ANALOG AND DIGITAL ELECTRONICS

MODULE -1
FETs & OP-AMPs
FIELD EFFECT TRANSISTORS

JUNCTION FIELD EFFECT TRANSISTORS (JFETs):
JFET is the simplest of the FETs, JFET is a three-terminal device where the voltage applied at one

terminal controls the current through the other two terminals.

JFETs comprise a semiconductor channel embedded into semiconductor layers of opposite
polarity. Depending upon the semiconductor channel, JFETs are classified as N-channel or P-channel
JFETs.

Construction & Principle of Operation:
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The Cross-sectional View of N-channel & P-channel JFETs
In N-channe! JFET, an N-type semiconductor material forms a channel between embedded layers of P-
type material. In P-channel JFET, a P-type semiconductor forms a channel between the embedded layers
of N-type material.
Hence. two PN junctions are formed between the semiconductor channel and the embedded
semiconductor layers.
Contacts are made at the top and bottom of the channel and are referred to as the Drain (D) and

the Source (S). The channel behaves as a resistive element between its dratn and source terminals.
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! In an N-channel JFET, both the embedded P-typc layers are connected together and form the Gate
(G) terminal. Similarly, in a P-channel JFET, Gate (G) terminal if formed by connecting the two N-type
embedded layers. W

In the absence of any externally applied potential, both the PN junctions are} circuit and a small
depletion region is formed at each of the junction (as shown in above Fig). The externally .applied
potential between the Gate and the Source terminals controls the flow of Drain current for a given

potential between the Drain and the Source terminals.

Characteristic Curves:
Consider an N-channel JFET with a situation when a positive Drain-Source voltage (Vps) is applied to the

JFET with the Gate terminal shorted to the Source terminal (Vgs = 0).

N-channel JFET with Ves = O and Positive Value of Vps
When the Drain-Source voltage is applied, the electrons in the N-channel are attracted to the Drain
terminal, establishing the flow of Drain current (Ip) as shown in the above Fig. The value of Ip is
determined by the value of app}ied Vs and the resistance of the N-channel between the Drain and the
Source terminals.

Due to the flow of I, there is a uniform voitage drop across the channel resistance, which reverse
biases the two PN junctions. This results in increase in the width of the depletion region. The depletion
region is wider near the Drain-region than the Source-region. This is because I and the channel
resistance establish more reverse-bias voltage at the PN junction near the Drain-region than the Source-

region.
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The Relationship between Iy and Vps for Ves =0
Ip increases linearly with increase in Vpg, till the Vps reach a value where the saturation effect sets in. The
value of Vg where saturation effect sets in is referred to as pinch-off voltage ( V). When \é\égsreaches
Vo, the value [ does not change with turther increase in V. This condition is referred to as pinch-off
condition. This happens because the width of the depletion regions of the PN junctions has increased

significantly near the drain region, resulting in reduction of channel width. Hence, I, remain constant for
VDS > Vp.
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N-channel JFET Biasing Circuit & Output Characteristic Curves

The Gate-Source voltage (Vgs) is the control voltage for JFETs. When a negative bias is applied to the
Gate terminal, there is an increase in width of the depletion region. Hence, pinch-off phenomenon occurs

at lower values of Vps. Also, the value of Saturation Drain current decreases. As the value of Vg
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omes more negative the value of saturation current decreases further. The Drain current becomes zero
for Vus = — Vp. This voltage is referred to as Gate-Source cut-off voltage or the Gate-Source pinch-aff
voltage (Vasiom)-

in the output characteristic curve (Fig shown above), the region to the left of the locus of pinch-
off voltages is the Qhmic region or the Voltage-Controlled Resistance region. The region to the right of

the locus of pinch-off voltages is the Saturation region or the Constant Current region. In Ohmic region,

where, ry— is the resistance at Vgs =0 d ) @ V . 2
- /:és/ Yp

ra — is the resistance at a particular value of Vgs.

The Drain resistance in the saturation region is given by; }J,

The relationship between the output current I in the saturation region for the given value of input Vg is
iven by (Shockley s equation); - 7. - V&S

given by ( y's eq ) Zy Zpee |l 2

where, Ipss — is the Drain current for short circuit connection between Gate and the Source.

From this Shockley’s equation, it is clear that, there is a non-linear square law relationship between the

output Drain current (lp) and the input Gate-Source voltage (Vgs). Because of this square law

characteristic, JFETs are very useful devices in radio tuners and TV receivers.

The transfer characteristic of a JFET device is a plot between I and Vgs. This can be plotted
using Shockley’s equation or using the output characteristics curves. The following Fig shows how to
obtain the transfer characteristics curves using the output characteristic curves.
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Transfer Characteristic Curves of N-channel JFET

The P-channel JFETs behave in the same manner as the N-channel JFETs with the direction of currents

and polarities of voltages reversed.
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P-channel JFET Biasing Circuit & Output Characteristic Curves

Effect of Temperature on JFET Parameters: ,
JFETs offer better thermal stability as compared to BITs, Increase in JFET temperature results in
decrease in the depletion region width and the decrease in the carrier mobil ity.

o Decrease in the width of depletion region results in increase in channel width; which in tumn
increases iﬁ Ip. This results in positive lemperature coefficient for 1. Increase in I, with
winperature results in increase in Vgsiorp, Visiorr has a positive temperature coefficient of the
order of 2.2 mV/"C. ¥ |

£h

o Decrease in carrier mobility gives M8 a negative temperature coefficient.

Since both mechanisms occur simultaneously, the effect of one mechanism compensates for the other.

Hence. JFETs offer better temperature stability.

METALOXIDE FIELD EFFECT TRANSISTORS (MOSFETs):
A MOSFET is also a three-terminal device where the Drain current is controlled by the applied Gate
voltage (like a JFET). MOSFETs are also referred to as Insulated Gate FETs (IGFETs). MOSFET is

insulated from the semiconductor channel by a very thin oxide layer.
MOSFETs are classified into two types depending upon their construction and mode of operation
~ the depletion MOSFET (DE-MOSFET) the enhancement MOSFET (E-MOSFET).

Depletion MOSFETs:
In a DE-MOSFET, a channel is physically constructed between the Drain and the Source terminals.
Depending on the channel material, DE-MOSFETs are classified as N-Channel DE-MOSFETs and P-
channel DE-MOSFETs.
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Cross-section of an N-channel & P-channel DE-MOSFET
The cross-sectional view of an N-channel DE-MOSFET comprises a substrate made of a P-type
semiconductor material. Two N+ type regions linked by an N-channel are formed on the substrate. The
Source and the Drain terminals are formed by connecting metal contacts to the two N+ regions (as shown
in the above Fig). The Gate terminal is connected to the insulating silicon dioxide (SiO;) layer on the top
of the N-channel. Hence, there is no direct electrical connection between the Gate terminal and the
channel of DE-MOSFET.

