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The Operational Amplifier

Very high voltage gain  ; 200,000

Very High input impedance ; 10M ohm

Very small output impedance  ; 75ohm 

Designed to do mathematical operations such as 

addition , subtraction ….

Diff-

Amp

Output 
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Operational Amplifiers

Uploaded By: anonymousSTUDENTS-HUB.com



𝑽𝑶 =

+𝑽𝒔𝒂𝒕 𝒗𝒅 >
𝑽𝒔𝒂𝒕

𝑨𝒅

𝑨𝒅𝒗𝒅
𝑽𝒔𝒂𝒕

𝑨𝒅
> 𝒗𝒅 > −

𝑽𝒔𝒂𝒕

𝑨𝒅

−𝑽𝒔𝒂𝒕 𝒗𝒅 < −
𝑽𝒔𝒂𝒕

𝑨𝒅

Operational Amplifier

Transfer characteristic Curve:

4

𝒗𝒅 = V(+)  - V(-)
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Let    ±𝑽𝒄𝒄 = ± 15V  ; 𝑨𝒅 = 𝟐𝟎𝟎, 𝟎𝟎𝟎

∴ ±𝑽𝒔𝒂𝒕=±13V

∴ If Vd > 65µV   ;    𝑽𝑶 =+13V

∴ If Vd < − 65µV   ;    𝑽𝑶 = −13V

65µV

− 65µV

+13V

-13V

Uploaded By: anonymousSTUDENTS-HUB.com



1)Vd ≅ 0

2)   i(+) =  i(-) = 0 

Op-amp Model in the Linear Region:

Zi

Zo

Ad.Vd

+
Vd
-

7

If the Op-Amp is in the Linear 

Region:

V(+)  =  V(-)

If the Op-Amp is IDEAL and  in 

the Linear Region:

+

Vd

-

i(+)

i(-)

3

2
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a) Since    V(+) =  0   ; ∴ V(-)  =  0

And  𝒊𝒔 =
𝒗𝒔

𝑹𝒊

b)   Since    i(-) = 0   ; ∴ 𝒊𝑭 = 𝒊𝑺

c) 𝑽𝑶 =  -𝑹𝑭𝒊𝑭

𝑽𝑶 =  -𝑹𝑭𝒊𝑺
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Op-amp Linear Applications:

1. Inverting Amplifier

∴ 𝐴𝐶𝐿 = −
𝑅𝐹

𝑅𝑖

𝑉𝑂 = −
𝑅𝐹

𝑅𝑖
𝑉𝑠

(Virtual ground)

Op-Amp is ideal
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Op-Amp Linear Applications:

1. Inverting Amplifier

Design an inverting 

amplifier to provide 

𝑨𝑪𝑳= -200

𝐴𝐶𝐿 = −
𝑅𝐹

𝑅𝑖
= -200

∴
𝑹𝑭

𝑹𝒊
= 200 ∴ 𝑹𝑭 = 4000K

Solution :

Let    𝑹𝒊 = 20K
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Op-amp Linear Applications:

2. Inverting Adder

1- Since    V(+) =0   ; 

∴ V(-)=0

𝒊𝟏 = 
𝒗𝟏

𝑹𝟏
;     𝒊𝟐 = 

𝒗𝟐

𝑹𝟐
;  

𝒊𝟑 = 
𝒗𝟑

𝑹𝟑

𝒊𝒔 = 𝒊𝟏 + 𝒊𝟐 + 𝒊𝟑

RF

Rl

iF

+

Vo

-

-
+

V3

R3

i3

V2

R2

i2

V1

R1

i1

is

-Vcc

Vcc

𝑽𝑶 = - (
𝑹𝑭

𝑹𝟏
𝑽𝟏+ 

𝑹𝑭

𝑹𝟐
𝑽𝟐+ 

𝑹𝑭

𝑹𝟑
𝑽𝟑)

𝑽𝑶 = - (𝑽𝟏+𝑽𝟐+ 𝑽𝟑)
2- Since    i(-) =0   ; ∴ 𝒊𝑭 = 𝒊𝑺

3- 𝑽𝑶=  -𝑹𝑭𝒊𝑭

𝑰f 𝑹𝟏 = 𝑹𝟐 = 𝑹𝟑 = 𝑹𝑭 = 𝑹
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Op-amp Linear Applications:

2. Inverting Adder
RF

Rl

iF

+

Vo

-

-
+

V3

R3

i3

V2

R2

i2

V1

R1

i1

is

-Vcc

Vcc

𝑰 f 𝑹𝟏 = 𝑹𝟐 = 𝑹𝟑 = 𝑹

And  𝑹𝑭 =  
𝑹

𝒏
=

𝑹

𝟑

∴ 𝑽𝑶 = - (
𝑽𝟏+𝑽𝟐+𝑽𝟑

𝟑
)                     

average

Uploaded By: anonymousSTUDENTS-HUB.com



17

Op-amp Linear Applications:

3. Non Inverting Amplifier

1- Since    V(+) = 𝑽𝒔

∴ V(-) = 𝑽𝒔

∴ 𝒊𝒊 = 
𝑽𝒔

𝑹𝒊

2- Since    i(-) = 0   ;

∴ 𝒊𝑭 = 𝒊𝒊

3 - 𝑽𝑶 = 𝑹𝑭𝒊𝑭 + 𝑹𝒊𝒊𝒊

𝑽𝑶 = (1+ 
𝑹𝑭

𝑹𝒊
) 𝑽𝒔

RF

RL

+

Vo

-

-
+Ri

Vs(t)

Rs

IF

Ii
i(-)
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Op-amp Linear Applications:

Non Inverting Amplifier

Design a non inverting amplifier 

to provide 𝑨𝑪𝑳= 100

𝐴𝐶𝐿 =1 +
𝑅𝐹

𝑅𝑖
=100

∴
𝑹𝑭

𝑹𝒊
= 99

Let  𝑅𝑖 =10K 

∴ 𝑅𝐹 = 990K

Solution :
RF

RL

+

Vo

-

-
+Ri

Vs(t)

Rs

IF

Ii
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Op-amp Linear Applications:

4. Buffer , Unity Gain

Rl

+

Vo

-

-
+

Vs

Rs -Vcc

Vcc

1- Since    V(+) = 𝑽𝒔 ;    ∴ V(-)=𝑽𝒔

2- 𝑽𝑶= V(-) = 𝑽𝒔

Buffer is a special Case of

non inverting amplifier  for which:

𝑹𝒊 =∞ 

𝑹𝑭 =  0
RF

RL

+

Vo

-

-
+Ri

Vs(t)

Rs

IF

Ii
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Op-amp Linear Applications:

5. Non-inverting Adder
R

Rl

+

Vo

-

-
+R

(V1+V2)/2

R/2

-Vcc

Vcc

R

Rl

+

Vo

-

-
+R

V2

R

V1

R

-Vcc

Vcc

𝑽𝑻𝑯 = 
𝑽𝟏+𝑽𝟐

𝟐

𝑹𝑻𝑯 = 
𝑹

𝟐
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R

Rl

+

Vo

-

-
+R

(V1+V2)/2

R/2

-Vcc

Vcc

𝑽𝑶 = (1+ 
𝑹

𝑹
)(

𝑽𝟏+𝑽𝟐

𝟐
)  = 𝑽𝟏 + 𝑽𝟐

If we have  n signal :

let 𝑹𝑭 = (n-1)R

𝑉𝑂 = 𝑉1 + 𝑉2 + ……………+𝑉𝑁
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Op-amp Linear Applications:

6. Voltage Subtraction

R4

RL

+

Vo

-

-
+R3

V1

R1
V2

R2

-Vcc

Vcc

a) Let 𝑽𝟏 = 0

∴ 𝑽𝒐𝟏 = −
𝑹𝟒

𝑹𝟑
𝑽𝟐

b) Let 𝑽𝟐 = 0

∴ 𝑽𝒐𝟐 = (𝟏 +
𝑹𝟒

𝑹𝟑
) (

𝑹𝟐

𝑹𝟏+𝑹𝟐
) 𝑽𝟏

∴ 𝑽𝑶 =(𝟏 +
𝑹𝟒

𝑹𝟑
) (

𝑹𝟐

𝑹𝟏+𝑹𝟐
) 𝑽𝟏 −

𝑹𝟒

𝑹𝟑
𝑽𝟐

Using superposition

(Inverting amplifier)

