
  



 

Exercises for Tutorial 2: Differential Amplifiers 

1. Problem 4.18 in the course book (Only for Fig. 4.38. Assume 𝛾𝛾 = 0. For Fig. 4.38(a) assume 
𝑟𝑟𝑜𝑜 ≫ 𝑅𝑅1 and 𝑟𝑟𝑜𝑜 ≫ 1/𝑔𝑔𝑚𝑚. Also in Fig. 4.38(e), assume 𝜆𝜆 = 0). 

a) 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 �𝑔𝑔𝑚𝑚3 +
1
𝑟𝑟𝑜𝑜1

+
1
𝑟𝑟𝑜𝑜3

+
2
𝑅𝑅1
� = −𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 �𝑔𝑔𝑚𝑚3 +
2
𝑅𝑅1
� = −𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜(2 + 𝑔𝑔𝑚𝑚3𝑅𝑅1) = −𝑔𝑔𝑚𝑚1𝑅𝑅1𝑉𝑉𝑖𝑖𝑖𝑖 

𝐴𝐴𝑣𝑣 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

=  −
𝑔𝑔𝑚𝑚1𝑅𝑅1

2 + 𝑔𝑔𝑚𝑚3𝑅𝑅1
 𝑜𝑜𝑟𝑟 𝐴𝐴𝑣𝑣 =

𝑔𝑔𝑚𝑚1𝑅𝑅1
2 + 𝑔𝑔𝑚𝑚3𝑅𝑅1

 

b) 

𝑔𝑔𝑚𝑚3𝑉𝑉𝑦𝑦 +
𝑉𝑉𝑦𝑦
𝑅𝑅1

+
𝑉𝑉𝑦𝑦 − 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑜𝑜3
= 0 ↔ 𝑉𝑉𝑦𝑦 �𝑔𝑔𝑚𝑚3 +

1
𝑟𝑟𝑜𝑜3

+
1
𝑅𝑅1
� = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

1
𝑟𝑟𝑜𝑜3

 (1) 

𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑔𝑔𝑚𝑚3𝑉𝑉𝑦𝑦 +
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑟𝑟𝑜𝑜1

+
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑉𝑉𝑦𝑦

𝑟𝑟𝑜𝑜3
= 0 ↔ 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 �
1
𝑟𝑟𝑜𝑜1

+
1
𝑟𝑟𝑜𝑜3

� − 𝑉𝑉𝑦𝑦 �𝑔𝑔𝑚𝑚3 +
1
𝑟𝑟𝑜𝑜3

� =  −𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 (2) 

(1) in (2): 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
� 1
𝑟𝑟𝑜𝑜1

+ 1
𝑟𝑟𝑜𝑜3

� �𝑔𝑔𝑚𝑚3 + 1
𝑟𝑟𝑜𝑜3

+ 1
𝑅𝑅1
� − 1

𝑟𝑟𝑜𝑜3
�𝑔𝑔𝑚𝑚3 + 1

𝑟𝑟𝑜𝑜3
�

𝑔𝑔𝑚𝑚3 + 1
𝑟𝑟𝑜𝑜3

+ 1
𝑅𝑅1

= −𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 

𝐴𝐴𝑣𝑣 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

= −𝑔𝑔𝑚𝑚1
𝑟𝑟𝑜𝑜1(𝑟𝑟𝑜𝑜3 + 𝑅𝑅1 + 𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜3𝑅𝑅1)
𝑟𝑟𝑜𝑜1 + (𝑟𝑟𝑜𝑜3 + 𝑅𝑅1 + 𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜3𝑅𝑅1) = −𝑔𝑔𝑚𝑚1�𝑟𝑟𝑜𝑜1 ∥ (𝑟𝑟𝑜𝑜3 + 𝑅𝑅1 + 𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜3𝑅𝑅1)� 

c) 
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑜𝑜1 ∥ 𝑟𝑟𝑜𝑜3 ∥
𝑅𝑅1
2

= −𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 

Av =
Vout
Vin

= −gm1 �ro1 ∥ ro3 ∥
R1

2
� 

d)  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑟𝑟𝑜𝑜1 ∥ 𝑟𝑟𝑜𝑜3 ∥ 𝑅𝑅1
= −𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 𝐴𝐴𝑣𝑣 =

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

= −𝑔𝑔𝑚𝑚1(𝑟𝑟𝑜𝑜1 ∥ 𝑟𝑟𝑜𝑜3 ∥ 𝑅𝑅1) 

e)  

𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 +
𝑉𝑉𝑥𝑥 − 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑅𝑅1
= 0 ↔ 𝑉𝑉𝑥𝑥 = −𝑔𝑔𝑚𝑚1𝑅𝑅1𝑉𝑉𝑖𝑖𝑖𝑖 + 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 (1) 

gm3Vx +
Vout − Vx

R1
= 0 ↔ Vout = (1 − gm3R1)Vx (2) 

(1) in (2) 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜�1− (1 + 𝑔𝑔𝑚𝑚3𝑅𝑅1)� = −𝑔𝑔𝑚𝑚3𝑅𝑅1𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = −gm1R1(1− gm3R1)Vin 

Av =
Vout
Vin

= −gm1R1
1 − gm3R1

gm3R1
= −gm1

1 − gm3R1

gm3
= −

gm1
gm3

(1 − gm3R1) 

  



2. Problem 4.22 in the course book. 

KCL: 

𝑔𝑔𝑚𝑚(𝑉𝑉𝑖𝑖𝑖𝑖1 − 𝑉𝑉𝑥𝑥) +
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 − 𝑉𝑉𝑥𝑥

𝑅𝑅𝑝𝑝
+
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1
𝑅𝑅𝐷𝐷

= 0 ↔ 𝑉𝑉𝑥𝑥 �𝑔𝑔𝑚𝑚 +
1
𝑅𝑅𝑃𝑃
� = 𝑔𝑔𝑚𝑚𝑉𝑉𝑖𝑖𝑖𝑖1 + �

1
𝑅𝑅𝑃𝑃

+
1
𝑅𝑅𝐷𝐷
�𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 (1) 

𝑔𝑔𝑚𝑚(𝑉𝑉𝑖𝑖𝑖𝑖2 − 𝑉𝑉𝑥𝑥) +
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2
𝑅𝑅𝐷𝐷

= 0 ↔ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 = −𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷𝑉𝑉𝑖𝑖𝑖𝑖2 + 𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷𝑉𝑉𝑥𝑥  (2) 

(1) in (2): 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 = −𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷𝑉𝑉𝑖𝑖𝑖𝑖2 +
𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷

𝑔𝑔𝑚𝑚 + 1
𝑅𝑅𝑃𝑃

�𝑔𝑔𝑚𝑚𝑉𝑉𝑖𝑖𝑖𝑖1 + �
1
𝑅𝑅𝑂𝑂

+
1
𝑅𝑅𝐷𝐷
�𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1� ↔ 

(𝑔𝑔𝑚𝑚𝑅𝑅𝑃𝑃 + 1)𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 − (𝑔𝑔𝑚𝑚𝑅𝑅𝑃𝑃 + 𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷)𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 = 𝑔𝑔𝑚𝑚2 𝑅𝑅𝑃𝑃𝑅𝑅𝐷𝐷(𝑉𝑉𝑖𝑖𝑖𝑖1 − 𝑉𝑉𝑖𝑖𝑖𝑖2)− 𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷𝑉𝑉𝑖𝑖𝑖𝑖2 
Let 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 + 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 = 0 and 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 − 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 ↔ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

2
,𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 = −𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

2
 and 

 𝑉𝑉𝑖𝑖𝑖𝑖2 = 𝑉𝑉𝑖𝑖𝑖𝑖1+𝑉𝑉𝑖𝑖𝑖𝑖2
2

− 𝑉𝑉𝑖𝑖𝑖𝑖1−𝑉𝑉𝑖𝑖𝑖𝑖2
2

 

�𝑔𝑔𝑚𝑚𝑅𝑅𝑝𝑝 +
1
2

+
𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷

2
�𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷 �𝑔𝑔𝑚𝑚𝑅𝑅𝑃𝑃 +

1
2
� (𝑉𝑉𝑖𝑖𝑖𝑖1 − 𝑉𝑉𝑖𝑖𝑖𝑖2) +

𝑔𝑔𝑚𝑚𝑅𝑅𝐷𝐷
2

(𝑉𝑉𝑖𝑖𝑖𝑖1 + 𝑉𝑉𝑖𝑖𝑖𝑖2) ↔ 

�
1
𝑅𝑅𝐷𝐷

+
1

2𝑅𝑅𝑃𝑃
+

1
2𝑔𝑔𝑚𝑚𝑅𝑅𝑃𝑃𝑅𝑅𝐷𝐷

�𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = −�𝑔𝑔𝑚𝑚 +
1

2𝑅𝑅𝑃𝑃
� (𝑉𝑉𝑖𝑖𝑖𝑖1 − 𝑉𝑉𝑖𝑖𝑖𝑖2) +

𝑉𝑉𝑖𝑖𝑖𝑖1 + 𝑉𝑉𝑖𝑖𝑖𝑖2
2𝑅𝑅𝑃𝑃

 

3. Problem 5.3(a) in the course book for 𝛾𝛾 = 0. Assume all the transistors are in the saturation 
region and 𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 = 4𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 = 200𝜇𝜇𝐴𝐴 𝑉𝑉2⁄ , 𝑉𝑉𝑜𝑜𝑖𝑖 = �𝑉𝑉𝑜𝑜𝑝𝑝� = 0.5 𝑉𝑉 and 𝑉𝑉𝐷𝐷𝐷𝐷 = 2.5 𝑉𝑉. 