There is a capacitance that exists between the Gate terminal and the channel as the metal Gate
cantact and the channel act as walls of a parallel plate capacitor and the Si0, layer form the dielectric.
Hence, the input impedance of a DE-MOSFET is very high (in the order of 10'* - 10'* Q).

The construction of P-channel DE-MOSFET is similar to that q;—an N-channel DE-MOSFET,

with the difference being that the substrate is an N-type semiconductor and the channel is P-type material.
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Circuit Symbol of an N-channel DE-MOSFET & P-channel DE-MOSFET
Operation of N-channel DE-MOSFET: When the Gate and the Source terminals are shorted, (Vgs = 0)

and a positive voltage is applied between the Drain the Source terminals; there is a flow of current in the
N-channel, as the electrons are attracted by positive potential at the Drain terminal. The current increases

with increase in Vps; and after certain value of V5, it becomes constant,
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When the Gate terminal is at a negative potential as compared to the Source terminal, electrons in
the N-channel are repelied by this negative potential towards the P-type substrate, Also, holes in the P-
type substrate are attracted towards the Gate. This results in recombination of holes and electronics and
there will be reduction of number of free electrons in the N-channel. Higher the negative potential more is
the rate of recombination and less the number of free electrons in the N-channel. Hence, the drain current
decreases with increase in the value of the negative Gate-Source potential.

For positive values of Gate-Source voitage, electrons in the P-type substrate are attracted into the
channel and establish new carriers through the collisions between accelerating particles. Thus the Drain
current increases rapidly with increase in the positive value of Gate-Source voltage.

As the application of positive Gate-Source voltage increases the value of Drain current, the region
of positive Gate-Source voltage is referred to as the enhancement region. The region for zero and
negative values of Gate-Source voltage is referred 1o as deplerion region. The Shockley’s equation

defined for JFETS is applicable for DE- MOSFETs, in both the depletion and enhancement regions,

Zp(mp)

Ves= 72V

Yoo = 11y

Output Characteristic Curves of N-channel DE-MOSFET

The transfer characteristics for DE-MOSFET can be plotted in a similar fashion for that of a JFET (see
the foltowing Fig),
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Transfer Characteristic Curves of N-channel DE-MOSFET
Enhancement MOSFETs:
The construction of an E-MOSFET is siuilar o that of'a DE-MOESILT ththe Bifforonoe that theen e e

physical channel between the Source and Drain terminals in the E-MOSFET.
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Cross-section of an N-channel & P-channel E-MOSFET
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Circuit Symbol of an N-channel $E-MOSFET & P-channel BE-MOSFET
Operation of N-channel DE-MOSFET: When the Gate-Source voltage is zero (Vgg = 0) and some

positive Drain-Source voltage (Vbs) is applied, there is no Drain current; as there is no channel available
for flow of Drain current, Hence, E-MOSFETS are also referred to as OFF-MOSFETs, as they do not
conduct when Vg = 0.

When a positive Gate-Source voltage (Vgs) is applied, electrons (minority carriers) in the P-type
substrate will accumulate near the surface of the SiO, layer. Also, holes in the P-substrate are forced to
move away from the edge of SiQ, layer. This forms a channe] (as shown in following Fig). As SiO, layer
is insulating, it prevents the electrons from being absorbed at the Gate terminal. Hence, the Drain current
flows.

As the volue of Gate-Source veltuge is iiereased, more and more electrons accumulate leading to
an enhanced flow of Drain current. The level of Gate-Source voltage that leads to significant flow of

Drain current is referred to as threshold voltage (V).
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Working of N-channel E-MOSFET & Pinching Phenomenon in E-MOSFET

MAHESH PRASANNA K., VCET, PUTTUR




ANALOG AND DIGITAL ELECTRONICS

3 fixed Gate-Source voltage and increasing the level of Drain-Source voltage (Vps), leads to an initial
increase in the Drain current, which eventually saturates due to the reduction of Gate-Drain voltage (Vgp).
Reduction in the Gate-Drain voltage reduces the attractive forces for the free carrier in the induced
channel near the Drain region. This results in the reduction of effective channel widih near the Drain
region, This effect is referred to as pinching effect. Pinching effect refers to the reduction in the width of
the induced channel near the Drain region with increase in the Drain-Source voltage (as shown in the

above Fig). The value of Drain-Source voltage at which the Drain current saturates is given by Vpgsar.

[mA)
Io Lypew p/ Yortsnn - Vﬁﬁ = 2Py

V5= 7V

Ygs =+

Vgs=15v

Vs = 4V
\fﬁ;, 23V

‘ Vpe [V
1o )5 aZD 155\—‘\/@; =Vy= ¥) Ev

Output Characteristic Curves for an N-channel E-MOSFET

The relationship betwc;en VDS(SAT] and V(iS is given by, VDS(SAT) = VGS - VT

where, V1 is the threshold Gate-Source voltage.

Also, the Drain current is zero for Gate-Source o Ty
voltage less than the threshold voltage V1. ?
For voltages greater than the threshold voltage, Z’
the Drain current is given by;  Ip=K (Vgs — V1)’ ‘:

where, K is a constant. 34
The relationship between the Drain current and the , 2
Gate-Source voltage is non-linear and the current is

. . . pUT qu.,\.‘..‘.‘.."_..,‘_._,.,,,,,v Vi
proportional to the square of the voltage (shown in the Fig). ¢ 2 & & & !

Transfer Characteristics of an N-channel E-MOSFET
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Drain terminals. Draw the curve between the Drain current and voltage Vy, for Ve, = V2,

Solution:
¢ EPIRFET: conus Jor Vo> vy “
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Le? 72, s he curpn) frr Vps=RYr N o

I v

em: Draw the oulput characteristics of an N-channel E-MOSFET, when the Gate-Source voltage

(Vus) is twice the threshold voltage (V). An external supply Vi is applied between the Gate and the
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RENCES BETWEEN JFETs AND MOSFETSs:
JFETs MOSFETs
|. DE-MOSFETs can be operated in both

depletion and enhancement modes and E-

1. JFETs are operated in depletion mode only. .
MOSFETs are operated in enhancement mode

only.

2. Input resistance for JFETs is greater than (07 | 2. Input resistance for MOSFETs is much higher
Q. than JFETS (around 10" Q).

