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BJT 
 
Collector current 

𝐼஼ =
𝐴ா𝑞𝐷௡𝑛௜

ଶ

𝑁ா𝑊஻
(𝑒𝑥𝑝(

𝑉஻ா

𝑉்
) − 1) 

𝐼஼ = 𝐼ௌ𝑒𝑥𝑝(
𝑉஻ா

𝑉்
)  

Base emitter voltage 

𝑉஻ா = 𝑉்𝑙𝑛
𝐼஼

𝐼ௌ
 

Thermal Voltage 
𝑉் = 26𝑚𝑉 

Transconductance 

𝑔௠ =
𝐼஼

𝑉்
 

Output Impedance (Early Effect) 

𝑅ை =
𝑉஺

𝐼ௌ𝑒𝑥𝑝(
𝑉஻ா
𝑉்

)
≈

𝑉஺

𝐼஼
 

Internal Small Signal Resistance 

𝑟గ =
𝛽

𝑔௠
= 𝛽

𝑉்

𝐼஼
 

Terminal Currents 
𝐼ா = 𝐼஼ + 𝐼஻ 

𝐼஼ = 𝛽𝐼஻ 
Input Impedances 
Into Base, Emitter AC Grounded 

𝑟గ 
Into Collector, Emitter AC Grounded 

∞ 
Into Collector, Emitter AC Grounded (Early) 

𝑟ை 
Into Emitter, Base AC Grounded 

1

𝑔௠
 

Degenerated CE Stage 
𝑟గ + (𝛽 + 1)𝑅ா 

Self Biased Stage 

𝑟గ||
1

𝑔௠
 

Degenerated CE Stage (early) 
𝑅௢௨௧ ≈ 𝑟௢[1 + 𝑔௠(𝑅ா||𝑟గ)] 

Common Base 
Core 

𝐴௏ = 𝑔௠𝑅஼ 
With Source Resistance 

𝐴௏ =
𝑅஼

1
𝑔௠

+ 𝑅ௌ

 

Output Impedance (Early) 
𝑅௢௨௧ଵ = [1 + 𝑔௠(𝑅ா||𝑟గ)]𝑟ை + (𝑅ா||𝑟గ) 

𝑅௢௨௧ = 𝑅஼||𝑅௢௨௧ଵ 
Output Impedance of CB/CE are same if 
under same condition 
Emitter Follower (Common Collector) 
Output Resistance 

𝑅௢௨௧ = (
𝑅ௌ

𝛽 + 1
+

1

𝑔௠
)||𝑅ா||𝑟ை 

 
CMOS 
 
Drain Current 
Saturation No Channel Length Modulation 

𝐼஽ =
1

2
𝜇௡𝐶௢௫

𝑊

𝐿
(𝑉 ௌ − 𝑉்ு)ଶ 

Saturation With Channel Length Modulation 

𝐼஽ =
1

2
𝜇௡𝐶௢௫

𝑊

𝐿
(𝑉 ௌ − 𝑉்ு)ଶ(1 + 𝜆𝑉஽ௌ) 

Triode Region 

𝐼஽ =
1

2
𝜇௡𝐶௢௫

𝑊

𝐿
[2(𝑉 ௌ − 𝑉்ு)𝑉஽ௌ + 𝑉஽ௌ

ଶ] 

Transconductance 

𝑔௠ = 𝜇௡𝐶௢௫

𝑊

𝐿
(𝑉 ௌ − 𝑉்ு) 

𝑔௠ = ඨ2𝜇௡𝐶௢௫

𝑊

𝐿
𝐼஽ 

𝑔௠ =
2𝐼஽

𝑉 ௌ − 𝑉்ு
 

Gain 
𝐴௏ = 𝑔௠𝑅஽ 

Linear Resistance (Deep Triode Region) 

𝑅௢௡ =
1

𝜇௡𝐶௢௫
𝑊
𝐿

(𝑉 ௌ − 𝑉்ு)
 

Channel Length Modulation 

𝑅௢ =
1

𝜆𝐼஽ௌ
 

Regions of Operation 
N-Channel Cut Off 
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𝑉 ௌ ≤ 𝑉் 
N-Channel Linear 

𝑉 ௌ > 𝑉் , 𝑉஽ௌ ≤ 𝑉 ௌ − 𝑉் 
N-Channel Saturation 

𝑉 ௌ > 𝑉் , 𝑉஽ௌ > 𝑉 ௌ − 𝑉் 
P-Channel Cut Off 

𝑉ௌீ ≤ |𝑉்| 
P-Channel Linear (Triode) 