( non inverting amplifier)
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𝑽𝑶 = a𝑽𝟏 − b𝑽𝟐

If   𝑹𝟏 = 𝑹𝟑 = 𝑹

and  𝑹𝟐 = 𝑹𝟒 = mR

𝑽𝑶 = m(𝑽𝟏 − 𝑽𝟐)

R4

RL

+

Vo

-

-
+R3

V1

R1
V2

R2

-Vcc

Vcc
∴ 𝑽𝑶 =(𝟏 +

𝑹𝟒

𝑹𝟑
) (

𝑹𝟐

𝑹𝟏+𝑹𝟐
) 𝑽𝟏 −

𝑹𝟒

𝑹𝟑
𝑽𝟐

Basic Difference Amplifier
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Op-amp Linear Applications:

Basic Difference Amplifier mR

RL

+

Vo

-

-
+R

V1

R
V2

mR

-Vcc

Vcc

𝑽𝑶 = m(𝑽𝟏 − 𝑽𝟐) 

𝒁𝒊𝟏 = R+mR

𝒁𝒊𝟐 = R

*It has low input impedance

*To Change the gain, we must 

change two resistors.
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R

RL

+

Vo

-

-
+R

R

-Vcc

Vcc

VS

R

prove that Vo = Vs

mR

RL

+

Vo

-

-
+R

V1

R
V2

mR

-Vcc

Vcc

𝑽𝑶 = m(𝑽𝟏 − 𝑽𝟐) 

m = 1 Uploaded By: anonymousSTUDENTS-HUB.com
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Instrumentation Amplifier:

I  =
𝑽𝟏−𝑽𝟐

𝒂𝑹

𝑽𝒐𝟏 = (R+ aR + R)I

𝑽𝒐𝟏 = (1+ 
𝟐

𝒂
) (𝑽𝟏−𝑽𝟐)

𝑽𝒐 = 𝑽𝒐𝟏 = (1+ 
𝟐

𝒂
) (𝑽𝟏−𝑽𝟐)

𝒁𝒊𝟏 = ∞ 

𝒁𝒊𝟐 = ∞ 

To change the gain ՜

change a

a <<  1

V2

V1

+
-

-Vcc

Vcc

-
+

-Vcc

Vcc

-
+

-Vcc

Vcc

V2

V1

aR

R

RR

R

R

R

-
Vo1

+

Vo

I
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𝑬𝟏 =
𝑹𝟏

𝑹𝟏+𝑹𝟏
E = 

𝑬

𝟐

𝑬𝟐 =
𝑹

𝑹+𝑹+∆𝑹
E =  

𝑹

𝟐𝑹+∆𝑹
E

𝑬𝟏 − 𝑬𝟐 =
𝑬

𝟐
(

∆𝑹

𝟐𝑹+∆𝑹
)

∆𝑹 is very small

𝑬𝟏 − 𝑬𝟐 =
𝑬

𝟐

∆𝑹

𝟐𝑹

𝑽𝒐 = (1+ 
𝟐

𝒂
) (𝑬𝟏 − 𝑬𝟐 ).

𝑽𝒐 = (400)( 
∆𝑹

𝟒𝑹
)E

𝑽𝒐 = 100  E ( 
∆𝑹

𝑹
)

Measuring small resistance change 

Let   (1+ 
𝟐

𝒂
)   =  400

R+ RR1

RR1

+

-

-Vcc

Vcc

IA
Vo

aR

E2E1

E

V

𝑽𝒐 = (1+ 
𝟐

𝒂
) (𝑬𝟏 − 𝑬𝟐 ).