3. JFETs have higher Drain resistance (in the
range of 100 KQ to 1 MQ) than MOSFETS; | 3. The Drain resistance of MOSFETs is in the
and hence their characteristic curve is more flat range of | to 50 K.
than that of MOSFETs

a4 The leakage current in MOSFET is much
smaller than that in JFETs. The Gate current for
MOSFETs is in the range of 100 nA to 10 pA.

4. The Gate current for JFETs is in the range of
1000A to 10 nA.

5. MOSFETs are easier to construct and are used more widely than JFETS.

BiasiiNG MOSFOTs:

Biasing is done to produce the required Gate-to-Source voltage (Vgs) to get the desired value of Drain
current (Ip). The biasing circuits shoutd maintain the Drain current and Drain-Source voltage within
reasonable limits. ! g b4
Depletion MOSFETS:

Problem: The following Fig shows a biusing configuration using DE-MOSFET. Given that the saturation

DK
Drain current is 8 mA and the pinch-off voliage is ~ 2 V: determine the value of Gate-Source voltage,

Drain current and the Drain-Source voltage.

Solution:
C’)ﬁ A DE- W5F£7 jp jps;[ J
2

s _3 » L
> I, = AW [1 = . 32305 =32m) ~

-—l"

Df»g Wrtholl's volinge vt He z’W * Vgs = 2V

» )‘99 > “Vop t 94—7-)‘9)(2}; lps =0 'Wf”ﬁ’?’m
W enhaniemion)

py -8 4 p4x}p 243205 + Vps =0 enion.
=2 Vo = )F—)D8 = 5ERY v =5
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ﬁnﬁﬂ; ﬁﬁ)t?- v‘i'r'wz Wﬁxyyg V&s =LY

Drwin current Ly = 32mB
Droin- Sonree w))?e, Vps= 5.2V,

Problem: Design a voltage-divider-bias network using DE-MOSFET with the supply voltage Vi = 16V,

lossy = 10 mA and Vi = — 3 V to have a quiescent Drain current of 5 mA and Gate voltage of 4 V (Assume

the Druin resistor Ry, to be four times the source resistor Ry

Solution: ﬁ}ym; VRD ::)éy) }'955::)4’?)”» ) Vf,:' -5-\// %:5};;)9}4 Vﬁ ,4‘)/
& nee, I, < Zpss 5 the WIRSEET s ;}DWM 7, ﬁ)ﬁb)ﬂ).’wzw

=
o We e, Zp = Tpss [z-— -‘5&5]
2 Ve \©
5x2 = o [)_ - 3—5—)- pr p-5= (2* _gg)

= Visls = DI -1 = - LBV
> Dl ; Vﬁ53 Vi~ Vs = V5~ 2pXg
e, #-)5 =4 -y,

Oy V= Ipks = 43)5=55Y
L Re= 22— =) xn

5A)73
OWe hase; Rp=4Rs = Kp=24Xo~ X
Re
7 Vg = Vipy, Zsswme, Kp=2X4 =
ﬁf’ [Ra‘}& oD =

_ 1302 _
7 A Ry +) )P—’:Ji‘é or 5= 3;./2,,

Enhancement MOSFETs: Two most popular biasing configurations for E-MOSF ETS are the feedback

biasing configuration and the voltage-divider configuration.
Feedback Biusing Configuration:
- MAHESH PRASANNA K, VCET, PUTTUR
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Feedback Biasing Configuration for N-channel E-MOSFET & DC Equivalent Circuit

The feedback connection to the Gate terminal is taken from the Drain terminal through resistor Rg. The

resistor Rg brings bias voltage to the Gate terminal to turn the MOSFET on.
Applying Kirchhoff’s voltage law to the input section, we get;  Vpp— InRp+ IgRg— Vs =0

But, Gate current is approximately equal to zero; and hence voltage drop across Rg will be approximately

equal to zero; i.e., IGRe=0 Hence, we get; Vop—IpRp— Vgs =0

Or; Vas=Vpp—~IpRp  =-------- (1)
Applying Kirchhott’s voltage law to the output section, we get; Vip — [pRp~ Vpg =0

Or;  Vps=Vpp~IpRp  =----- - ()

It is clear from equations (1) and (2) that, the Gate-Source voltage (Vgs) and the Drain-Source voltage

(Vns) are equal; i.e.,  Vgs = Vog

The operating point (Q-point) is given by (Ipg, Vosg). The operating point can also be established
by using graph method (shown in following Fig). / \

fp tmij
The operating peint can be obtained by — !

¥ Superimposing the equation (1) on E%:
the transfer characteristics of the
MOSFET, or

¥" Superimposing the DC load line defined
by equation (2) on the output characteristic
curves of the MOSFET.

» wa

Graphical Method for Determining the O-point for N-channel E-MOSFET

Problem: The following Fig shows a circuit using E-MOSFET. Given that, the threshold voltage for the
MOSFET is 2 V and L = 6 mA for Ve, = 3 Vi determine the value of the operating point.
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Voltage-Divider-Biasing Configuration for N-channel E-MOSFET & DC Equivalent Circuit

Problem: The following Fig shows a voltage-divider configuration for the E-MOSFET. Given that the
threshold voltage for the MOSFET is 4 V and value of iy = 6 mA for Vi = 8 Vi use graphical

Solution:

2
o We tave; ID[a;;'; )4( Vﬁs@)‘ VT) 2K
> £AIp~3 7
— K - T ——— = 2 vV,
p-BRL

0 %ﬁ%ﬂe, Hhe wave % Ve S
cerreny % a&ﬁym by; Iy = K[ Vas'@fz
. &

—
————
-

07 I, = ﬂg?.Ex)Pz['V;,s’ vf) ,{2,::95))9'.0. 2=)5914

Y Vﬁs\ Zp Kp=RRL- Rs=55X-
| Sv p:575m8 v, =4

BV | 459 P
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[ APPLICATIONS:

" FETs offer very high value of input impedance as compared to BJTs. Some of the common applications

Haide

of FETs are discussed below:
1. Amplifiers: FET devices are commonly used as low-noise amplifiers and buffer amplifiers. FETs

are low-noise devices and hence they are used in the front-end of receivers and other electronic

systems. JFETs in common-drain configuration offer high input impedance and low output

impedance; and hence, they are used as buffer amplifiers to isolate the preceding stage from the
ivklibhl e

following stage.
2. Analog Switch: FETs are used as analog switches (as shown in the following Fig). When no
Gate voltage (Vgg) is applied, the FET operates in the saturation region and acts as a closed

switch. When a negative Gate voltage is applied, the FET operates in cut-off region (offers very

high resistance and acts as open switch).

