A times to produce output V.

A=

=<

This is called open loop gain of the amplifier.

For the overall circuit, the input is supply voltage V, and net output is V. The ratio of
output V, to input V, considering effect of feedback is called closed loop gain of the
circuit or gain with feedback denoted as A

Ap=

BB

The feedback is positive and voltage V; is added to V, to generate input of amplifier
V. So referring Fig. 4.1 we can write,

Vi= Ve + Vg (1)
The feedback voltage V; depends on the feedback element gain . So we can write,

Substituting (2) in (1),
Vi

Vs + BV,
V, = Vi-BV, - (3
Substituting in expression for A,

v,

- o
RS A

Dividing both numerator and denominator by V;,
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AN
R VAR

A Vo

Af:m . ...EsA:Ti

Now consider the various values of [3 and the corresponding values of A; for constant
amplifier gain of A = 20.

A B Ap

20 0.005 2222

20 0.04 100

20 0.045 200

20 0.05 -
Table 4.1

Conclusions :

The above result shows that the gain with feedback increases as the amount of positive
feedback increases. In the limiting case, the gain becomes infinite. This indicates that circuit
can produce output without external input (V, = 0), just by feeding the part of the output
as its own input. Similarly, output cannot be infinite but gets driven into the oscillations.
In other words, the circuit stops amplifying and starts oscillating.

Key Point: Thus without an input, the output will continue to oscillate whose frequency
depends upon the feedback network or the amplifier or both. Such a circuit is called as an |
oscillator.

It must be noted that P the feedback network gain is always a fraction and hence fj < 1.
So the feedback network is an attenuation network. To start with the oscillations A > 1
but the circuit adjusts itself to get AP = 1, when it produces sinusoidal oscillations while
working as an oscillator.

An oscillator is an amplifier, which uses a positive feedback and without any external

input signal, generates an output form, at a desired freq y-

An oscillator is a circuit which basically acts as a generator, generating the output
signal which oscillates with constant amplitude and constant desired frequency. An
oscillator does not require any input signal. An electrical device, alternator generates a
sinusoidal voltage at a desired frequency of 50 Hz in our nation but electronic oscillator
can generate a voltage of any desired waveform at any frequency. An oscillator can
generate the output waveform of high frequency upto gigahertz.
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4.3 Barkhausen Criterion

180° . Consider a  basic inverting
Phase shift amplifier with an open loop gain A.
/ The feedback network attenuation
Vi A Amplifier 2 factor i is less than unity. As basic
A . V,=av, amplifier is inverting, it produces a
phase shift of 180° between input and

Fig. 4.2 Inverting amplifier output as shown in the Fig. 42.

Now the input V; applied to the
amplifier is to be derived from its output V, using feedback network.

But the feedback must be positive i.e. the voltage derived from output using feedback
network must be in phase with V. Thus the feedback network must introduce a' phase
shift of 180° while feeding back the voltage from output to input. This ensures positive
feedback. ‘

The arrangement is shown in the Fig. 4.3.

180° Phase shift

Feadback
acts as input

Vi= |3v,1

A

Fig. 4.3 Basic block diagram of oscillator circuit
Consider a fictitious voltage V; applied at the input of the amplifier. Hence we get,

Iv°= AV, | (1)

The feedback factor f} decides the feedback to be given to input,
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Substituting (1) into (2) we get,

For the oscillator, we want that feedback should drive the amplifier and hence V; must
act as [V;. From equation (3) we can write that, V; is sufficient to act as V; when,

And the phase of V; is same as V; i.e. feedback network should introduce 180° phase
shift in addition to 180° phase shift introduced by inverting amplifier. This ensures positive
feedback. So total phase shift around a loop is 360°.

In this condition, V; drives the circuit and without external input c1rr:u£t works as an
oscillator.

The two conditions discussed above, required to work the circuit as an oscillator are
called Barkhausen Criterion for oscillation.

The Barkhausen Criterion states that :

1. The total phase shift around a loop, as the signal proceeds from input
through amplifier, feedback network back to input again, completing a
loop, is precisely 0° or 360°.

2. The magnitude of the product of the open loop gain of the amplifier (A)
and the magnitude of the feedback factor B is unity ie. | AP | =1

Satisfying these conditions, the circuit works as an oscillator producing sustained
oscillations of constant frequency and amplitude.

In reality, no input signal is needed to start the oscillations. In practice, AB is made
greater than 1 to start the oscillations and then circuit adjusts itself to get AR =l, finally
resulting into self sustained oscillations. Let us see the effect of the magnitude of the
product AP on the nature of the oscillations.

431 |AB|>1
When the total phase shift around a loop is 0° or 360" and |AJi] > 1, then the output

oscillates but the oscillations are of growing type. The amplitude of oscillations goes on
increasing as shown in the Fig. 4.4.

}\ - [\ e

Fig. 4.4 Growing type oscillations
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432 |AB|=1
As stated by Barkhausen
criterion, when total phase shift

[/\ [N\ [ ... ouing poitoe toctuck and

\/ \/ \/ TMe 1A Bl = 1 then the oscillations
........ . are with constant frequency and
amplitude  called  sustained

oscillations.
Fig. 4.5 Sustained oscillations Such oscillations are shown
in the Fig. 4.5.
433 |AB| =<1
When total phase shift around a
Qutput

loop is 0° or 360° but |AP| < 1 then

the oscillations are of decaying type

ie. such oscillation amplitude

decreases exponentially and the

Time oscillations finally cease. Thus circuit

works as an amplifier without

oscillations. The decaying oscillations

are shown in the Fig. 4.6. '

So to start the oscillations

Fig. 4.6 Exponentially decaying oscillations .. -+ input, |AB| is kept higher
than unity and then circuit adjusts itself to get |AB| = 1 to result sustained oscillations.

4.3.4 Starting Voltage

It is mentioned that no external input is required in case of oscillators. In the earlier
analysis also, the input V; is assumed as fictitious input and practically no such input is
required. The oscillator output supplies its own input under proper conditions. The
obvious question is if no input is required, how oscillator starts ? And where does the
starting voltage come from ?

Every resistance has some free electrons. Under the influence of normal room
temperature, these free electrons move randomly in various directions. Such a movement
of the free electrons generate a voltage called noise voltage, across the resistance. Such
noise voltages present across the resistances are amplified. Hence to amplify such small
noise voltages and to start the oscillations, | Af| is kept greater than unity at start. Such
amplified voltage appears at the output terminals. The part of this output is sufficient to
drive the input of amplifier circuit. Then circuit adjusts itself to get [AB| = 1 and with
phase shift of 360° we get sustained oscillations.
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4.4 Classification of Oscillators

The oscillators are classified based on the nature of the output waveform, the
parameters used, the range of frequency etc. The various ways in which oscillators are
classified as :

4.4.1 Based on the Output Waveform

Under this, the oscillators are classified as sinusoidal and nonsinuscidal oscillators. The
sinusoidal oscillators generate purely sinusoidal waveform at the output. While
nonsinusoidal oscillators generate an output waveform as triangular, square, sawtooth etc.
In this chapter, we are going to discuss only sinusoidal oscillators.

4.4.2 Based on the Circuit Components

The oscillators using the components resistance (R) and capacitor (C), are called RC
oscillators. While the oscillators using the components inductance (L) and capacitor (C), are
called LC oscillators. In some oscillators, crystal is used, which are called crystal oscillators.

4.4.3 Based on the Range of Operating Frequency

If the oscillators are used to generate the oscillations at audio frequency range which is
20 Hz to 100 - 200 kHz, then the oscillators are classified as low frequency (L.E.) or audio
frequency (A.F.) oscillators. While the oscillators used at the frequency range more than
200 - 300 kHz upto gigahertz (GHz) are classified as high frequency (H.F.) or radio
frequency (R.F.) oscillators. The RC oscillators are used at low frequency range while the
LC oscillators are used at high frequency range.