Sensor
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Measuring small resistance change 

𝑽𝒐 = 100  E ( 
∆𝑹

𝑹
)

If R = 10K

∆𝑹 = 0.1K

E = 1V

∆𝑹

𝑹
= 1% change

𝑽𝒐 = 1V

∴ 1V  per    1%   

change in resistance

R+ RR1

RR1

+

-

-Vcc

Vcc

IA
Vo

aR

E2E1

E

V

Sensor

If Vo = 1mV 

∆𝑹 = 0.001K

∆𝑹 = 0.01K

∆𝑹 = 0.2K

∆𝑹 = 0.0001K

If Vo = 2V   

If Vo = 0.1V

If Vo = 0.01V 
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ENEE3304    Project#1 :Water Temperature Controller
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Basic Bridge Amplifier

-
+

-Vcc

Vcc

R

Vo

R+ R

R1

R1
E

𝑉𝑜 = − E (  
∆𝑅

𝑅1+𝑅
)

Prove that 

Sensor
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Electronic Thermometer

-
+

-Vcc

Vcc

R

Vo

R+ R

R1

R1
E

𝑽𝒐 = − E (  
∆𝑹

𝑹𝟏+𝑹
)

E = -15v

𝑹𝟏 = 10K

R = 5K

𝑽𝒐 = ∆𝑹

Place the circuit in the reference tempareture

(T=100F) and measure the total resistance of the 

thermistor(R=5k)

This is a sensor(thermistor   )   
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Electronic Thermometer

Temp RT  R Vo

0 10k 5k 5V

50 7.5k 2.5k 2.5V

100 5k 0k 0V

150 2.5k -2.5k -2.5V

200 0k -5k -5V

200F

150F

100F

50F

0F

Voltmeter
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Voltage to current Converter

𝑰𝒊 =
𝑽𝒊

𝑹𝒊

𝑰𝑳 = 𝑰𝒊 =
𝑽𝒊

𝑹𝒊

a) Floating load

Since V(+) = Vi

∴ V(-) = Vi

-
+

Vi

Ri

Ii

IL

RL
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High-Resistance DC Voltmeter

𝑰𝒎 = 𝑰𝒊 =
𝑽𝒊

𝑹𝒊

-
+

Vi

Ri

A

Ii

Im

If 𝑽𝒊 =-10 v       ՜ 𝑰𝒎 = -1mA  

𝑹𝒊 = 10k         

If 𝑽𝒊 =+10 v        ՜ 𝑰𝒎 = +1mA  

𝑹𝒊 = 10k         

If 𝑽𝒊 =-1 v   ՜ 𝑰𝒎 = -1mA  

𝑹𝒊 = 1k         

If 𝑽𝒊 =+1    ՜ 𝑰𝒎 = +1mA  

𝑹𝒊 = 1k         
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Voltage to current Converter

b) Grounded load

𝑽𝑳 = V(-) = 
𝟏

𝟐
𝑽𝒐

𝑰𝑳 = 𝑰𝟏 + 𝑰𝟐

𝑰𝑳 =
𝑽𝒐−𝑽𝑳

𝑹
+ 

𝑬−𝑽𝑳

𝑹

∴ 𝑰𝑳 =
𝑬

𝑹

R

R

R
-
+

-Vcc

Vcc

R

E

RL

I2

I1

IL

Vo

VL

VL

Uploaded By: anonymousSTUDENTS-HUB.com
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Current to Voltage Converter

V(+) = R 𝑰

𝑽𝒐 = (1 + 
R
R

)  V(+)

𝑽𝒐 = (1 + 
R
R

) R 𝑰

𝑽𝒐 = K 𝑰

-
+

-Vcc

Vcc

R

R

R

Vo

I
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Current to Voltage Converter Application

𝑰 =
𝑬𝒊

𝑹

V(+) = R 𝑰 =  Ei

𝑽𝒐 = V(+)

∴ 𝑽𝒐 = 𝑬𝒊

R

R

R
-
+

-Vcc

Vcc

R

Ei

R

R-Transmission

Rl

+

Vo

-

-
+

-Vcc

VccI

R

R

R
-
+

-Vcc

Vcc

R

E

RL

I2

I1

IL

Vo
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Constant High Current Source 