Yon ~o

3. Multiplexers: FETs are used in multiplexer circuits where each FET device acts as single-pole

single-through switch (as shown in the following Fig). The input signals are applied to the Drain

terminals of the JFETSs, while the corresponding control inputs are applied to the Gate terminals.

When a control input is zero, the input is transferred to the output. All other control inputs will be

made more negative than the Vg voltage; hence, all the other input signals are blocked.

Control &
wpad v

L) la On

4. Current Limiters: FETs can also be used in current limiting applications (as shown in the

following Fig), During the normal operation of the circuit, the J FET acts in the Ohmic region.

When the load current increases (due to short-circuit or other reasons), the JFET operates in the

saturation region. Hence, it acts as a constant current source and prevents excessive current

through the load.
o T e
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5. Voltage-Variable Resistors (VVRs): FETs when operated in the Ohmic region (for small

positive values of Vps), acts as voltage-variable resistors. In this region the Drain resistance can

be controlled by the Vgs. For an N-channel FET, the value of Ry, increases with increase in the

negative vatue of Vgg (as shown in the above Fig). If an AC voltage (small peak-to-peak) is

applied between the Drain the Source terminals, then FET acts as a linear resistor, for a given
Gate-Source voltage. FET based VVRs are used in automatic gain control circuits.

6. Oscillators: FETs are also used in phase-shift oscillators & crystal controlled oscillators (as

shown in the following Fig).
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CMOS DEVICES:

Complementary Metal Oxide Semiconductor (CMOS) are those semiconductor devices, in which both P-
tvpe and N-type E-MOSFETs are diffused onto the same chip. CMOS devices offer high input impedance,

low power consumption, and require far less space, as compared to BIT-based circuits. Hence, CMOS

devices are extensively used in computer logic design.

The following Fig shows the basic Inverter circuit using CMOS configuration. Inverter is a logic circuit
that inverts the applied input signal (logic LOW to logic HIGH and/or vice-versa). The complementary N-
type and P-type E-MOSFETs are connected in series, with their Gate terminals tied together to form the
input terminal. Also the Drain terminals are connected together to form the output terminal. Source
terminal of P-channel MOSFET is connected to voliage Vgs and the Source terminal of N-channel

MOSFET is connected to the ground (as shown in the following Fig).
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CMOS Inverter

The simplified circuit diagram of CMOS inverter is shown in the following Fig. When the input voltage
V,, is logic LOW, the Gate-Source voltage (Vs2) of the P-channel E-MOSFET is equal t0 — Vg5 and the

MOSEET is in the ON-state. This provides a low resistance path between the Vss and the output terminal.
The Gate-Source voltage (Vais1) of N-channel E-MOSFET is 0 V. Hence, it is OFF, resulting in very
high impedance belween e vulput icnminials and the ground. Therefore, the vuipul voitage Yo 15 equal

to the supply voltage Vss (or on other words, the output voltage is HIGH).

Vs
V}‘w =

7. Lhwme) : o) b

homne) F-PUIFED

N-Chame?: FFF
Vv,

V)‘YJ =) (»yé) (—

7. Chomwe): OF 7 Vs PFF
JY- Chamap): O)Y =

Simplified Circuit Diagram of CMOS Inverter

When the input voltage V;, is at logic HIGH, the Gate-Source voltage (Vgasy) of the P-channel E-
MOSFET is O V. Hence, this MOSFET is in the OFF-state. The Gate-Source voltage (Vgis:) of N-channel

——Vow - MRyZ7

E-MOSFET is equal to the supply voltage (Vs). Hence. it is switched ON, and offers a low resistance
path. Therefore, the output voltage (V... is approximately 0 V; a logic LOW.
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WAVE-SHAPING CIRCUITS
" INTEGRATED CIRCUIT (IC) MULTIVIBRATORS:

A multivibrator (like an oscillator} is a circuit with regenerative feedback, which produces a pulsed

output. There are three basic types of multivibrator circuits:
* Astable - has no stable states, but switches continuously between two states. This action produces
a train of square wave puises at a fixed frequency.
* Monostable — one of the states is stable, but the other state is unstable (transient).
» Bistable — the circuit is stable in either state.
Digital IC-Based Monostable Multivibrators:
The ICs that can be used as monostable multivibrators include —
» TTL Family
o 74121 - single monostable multivibrator: The IC provides features for triggering on

either LOW-to-HIGH or HIGH-to-L.LOW edge trigger pulses. Output pulse width depends

on external R and C, and can computed from T = 0.7RC. + Vsc r
*Vor “Mfi 1
] 18 Ve g W ﬂ_ >— 2 Vee _
. By F4021 Cer "¢ B 94)2) Corr ) C
“,U" - P2 gy Cow * P2 ey Cea

—1

HIGI-EO-LOW & LOW-to-HIGH Edge Triggering of 74121 =

o 74122 - single retriggerable monostable multivibrator

o 74123 ~ dual retriggerable monostable multivibrator: The IC provides features for
triggering on either LOW-to-HIGH or HIGH-10-LOW edge trigger pulses. Output pulse
width depends on external R and C, and can computed from T = 0.28RC * [1H0.7/RC)},

where R and C are, respectively in kilo-ohms and pico-farads; and T is in nano-seconds,
YV Voo

B Vi 8 Vput _ﬂ_ g |
¢ 1 - Cenr
%2 74123 G 2 B A3
’{[ 7'tj£;‘_ Cnp G ; * 'y
—.-_.L‘
HIGH-10:LOW & LOW-to-HIGH Edge Triggering of 74123 =
¢ CMOS Family

o 4098B — dual retriggerable monostable multivibrator
Timer IC-Based Multivibrators:

Timer IC is the one of the most commonly used general-purpose lincar integrated circuits.
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] rpu);pg[ ##) Internal Schematic of Timer IC 555

The Timer IC 555 comprises two Op-Amp comparators, a flip-flop, a discharge transistor, a reset

transistor, three identical resistors and an output stage. The resistors set the reference voltage levels at the

whrevew
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2V¢/3, respectively. The output of two comparator feed SET and RESET inputs of the Flip-Flop. This
decided the logic state of its output and subsequently the final output. The Flip-Flops complementary
outputs feed the output stage and the base of the discharge transistor. Hence, when the output is HIGH,
the discharge transistor is OFF and when the output is LOW, the discharge transistor is ON.

Vo

Astable Multivibrator Using Timer 1C 555: : ‘tp

R
s £ 2
£55 37,
R'?' 2;‘5' )

TC = b}

E— Astable Multivibrator & Its Relevant Waveforms

The working is as follows:
* [nitially, capacitor C is fully discharged, which forces output to go to HIGH-state.