4.4.4 Based on : Whether Feedback is Used or Not ?

The oscillators in which the feedback is used, which satisfies the required conditions,
are classified as feedback type of oscillators. The oscillators in which the feedback is not
used to generate the oscillations, are classified as nonfeedback oscillators. The nonfeedback
oscillators use the negative resistance region of the characteristics of the device used. The
example of the nonfeedback type of oscillator is the UJT relaxation oscillator.

4.5 R-C Phase Shift Oscillator

RC phase shift oscillator basically consists of an amplifier and a feedback network
consisting of resistors and capacitors arranged in ladder fashion. Hence such an oscillator
is also called ladder type RC phase shift oscillator.

To understand the operation of this oscillator let us study RC circuit first, which is
used in the feedback network of this oscillator. The Fig. 4.7 shows the basic RC circuit.
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c'e

it Va=V,
J L e '
Il 6 RéE !R o VR=Vy v, Ve = [Xg

{a) Circuit Fig. 4.7 (b) Phasor diagram

The capacitor C and resistance R are in serics. Now X¢ is the capacitive reactance in
ohms given by, :

The total impedance of the circuit is,
. ; 1 a
Z=R-jX = R-][m] Q= |Z| £-6°Q

The r.m.s. value of the input voltage applied is say V; volts. Hence the current is given
by.

where 1Z] = ‘,R2+(XC)2

—GC
and ¢"“’“[T

From expression of current it can be seen that current I leads input voltage V; by
angle ¢.
The output voltage V,, is the drop across resistance R given by,

The voltage across the capacitor is,
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The drop Vi is in phase with current 1 while the drop V¢ lags current [ by 90° ie.
Ileads V- by 90°. The phasor diagram is shown in the Fig. 4.7 (b).

By using proper values of R and C, the angle ¢ is adjusted in practice
equal to 60°, as required for RC phase shift oscillator.

4.5.1 RC Feedback Network

As stated earlier, RC network is used in feedback path. In oscillator, feedback network
must introduce a phase shift of 180° to obtain total phase shift around a loop as 360°. Thus
if one RC network produces phase shift of ¢ = 60° then to produce phase shift of 180° such
three RC networks must be connected in cascade. Hence in RC phase shift oscillator, the
feedback network consists of three RC sections each producing a phase shift of 60° thus
total phase shift due to feedback is 180° (3x60°). Such a feedback network is shown in the
Fig. 48.

Thioe RC crcuils Qutput of feedback network
Inpt to feedback = ThreaRL draulls =
c . C
it =1

Fig. 4.8 Feedback network in RC phase shift oscillator

The network is also called the ladder network. All the resistance values and all the
capacitance values are same, so that for a particular frequency, each section of R and C
produces a phase shift of 60°

4.5.2 Phase Shift Oscillator using Transistor

In a practical RC phase shift oscillator, a common emitter (CE) single stage amplifier is
used as a basic amplifier. This produces 180° phase shift. The feedback network consists of
3 RC sections each producing 60° phase shift. Such a RC phase shift oscillator using BJT
amplifier is shown in the Fig. 4.9.

The output of amplifier is given to feedback network. The output of feedback network
drives the amplifier. The total phase shift around a loop is 180° of amplifier and 180° due
to 3 RC section, thus 360°. This satisfies the required condition for positive feedback and
circuit works as an oscillator.
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Wee

= 180° Phase
gg 37 c.  T====Cshift due to amplifier
) Ik .
&
Amplfier gain
L A=VyIV,

I.
‘i'— 2R R Tc!

Lilds
a
ARAA
YWV
a
Wy
a

180° Phase
<TET ohif due to feedback

— i === RC Phase shift
= : network

ARA

Fig. 4.9 Transistorised RC phase shift oscillator

The frequency of sustained oscillations gencrated depends on the values of R and C
and is given by,

_ 1
2n6RC

The frequency is measured in Hz.
Actually to satisfy the Barkhausen condition, the expression for the frequency of
oscillations is given by,

Re
where K=—R

As practically Rc/R is small, K is neglected,
The condition of hg, for the transistor to obtain the oscillations is given by,

hy > 4K+23+%
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And value of K for minimum hy, is 2.7 hence minimum hg, = 44.5. So transistor with
hg, less than 44.5 cannot be used in phase shift oscillator.

But for most of practical circuits, the expression for the frequency is considered as,

1
T 2nJeRC

4.5.3 Derivation for the Frequency of Oscillations
Replacing the transistor by its approximate h-parameter model, we get the equivalent
oscillator circuit as shown in the Fig. 4.10.

| © o o ¢
_LJ 11 i 1]
hig ()hfeln Vo 2R R ’ R
Ry
® 1 1

Fig. 4.10 Equivalent circuit using h-parameter model
Practically Ry is used such that h;, of transistor alongwith R; completers the need of R.

I R = h +R; |

Note : If the resistances R; and R, are not neglected then the input impedance of the
amplifier stage becomes as,

i = Ryl Ry || e e ()

Irlsuchacase,mevaluechgmusibesosdectedtl\al

Similarly we can replace, the current source hg, I, by its equivalent voltage source.
And assume the ratio of the resistance R to R be K.
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The modified equivalent circuit is shown in the Fig. 4.11.

Rg = KR c c c
AW I I 1
— hyl R ’ R R
Voltage ehfe ) 3 )
source 1y I, Iy

Fig. 4.11 Modified equivalent circuit

Applying KVL for the various loops in the modified equivalent circuit we get,
For Loop 1,

1
“h Re=rge =l R+l Roh T, Re = 0
Replacing R by KR and joby s we get,
+1 [(I(+1)R+%]—-!2 R = -hfel, KR e (3)
or Loop 2,
—-I.—“-:—CIZ—IZR-IZR+11R+[3R =0
-1;R+1, [ R+-—] IR =0 e (@)
For Loop 3,
1
“lyige aR-1;R+IR = 0
1
_12[{+I3[2R+_§::| =0 .. (5)
Using Cramer’s Rule to solve for I
| L -
i{](-e-‘l)R-rsC R 0
| -R 2R+‘-_C =R

0 ~R 2R+-;—:J

[{l\+1}l'{+ ]{2R+—C] R2|:2R+-;C-,] RZ[(K+1)R+;H
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_ [sRC (K+ 1)+ 1] [2sCR+1]2 R? (2sCR+1) RZ[(K+1)sRC+1]
B 53 3 sC sC

First term can be written as,

[sKRC + sRC + 1] 452C2R2+45RC+1]{53C3

4P KR P+ 4 RBP4 462 C R? + 457 KR? C? 4 45 R? €% 4 4sRC+ sKRC+ sRC+ 1
" s° C

Second and the Third term can be combined to get,

~RZ?[KsRC +sRC+ 1]~R2[1+2sRC]
sC

~[2R? +3sR3 C+ KsR3 C]
sC

Combining the two terms and taking LCM as s°C° we get,
_ 5% O3 R [4K+ 4]+ % C? R? [4K+ 8]+ sRC[5+K]+1-{2R*+3s R C+Ks R? C]s* C?