𝐼𝑅 =
𝑉𝑍

𝑅
= 1A

and since β = 100

𝑰𝑩 = 
𝟏 𝑨

𝑩
= 10mA   < 𝑰𝑶(𝒎𝒂𝒙 )

-
+

-Vcc

Vcc

Vz = 10V

1.8K
R3

10Ω 

Vcc

IR

IL

𝐼𝑅 = 𝐼𝐸

𝐼𝐸 ≈ 𝐼𝐿
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Single Supply Op-amp

Ri

RF

+

Vo

-

-
+

Vcc

Vs

-Vcc

If  ±𝑽𝑪𝑪 = ±15v

13V

-13V

V,sat = ±13v

The Maximum possible swing = 26V  peak to peak

Uploaded By: anonymousSTUDENTS-HUB.com



45

Single Supply Op-amp

Ri

RF

+

Vo

-

-
+

+15

Vs

Distortion

13

t

2V
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Single Supply Op-amp

DC Equivalent ckt:

200k

-
+

+20

+20

100k

100k

Vx

𝑽𝑿 = V(+) =10v

𝑽𝒐 = 0

2k

200k

-
+

+20

C3

+20

0.6k

100k

100k

C1

C2

10k

Vi

Vx Vo

V0
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Single Supply Op-amp

AC small signal equivalent ckt:

𝑽 (+) =
𝟓𝟎𝑲

𝟓𝟎𝑲+𝟎.𝟔𝑲
𝑽𝒊 ≈ 𝑽𝒊

𝑽𝑿 = 𝑽𝑶 = (1+
𝟐𝟎𝟎𝑲

𝟐𝑲
) (𝑽 (+))

𝑽𝑿 = 𝑽𝑶 ≅ 101 𝑽𝒊

18v

2v

10v

2k

200k

-
+

+20

C3

+20

0.6k

100k

100k

C1

C2

10k

Vi

Vx Vo

Vx(t)

The Maximum possible swing = 16V  peak to peak
Uploaded By: anonymousSTUDENTS-HUB.com



48

18v

2v

10v

Vx(t)
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Comparator : Zero –Level detector

Exact analysis:

When 𝒗d >65µV   ; 𝑽𝑶=+ 𝑽𝒔𝒂𝒕

When 𝒗d < −65µV   ; 𝑽𝑶= - 𝑽𝒔𝒂𝒕

Approximate  analysis

When 𝒗d > 0V   ;        𝑽𝑶 = + 𝑽𝒔𝒂𝒕

When 𝒗d < 0V   ;        𝑽𝑶 =  - 𝑽𝒔𝒂𝒕

-
+

+Vcc

Vi

Rl

Vo

-Vcc
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Comparator : Zero –Level detector

𝑽𝒊 (t) = 5𝒔𝒊𝒏 𝝎𝒕 v

± 𝑽𝒔𝒂𝒕 = ±𝟏𝟑 v

5V

-5V

Vi(t)

t

Vo(t)

V,sat

-V,sat

-
+

+Vcc

Vi

Rl

Vo

-Vcc

∴ When 𝑽𝒊 > 0V   ;        𝑽𝑶 = + 𝑽𝒔𝒂𝒕

∴ When 𝑽𝒊 < 0V   ;        𝑽𝑶 =  - 𝑽𝒔𝒂𝒕
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Non Zero –Level detector

Vi
RL

Vo

2V

-
+

-Vcc

Vcc

When 𝑽𝒊 >2V   ;        𝑽𝑶=+ 𝑽𝒔𝒂𝒕

When 𝑽𝒊 <2V   ;        𝑽𝑶= - 𝑽𝒔𝒂𝒕

Vi(t) t

Vo(t)

V,sat

-V,sat

VR

When 𝒗d > 0V   ;        𝑽𝑶= + 𝑽𝒔𝒂𝒕

When 𝒗d <0V   ;        𝑽𝑶= - 𝑽𝒔𝒂𝒕

𝑽𝒊 (t) = 5𝒔𝒊𝒏 𝝎𝒕 v

± 𝑽𝒔𝒂𝒕 = ±𝟏𝟑 v
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Practical Non Zero –Level detector