* Now, the discharge transistor allows the capacitor C to charge from +V¢¢ through R, and R,.

MAHESH PRASANNA K., VCET, PUTTUR



ANALOG AND DIGITAL ELECTRONICS

When the voltage across C exceeds +2V/3, the output goes to LOW-state; and the discharge

transisior is switched ON,
* Hence, the capacitor C begins to discharge through R; and the discharge transistor.
» When the voltage across C falls below +Vc/3, the output goes back to the HIGH-state.

* The charge and the discharge cycles repeat and the circuit behave like a multivibrator.

HIGH-state time period, Tuicn =0.69* (R, +Ry) *C
LOW-state time period Trow=0.69*R,*C

Time period T=069*(R, +2R))*C
Frequency F= L

0.69¢(Ry+ 2R)+C
In the above Fig, the HIGH-state time period is always greater than the LOW-state time period. The
following Fig shows a modified circuit where HIGH-state and LOW-state time periods can be choosen

independently.

Veo v
Ry
X &
';.
D ——0/
SE % Ra 555 3 " Ve
I e
TC AN pp! l
T
_'_?" Modified Astable Multivibrator
HIGH-state time period. Thicn=0.69* R, *C
LOW-state time period Tiow=0.69*R, *C
ForR, =R, =R;
Time period T=138*R*(C
1
Frequency F= TR

Monostable Multivibrator Using Timer IC 555:
The monostable multivibrators are also re%erréd to as monoshots. The wdrking of the following monoshot
shown in the Fig is as follows: |

¢ Trigger pulse is applied to Terminal-2 of the IC, which should initially be kept at +V .

» A HIGH at terminal-2 forces the output to LOW-state.

e A HIGH-10-LOW trigger pulse at terminal-2 holds the output in the HIGH-state and

simultaneously allows the capacitor to charge from +Vec through R.
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When the capacitor voltage exceeds +2V/3, the output goes back to the LOW-state.

* Once again, another trigger pulse will have to be applied to terminal-2 to make the output to go to
HIGH-state again.

-*'\)z:t:T

“Tyj 9907
input

(.

]
“.-

Monostable Multivibrator & Its Relevant Waveforms

Every time the timer is appropriately triggered, the output goes to HIGH-state, and stays there for a time
peiiod tahen by capavitor o Chaige fromi O to 2V 3. This time period, which ojual tic monoshot

output pulse width, is given by; T=11*¥R*C

INTRODUCTION TO OPERATIONAL AMPLIFIERS
IDEAL OP-AMP versus PRACTICAL OP-AMP;

An Op-Amp is a direct-coupled high gain, high bandwidth differential amplifier with very high value of

Re

input impedance and very low value of vutput impedance.

% Le
. . fion & P Y BE .
Basic Differential Amplifier & Circuit Representation of an OP-Amp
The following Fig shows the Thevenin’s Equivalent Model of an [deal Op-Amp and a Practical Op-Amp.
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Thevenin's Equivalent Model of an Ideal Op-Amp and a Practical Op-Amp
V; and V,; are, respectively, inverting and non-inverting inputs; and Ay is the open loop differential
voitage gain. In a practical Op-Amp, there are loading effects at the input and output ports, due to finite
values of input and output resistances.
The ideal Op-Amp model was derived to simplify circuit calculations. The ideal Op-Amp model makes
three assumptions:
I. Input resistance (impedance), R, = w0
2. Output resistance (impedance), R, = 0
3. Open-loop (differential voltage) gain, Ay = w
Based on these three assumptions, other assumptions can be derived:
l. Since R, =, |; =1, =0
2, SinceR,=0,V,=A *V,
3. Zero DC input and output offset voltages
4. Bandwidth and slew rate are also infinite, as no frequency dependencies are assumed.
5. Drift is also zero, as there is no changes in performance over time, temperature, power supply
variations, and so on
6. Since output voltage depends only on differential input voltage, it rejects any voltage common to
both inputs. Hence, common mode gain =0
Open-loop gain is the differential voltage gain in the absence of any positive or negative feedback.
Practical Op-Amps have — '
I. Input impedance can vary from hundred of kilo-ohms (for some low-grade Op-Amps) to tera-
ohms (for high grade Op-Amps).
2. Output impedance may be in the range of 1010 100 Q
Open-loop gain in the range of 10,000 to 1, 00,000
4. Bandwidth is limited and is specified by gain-bandwidth product
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5. There may be some finite DC output (referred to as output offset voltage), even when both the

" inputs are grounded.

PERFORMANCE PARAMETERS:
The key parameters of an Op-Amp decide its suitability for a particular application: Key parameters of

Op-Amp include the following:

Bandwidth: of an Op-Amp is the range of frequencies that it can amplify for a given amplifier gain. The

bandwidth is usually expressed in terms of the unity gain crossover frequency (also called gain-bandwidth

product). It is 1 MHz in the case of Op-Amp 741, It could be as high as 1500 MHz in the case of high
a—

bandwidth Op-Amps.

Slew Rate: is the rate of change of oulput voltage with time. It gives us an idea how well the Op-Amp

output voltage follows a rapidly changing waveform at the input. [t is determined by applying a step input

and monitoring the output (as shown in the following Fig).

-
rJJcn”'
2.
Landie=

Vy e l Y,

+=P ‘ [ &=

Response of Op-Amp to Step Input

"}

The step input simulates the large signal conditions. The incapability of the Op-Amp to follow rapidly

rising and falling input is due to the minimum charge and discharge times required by an internally

connected capacitor across the output; i.e., slew rate limits the large signal bandwidth. Hence, the rate of

change of output should be less than the slew rate of the Op-Amp. Peak-to-peak output voltage swing for
a sinusoidal signal (Vp..p), slew rate and bandwidth are interrelated by the following equation:

Bandwidth (highest frequency, fuax) = Slew rate / (x * Vp,,.,}); I

oL

Open-Loop Gain: is the rutio of singie- ended output

to fhe differential inpul. The fG!()bed) loop gain depends .
: EN” y 0
22728 X

the open-loop gain versus frequency curve of an Op-Amp d 8

upon the (application) circuit. The foliowmg Fig shows

The gain error at any given frequency i given by the

ratio of the closed-loo" ain to the open-loop gain.
e P8 pe ‘ pg Ff&gm; £’¢) /7_

Open-loop Gain versus Frequency

Common Mode Rejection Ratio (CMRR): the ratio of the desired differential gain (4.4 to the undesired

common mode gain (A,). It is a measure of the ability of the Op-Amp to suppress common mode signals.
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ne ratio of CMRR (a DC parameter) is usually expressed as CMR, given by 20 log {(A4/A.) dB. CMRR

is also defined as the ratio of change in the common mode input to the corresponding change in the output

offset voltage, M FERR[AB)
Power Supply Rejection Ratio (PSRR): is defined wo-
as the ratio of change in the power supply voltage lov’ ¥ ‘ﬁarr)y
10 the corresponding change in the output voltage. & -