Calculate 𝑉𝑉𝑃𝑃: 

𝑉𝑉𝐺𝐺𝐺𝐺1 = �
2𝐼𝐼𝐷𝐷1

𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥
𝑊𝑊
𝐿𝐿

+ 𝑉𝑉𝑜𝑜𝑖𝑖 = �
5𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟

𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥  �𝑊𝑊𝐿𝐿 �𝑁𝑁

+ 𝑉𝑉𝑜𝑜𝑖𝑖 ≈ 0.85 𝑉𝑉 

𝑉𝑉𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖,𝐶𝐶𝐶𝐶 − 𝑉𝑉𝐺𝐺𝐺𝐺1 ≈ 1.3 𝑉𝑉 − 0.85 𝑉𝑉 = 0.45 𝑉𝑉 

Calculate diode-connected PMOS’s drain voltages 
Mirror: 

𝑉𝑉𝐷𝐷 = 𝑉𝑉𝐷𝐷𝐷𝐷 − |𝑉𝑉𝐺𝐺𝐺𝐺1| = 𝑉𝑉𝐷𝐷𝐷𝐷 − ���
4𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟

𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 �
𝑊𝑊
𝐿𝐿 �𝑃𝑃

+ 𝑉𝑉𝑜𝑜𝑝𝑝�� ≈ 1.37 𝑉𝑉 

Load: 

𝑉𝑉𝐷𝐷 = 𝑉𝑉𝐷𝐷𝐷𝐷 − |𝑉𝑉𝐺𝐺𝐺𝐺1| = 𝑉𝑉𝐷𝐷𝐷𝐷 − ���
2𝐼𝐼𝐷𝐷

𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 �
𝑊𝑊
𝐿𝐿 �𝑃𝑃

+ 𝑉𝑉𝑜𝑜𝑝𝑝�� = 𝑉𝑉𝐷𝐷𝐷𝐷 − ��
2 �5

2 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 − 2𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟�

𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 �
𝑊𝑊
𝐿𝐿 �𝑃𝑃

+ 𝑉𝑉𝑜𝑜𝑝𝑝� ≈ 1.68 𝑉𝑉 

  



  

4. Calculate the small-signal voltage gain of the cascade differential pair shown in Figure 3. 
Assume 𝛾𝛾 = 0. 

We use the equivalent half-circuit since the circuit is symmetric. 
The Norton equivalent amplifier is a current source in parallel with an output impedance, its 
gain is 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑖𝑖𝑖𝑖
= 𝐺𝐺𝑚𝑚𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 where 𝐺𝐺𝑚𝑚 = 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

𝑉𝑉𝑖𝑖𝑖𝑖
 

We find 𝐺𝐺𝑚𝑚 by connecting 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 to ground and finding 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜. 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑔𝑔𝑚𝑚3𝑉𝑉𝑥𝑥 −
𝑉𝑉𝑥𝑥
𝑟𝑟𝑜𝑜3

= −�𝑔𝑔𝑚𝑚3 +
1
𝑟𝑟𝑜𝑜3

�𝑉𝑉𝑥𝑥 ↔ 𝑉𝑉𝑥𝑥 = −
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

𝑔𝑔𝑚𝑚3 + 1
𝑟𝑟𝑜𝑜3

= −�
1
𝑔𝑔𝑚𝑚3

∥ 𝑟𝑟𝑜𝑜3� 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 (1) 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖 +
𝑉𝑉𝑥𝑥
𝑟𝑟𝑜𝑜1

↔ 𝑉𝑉𝑥𝑥 = (𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖)𝑟𝑟𝑜𝑜1 (2) 

(1) in (2): 

(𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑔𝑔𝑚𝑚1𝑉𝑉𝑖𝑖𝑖𝑖)𝑟𝑟𝑜𝑜1 = −�
1
𝑔𝑔𝑚𝑚3