D

s
_s3C3 R? [3K+1]+s? C? R? [4K+ 6]+ sRC[5+ Kj+1 .
= G0 - (6)
Now
(K+1)R+% -R ~hg, I, KR
1
D; = -R W+ 0
0 -R 0
’ 2
= =R (hy I, KR)
= -KRh I e (7
D
b=
_wp3d 33
_ KR?hg 1, 8% C . ®
53 C3 R3 [3K+ 1]+ sZ C2 R? [4K+ 6]+ sRC [5K+ 1]+ 1
Now I; = Output current of the feedback circuit

I, = Input current of the amplifier
I, = hg Iy = Input current of the feedback circuit

_ Output of feedback circuit _ 15
B = Input to feedback circuit ~ h, T
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And = Input to amplificr circuit

I 1
AB = —S—Xh =2
he Iy 0,

Using equation (9) we get,

~KR3 h s?C3

QOutput of amplifier circuit
= =2 =hg

Ty
Ib

G

Af =
53 €3 R [3K+ 1]+ s2 C? R? [4K+ 6]+ sRC [5K+ 1]+ 1

..-(10)

Substituting s = jo, §* = 2@’ = - @?, & = f©® = —ja? in the equation (10) we get,

o3 el 3
-jo” KR® C h

/\p = e
—j@? C* R? [3K+ 1]-w* C* R? [4K+ 6]+ juRC [5+ K]+1

Separating the real and imaginary parts in the denominator we get,

Ap

-jo’® KR C3hy,

Dividing numerator and denominator by jm3 R3 C3,

Kh

fe

T [-4Ke? €2 R2 —60? C? RY]-jol3K o? R? €3 +w? R? C3 - 5RC -KRC]

(1-4Kw? C? R? ~aw? C? R?)
—jw3 R3 C3

Replacing -1/j = j,
Kh

= fe

{jmlal( @ R? C?+aw? R? C? -5RC -KRC]

—jw’ R3 C3 }

o 1 1K 6
’{ma R3C? ORC mRC}+{3K+1
Replacing -mé—c = a for simiplicity
Kh,,

K
o? R? C? mszCz}

.

" [3K+1-502 —Ka?)+jla’ ~4Ka—60]

As per the Barkhausen Criterion, £ A = 0°. Now the angle of numerator term Khy, of
the equation (11) is 0° hence to have angle of the Ap term as 07, the imaginary part of the

denominator term must be 0.

o’ -4Ka-6a = 0
ala?-4K-6) = 0
a? =

4K + 6 neglecting zero value
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g

=3 =

N =1
i 1}
e
= =
+ +
ol o

1
f= e e
2TRCJ1K+6 -(12)

This is the frequency at which £ AB = 0° At the same frequency, |AB| = 1.
Substituting o = fAK+6 in the equation (11) we get,

Kh,
A = TR H BT K

Kh fe
3K+ 1-20K-30-4K? 6K

Kh fe
—4K? -23K-29

Now | AB| 1

Kh,
—4K? -23K-29

Khg, = 4K?+23K+29

hye =4K+23+% ...(13)

This must be the value of hy, for the oscillations.

.5.4 Minimum Value of hy, for the Oscillations
To get minimum value of hg,,

dhg
=K -0

d 29

3{4K+23+?} =0

-]
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2 _ 29
K=7

K = 2.6925 for minimum hy, . (14)

Substituting in the equation (13),
Midmin = 4(2.6925)+23+m

Key Paint: Thus for the circuit to oscillate, we must select the transistor whose (hﬁl min
should be greater than 44.54. '

By changing the values of R and C, the frequency of the oscillator can be changed. But
the values of R and C of all three sections must be changed simultancously to satisfy the
oscillating conditions. But this is practically impossible. Hence the phase shift oscillator is
considered as a fixed frequency oscillator, for all practical purposes.

sy Example 4.1: Find the capacitor C and by, for the transistor to provide a resonating
frequncy of 10 kHz of a transistorised phase shift oscillator. Assume R; = 25 K,
Ry =570 Rp =200, R = 7.1 k2 and Iy, = 1.8 k2

Solution : Referring to equation (1),
R| = Ry[|R;lihy, =25k 57 k2 || 1.8 k2
1

1.1 .1
R - B'w1s
- R; = 1631k
Now Ri+R; = R
Ry = R-R| =71-1631
547 KQ
Rc 20
K= =71t 2816
Now f —_—
27RCJ6+4 K
10%103 1
2mx7.1x10% xCx [6+4%2.816
C = 539.45 pF
h, = 4K+ 23+ 2 refer equation (13)
fe % equation
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2

h, = 43<2.81E|+2.'3+2.B—I?3

hy 2 44562

4.5.5 Advantages
The advantages of R - C phase shift oscillator are,
1. The circuit is simple to design.
2. Can produce output over audio frequency range.
3. Produces sinusoidal output waveform.

4. Itis a fixed frequency oscillator.

4.5.6 Disadvantages

By changing the values of R and C, the frequency of the oscillator can be changed. But
the values of R and C of all three sections musl be changed simultancously to satisfy the
oscillating conditions. But this is practically impossible. Hence the phase shift oscillator is
considered as a fixed frequency oscillator, for all practical purposes.

And the frequency stability is poor due to the changes in the values of various
components, due to effect of temperature, aging etc.

nmp Example 4.2 : In a RC phase shift oscillator, the phase shift network uses the resistances
each of 4.7 k2 and the capacitors each of 0.47 F. Find the frequency of oscillations.
Solution : The given values are, R=47kQ and C =047 pF
1 1

- - =29.413 Hz
2nJ6RC  2mEx47%10% x047%107®

iy Example 4.3 : Estimate the values of R and C for an output frequency of 1 kHz in a RC
phase shift oscillator.
Solution : f=1KkHz
1

Now f= —
2n6RC
Choose C = 01yF
1
1x10% = ————e
216 Rx01x1076
R = 649.747 Q

Choose R = 6800 standard value
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4.5.7 FET Phase Shift Oscillator
The practical circuit of FET phase shift oscillator is shown in the Fig. 412.

Voo

Fig. 4.12 FET phase shift oscillator

" For the amplifier stage FET is used. It is sclf biased with a capacitor bypassed source
resistance Rg and a drain bias resistance Ry, The important parameters of FET are g, and
rg- From FET amplifier theory we can write,

Al = gmRy . (@7)

Where Ry is the parallel equivalent of Ry, and rg4.

Rp 1y
Ry = Rp+rg e (28)

Key Point : The input impedance of the FET amplifier stage can be conveniently assumed
as infinite, as long as the operating frequency is low enough to neglect the capacitive
impedances.



Analog and Digital Electronics 4-19 Oscillators

The feedback network is again three stage Re network having gain,

Bl = 5%

Al = 29 - o (29)

Hence the condition on gain of the amplifier is same as in case of op-amp, the
frequency of the oscillator is given by,

1
2aRCY6 - (30)

mmp Example 4.4 : A phase shift oscillator is to be designed with FET having g,= 5000 pS,
ry = 4kQ while the resistance in the feedback circuit is 9.7 KXY Select the proper value of C
and Rpy to have the frequency of oscillations as 5 kHz.

Solution : Using the expression for the frequency

—

2nRCY6
1
5%10% = ———
21x9.7x10% x Cx /6
C = 134nF
Now using the equation (27),
. IAI = ngI.
|A] = 29
EmPL 2 29
‘ 29 29
2 —2 — 258kQ
R Bm  5000x107°
With value of R = 6.8 k2,
Rp1y
R = Rp+14
Rp % 40x 102
6.8x10% = —DX=X

Rp +40 x10°
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While for minimum value of R = 5.8 k2
Rp

Rp +40 %103

4.8823 Rp

4.6 Wien Bridge Oscillator

Generally in an oscillator, amplifier stage introduces 180° phase shift and feedback
network introduces additional 180° phase shift, to obtain a phase shift of 360° (2n radians)
around a loop. This is required condition for any oscillator. But Wien bridge oscillator
uses a noninverting amplifier and hence does not provide any phase shift during
amplifier stage. As total phase shift required is 0° or 2nx radians, in Wien bridge type no
phase shift is necessary through feedback.