PSRR (a DC parameter) value falls with increase in

p-
frequency. The following Fig shows PSRR versus :,J?" _
frequency graph of AD829 Op-Amp. . 5 ; . : 4 ’/ ))z)
3.9 EKEMK 1m dom

PSRR versus frequency graph of AD829 Op-Amp .
Input Impedance: is the impedance looking into the input terminals of the Op-Amp and is expressed in
terms of resistance. The effective input impedance will be different from that is specified in the data

sheets, when the Op-Amp is used in the closed-loop mode. In an inverting amplifier, the effective input

impedance equals the input resistance connected externally from the source of input sigﬁal to the

inverting input terminal of the Op-Amp. In the non-inverting amplifier, it equals the product of the loop

gain and the specified Op-Amp input impedance.

Output Impedance: is defined us the impedance between the output terminal of the Op-Amp and ground.
Cutput impedance becomes a critical parameter, when using output of Op-Amps to drive heavy loads.

The expression for the output in the case of - Zv

Resistive load; Vo=A,+*V, [ ] Ze

R +Z a’\, 2).., 7’)” CL_
Capacitive load; Vo= A4+ Vy[7—— (;/ 3 " :’—’I’
+ r

where, f, = 1/2nZ,C, and Z, is the output impedance of the Op-Amp. =

Settling Time: gives the response of the Op-Amp o large step signals. It is parameter specified in the case
of high-speed Op-Amps or Op-Amps with a high value of gain-bandwidth product, It is expressed as time
taken by the Op-Amp output to setile within a specified percentage (usually 0.1% or 0.01%) of the final

“Tolevance ov = Fne) vhlue
Evypy bﬂ)’l‘&

- - - v’

Settling Time \.t-——nSeNy fime —)

Offsets and Offset Drifts: An ideal Op-Amp should produce a zero output for a zero differential input.
But, it is not so in the case of real Op-Amps. It is observed that, we need to apply DC differential voltage

externally to get a zero output. This externally applied input is referred to as input offset voltage. Ouiput
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Ret voltage is the voltage at the output with both the input terminals grounded. The difference between

the two bias currents flowing towards the inputs of the Op-Amp is referred to as input offset current.

Problem: Op-Amp LM 741 is specified to have slew rate of 0.5 Vius. If the Op-Amp were used as
amplifier and the expected peak output voltage were 10V, determine the highest sinusoidal frequency that
would get satisfactorily amplified.

Sotution:  [Sogpyy , Slers yppts = o5 V/’ﬂa E Vp=)PV.
ﬂ;@ };g/m) ﬁiWM}ﬁo) %’EZ /mx = Slenr m)a/ ,{7\' - f)

=penp)) (72 2000
= P 94 K)pe.

Problem: The differential voltage gain and CMRR of an Op-Amp when expressed in decibels are 110 dB

and 100 dB, respectively. Determine the common mode gain expressed as a ratio.

Solution: £ MIRR = fgi}’j (A”/JQ = w)gxaj - W/LJ/QQW
Lo 20)eg Bon = 20 gAY -t = Ny I = 207k
g )@ /9;”: )ﬁ/ﬁy =&
=P Dew= Gmky r5 = B)

Problem: In the case of certain Op-Amp, 0.5 V change in the common mode input causes a DC output
offset change of 5 uV. Determine CMRR in dB.

Solution:

CMRR = DV ) D Vs =05 / [Sx ) =% =
VAR in BB = 20 kg )7° = YW AB.

OPERATIONAL AMPLIFIER APPLICATION CIRCUITS
PEAK DETECTOR CIRCUIT:

Peak detector circuit produces a voltage at the output equal to the peak amplitude (positive or negative) of

the input signal.
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P&k Detector Circuit

During the positive half cycles of input, the diode Dy will be forward biased. The capacitor C rapidly
charges to the peak, from the output of the Op-Amp. As the input starts decreasing beyond the peak, the
diode gets reverse-biased; and hence, capacitor will be isolated from the output of the Op-Amp. Now, the
capacitor starts to d;scharge through resistance R connected across it, The-value of this resistor will be
much larger to allow a discharge path. The buffer circuit connected ahead of the capacitor prevents any
discharge of the ca{pac:tor due to loading effects. This circuit can be made 1o respongd to the negative
peaks by reversing the polarity of the diode. |

COMPARATOR:

A comparator circuit is a two-input, one-output building block that produces a high or low output

depeiiding upon the relative magniludes of the two inputs. An Op-Amp produces (without feedback)
either positively saturated or negatively saturated output voltage depending upon whether the amplitude
of the voltage applied at the nor-inverting input terminal is more or less positive than the voltage applied
at the inverting input terminal. ) _ '

One of the inputs of the comparator is applied with a reference voltage and the other input is fed with the
:nput voltage that needs to be compared with the reference voltage. The reference voltage may be a

positive or negative voltage (as shown in the followmg Fig).

VL

V.

—— . eb———

Non»inveri‘ing Comparator with Positive Reference & Negative If;fe}'ence

-

PR

Ver for non-inverting comparator with positive reference is given by +V * [Ry/ (R;+Ry). [V in P4 Vgg;;]

Vrer for non-inverting comparator with negative reference is given by -V * [R2/(R;+RJ)]. [y;n £ VJ?E),’]

Inverting-type voltage comparators can similarly be built for positive and negative reference voltages.

Summary: In comparator —
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“If the input voltage is less than the reference voltage, then the output voltage will be negatively

saturated.
v If the input voltage is equal to the reference voltage, then thé output voltage will be zero.

v If the input voltage is greater than the reference voltage, then the outpuf voltage will be

335
gg?&ﬂl-)%aturated.

Zero-Crossing Detector: A special case of comparator, where the reference voltage is zero, is referred to
V,

—-——-'

+Venr

as zero-crossing detector,

-
.« s 0 *

it

Non-inverting Zero-crossing Detector

Here, an input more positive than zero icads 1 a positively saturaied output {as shown in the waveform
) P Y put |

above). The diodes connected at the input are to protect the sensitive input circuits inside the Op-Amp

from excessively large input voltages. '\)f, \/g
: \ 2 —Xs Vspr
Vp 3 !
1

Y
! ';a-')
1
H
L]
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1 e
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Mopwinverting Zero-crossing Detector

Here, an input more pogitive than zero leads to a negatively saturated output (as shown in the waveform

above).
Application of zero-crossing detector is to converl sine wave signal to a square wave signal.
Comparator with Hysteresis: When the input signal applied to the comparator contains noise,

transitions at the output around the trip point tend to become highly erratic (as shown below).
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Transitions Caused by Ideal Input Signal & Noisy Input Signal

The following Fig shows the circuit schematic of a non-inverting and inverting comparators with

hysteresis along with its transfer characteristics.