Vi

-
+

-15

15

2k

13k

RL

Vo

Out

In

Pressure 
Sensor

The pressure sensor generates a voltage proportional to 

the water level in the tank 

When 𝑽𝒊 >2V   ;        𝑽𝑶=+ 𝑽𝒔𝒂𝒕

When 𝑽𝒊 <2V  ;        𝑽𝑶= - 𝑽𝒔𝒂𝒕

Application

When water level reaches the 

maximum allowable lever    
Vi = 2V

V(-) = 2V

pressure 

sensor
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Voltage–Level detector with LEDs:

Vi

-
+

-15

15

2k

13k

Green
RED

2k 2k

When 𝑽𝒊 >2V   ;        𝑽𝑶=+ 𝑽𝒔𝒂𝒕

∴ Red LED  is ON

∴ green LED is OFF

When 𝑽𝒊 <2V  ;        𝑽𝑶= - 𝑽𝒔𝒂𝒕

∴ green LED is ON

∴ Red LED  is OFF

When 𝑽𝒊 = 2V   ;        𝑽𝑶 =  0

∴ green LED  and the Red LED are OFF

Uploaded By: anonymousSTUDENTS-HUB.com



54

Over Temperature sensing Circuit

R1 R

-
+

-Vcc

Vcc

Rb

R
R2

Vcc

Relay N.O
AC

Lamp

R1 = Resistance of the thermistor.

R2 is set equal to the resistance of the 

thermistor at the critical temp.

∴ V(-)  > V(+)    ,     ∴ 𝑽𝒐𝒑 =  - 𝑽𝒔𝒂𝒕

∴ transistor is  cut OFF     ;       𝑰𝑪 = 0

∴ Relay is denergized

∴ switch is open

∴ Lamp is OFF

1)At Normal temperature  (T< 𝑻𝑪)

𝑹𝟏 > 𝑹𝟐

V(+) = 
𝑹𝟐

𝑹𝟏 +𝑹𝟐
𝑽𝑪𝑪 <

𝟏

𝟐
𝑽𝑪𝑪

V(-)=  
𝟏

𝟐
𝑽𝑪𝑪

R  = 100k This is the thermistor  

R1  ↑ as  T ↓
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Over Temperature sensing Circuit

R1 R

-
+

-Vcc

Vcc

Rb

R
R2

Vcc

Relay N.O
AC

Lamp

2)When T=𝑻𝑪

𝑹𝟏 = 𝑹𝟐

V(+)  =  V(-)=  
𝟏

𝟐
𝑽𝒄𝒄

∴ 𝑽𝒐𝒑 =   0

∴ transistor is in cut OFF     ;       

𝑰𝑪 = 0

∴ Relay is denergized

∴ switch is open

∴ Lamp is OFF

Sensor
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Over Temperature sensing Circuit

R1 R

-
+

-Vcc

Vcc

Rb

R
R2

Vcc

Relay N.O
AC

Lamp

3- When T > 𝑻𝑪

𝑹𝟏 < 𝑹𝟐

V(+) = 
𝑹𝟐

𝑹𝟏 +𝑹𝟐
𝑽𝒄𝒄 >

𝟏

𝟐
𝑽𝒄𝒄

V(-) =   
𝟏

𝟐
𝑽𝒄𝒄

∴ 𝑽𝒐𝒑 =   + Vsat

∴   transistor is conducting

∴ Relay is energized

∴ Lamp is on

Sensor
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The signal Vi is noisy

The noise will produce a false turn off spike 
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The solution is Schmitt Trigger Comparator

We must have two references

When Vi > Vref(U)           Vo switch to      + Vsat

When Vi < Vref(L)            Vo  switch to     - Vsat (This case should 

not happen in this application)

Uploaded By: anonymousSTUDENTS-HUB.com



59

Schmitt Trigger Comparator

1.Assume    𝑽𝑶 = + 𝑽𝒔𝒂𝒕

V(+) = 
𝑹𝟐

𝑹𝟏+𝑹𝟐
(+ 𝑽𝒔𝒂𝒕) =  𝑽𝑼𝑻

𝒗d > 0

𝑹𝟐

𝑹𝟏 +𝑹𝟐
(+ 𝑽𝒔𝒂𝒕) - 𝑽𝒊 > 0

∴ 𝑽𝒊 <
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(+ 𝑽𝒔𝒂𝒕)