Key Point : Thus the total phase shift around a loop is 0°.

Rp

Fig. 4.13 Basic circuit of Wien bridge
oscillator

Vin

\ Wien bridge

I+
R,
=

4.4I
zq{rq+

Fig. 4.14 Feedback network of Wien bridge

oscillator

5.8823 Rpy
40x10°

812 kQ

6.78 kQ

Let us study the basic version
of the Wien bridge oscillator and
its analysis.

A basic Wien bridge used in
this oscillator and an amplifier

stage is shown in the Fig. 4.13.

The output of the amplifier is
applied between the terminals 1
and 3, which is the input to the
feedback network. While the
amplifier input is supplied from
the diagonal terminals 2 and 4,
which is the output from the
feedback network. Thus amplifier
supplied its own input through the
Wien bridge as a feedback
network.

The two arms of the bridge,
namely Ry, C; in series and Ry, C,
in parallel are called frequency
sensitive arms. This is because the
components of these two arms
decide the frequency of the
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oscillator. Let us find out the gain of the feedback network. As seen earlier input V, to
the feedback network is between 1 and 3 while output V; of the feedback network is
between 2 and 4. This is shown in the Fig. 4.14. Such a feedback network is called lead-lag
network. This is because at.very low frequencies it acts like a lead while at very high
frequencies it acts like lag network.

Now from the Fig. 4.14, as shown,

1+joR,C
1 JOky ey
4 = MYge T TTec
1
1 eq
2, = Ryl = —2 %
joC, Ro + 1
27 joC,
RZ
% = 13, G, @
Replacing jo=s,
N L
T
R,
and 2 = R, G

Fig. 4.15 Simplified circuit



Analog and Digital Electronics 4-22 . Oscillators

Substituting the values of Z, and Z,,

R,
1+sR,C,

P = G R,
[ sCy :|+[“‘chz

= sC Ry
T (1+sR, C)(1+5R; G, )+sC, K,
sC R,
148(R, €, +R, C,)+s? R R, C, C, 4sC, R,
sC R,
14s(R, C, +R; C, +C\R, )+5* R R, C/C,

Replacing s by jo, s=-of
B = 190G, Ry e (3)
(1-o Ry R, C, C, )+jo(R, C; +R, C, +C|R,)

Rationalising the expression,
jIC1R, [(1-0PR R,C,C,) ~j(R, Cy +R,C, +CiRy)]

(1-07R,R,C,C, ) +62(R,C; +R,C, +C,R, )

@ C, Ry (R,C, +R,C; +CR, )+ jaC,R, (1-67 R R, C,C, )
2
(1-0? R;R,C,C, )" +0? (R,C, +R,C, +CR, )

- (4)
To have zero phase shift of the feedback network, its imaginary part must be zero.
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o{1-0?RRCCy) = 0
2

1 .
©° = ————— neglecting zero value.
RR,C Gy &

1
0n = —

YRR GG

2n/RR,C,C, ...{5)

Key Point : This is the frequency of the oscillator and it shows that the components of the
frequency sensitive arms are the deciding factors, for the frequency.

In practice, R, = R, = R and C; = C; = C are selected.
1

2:;,] RIC?

1
2RRC ...(6)

f =

f =

At R, = R; = Rand C; = C; = C, the gain of the feedback network becomes,
5 mZRC(3RC1+ijc(1—m2R2c’)
- (1-o’R? ?)+a? (3RO)’

e I

Substituting f = RC & 9= Re

we get the magnitude of the feedback network at the resonating frequency of the
oscillator as,

3 3 -
B=——g——7 =3

2
04— % (3RO

=
[

=

S




Analog and Digital Electronics 4-24 Oscillators

The positive sign of j indicates that the phase shift by the feedback network is 0°. Now
to satisfy the Barkhausen criterion for the sustained oscillations, we can write,

Ap| =1
1

|A 2—2—-—
TR
3

This is the required gain of the amplifier stage, without any phase shift.
If Ry # R, and C; # C, then

1

2nfR,R,C,C,

Substituting in the equation (4) we get,

B = CiR,
®,C, 7R,C, TC,R;)

W
-

[AB]

R,C; +R,C, +C;R,

A 2
CiRy ... (8)

Another important advantage of the Wien bridge oscillator is that by varying the two
capacitor values simultaneously, by mounting them on the common shaft, different
frequency ranges can be provided.

Let us see the various versions of the Wien bridge oscillator by m:demg various
circuits for the amplifier stage.

4.6.1 Transistorised Wien Bridge Oscillator

In this circuit, two stage common emitter transistor amplifier is used. Each stage
contributes 180° phase shift hence the total phase shift due to the amplifier stage becomes
360° i.e. 0° which is necessary as per the oscillator conditions.

The practical, transistorised Wien bridge oscillator circuit is shown in the Fig. 4.16.

The bridge consists of R and C in series, R and C in parallel, R; and R;. The feedback
is applied from the collector of Q, through the coupling capacitor, to the bridge circuit.
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i
T

t
R L H
< < '
4.519 = '
3 E: |
c H
Foad T )
back O !
network :
]
]
R c < i
Re23 i
9 [l
O L]
T
i
1
1

§
= f

b
J__ Stage 1

Fig. 4.16 Transistorised Wien bridge oscillator

The resistance R, serves the dual purpose of emitter resistance of the transistor Q; and
also the element of the Wien bridge.

The two stage amplifier provides a gain much more than 3 and it is necessary to
reduce it. To reduce the gain, the negative feedback is used without bypassing the
resistance Ry The negative feedback can accomplish the gain stability and can control the
output magnitude. The negative feedback also reduces the distortion and therefore output
obtained is a pure sinusoidal in nature. The amplitude stability can be improved using a
nonlincar resistor for Ry Due to this, the loop gain depends on the amplitude of the
osmllahom Increase in the amplitude of the oscillations, increases the current through
resi , which Its into an increase in the value of nonlinear resistance Ry
When this value increases, a greater amount of negative feedback is applied. This reduces
the loop gain. And hence signal amplitude gets reduced and controlled.

4.6.2 Wien Bridge Oscillator using FET

As a single stage FET amplifier gives a phase shift of 180° and it is required to have
360° phase shift from amplifier stage, the two stages of FET amplifier is the feature of the
Wien bridge oscillator using FET.

The basic feedback network of Wien bridge remains same. Hence the condition of the
oscillations, remains same.

The practical circuit of Wien bridge oscillator using two stage FET amplifier is shown
in the Fig. 4.17.

The RC series and parallel combination forms the frequency sensitive arms of the Wien
bridge. The resistances R; and R, form the part of the feedback path. The unbypassed
source resistance R, provides the negative feedback required for gain stabilization. The
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amplifier gain is the product of the gains of the two stages. The operation of the circuit is
similar to the Wien bridge oscillator circuit with op-amp.

Forward path [Includes two slages]
% . a+Vpp
Rp Ry
R Ry |
. c
Feedbach T FET 1 FET 2
network
R ce 2 Ry Ry C,
RS 3Ry
2
11

Fig. 4.17 FET Wien bridge oscillator
Key Point : All the conditions derived earlier for the oscillating conditions are equally
applicable to this circuit.
mmp Example 4.5 : The frequency semsitive arms of the Wien bridge oscillator uses
Cy=Cy=0.001 uF and R; = 10 k2 while R, is kept variable. The frequency is to be varied
from 10 kHz to 50 kHz, by varying R,. Find the minimum and maximum values of R;.