©
+
Vi 2 s

[ - Vepr

P —
--r

nverting Comparator & Non-inverting Comparator with Hysteresis
Assume that, the output is in positive saturation (+Vsar). Voltage at non-inverting input is +Vgar * R, /
(R *+ Rz). Due to this small positive voltage at the non-inverting input, the output is reinforced to stay in
positive saturation,

Now, the input signal needs to be more positive than this voltage for the output to go to negative
saturation. Once the output goes to the negative saturation (—Vsar), voltage feedback to the non-inverting
input becomes —Vgar * Ry / (R; + Ry). Due to this small negative voltage at the non-inverting input, the
output is reinforced to stay in negative saturation.

In this manner, the circuit offers a hysteresis of 2Vsar * Ry /(R +Ry).

Non-inverting comparator with hysteresis can explained in the similar manner. In this case, the
upper and the lower trip points (UTP & LTP) are +Vsar * Ry /Ry and —Vgar * R, / R, Hysteresis is equal
to 2Vsar * Ry /R, )

Window Comparator: In window comparator, the output changes state when the input voltage goes
above or below the reset reference voltage. In a window comparator, there are two reference voltages,
called lower and upper trip points. Output is in one state, when it is inside the window created by the

lower and the upper trip points and in the other state wheh it is outside the window.
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Window Comparator & Its Transfer Characteristics
When thé input voltag;: is ess than the voltage reference corresponding to the LTP, output of the Op-Amp
A\ is at +Vgar and that of Op-Amp A; is —Vgap. Diodes D) and D; are respcciively, forward- and reverse-
biased. Hence, butput across R, is +Vgar.
When the input voltage is greater than the voltage reference corresponding to the UTP, output of the Op-
Amp A, is at ~Vgar and that of Op-Amp A; is +Vgar. Diodes D) and D, are respectively, reverse- and
forward-biased. Hence, autput across Ry is again +Vgar. -
When the input voltage is greater than LTP and less than UTP, the output of both Op-Amps is at ~Vgar.
Hence, ooth the dicdes are reverse-diased and Qutpul across R (s wero,
The first waveform shown in the above Fig shows the transfer characteristics of window comparator
shown. The second waveform shown in the above Fig shows the transfer characteristics of window

comparator, if we interchange the positions of LTPs and UTPs.

Problem: Refer to the comparator circuit given below. Determine the state of LED1 and LED2, when the

switch SW1 is in (a) position A and (b) position B.

Solution:

Problem: The following Fig shows a non-inverting type of window comparator. Determine the lower and
upper trip points of the comparator and also draw the output voltage V, versus input voltage V, transfer

characteristics.
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Here, four types of active filters, viz., low-pass, high-pass, band-pass, and band-reject filters of first-order

and second-order will be studied, Order of an active filter is determined by number of RC sections used
P

in the fitter & _Tj ' & L__*[___,/ z,:f j’/ G D ‘-,—-A’}

Vi

Fi_rg;?rder Filters:

£

-

e
i —
—
—
-—

C
- va Vﬂﬂ»—g* Vs
C b |

First-order Active Filters (Non-inverting): Low-pass & High-pass
in the case of low-pass circuit; at low frequencies, reactance offered by the capacitor is much larger than
the resistance value. Hence, the applied input signal appears at the output un-attenuated. At high
frequencies, the capacitive reactance becomes much smaller than the resistance value. Hence, the output

will be zero. When the signal frequency is such that, the capacitive reactance is equal to resistance value,

the output is 0.707 times the input. This is called upper cut-off frequency. fe= —

2nRC

S
V, o

R'C‘ !..

p—
-—
-
13

—— —

First-order Filters with Gain (Non-inverting): Low-pass & High-pass
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These filters could also be implemented using inverting amplifier configuration.

!
lrc.r"

1 | L

a——
——y f

First-order Active Filters (Inverting): Low-pass & High-pass

Cut-off frequency and mid-band gain values in the case of low-pass filter are;  f = zm: z
2~1

L — ay - - 1
Cut-oft Trequency and mid-band gani values in the case ol high-pass niter arg;,  je = .
1=

Second "R

_Eirst-Order Filters:

a—
—

Second-order Butterworth Filter
Butterworth filters, also called maximally flat filters, offers a relatively flat pass and stop band response.
This has the disadvantage of relatively sluggish roll-off.

In the above Fig —
v IfZ,=Z,=Rand Z; = Z; = C, we get a second-order low-pass filter

v IfZ,=2Z,=C and Z; = Z, = R, we gel a second-order high-pass filter

The cut-off frequency and pass-band gain values are given by; fr = z:rlm: A, =1+ 7
1
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inarrow band-pass filter required multiple feedbacks, as shown in the following Fig.

1
We, l
ANAMN—

R\ Cy Re

Vo

Narrow Band-pass Filter

At very low frequencies, C; and C, offer very high reactance. As a result, the input signal is prevented
trom reaching the output. At very high frequencies, output is shorted to the inverting input. Hence, again
there is no output. At some intermediate frequencies, the gain provided by the circuit offsets the loss due

to the potential divider R, — R,

The resonant frequency is given by; fr= 2:5 ; where, Q is the quality factor.
2
For C; = C; = C, the quality factor is given by: Q = [RyR;/2R;]¥/?
The voitage gain is givenby: A4, = - ,Q —
2Kyl

A second-order narrow band-reject filter uses a twin-T network as shown in the following Fig. A twin-T
network offers very high reactance at the resonance frequency and very low reactance at frequencsoff-
resonance. In the circuit diagram, very low frequency signals find their way to the output via low-pass
filter (formed by R, — R, ~ Cs); and very high frequency signals find their way to the outpg;;i%h-pass

filter (formed by C, — C, — R;). Hence, in an intermediate band of frequencies, both ﬁltr:rj’L pass signals to

the output; e Sy cante )i g rve phavs
é} ﬁyﬁfmﬁ ,;k)}f)' NP He ~we }Am:&&
‘;l )fﬁj’lw 7&/}?’

