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Lecture 38 – Summary 

Learning Objectives 

1. More Operational Amplifiers examples 
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𝑽𝒐𝒖𝒕 

Node 𝑽− 

𝑽𝟏 − 𝑽−

𝑹𝟏
+

𝑽𝟐 − 𝑽−

𝑹𝟐
+

𝑽𝒐𝒖𝒕 − 𝑽−

𝑹𝑭
= 𝟎 

Adder OP AMP 

𝑹𝑭 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 
𝑹𝟐 

𝑽𝟏 

𝑽𝟐 

𝑽+ = 𝑽− = 𝟎 

𝒊+ = 𝒊− = 𝟎 

𝑽𝟏

𝑹𝟏
+

𝑽𝟐

𝑹𝟐
= −

𝑽𝒐𝒖𝒕

𝑹𝑭
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𝑽𝒐𝒖𝒕 

Adder OP AMP 

𝑹𝑭 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 
𝑹𝟐 

𝑽𝟏 

𝑽𝟐 

𝑽+ = 𝑽− = 𝟎 

𝒊+ = 𝒊− = 𝟎 

𝑽𝒐𝒖𝒕 = −𝑹𝑭

𝑽𝟏

𝑹𝟏
+

𝑽𝟐

𝑹𝟐
 

𝑽𝒐𝒖𝒕 = − 𝑽𝟏 + 𝑽𝟐  

If    𝑹𝟏 = 𝑹𝟐 = 𝑹𝑭 
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𝑽𝒐𝒖𝒕 

Adder OP AMP 

𝑹𝑭 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 
𝑹𝟐 

𝑽𝟏 

𝑽𝟐 

𝑽+ = 𝑽− = 𝟎 

𝒊+ = 𝒊− = 𝟎 

𝑽𝒐𝒖𝒕 = −𝑹𝑭  
𝑽𝒌

𝑹𝒌

𝑵

𝒌=𝟏
 

𝑽𝒐𝒖𝒕 = −  𝑽𝒌

𝑵

𝒌=𝟏
 

For 𝑵 inputs 

𝑽𝑵 

If    𝑹𝒌 = 𝑹𝑭 
resistors all equal 
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𝑽𝒐𝒖𝒕 

Adder OP AMP 

𝑹𝑭 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 
𝑹𝟐 

𝑽𝟏 

𝑽𝟐 

𝑽+ = 𝑽− = 𝟎 

𝒊+ = 𝒊− = 𝟎 

𝑽𝒐𝒖𝒕 ≤ 𝑽𝑪𝑪  

But one needs to verify that the output voltage 
does not exceed the rail bias  

𝑽𝑵 
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𝑽𝒐𝒖𝒕 

Example – Four equal resistors in input 

𝑹𝑭 

𝑽+ 𝒊+ 

𝒊− 𝑹 

𝑽− 
𝑹 

𝑽𝟏 

𝑽𝟐 

𝑽+ = 𝑽− = 𝟎 

𝒊+ = 𝒊− = 𝟎 

𝑽𝟑 

𝑽𝟒 

𝑹 

𝑹 

𝑹 = 𝟏𝐤𝛀 𝑽𝒊  
𝐦𝐚𝐱

= 𝟏𝐕 

𝒊𝑭 

𝟏𝟐𝑽 

−𝟏𝟐𝑽 

𝑽− = 𝟎   virtual ground.  Each input resistor 
carries a maximum current 𝒊𝒌 𝐦𝐚𝐱 = 𝟏𝐦𝐀 

𝒊𝑭 𝐦𝐚𝐱 = 𝟒𝐦𝐀  independent of 𝑹𝑭.  
The output voltage is 𝑽𝒐𝒖𝒕 = 𝑹𝑭 × 𝒊𝑭 𝐦𝐚𝐱 
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𝑽𝒐𝒖𝒕 

Example – Equal input resistors 

𝑹𝑭 

𝑽+ 𝒊+ 

𝒊− 𝑹 

𝑽− 
𝑹 

𝑽𝟏 

𝑽𝟐 

𝑽+ = 𝑽− = 𝟎 

𝒊+ = 𝒊− = 𝟎 

𝑽𝟑 

𝑽𝟒 

𝑹 

𝑹 

𝑹 = 𝟏𝐤𝛀 𝑽𝒊  
𝐦𝐚𝐱

= 𝟏𝐕 

𝒊𝑭 

𝟏𝟐𝑽 

−𝟏𝟐𝑽 

If 𝑹𝑭 = 𝑹 = 𝟏𝐤𝛀, then 𝑽𝒐𝒖𝒕 = 𝟒𝐕 at most. 