Solution : The frequency of the oscillator is given by,

1
f - ee—_—_———
2n.,“R1R2C‘C2
For f = 10 kHz,
10x10% = !

2r J(wme xR, ><(JJ.001><'1€|"5)2

R, = 2533 kO
For f = 50 kHz
50x103 = 1

ZH.J(lﬂxlﬂ"'szx(U.Dlelﬂ“’)z

R, = 1013 ko
So minimum value of R, is 1.013 i while the maximum value of R, is 25.33 ki
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4.7 Comparison of RC Phase Shift and Wien Bridge Oscillators

The similaritics and the differences between the two oscillators are given in the

Table 4.2.

Sr.
No.

RC Phase Shift Oscillator

Wien Bridge Oscillator

]

It is a phase shift oscillator used for
low frequency range.

It is also a phase shift oscillator
used for low frequency range,

2)

The feedk k is RC
with three RC sections.

The f is lead-lag
network which is called Wien bridge
circuit.

3)

The feedt 180°

phase shift.

The feedback network does not
introduce any phase shift

4) Op-amp is used in an inverting mode. | Op-amp is used in non-inverting
mode.

Op-amp circuil does not introduce
any phase shift.

The frequency of oscillations is,

5) Op-amp circuit introduces 180° phase
shift.

6) | The frequency of oscillations is,
1 1

f= | -
2nRCY6 ZnRC
] The amplifier gain condition is, The amplifier gain condition Is,
A} 229 LYEE]
8) The frequency variation is difficult. Aounting the two on

common shaft and varying their
values, frequency can be varied.

Table 4.2

4.8 Tuned Oscillator Circuits

The oscillators which use the clements L and C to produce the oscillations are called
LC oscillator or tuned oscillators. The circuit using elements L and C is called tank circuit
or oscillatory circuit, which is an important part of LC oscillators. This circuit is also
referred as resonating circuit, or tuned circuit. These oscillators are used for high frequency
range from 200 kHz upto few GHz. Due to high frequency range, these oscillators are
often used for sources of RF (radio frequency) energy. Let us study the basic action of LC
tank circuit first.
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4.8.1 Operation of LC Tank Circuit
The LC tank cireuit

Charging consists of elements L and

} current
+* ] C connected in ‘parallel as
D.C. ++ 4l + c

c t Souve, T shown in the Fig, 4.18.
_*o [ Let capacitor is

initially charged from a
Fig. 4.18 LC tank circuit Fig. 4.19 Initial charging 3 .  ‘source with the

polarities as shown in the Fig. 4.19.

When the capacitor gets charged, the energy gets stored in a capacitor called
electrostatic energy. When such a charged capacitor is connected across inductor L in a
tank circuit, the capacitor starts discharging through L, as shown in the Fig. 4.20. The
arrow indicates direction of flow of conventional current. Due to such current flow, the
magnetic field gets set up around the inductor L. Thus inductor starts storing the energy.
When capacitor is fully discharged, maximum current flows through the circuit. At this
instant all the electrostatic energy get stored as a magnetic energy in the inductor L. This
is shown in the Fig. 4.21.

Capa::lislor /___ Mag field
sta built
discharging e d _L around L
+fpu— c L
Fig. 4.20 Fig. 421

Now the magnetic field around L starts collapsing. As per Lenz's law, this starts
charging the capacitor with opposite polarity making lower plate positive and upper plate
negative, as shown in the Fig. 4.22.

After some time, capacitor gets fully charged with opposite polarities, as compared to
its initial polarities. This is shown in the Fig. 4.23. The entire magnetic energy gets
converted back to electrostatic energy in capacitor.

Magnetic Cgets
field starts ppositely
collapsing charged

2]
|

+
+

Fig. 4.22 Fig. 4.23
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Capacitor Now capacitor again starts discharging through
slarts inductor L. But the direction of current through
discharging

circuit is now opposite to the direction of current
opu— earlier in the circuit. This is shown in the Fig. 4.24.
Again electrostatic energy is converted to magnetic
energy. When capacitor is fully discharged, the
magnetic field starts collapsing, charging the
capacitor again in opposite direction.

Key Point: Thus capacitor charges with alternate polarities and discharges producing
alternating current in the tank circuit.

Fig. 4.24

This is nothing but oscillatory current. But every time when energy is transferred from
CtoL and L to C, the losses occur due to which amplitude of oscillating current keeps on
decreasing everytime when energy transfer takes place. Hence actually we get
exponentially decaying oscillations called damped oscillations. These are shown in the
Fig. 4.25. Such oscillations stop after sometime.

/\/\ llll /\ Time
______ \/ M.

Fig. 4.25 Damped oscillations
Key Point : In LC oscillator, the transistor amplifier supplics this loss of energy at the
proper times.

The care of proper polarity is taken by the feedback network. Thus LC tank circuit
alongwith transistor amplifier can be used to obtain oscillators called LC oscillators. Due to
supply of energy which is lost, the oscillations get maintained hence called sustained
oscillations or undamped oscillations.

The frequency of oscillations generated by LC tank circuit depends on the values L
and C and is given by,

1
2 nJLC

where L is in henries and C is in farads.
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4.8.2 Basic Form of LC Oscillator Circuit

As stated earlier, LC tuned circuit forms the feedback network while an op-amp, FET
or bipolar junction transistor can be active device in the amplifier stage. The Fig. 4.26 (a)
shows the basic form of LC oscillator circuit with gain of the amplifier as A,. The
amplifier output feeds the network consisting of impedances Z,, Z; and Z;. Assume an
active device with infinite input impedance such as FET or op-amp. Then the basic circuit
can be replaced by its linear equivalent circuit as shown in the Fig. 4.26 (b).

Amplifier stage

+ o

-——————

=0 -
Feedback V; |
voltage :

(a) Basic form of LC oscillators

{b) Equivalent circuit
Fig. 4.26

Amplifier provides a phase shift of 180°, while the feedback network provides an
additional phase shift of 180°, to satisfy the required condition.
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i} Analysis of the amplifier stage

As input impedance of the amplifier is
infinite, there is no current flowing towards the
input terminals. Let R, be the output impedance
of the amplifier stage.

As [ = 0, Z), Z; appears in series and the
combination in parallel with Z,. The equivalent
be Z; ie. load impedance. So circuit can be
reduced, as shown in the Fig. 4.27.

A
= R, +Z -
While vV, =17 e (2
~A V. Z
V. = ViiTL
° R, +Z,
Vo _ a4 _"AVZ
V_i“A“ Ry +Z, o (3)
where A is the gain of the amplifier stage.
ii) Analysis of the feedback stage
] + For the feedback factor () calculation,
consider only the feedback circuit as shown in
% the Fig. 4.28.
- L Ve From the voltage division in parallel circuit,
z we can write,
Wy 1 z
- 1
oo V=V, [21 +Zs] @
Fig. 4.28 B/ Zy .5

v, “Pe 77,

o

But as the phase shift of the feedback network is 180

Zl
ﬁ=—m (]

Obtain an expression for — AP as basic Barkhausen condition is — AP = 1. Refer
Equation (4) of the section 4.3.
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- —AvZZ,
AB = (Ro+Z )x(Z,+2Z5) - @
This is the required loop gain. Now Z;, can be written as (Z,+2;) ] 2, ie.
o Z2(2442Zy)
A = Z w207, ~ (8
Z,(Z,+Z )]
—ALZ =2 3t
_ap - v l[z,+zz+zJ
R Za (Z)+24) 7 47
otz 3z, vz, |Gt )
o . (Z,+Z,)
Dividing numerator and der ator by 7,2, 42y
= “AvZ 7,
T (R (£ +Z,+2Z4)
[sz}-—-ﬂz (Z,+2,)
- ~AvZ 2 ©
R, 2, +2,+ 23 )+ 2, (Z,+Z;) -
As Z; Z; and Z; are the pure reactive elements,
Z) = Xy Zp=iX andZy=ijX,
where X = @l for an inductive reactance
-1
and X = e for a capacitive reactance.
_AB = 'Av(jxﬁ(jxg)
Ry (X, +3X, +jX3)+jX, (X, +iX;)
= AvXX,
— AP ¢ X, +X;)+ 1R, (X, + X, + X5 - (10)