𝑉ௌீ > |𝑉்|, 𝑉ௌ஽ ≤ 𝑉ௌீ − |𝑉்| 
P-Channel Saturation 

𝑉ௌீ > |𝑉்|, 𝑉ௌ஽ > 𝑉ௌீ − |𝑉்| 
Common Source 

𝐴௏ =
−𝑅஽

1
𝑔௠

+ 𝑅ௌ

 

 
Current Mirrors 
 
Output Impedance Bipolar  

𝑅௢௨௧ ୀ [1 + 𝑔௠(𝑅ா||𝑟గ)]𝑅௢ + 𝑅ா||𝑟గ 
Output Impedance Bipolar Cascode 

𝑅௢௨௧ = [1 + 𝑔௠ଵ(𝑟ைଶ||𝑟గଵ)]𝑟ைଵ + 𝑟ைଶ||𝑟గଵ 
≈ 𝑔௠ଵ𝑟ைଵ(𝑟ைଶ||𝑟గଵ) 

Maximum limited by beta and ro 
𝑅௢௨௧,௠௔௫ = 𝛽ଵ𝑟ைଵ 

Improved Cascode using PNP current 
source 

𝑅௢௨௧ ≈ 𝑔௠ଷ𝑟ைଷ(𝑟ைସ||𝑟గଷ)||𝑔௠ଶ𝑟ைଶ(𝑟ைଵ||𝑟గଶ) 
Output Impedance CMOS  

𝑅௢௨௧ = 𝑅ௌ + (1 + 𝑔௠𝑅ௌ)𝑟௢ 
Output Impedance CMOS Cascode 

𝑅௢௨௧ = (𝑔௠ଵ𝑟ைଶ)𝑟ைଵ + 𝑟ைଶ 
≈ 𝑔௠ଵ𝑟௢ଵ𝑟௢ଶ 

Improved Cascode using PMOS current 
source 

𝑅௢௨௧ ≈ 𝑔௠ଷ𝑟ைଷ𝑟ைସ||𝑔௠ଶ𝑟ைଶ𝑟ைଵ 
Short Circuit Transconductance 

𝐺௠ =
𝑖௢௨௧

𝑉௜௡
 

𝐴௩ = −𝐺௠𝑅௢௨௧ 
Cascode Amplifier CMOS 

𝐺௠ = 𝑔௠ଵ 
Current Mirror 

𝐼௖௢௣௬ =
𝑛𝐼ோாி

1 +
1
𝛽

(𝑛 + 1)
 

With an extra transistor to reduce error 

𝐼௖௢௣௬ =
𝑛𝐼ோாி

1 +
1

𝛽ଶ (𝑛 + 1)
 

 
 
 
 
 
 
 
Differential Amplifiers 
 
Bipolar Differential Amplifier 
LSA Current 

𝐼஼ଵ =
𝐼ாா𝑒𝑥𝑝

𝑉௜௡ଵ − 𝑉௜௡ଶ
𝑉்

1 + 𝑒𝑥𝑝
𝑉௜௡ − 𝑉௜௡ଶ

𝑉்

 

𝐼஼ଶ =
𝐼ாா

1 + 𝑒𝑥𝑝
𝑉௜௡ − 𝑉௜௡

𝑉்

 

Linear Operation Mode 
|𝑉௜௡ − 𝑉௜௡ | < 4𝑉 ≈ 104𝑚𝑉 

Small Signal Mode 
|𝑉௜௡ − 𝑉௜௡ | < 10𝑚𝑉 

 
MOS Differential Pair 
Maximum Differential Input Voltage 

|𝑉௜௡ଵ − 𝑉௜௡ |௠௔௫ = √2(𝑉 ௌ − 𝑉்ு)௘௤௨௜௟ 

Small Signal Mode 

|𝑉௜௡ − 𝑉௜௡ଶ| <<
4𝐼ௌௌ

𝜇௡𝐶௢௫
𝑊
𝐿

 

 
Common mode to Differential Mode 

𝐴஼ெି஽ெ =
𝛥𝑅஽

1
𝑔௠ + 2𝑅ௌௌ

≈
𝛥𝑅஽

2𝑅ௌௌ
 

 
Frequency Response 
 
Miller’s Theorem 
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𝑍ଵ =
𝑍ி

1 − 𝐴௏
 

𝑍ଶ =
𝑍ி

1 −
1

𝐴௏

 

𝐶௜௡ = (1 − 𝐴௩)𝐶ி 

𝐶௢௨௧ = (1 −
1

𝐴௩
)𝐶ி 

Transit Frequency 
BJT 

2𝜋𝑓 =
𝑔௠

𝐶ீௌ
 

CMOS 

2𝜋𝑓 =
𝑔௠

𝐶గ
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