The maximum value allowed for 𝑹𝑭 is when 
𝑽𝒐𝒖𝒕 = 𝑽𝒃 = 𝟏𝟐𝐕  (remember, the input 
current does not change with 𝑹𝑭)  

𝑹𝑭,𝐦𝐚𝐱 = 𝑽𝒃 𝒊𝑭  
𝐦𝐚𝐱

 = 𝟏𝟐𝐕 𝟒𝐦𝐀 = 𝟑𝐤𝛀  
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𝑽𝒐𝒖𝒕 

Ideal Current Source 

𝑹𝑳 𝑰𝑺 𝑰𝑳 

The current generated should be constant, 
independently of the load 𝑹𝑳 
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𝑽𝒐𝒖𝒕 

𝑰𝑳 =
𝑽𝑺 − 𝑽−

𝑹𝑺
=

𝑽𝑺

𝑹𝑺
 

OP AMP Current Source 

𝑹𝑳 

𝑽+ 

𝑹𝑺 

𝑽− 

𝑰𝑳 =
𝟏 − 𝟎

𝟏𝐤𝛀
= 𝟏𝐦𝐀 

Example:    𝑽𝑺 = 𝟏𝐕;  𝑹𝑺 = 𝟏𝐤𝛀 

𝑽𝑺 

𝑽+ = 𝑽− = 𝟎 

𝑰 𝑰𝑳 

𝒊− = 𝟎 

𝑰 = 𝒊− + 𝑰𝑳 = 𝑰𝑳 

Independent of 𝑹𝑳 

= 𝟎 
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𝑽𝒐𝒖𝒕 

𝑽+ = 𝑽− = 𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
 

Differential OP AMP 

𝑹𝟐 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 

𝑹𝟑 

𝑽𝟐 

𝑽𝟏 

𝑹𝟒 

node 𝑽− − 𝑽𝟐

𝑹𝟏
+

𝑽− − 𝑽𝒐𝒖𝒕

𝑹𝟐
= 𝟎 

𝑽𝒐𝒖𝒕 =
𝑹𝟐

𝑹𝟏
𝑽− − 𝑽𝟐 + 𝑽− 

𝑽+ = 𝑽− 

𝒊+ = 𝒊− = 𝟎 
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𝑽𝒐𝒖𝒕 

𝑽+ = 𝑽− = 𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
 

Differential OP AMP 

𝑹𝟐 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 

𝑹𝟑 

𝑽𝟐 

𝑽𝟏 

𝑹𝟒 

𝑽𝒐𝒖𝒕 =
𝑹𝟐

𝑹𝟏
𝑽− − 𝑽𝟐 + 𝑽− 

𝑽𝒐𝒖𝒕 =
𝑹𝟐

𝑹𝟏
𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
− 𝑽𝟐 + 𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
 

Substitute  𝑽−  in the second equation 
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𝑽𝒐𝒖𝒕 

Differential OP AMP 

𝑹𝟐 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 

𝑹𝟑 

𝑽𝟐 

𝑽𝟏 

𝑹𝟒 

𝑽𝒐𝒖𝒕 =
𝑹𝟒

𝑹𝟑 + 𝑹𝟒

𝑹𝟐

𝑹𝟏
+ 𝟏 𝑽𝟏 −

𝑹𝟐

𝑹𝟏
𝑽𝟐 

𝑽𝒐𝒖𝒕 =
𝑹𝟐

𝑹𝟏
𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
− 𝑽𝟐 + 𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
 