To have 180° phase shift, the imaginary part of the denominator must be zero.
,-_Lxl+x2+x3=u . (17)

Substituting in the equation (10),

=AyX, X
~ AR = vA14s
AP X, (X, +X3)

But from the equation (11), X; + X3 =-%;
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v Ay [;‘_;] . (12)

According to the Barkhausen criterion, -~ AP must be positive and must be greater than
or equal to unity. As Ay is positive, the — AB will be positive only when X; and X; will
have same sign. This indicates that X; and X; must be of same type of reactances either
both inductive or capacitive.

While from the equation (11), we can say that X3=-(X; + X;) must be inductive if
X, X3 are capacitive while X3 must be capacitive if X;, X; are inductive.

Table 4.3 shows the various types of the LC oscillators depending on the design of the
reactances X;, X; and X;. ‘

Oscillator type Reactance elements in the tank circuit
% X2 X3
Hartley Oscillator L L c
Colpitts Oscillator [+ [ L
Table 4.3

4.9 Hartley Oscillator
As seen earlier, a LC oscillator which uses two inductive reactances and one capacitive
reactance in its feedback network is called Hartley Oscillator.

4.9.1 Transistorised Hartley Oscillator

The amplifier stage uses an active device as a transistor in common emitter
configuration. The practical circuit is shown in the Fig. 4.29.

Vo

Amplifier produces
> 180° phase shift

+Veg

Tank circuit
adds further
180° phase shift

Fig. 4.29 Transistorised Hartley oscillator
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The resistances R, and R, are the biasing resistances. The RFC is the radio frequency
choke. Its reactance value is very high for high frequencies, hence it can be treated as open
circuit. While for d.c. conditions, the reactance is zero hence causes no problem for d.c.
capacitors.

Hence due to RFC, the isolation between a.c. and d.c. operation is achieved. Ry is also
a biasing circuit resistance and C is the emitter bypass capacitor. C) and Cg, are the
coupling capacitor.

The common emitter amplifier provides a phase shift of 180°. As emitter is grounded,
the base and the collector voltages are out of phase by 180° As the centre of Lj and L, is
grounded, when upper end becomes positive, the lower becomes negative and viceversa.
So the LC feedback network gives an additional phase shift of 180° necessary to satisfy
oscillation conditions.

4.9.2 Derivation of Frequency of Oscillations

The output current which is the collector current is hgJ, where I, is the base current.
Assuming coupling condensers are short, the capacitor C is between base and collector.
The inductance L; is between base and emitter while the inductance L, is between
collector and emitter. The equivalent circuit of the feedback network is shown in the
Fig. 4.30.

Input to @
feedback

<
Iz

h(elbc) Ly Ly Nie

Fig. 4.30 Equivalent circuit
As h;, is the input impedance of the transistor. The output of the feedback is the
current Iy which is the input current of the transistor. While input to the feedback network
is the output of the transistor which is I. = hgly, converting current source into voltage

source we get,
T T
Vo %) Ly gs"m Vi
l |

Fig. 4.31 Simplified equivalent circuit

v

:”—u
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Vo = hly X, = hely jol, )
Now L; and h;, are in parallel, so the total current I drawn from the supply is,
-V,
- (2

T X, X 1+[x,_l %)

Negative sign, as current direction shown in opposite to the polarities of V.

Now XL1+XC = ]mLQ+mC
oLy
and Xy, Iy = GoL, +h,)
Substituting in the equation (2) we get,
. ~hg I, joL, . 6)
oL 4L 1 joL h;,
Jols + ot |* GoL, 71
Replacing joby s,
- —shg L,
L 1 sLih;,
[“ 2+sc] (sL,+h )
—shg I, L,

[14s°L, C)  sLjh,
sC (sL|+h“)
~shyI L, (sC)(sL; +h;,)
[1+s2L, C][sL, +h;,] +(sC) (sL;h;,)

-5% hp Iy L,C(s L, +h;.)
s3L,L,C+sL, +h;, +s2L,Ch,, +s?L,Ch;

e

—32 helylaC(sLy+hy)
$L,L,C+5%C h (L +L, )+sLy +h,,

According to current division in parallel circuit,
Xy
- 1

b= DxTn,

jeoL

(ijl +hm)

= 1Ix



Analog and Digital Electronics 4-36

Oscillators

Ib = Ix _S_LI_
(sL, +h;.)

Substituting value of I from equation (3} in (4),
L = -5 hfchLEC(sL +h;.) « sk,
[} (L,L;€) +52C hy (L, +Ly )+sLy +h, ] 6Ly +hi)

_ -s3h [,CL L,
s3(L,L,C)+52Ch (L, +L, )+sL;h,,

_ -s’h CLL,
$3(L,L,C)+s2Ch (L, +L, )4sL; +h

Snbsu{uﬁ.ngs—jms = -7, ° = - jo? we get
P i’ hgCL L,
—j@’L,L,C~?Ch (L, +L, )+joL, +h,

= j“-"lh'mCLle
(b, —~@?Chy (L, +L, )]+ joL, (1-0*L,C)

Rationalising the R.H.S of the above equation,
j0Ph g CL L, [hy, —@?Chy (L, +L,)-joL, (1-aL,C)]

[h;, ~@?Ch; (L, +L,)]? +a? 12 (1-a?L,C)2

_0'h L, C(1-0? L, O + jo’hy Ly LyChyp -0 Chyo(Ly +L,)
[hje -0 Chy (L, + L) +0? 1} (1-? 13 1,02

To satisfy this equation, imaginary part of R. H. S. must be zero.
» @ hg LLC [hye — 0 hyeC (Ly + L)) = 0
a?hfehkLleC[l—mzC(L]+IQ)] =0

1-dC@L+Ly) =0
o =

1
T, +Ly)

1

™)

1

T T, L)

. (@)

.. (5

(6)

- (@

- (8)
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This is the frequency of the oscillations. At this frequency, the restriction of the value
of hy, can be obtained, by equating the magnitudes of the both sides of the equation (7).

o'h 131, C0-0?L,Q 1
e s s at i —m——— -
0+e? 13(1-0? L, O3 JCL, +L,)
1 = hfl_ LZ t o= 1
(1-e?L, C} JC@L{+Ly)
h 1.z _hy r.2

-
I

[1 C(L, +L2]] '

hee = 7+ N0

This is the value of hy, required to satisfy the oscillating conditions.
For a mutual inductance of M,

CL+M
he = L;+M .. (10)

Now L; + L, is the equivalent inductance of the two inductances L; and L,, connected
in series denoted as

Hence the frequency of oscillations is given by,

1

= ?ﬂ?_t: .. (12)

Key Point: So if the capacitor C is kept variable, frequency can be varied over a large range
as per the requirement.

In practice, L; and L, may be wound on a single core so that there exists a mutual
inductance between them denoted as M.

In such a case, the mutual inductance is considered while determining the equivalent
inductance Le‘! Hence,

i Lg=Lij+L,+2M . (13)
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If L, and L; are assisting each other then sign of 2M is positive while if L, and L; are
in series opposition then sign of 2M is negative.