∴ as long as 𝑽𝒊 <
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(+ 𝑽𝒔𝒂𝒕)

𝑽𝑶 = + 𝑽𝒔𝒂𝒕

But when   𝑽𝒊 >
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(+ 𝑽𝒔𝒂𝒕)

𝑽𝑶 switch to  (- 𝑽𝒔𝒂𝒕)

V(-) =  Vi
-
+

Vcc

-Vcc
R1

R2

Vo

Vi(t)

Inverting Schmitt trigger comparator
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Schmitt Trigger Comparator

V(+) = 
𝑹𝟐

𝑹𝟏+𝑹𝟐
(- 𝑽𝒔𝒂𝒕) = 𝑽𝑳𝑻

𝒗d < 0 

𝑹𝟐

𝑹𝟏 +𝑹𝟐
(- 𝑽𝒔𝒂𝒕) - 𝑽𝒊 < 0

∴ 𝑽𝒊 >
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(- 𝑽𝒔𝒂𝒕)

∴ as long as  𝑽𝒊 >
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(- 𝑽𝒔𝒂𝒕)

𝑽𝑶 = - 𝑽𝒔𝒂𝒕

But when   𝑽𝒊 <
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(- 𝑽𝒔𝒂𝒕)

𝑽𝑶 switch to  (+ 𝑽𝒔𝒂𝒕)

V(-) =  Vi
-
+

Vcc

-Vcc
R1

R2

Vo

Vi(t)

2. Assume  𝑽𝑶 = - 𝑽𝒔𝒂𝒕
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Schmitt Trigger Comparator

Hysteresis  voltage ≡ 𝐕𝐇 =  𝐕𝐔𝐓 − 𝐕𝐋𝐓

𝑽𝑼𝑻 ≡  Upper Threshold voltage 

𝑽𝑼𝑻 = 
𝑹𝟐

𝑹𝟏+𝑹𝟐
(+ 𝑽𝒔𝒂𝒕)

𝑽𝑳𝑻 ≡  Lower Threshold voltage

𝑽𝑳𝑻 = 
𝑹𝟐

𝑹𝟏+𝑹𝟐
(- 𝑽𝒔𝒂𝒕)

Vo

Vi

VutVlt

Uploaded By: anonymousSTUDENTS-HUB.com



62

Schmitt Trigger Comparator

Signal Wave form

Vi(t) t

Vo(t)

V,sat

-V,sat

Vut

Vlt

when   𝑽𝒊 <
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(- 𝑽𝒔𝒂𝒕)

𝑽𝑶 switch to  (+ 𝑽𝒔𝒂𝒕)

when   𝑽𝒊 >
𝑹𝟐

𝑹𝟏 +𝑹𝟐
(+ 𝑽𝒔𝒂𝒕)

𝑽𝑶 switch to  (- 𝑽𝒔𝒂𝒕)
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Room Thermostat

+
- +

-
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Room Thermostat

+
+

+12v

0V
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Schmitt Trigger Comparator

Room Thermostat

Temp 

Sensor

Non Inverting 

Amp 

Gain=40

Schmitt 

trigger

Inverter 

1

Inverter 

2

400mV/C

10mV/C

TR 1
Switch (1)

TR 2
Switch (2)

Green
RED

Relay
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Schmitt Trigger Comparator

𝑽𝒊 = 400mV/C

1.Let 𝑽𝑶 = + 𝑽𝒔𝒂𝒕 = +10

𝒗d > 0

V(-) = 4v

V(+) =  
𝟏𝟎𝟎𝑲

𝟏𝟎𝟎𝑲+𝟐𝟕𝟎𝟎𝑲
( + 𝑽𝒔𝒂𝒕)    +  

𝟐𝟕𝟎𝟎𝑲

𝟐𝟕𝟎𝟎𝑲+𝟏𝟎𝟎𝑲
𝑽𝒊

For  𝒗d > 0  ;   𝑽𝒊 > 3.777V

∴ As long as  𝑽𝒊 > 3.777V  ;       𝑽𝑶 = + 𝑽𝒔𝒂𝒕

But when 𝑽𝒊 < 3.777V    ;   𝑽𝑶 switch to  (- 𝑽𝒔𝒂𝒕) 66

100k

2700k

+

Vo

-

-
+

12

4V

Vi

Room Thermostat
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Schmitt Trigger Comparator