14 

𝑽𝒐𝒖𝒕 

𝑽𝒐𝒖𝒕 = 𝑽𝟏

𝑹𝟒

𝑹𝟑 + 𝑹𝟒
𝟏 +

𝑹𝟐

𝑹𝟏
− 𝑽𝟐

𝑹𝟐

𝑹𝟏
 

Differential OP AMP 

𝑹𝟐 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 

𝑹𝟑 

𝑽𝟐 

𝑽𝟏 

𝑽𝒐𝒖𝒕 = 𝑽𝟏 − 𝑽𝟐  If  𝑹𝟏 = 𝑹𝟐 = 𝑹𝟑 = 𝑹𝟒 = 𝑹 

𝑹𝟒 

𝑽+ 

𝑽𝟏 contribution 𝑽𝟐 contribution 

Same 𝑽𝒐𝒖𝒕 obtained 
by superposition of 

results with inverting 
and non-inverting 

amplifier formulas 
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𝑽𝒐𝒖𝒕 

Differential OP AMP 

𝑹𝟐 

𝑽+ 

 feedback 

𝒊+ 

𝒊− 𝑹𝟏 

𝑽− 

𝑹𝟑 

𝑽𝟐 

𝑽𝟏 

𝑹𝟒 

𝑽𝟎 =
𝑹𝟒

𝑹𝟑 + 𝑹𝟒

𝑹𝟐

𝑹𝟏
+ 𝟏 𝑽𝟏 −

𝑹𝟐

𝑹𝟏
𝑽𝟐 𝑹𝟏

𝑹𝟐
=

𝑹𝟑

𝑹𝟒
 If: 

𝑽𝟎 =
𝑹𝟒

𝑹𝟑 + 𝑹𝟒

𝑹𝟒 + 𝑹𝟑

𝑹𝟑
𝑽𝟏 −

𝑹𝟐

𝑹𝟏
𝑽𝟐 𝑽𝟎 =

𝑹𝟐

𝑹𝟏
𝑽𝟏 − 𝑽𝟐  

It may not be optimal for the design to have 
all identical resistors, but we may consider 
pairs of resistors with identical ratio 
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𝑽𝒐𝒖𝒕 

𝑽𝒐𝒖𝒕 𝒕 = −
𝟏

𝑪
 𝒊𝑪 𝒅𝒕

𝒕

𝟎

+ 𝑽𝒐𝒖𝒕 𝟎  

OP AMP Integrator 

𝑪 

𝑽+ 

𝑹 𝑽− 

𝒊𝑪 =
𝑽𝒊𝒏

𝑹
 

𝑽𝒊𝒏 

𝑽+ = 𝑽− = 𝟎 

𝑰 𝒊𝑪 

𝒊− = 𝟎 𝑰 = 𝒊𝑪 

𝑽𝒐𝒖𝒕 𝒕 = −
𝟏

𝑹𝑪
 𝑽𝒊𝒏(𝒕) 𝒅𝒕

𝒕

𝟎

+ 𝑽𝒐𝒖𝒕 𝟎  
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𝑽𝒐𝒖𝒕 

OP AMP differentiator 

𝑪 

𝑽+ 

𝑹 𝑽− 

𝑽𝒊𝒏 

𝑽+ = 𝑽− = 𝟎 

𝒊𝑪 𝒊 

𝒊− = 𝟎 

𝒊𝑪 = 𝒊 = 𝑽𝒐𝒖𝒕 − 𝑽− 𝑹  𝒊𝑪 = 𝑪
𝒅

𝒅𝒕
𝑽𝒊𝒏(𝒕) 

This basic circuit is typically sensitive to fluctuations 
and may not be very stable due to noise amplification. 

𝑽𝒐𝒖𝒕 = −𝑹𝒊𝑪 = −𝑹𝑪
𝒅

𝒅𝒕
𝑽𝒊𝒏(𝒕) 
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Recall the basic Op Amp results 

𝑨𝑽𝑭 = 𝟏 +
𝑹𝑭

𝑹𝑮
 𝑨𝑽𝑭 = −

𝑹𝑭

𝑹𝑺
 

Inverting Amplifier Non-inverting Amplifier 
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Similar relationships are established in 
the OP AMP when simple resistors are 
replaced with impedances 

• Inverting amplifier 
 

 
 

• Non-inverting amplifier 
 

 
 