The expression for the frequency of the oscillations remain same as given by (12).

A practical circuit where the mutual inductance exists belween L; and L, of
transistorised Hartley oscillator is shown in the Fig. 4.30.

*Vee

Tank circuit

t— Tapped inductor coil
E Juge
'L

Fig. 4.32 Another form of transistorised Hartley oscillator
Key Point : The Hartley oscillators are widely used in the radio receivers as local
oscillators.

lmp Example 4.6 : In a transistorised Hartley oscillator the two inductances are 2 mH and
20 pH while the frequency is to be changed from 950 kHz to 2050 kHz. Calculate the
range over which the capacitor is to be varied.

Solution :  The frequency is given by,

) 1

f= —
2r [CLy)
where Ly = L+ L =2x1073+20x107 = 0.00202
For f = fo. = 2050 kHz
2050x10° = — L
27,/Cx0.00202
C = 298 pF
For = finin = 950 kHz
950%10% = — 1
2%,/ Cx 000202
C = 13.89 pF
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Hence C must be varied from 2.98 pF to 13.89 pF, to get the required frequency
variation.
4.9.3 FET Hartley Oscillator

If FET is used as an active device in an amplifier stage, then the circuit is called FET
Hartley oscillator. The practical circuit is shown in the Fig. 4.33.

Fig. 4.33 FET Hartley oscillator
The resistances R;, R; bias the FET along with R, The C, in the source bypass
capaditor. To maintain Q point stable, coupling capacitors C¢y, Cc are used. These have
very large values compared to capacitor C. The tank circuit is shown in a box.
We know,
Xp+ Xy + X3 =0

And X = joly X = joly and X3 = -2
Solving for w, we get the same expression for the frequency as derived earlier.
P |
ZI'E‘HCLO‘1
where | Lg=Ly+LyorLy +L; +2 M

This is dependent on whether L;, L, are wound on the same core or not.
If L, = L, = L, then the frequency of oscillations is given by,

1
= e yic - (14)
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imp Example 4.7 :  Calculate the frequency of oscillations of a Hariley oscillator having
Ly=05mH, Ly =1mH and C = 0.2 pF.

Solution : The given values are,
Ly = 05mH, Ly=1mH C=02uF
1

Now f= ——e"
2n fL,C
and Leq=L.1+l.2=ﬂ.5+1=1,5mH

1
274/1.5%1073 % 0.2x10~®

-
[

= 9.19 kHz

4.10 Colpitts Oscillator

An LC oscillator which uses two capacitive reactances and one inductive reactance in
the feedback network i.e. tank circuit, is called Colpitts oscillator.

4.10.1 Transistorised Colpitts Oscillator

The amplifier stage uses an active device as a ftransistor in cc emitter
configuration. The practical circuit is shown in the Fig. 4.34.

+. Amplifier produces
180° phase shif

Tank circuit

180° phase shift

Fig. 4.34 Transistorised Colpitts oscillator

The basic circuit is same as transistorised Hartley oscillator, except the tank circuit. The
common emitter amplifier causes a phase shift of 180°, while the tank circuit adds further
180° phase shift, to satisfy the oscillating conditions.
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4.10.2 Derivation of Frequency of Oscillations

© As scen earlier, the output
bk Tt current I, which is hy, I, acts as
input to the feedback network.
While the base current I, acts as
the output current of the tank
circuit, flowing through the input
_L ® impedance of the amplifier h;,. The
- equivalent circuit of the tank
circuit is shown in the Fig. 4.35.

Mol

11
1
[+]
L)
|
1
o
=
&

c, L lo Converting the current source
A —=c, he into the voltage source. We get the
equivalent circuit as shown in the

l Fig. 4.36.

Fig. 4.36 Simplified equivalent circuit
1
Vo = bely xcz =hg Ihi'mcz A1)
The total current I, drawn from the supply is,

- 'vo
I = [xol+xl‘]+[xc‘ iTh,] - @

The negative sign is because the current direction is assumed in the opposite direction
to that, would be due to the polarities of V.

1 .
N X, = + jol
ow X + XL oG, i

1
Exhie

1
[

[}

and Xep I by
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Substituting in the equation (4.79),

. 1
e
X -

_|u:|C!

[ tl:lC2 +_|mL]+

h‘=+ju}C

' Replacing joby s,

+E

1
~hg It{@]

(1+s? LC) [
sC, 1+sC hy

h&l[ ](sCI](I+sCIh‘-c}

(1+s2 LCy ) (1+5C, by )#sCy by,
—hg I, (1+3C, b,,)
$3LC Chy +s?LC, +sC hy +1+sC, by,

~hg 1, (1+sC hy)
s? LG Cyhy +s? LC, +sh, (C, +C, )1

According to the current division in the parallel circuit,

Xc, > Jac,

=1 =
b ><(}((:1"']‘ie) {h 1

b —
0 joC,

I
b= v

e

- (@

.- (5)
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Substituting value of 1 from the equation (4), in (5), we get
=hg I, (1+8C, h;,) 1
= x
$3LC C h, +s2LC, +ih,(C, +Cy)+1 U+sCihi)

“hely
s LC Cyhy +82 LG, +8h, (C) +Cy)+1

-h
1= fe e (6)
83 LC Cyh, +5s2LCy +5h, (C; +Cy)+1

Replacing s by jo, and s* by — o and s° by - jo
_hfe
-jo® L& C, hy, ~0? LC, +joh,, (Cy +C,)+1

= _hf: " m
(1-0? LC,)+joh, [C, +C, @ LC, G,]

There is no need to rationalize this as there are no j terms in the numerator, as in the
equation (6 of 4.10.2).

It can be seen that, to satisfy the equation, the imaginary part of the denominater of
the right hand side must be zero.

oh [C, +C,-w? LC, C,] =

[l
(=]

]
=]

€, +C-e? LC, G,

.G 1
B LCI C2 _L- CIC2
(€, +Cy)

1
C G
L[(Cl “Cz)]

Now Cc’fé is nothing but the equivalent of two capacitors C; and C; in series.
176
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1
W= -
fo_ L
2m;Lc:; -A9)

This is the frequency of the oscillations in the Colpitts oscillator.

Substituting this frequency in the equation (7) and equating the magnitudes of the both
sides, the restriction on the value of hg, can be obtained as,

=&
hy, C ...(10)

Thus the behaviour of Colpitts oscillator is similar to the Hartley oscillator, as basic LC
oscillator circuit is same, except the tank circuit.
Key Point: The Colpitts oscillator is very commonly used as local oscillator in
superheterodyne radio receiver.

4.10.3 Colpitts Oscillator using FET

If in the basic circuit of Colpitts oscillator, the FET is used as an active device in the
amplifier stage, the circuit is called as FET Colpitts oscillator. The tank circuit remains
same as before. The working of the circuit and oscillating fequency also remains the same.

The practical circuit of FET Colpitts oscillator is shown in the Fig. 4.37.

m Forward path

CzT P
2rVLC
eq
C|—L JT- CiC,
Cua= T30,
|
Feedback path

Fig. 4.37 FET Colpitts oscillator



Unit 3
Tutorial sheet 3.1

Q1. Explain when the channel is said to be pinched-off and cut-off in MOS transistor?
Q2. Find the value of Ry in the amplifier circuit shown below such that the quiescent drain
to ground voltage becomes 10 V.