2.  Let 𝑽𝑶 = - 𝑽𝒔𝒂𝒕 = +2

𝒗d < 0 

V(+) = 
𝟏𝟎𝟎𝑲

𝟏𝟎𝟎𝑲+𝟐𝟕𝟎𝟎𝑲
( - 𝑽𝒔𝒂𝒕)    + 

𝟐𝟕𝟎𝟎𝑲

𝟐𝟕𝟎𝟎𝑲+𝟏𝟎𝟎𝑲
𝑽𝒊

For  𝒗d<0  ;   𝑽𝒊 < 4.072V

∴ As long as  𝑽𝒊 < 4.072V;       𝑽𝑶 = - 𝑽𝒔𝒂𝒕

But when 𝑽𝒊 > 4.072V;   𝑽𝑶 switch to  (+ 𝑽𝒔𝒂𝒕)
67

100k

2700k

+

Vo

-

-
+

12

4V

Vi

V(-) = 4V
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Schmitt Trigger Comparator

1)When T > 10.37 C , Vo = +Vsat
Transistor (2) is Off , Relay is 

denergized and Heater is Off.

2)Then T < 9.44 C , Vo = -Vsat
Transistor (2) is On  , Relay is  

energized 
and Heater is on .

68

Vi

2

10

3.777V
9.44 C

4.072V
10.37 C
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Output offset  Voltage 

69

Ri

RF

Rl

+

Vo

-

-
+

-Vcc

Vcc

𝑽𝑶𝑺 ≡ the output voltage when 𝑽𝒊= 0

-
+

-Vcc

Vcc

IB

IB

Inverting Amplifier

Let Vi = 0
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Output offset  Voltage 

70

-
+

IB

IB

RF

Ri Rl
-Vcc

Vcc

Current source in parallel with short

short

Current source in parallel with a 

resistor

Voltage source in series with 

the same resistor

Ri

RF

Rl

+

Vo

-

-
+

-Vcc

Vcc
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Output offset  Voltage 

71

Ri

RF

Rl

+

Vo

-

-
+

Ri.IB -Vcc

Vcc

𝑽𝑶 = 𝑽𝑶𝑺 = −
𝑹𝒇

𝑹𝑰
𝑹𝒊𝑰𝑩

𝑽𝑶𝑺 =  - 𝑹𝒇 𝑰𝑩

-
+

IB

IB
RF

Ri Rl
-Vcc

Vcc

Using source transformation 
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Output offset  Voltage 

72

Ri

RF

Rl

+

Vos

-

-
+

Rc
-Vcc

Vcc

Ri

RF

Rl

+

Vos

-

-
+

Rc

IB

Rc is a compensation resistor

Ri

RF

Rl

+

Vos

-

-
+

Rc

Ri.IB

Rc.IB

Using source transformation 
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Output offset  Voltage 

73

Ri

RF

Rl

+

Vos

-

-
+

Rc

Ri.IB

Rc.IB

𝑽𝑶𝑺 = (1+
𝑹𝒇

𝑹𝑰
) 𝑹𝑪 𝑰𝑩 −

𝑹𝒇

𝑹𝑰
𝑹𝒊 𝑰𝑩 =0

Using Superposition

For 𝑽𝑶 to be zero:

(1+ 
𝑹𝒇

𝑹𝑰
) 𝑹𝑪 − 𝑹𝒇 =0

∴ 𝑹𝑪 = 𝑹𝒊 ‖   𝑹𝒇
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𝑽𝑶 = −
𝑹𝒇

𝑹𝑰
𝑽𝒔

Vs

Ri

RF

Rl

is

iF

+

Vo

-

-
+

Rc

Inverting Amplifier
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