𝑨𝑽𝑭 =
𝑽𝒐𝒖𝒕

𝑽𝑺
= −

𝒁𝑭

𝒁𝑺
 

𝑨𝑽𝑭 =
𝑽𝒐𝒖𝒕

𝑽𝑺
=

𝒁𝑮 + 𝒁𝑭

𝒁𝑮
= 𝟏 +

𝒁𝑭

𝒁𝑮
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𝑽𝒐𝒖𝒕 

𝑽𝒊𝒏 − 𝑽−

𝒁𝑺
=

𝑽− − 𝑽𝒐𝒖𝒕

𝒁𝑳
 

OP AMP with impedances 

𝒁𝑳 

𝑽+ 

𝒁𝑺 

𝑽− 

𝐇 𝝎 =
𝑽𝒐𝒖𝒕

𝑽𝒊𝒏
= −

𝒁𝑳

𝒁𝑺
 

𝑽+ = 𝑽− = 𝟎 

𝑰 𝑰𝑳 

𝒊− = 𝟎 
𝒊+ = 𝒊− = 𝟎 

𝑽𝒊𝒏 
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𝑽𝒐𝒖𝒕 

RC circuit – Inverting Op Amp 

𝑽+ 

𝑽− 

𝑽+ = 𝑽− = 𝟎 

𝑰𝑺 

𝑰𝑳 

𝒊− = 𝟎 𝒊+ = 𝒊− = 𝟎 

𝑽𝒊𝒏 

𝑹𝑳 

𝑪 

𝑹𝑺 

𝒁𝑺 = 𝑹𝑺 

𝒁𝑳 = 𝑹𝑳//
𝟏

𝐣𝝎𝑪
=

𝟏

𝑹𝑳
+ 𝐣𝝎𝑪

−𝟏

=
𝑹𝑳

𝟏 + 𝒋𝝎𝑹𝑳𝑪
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𝒁𝑺 = 𝑹𝑺 

𝒁𝑳 = 𝑹𝑳//
𝟏

𝐣𝝎𝑪
=

𝟏

𝑹𝑳
+ 𝐣𝝎𝑪

−𝟏

=
𝑹𝑳

𝟏 + 𝒋𝝎𝑹𝑳𝑪
 

𝐇 𝝎 = −
𝒁𝑳

𝒁𝑺
= −

𝑹𝑳 𝑹𝑺 

𝟏 + 𝒋𝝎𝑹𝑳𝑪
 

𝐇 𝝎 =
𝑹𝑳 𝑹𝑺 

𝟏 + 𝝎𝟐𝑹𝑳
𝟐𝑪𝟐

 

𝑽𝒊𝒏 = sinusoidal 
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𝐇 𝝎 =
𝑹𝑳 𝑹𝑺 

𝟏 + 𝝎𝟐𝑹𝑳
𝟐𝑪𝟐

 

𝑹𝑳 𝑹𝑺  

𝟎. 𝟕𝟎𝟕(𝑹𝑳 𝑹𝑺)  

 𝐇 𝝎  

𝝎 
𝝎 = 𝟏 𝑹𝑳𝑪  
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𝑽𝒐𝒖𝒕 

RC circuit – Non-Inverting Op Amp 

𝑽+ 

𝑽− 

𝑽+ = 𝑽− 

𝑰𝑺 

𝑰𝑳 

𝒊− = 𝟎 𝒊+ = 𝒊− = 𝟎 

𝑽𝒊𝒏 

𝑹𝑳 

𝑪 

𝑹𝑺 

𝒁𝑺 = 𝑹𝑺 

𝒁𝑳 = 𝑹𝑳//
𝟏

𝐣𝝎𝑪
=

𝟏

𝑹𝑳
+ 𝐣𝝎𝑪

−𝟏

=
𝑹𝑳

𝟏 + 𝒋𝝎𝑹𝑳𝑪
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𝒁𝑺 = 𝑹𝑺 

𝒁𝑳 = 𝑹𝑳//
𝟏

𝐣𝝎𝑪
=

𝟏

𝑹𝑳
+ 𝐣𝝎𝑪

−𝟏

=
𝑹𝑳

𝟏 + 𝐣𝝎𝑹𝑳𝑪
 

𝐇 𝝎 = 𝟏 +
𝒁𝑳

𝒁𝑺
= 𝟏 +

𝑹𝑳 𝑹𝑺 

𝟏 + 𝐣𝝎𝑹𝑳𝑪
=

𝟏 + 𝑹𝑳 𝑹𝑺 + 𝐣𝝎𝑹𝑳𝑪

𝟏 + 𝐣𝝎𝑹𝑳𝑪
 

𝐇 𝝎 =
𝟏 + 𝑹𝑳 𝑹𝑺 𝟐 + 𝝎𝟐𝑹𝑳

𝟐𝑪𝟐

𝟏 + 𝝎𝟐𝑹𝑳
𝟐𝑪𝟐

 

𝑽𝒊𝒏 = sinusoidal 
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𝟏 + 𝑹𝑳 𝑹𝑺  

𝟎. 𝟕𝟎𝟕(𝟏 + 𝑹𝑳 𝑹𝑺)  