Q3. Determine the voltage gain Av=Vo/V; for the amplifier circuit shown below, Vi is the
input voltage between the gate terminal and ground. Neglect all capacitances

o +Vpp

Ry, = 10kQ

oV,

%33 k2

_VGG

Q4. With neat sketch, explain drain characteristics of an n-channel enhancement MOSFET?
Q5. The figure below shows a source follower using n-channel MOSFETSs. Assuming that

M1 and M2 both are in saturation and have different transconductance parameters Ky

and Kz where K; = ”"Tcw‘(g) i;i = 1,2 and symbols have their usual meaning. Derive

an expression for Vou, in terms of Vin, Vop, Vs, Ve, Vi and, K1 and Ka. Find out the
small signal voltage gain and DC offset voltage appearing at output.




Q6. In the following circuit:

7vw Voo
Lz ;

Q Q;
——0V,,
|

/.,. Qp + O~ _._I o'
l—ﬂ
Vo
+ =

—_
=
T

If VDD:].OV, th:|th|:1V, MnCoxzz HpCox MA/VZ, W =100 pum, L=10 pm and |VA|:
Early voltage = 100 V both for n and p devices, Iref = 100 pA, find the small voltage
gain.

Q7. Analyze the circuit of figure to determine the drain current and drain voltage. Assume
that the depletion type MOSFET has V1=-1.0 V, k = 0.5 mA/V? and A = 0.

1oV

<

v,

1DM§ I

10M % l

¥

Q8. For a particular IC fabrication, the quantity %uncox =10 pA/VZand Vr=1V. Inan
application in which Ves = Vs = Vsupply = 5 V a drain current of 0.8 mA is required of
device of minimum length 2 pm. What value of channel width must the design use?

Q9. Discuss about nMOS transistor as a switch and pMOS transistor as a switch?

Q10. The amplifier shown in figure utilize an n-channel FET for which V, =-2.0 V and Ipss

= 1.65 mA. It is required to bias the circuit at Ips = 0.8 mA using Vpp = 24 V. Assume
rq >> Rq. Find (i) Vs, (ii) gm, (iii) Rs and (iv) Rq, such that the voltage gain is at least

20 dB with Rs bypassed with a very large capacitor Cs,
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Tutorial sheet 3.2

Q1. Explain the MOS transistor operation with the help of neat sketches in the Depletion
mode?

Q2. For the E-MOSFET of below figure. Determine;

12V
Ry S 2k
0V
< 1 uF
Re  10mQ -—
Ipon =6 MA
ve—ll Voson=8V
1 pF ¥
IJ. VGS(Th]—sv
Z, gos =20 ps

Om

Find rq

Calculate Z; with and without rg and compare result.

Calculate Zo with and without rq and compare result.

Find Av with and without rq and compare result.

Given that k = 0.24 x 10 A/V?, Vs = 6.4; Ipg = 2.75 mA.

Q3. Derive an equation for Ips of an n-channel Enhancement MOSFET operating in
Saturation region?

Q4. Inthe common source amplifier shown, evaluate voltage gain Av given Rp = 2.7 kohm,
u =50 and rgs = 25 kohm. Derive the expression used.

® o0 oW

+V

(9]4)

Ro

<
AAAA
YYvYy
Py
o
P o)
1]
Yy ]
(@)
17,3
-




Q5. Find the value of R, where ImA current for which PMOS transistor will be in the linear
region.

+-§ A%

- L

Q6. (a) For a PMOS device, the threshold voltage is V1p = -2 V and the applied source-to-
gate voltage is Vsg = 3 V. Determine the region of operation when: (i) Vsp = 0.5 V; (ii)
Vsp =2 V; and (iii) Vsp =5 V. (b) Repeat part (a) for a depletion- mode PMOS device
with Vrp = 0.5 V.

Q7. Derive an equation for transconductance of an n-channel enhancement MOSFET
operating in active region?

Q8. In the circuit shown below, For MOS transistor pinCeox = 100 pA/V?, V1 =1 V. What is
the value of Vout?

+6V

Q9. Give the high frequency small-signal circuit of a MOSFET with load resistance
showing the effect of Miller capacitance. Also derive an expression for the Miller
Capacitance and cut-off frequency (fr).

Q10. In a self-bias n channel JFET, the operating point is to be set at Ip = 1.5 mA and Vps =
10 V. The JFET parameters are Ipss = 5 mA and Vp = -2V. Find the value of Rs and
Rp for given Vpp = 20 V, draw the circuit diagram also.
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Unit4
Tutorial sheet4.1

What do you understand by feedback in amplifiers? Explain the terms feedback factor
and open loop gain.
What are the different types of negative feedback? Explain how the input and output
impedances of an amplifier are affected by different types of negative feedback?
What is the sensitivity of an amplifier?
An amplifier with open loop voltage gain Ag = 1000 £ 100 is available. It is required
to have an amplifier whose voltage gain varies by no more than = 0.1 percentage.

a. Find the value of the feedback factor required.

b. Find the gain with feedback
What are the effect of negative voltage series feedback on the characteristics of an
amplifier? Derive an expression for input resistance of such an amplifier with
feedback in terms of input resistance and feedback factor.
An amplifier with open loop voltage gain Ay = 1000 + 100 is available. It is required
to have an amplifier whose gain varies by no more than + 0.2 percentage.

a. Find the reverse transmission factor 3 of the feedback network.

b. Find the gain with feedback
Show that a feedback amplifier can be made to work as an amplifier.
An amplifier with an open loop voltage gain of 500 delivers 10 W of output power at
5% second harmonic distortion when the input signal is 5 mV. If 20 dB negative
feedback is applied and output power has to remain 10 W, determine

a. The required input signal strength.

b. The percentage second harmonic distortion
For the f, amplifier shown below determine:

a. Rmi =Volls, where Is = V/Rs

b. Ay =Vo/Vsand

C. Ri
Assume Re = O, hfe =100, hie = le, hre = hoe = 0.
Vee
R, =10kQ
100 kQ2
lv‘r‘vlv \‘!)'*
Yo
]

Q10. State the condition of (1 + AB) for which a feedback amplifier must satisfy in order to

be stable.



QL.
Q2.
Q3.
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Q5.

Q6.

Q7.

Unit4
Tutorial sheet 4.2

Explain the main difference between an amplifier and an oscillator.

State and briefly explain the Barkhausen criterion for oscillation.

Determine the frequency of oscillation for the circuit shown below and the value of
R, needed to maintain oscillations.

— ——WW—

0.047 pF 11 kQ

-
22 kQ E':' == 0.01pF
-
Ry gE MWW
10 kQ

Derive the expression for the frequency of oscillations and condition for sustained
oscillations in a Colpitt’s oscillator.

Explain the principle of working of transistor Hartely oscillator. Draw circuit
diagramand briefly function of each component.

In an Hartley oscillator, if L1 = 0.2 mH, L = 0.3 mH and C = 0.003 pF,
calculate the frequency of its oscillations.

Minimum three identical RC high pass section connected in cascade are
required in a phase shift oscillators. Justify, one such phase shift oscillator is
shown below. Why is R of one section connected to virtual ground instead of
actual ground?

R Ry
AAAA AAAA
yyy vy

e
C

O
(@]

—l
—
——
—

LAAAj
X

L_AAAA

Determine the value of R;. What should be next higher number of high pass section
connected in cascade? Draw the corresponding circuit of the oscillator.

Q8. Explain the principle of Clapp oscillator.



Qo.

Q10.

Consider the AC equivalent circuit of a MOSFET Colpitts oscillator.

-
gr
c I
C; = G
OO

L
Derive the expression for the oscillation frequency. Also find the condition on

the gain to initiate the oscillations spontaneously.

As per the Barkhausen criterion, the positive feedback exists over a particular
frequency range and the resulting feedback signal reinforces the error signal. Explain
the phenomenon which limits the amplitude of oscillations under steady state.
(Consider the figure given in Q9.)
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