Second-order Band-reject Filter
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=R;=R,Ry=RR2andC,=C,=C, C;=2C, with 0 <R4 (R, + Ry} then; fp = —

ZARC

Problem: Refer to the first-order low-pass filter of following Fig. Determine the cut-off frequency and the

zain value at four times the cut-off frequency.

Solution: VL 108 £
b/ : 127 sy = 15,015 K v
e = = ——Hz= H e
v 275 *x )0 A )3 x oA )p"’ 2n —_—

Ox)p3
o, = )4 OO _ L o5
y= v — 5 =N =205274% L.

1!

a 53}}) ot &H)-%y}prezymg; = 9p.- %597 -3 = )7 FO2IE.

= (oy o} /wgww Ty e He pu)r% 55) A4 =
7 gl

1248 belyr swilye o wikdond oz a?,b 0}
f'/ wrhye 7%& &M}fﬂ# /gmlg 20 F2d - ),.-2 X c?o'z?ﬂE

Problem: The following Fig shows a second-order low-pass filter. Calculate the values of R, Ry, Cy, C»
and Ry, if the cut-off frequency of the filter is 10 KHz, Q-factor is 0.707 and input impedance not less than

;z:;i'::: 1 Ci
' K,=Xo =R ; Rz
1AL /J &W@r—“@ e o >
/ v 1 +
= 5/ o 9—"‘""""'“““1:
0 Jop B=0-767; [ =20y

0For inpu> impedae ¢) KR Ry 2P S =R

v L —— = (F p-bon pE B L = P00
g~ TG Ty %

77 hawe &gm) raaw};m Mom @7}9)7 Tnpws £ gﬂ?zwv

:W Vo
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Problem: Design an Op-Amp based twin-T band-reject filter having a notch frequency of 100 KHz.
Specify the small-signal bandwidth of the Op-Amp if the highest expected frequency were 1 MHz.

Solution:
!
p —
/}’ﬂ}zﬂ ,ﬂrezmy y[je T .
whert; R =Re=R; )= Ga=C;
Re=Rlp, G=2L. o
0Le} L=D200)YF. This e, R=

Lz

L

=)5-9o X
OF % pOopI n)p b w oA PpE ———

bence, R, =Re=1-92%X2 Ry = FYF2 ( =0o=0r000pF

53 = WZZ&F

}24:, Q} 7;.@2:.- 3).5’,4,){0_.‘

NON-LINEAR AMPLIFIER:

In a non-linear amplifier, the gain value is a non-linear function of the amplitude of the signal applied at

the input. For example, the gain may be very farge for weak input signals and may be very small for large

input signals. A simple method to achieve non-linear amplification is by connecting a non-linear device

such as PN junction diode in the feedback path. m- D,

Non-linear Amplifier if

For small values of input signal, diodes act as open circuit and the gain is due to minimum feedback.

When the amplitude of the input signal is large, diodes offer very small resistance and thus gain is low.
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Application of non-linear amplifier is in AC bridge balance detectors.

RELAXATION OSCILLATOR:

Relaxation oscillator is an oscillator circuit that produces a non-sinusoidal output whose time period is

dependent on the charging time of a capacitor connected as a part of the oscillator circuit.

— Relaxation Oscillator & Relevant Waveforms
Assuie tal, e ouipui is initiaily in positive saiuialion. As a result, voltage at noa-inveiting input of Cp-
Amp is +Vgar * Ry / (R, + Ry). This forces the output to stay in positive saturation as the capacitor C is

initiaily in fully discharged state. Capacitor C starts charging towards +Vg,r through R. The moment the
capacitor voltage exceeds the voltage appearing at the non-inverting input, the output switches to —Vg,r.
Now, the voltage appearing at the non-inverting input changes to —Vsar * R; / (R, + R;). The
capacitor starts discharging and after reaching zero, it begins to discharge towards ~Vgar. Again, as soon
as it becomes more negative than the voltage appearing at the non-inverting input of the Op-Amp, the

output switches back to +Vgyu7.

The expression for the time period of the cutput reclangul;ar waveform is givenby; T = 2 RCIn (%)

where, B =R, /(R + R;). By varying the value of resistor R, the time period of the output waveform can

be varied.

CURRENT-TO-VOLTAGE CONVERTER:

Current-to-voltage converter is nothing but a transimpedance amplifier. An ideal transimpedance

amplifier makes a perfect current-to-voltage converter as it has zero input impedance and zero output

impedance.
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L& Vo
L

Current-to-Voltage Converter

The circuit is characterized by voltage shunt feedback with a feedback factor of unity. The expression for

output voltage is given by; Vo= 1«Rx (_1:3?:' )
oL
ForAg . >>1; V,= [;*R Also,  Zy = (1:10,_) and  Z, = (1+R‘:or.)

where, Rg is the output impedance of the Op-Amp.

VOLTAGE-TO-CURRENT CONVERTER:

Voltage-to-current converter is a case of a transconductance amplifier. An ideal transconductance

amplifier makes a perfect voltage-controlled current source or a voltage-to-current converter.
The circuit is characterized by current series feedback. The expression for output current is given

Vi Vi

%o R ) A For Ao >> 1. =%,
; . "y

Closed-loop input impedance; Z;, = R; + (1 + Ay * R]+Rz)

where, R; is the input impedance of the Op-Amp.

Closed-loop output impedance; Z, = R, * (1 + Agp* R1+1Rz)

v, r

Voltage-to-Current Converter

Problem: Refer to the following relaxation oscillator circuit. Determine the peak-to-peak amplitude and
frequency of the square wave output; given that, the saturation output voltage of the Op-Amp is £12.5 V
at power supply voltages of £15 V.

Solution:

*The /6@P)9M o
£ — WAy el = p. 505
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e #m)m%? 7 s 9pey J 7T = RXC ﬂ»[
) +D-F2
= ol #IOAID® AOLIAP /n[);%
s = 0449 ms.
)2 = > = 2-)3k)=
EYEIX)O = .

$eok- - }Pfﬂ)f ﬁ/)}b&% ;Jf@’w}: RVopyr = 25 V.

Problem: For current-to-voltage converter shown in the following Fig, determine output voltage, closed

o
o

loop input and output impedances; given that the Op-Amp has open-loop transimpedance gain of
100,000, inpwt impedance of | MQ., and vutput impedance of 100 £2.

Solution: \OOF
> Pulpn) ?”Wy& Vo = 0%)p XpoA)” Sk Vo
=)V,

Ay
—

I 2007177
? Cwed-doop Tp Sopeiome, = T 2 e
- l_('L ]

A ———
e ———

4 6:&2’6%52’2557 ﬁZh?l lﬂ}' :22&7 5252%27565 ;Z;p - ’%:7 - .11527
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= ppor L.
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