 𝐇 𝝎  

𝝎 
𝝎 = 𝟏 𝑹𝑳𝑪  

𝐇 𝝎 =
𝟏 + 𝑹𝑳 𝑹𝑺 𝟐 + 𝝎𝟐𝑹𝑳

𝟐𝑪𝟐

𝟏 + 𝝎𝟐𝑹𝑳
𝟐𝑪𝟐

 

𝟏 
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𝑽𝒐𝒖𝒕 

RL circuit – Non-inverting Op Amp 
𝒊+ = 𝟎 

𝒊− = 𝟎 

𝑹𝑳 
𝐣𝝎𝑳 

𝑽− = 𝑽𝒊𝒏 = 𝑽𝒐𝒖𝒕

𝐣𝝎𝑳

𝑹𝑳 + 𝐣𝝎𝑳
 

𝑽𝒊𝒏 

𝑽+ 

𝑽− 

𝑽𝒊𝒏 = sinusoidal 

𝑽+ = 𝑽− 𝒊+ = 𝒊− = 𝟎 
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𝐇 𝝎 =
𝑽𝒐𝒖𝒕

𝑽𝒊𝒏
=

𝑹 + 𝐣𝝎𝑳

𝐣𝝎𝑳
= 𝟏 − 𝐣

𝑹𝑳

𝝎𝑳
 

𝐇 𝝎 =
𝑹𝑳

𝟐 + 𝝎𝟐𝑳𝟐

𝝎𝑳
 

𝑽− = 𝑽𝒊𝒏 = 𝑽𝒐𝒖𝒕

𝐣𝝎𝑳

𝑹𝑳 + 𝐣𝝎𝑳
 

∠ 𝐇 𝝎 = −𝐭𝐚𝐧−𝟏
𝑹𝑳

𝝎𝑳
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𝐇 𝝎 =
𝑹𝑳

𝟐 + 𝝎𝟐𝑳𝟐

𝝎𝑳
 

𝑹𝑳 𝑹𝑺  

𝟎. 𝟕𝟎𝟕(𝑹𝑳 𝑹𝑺)  

 𝐇 𝝎  

𝝎 
𝝎 = 𝟏 𝑹𝑳𝑪  
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𝟎 

∠ 𝐇 𝝎  

𝝎 

𝝎 = 𝑹𝑳 𝑳  

−
𝝅

𝟐
 

−
𝝅

𝟒
 

∠ 𝐇 𝝎 = −𝐭𝐚𝐧−𝟏
𝑹

𝝎𝑳
 

𝝎 = 𝟐𝑹𝑳 𝑳  

𝟎. 𝟒𝟔𝟑𝟔 
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∠ 𝐇 𝝎 = −𝐭𝐚𝐧−𝟏
𝑹𝑳

𝝎𝑳
= −𝐭𝐚𝐧−𝟏

𝟏

𝟐
= −𝟎. 𝟒𝟔𝟑𝟔 

The phase of 𝐇 𝝎  causes a time shift. Example:  

𝑽𝑺 = 𝐬𝐢𝐧 𝟐𝒕  
𝑹𝑳 = 𝟏. 𝟎𝛀 
𝑳 = 𝟏. 𝟎𝐇 

𝐇 𝝎 =
𝑹𝑳

𝟐 + 𝝎𝟐𝑳𝟐

𝝎𝑳
=

𝟏𝟐 + 𝟒 × 𝟏𝟐

𝟐 × 𝟏
=

𝟓

𝟐
 

𝝎 = 𝟐 𝐫𝐚𝐝/𝐬𝐞𝐜 

𝑽𝒐𝒖𝒕 =
𝟓

𝟐
𝐬𝐢𝐧 𝟐𝒕 − 𝟎. 𝟒𝟔𝟑𝟔  
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𝒕 

𝟓

𝟐
 𝑽𝒐𝒖𝒕(𝒕) 

𝑽𝑺(𝒕) 

𝚫𝒕 = −𝟎. 𝟐𝟑𝟏𝟖 [𝐬]    (a time delay) 

𝝓 = 𝟐𝝅𝒇 𝚫𝐭 = 𝝎 𝚫𝒕 

𝝓 = −𝟎. 𝟒𝟔𝟑𝟔 [𝐫𝐚𝐝] = 𝟐𝚫𝒕 

𝝎 = 𝟐 𝐫𝐚𝐝/𝐬𝐞𝐜 



Additional (more advanced) 
problems posted on Canvas 

 

Module Week 15 

with Lecture 38  
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