∥ 𝑟𝑟𝑜𝑜3� 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 ↔ 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 �𝑟𝑟𝑜𝑜1 + �
1
𝑔𝑔𝑚𝑚3

∥ 𝑟𝑟𝑜𝑜3�� = 𝑔𝑔𝑚𝑚1𝑟𝑟𝑜𝑜1𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 

𝐺𝐺𝑚𝑚 =
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

=
𝑔𝑔𝑚𝑚1𝑟𝑟𝑜𝑜1

𝑟𝑟𝑜𝑜1 + 1
𝑔𝑔𝑚𝑚3

∥ 𝑟𝑟𝑜𝑜3
≈
𝑔𝑔𝑚𝑚1𝑟𝑟𝑜𝑜1
𝑟𝑟𝑜𝑜1

= 𝑔𝑔𝑚𝑚1 

Find 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 by shorting the input and measuring 𝑉𝑉𝑜𝑜𝑡𝑡𝑡𝑡𝑜𝑜
𝐼𝐼𝑜𝑜𝑡𝑡𝑡𝑡𝑜𝑜

: 

𝐼𝐼𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 =  −𝑔𝑔𝑚𝑚3𝑉𝑉𝑥𝑥 +
𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 − 𝑉𝑉𝑥𝑥

𝑟𝑟𝑜𝑜3
− 𝑔𝑔𝑚𝑚5𝑉𝑉𝑦𝑦 +

𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 − 𝑉𝑉𝑦𝑦
𝑟𝑟𝑜𝑜5

 

= −�𝑔𝑔𝑚𝑚3 +
1
𝑟𝑟𝑜𝑜3

�𝑉𝑉𝑥𝑥 − �𝑔𝑔𝑚𝑚5 +
1
𝑟𝑟𝑜𝑜5

�𝑉𝑉𝑦𝑦 + �
1
𝑟𝑟03

+
1
𝑟𝑟05

�𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 

𝑉𝑉𝑥𝑥
𝑟𝑟𝑜𝑜1

+ 𝑔𝑔𝑚𝑚3𝑉𝑉𝑥𝑥 +
𝑉𝑉𝑥𝑥 − 𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜

𝑟𝑟𝑜𝑜3
= 0 ↔𝑉𝑉𝑥𝑥 =

1
𝑟𝑟𝑜𝑜3

𝑔𝑔𝑚𝑚3 + 1
𝑟𝑟𝑜𝑜1

+ 1
𝑟𝑟𝑜𝑜3

𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 

𝑉𝑉𝑦𝑦
𝑟𝑟𝑜𝑜7

+ 𝑔𝑔𝑚𝑚5𝑉𝑉𝑦𝑦 +
𝑉𝑉𝑦𝑦 − 𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜

𝑟𝑟𝑜𝑜5
= 0 ↔𝑉𝑉𝑦𝑦 =

1
𝑟𝑟05

𝑔𝑔𝑚𝑚5 + 1
𝑟𝑟𝑜𝑜5

+ 1
𝑟𝑟𝑜𝑜7

𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜 

𝐼𝐼𝑥𝑥
𝑉𝑉𝑜𝑜𝑟𝑟𝑡𝑡𝑜𝑜

= −
𝑔𝑔𝑚𝑚3

𝑟𝑟𝑜𝑜3
�𝑔𝑔𝑚𝑚3 +

1
𝑟𝑟𝑜𝑜1

+
1
𝑟𝑟𝑜𝑜3

�
−1

+
1
𝑟𝑟𝑜𝑜3

�1 −
1
𝑟𝑟𝑜𝑜3

�𝑔𝑔𝑚𝑚3 +
1
𝑟𝑟𝑜𝑜1

+
1
𝑟𝑟𝑜𝑜3

�
−1

� 

𝐼𝐼𝑥𝑥
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

=
1

𝑟𝑟𝑜𝑜1𝑟𝑟𝑜𝑜3 �𝑔𝑔𝑚𝑚3 + 1
𝑟𝑟𝑜𝑜1

+ 1
𝑟𝑟𝑜𝑜3

�
=

1
𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜1𝑟𝑟𝑜𝑜3 + 𝑟𝑟𝑜𝑜1 + 𝑟𝑟𝑜𝑜3

 

Symmetry gives that: 

𝐼𝐼𝑦𝑦
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

=
1

𝑔𝑔𝑚𝑚5𝑟𝑟𝑜𝑜5𝑟𝑟𝑜𝑜7 + 𝑟𝑟𝑜𝑜5 + 𝑟𝑟𝑜𝑜7
 



𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

=
𝐼𝐼𝑥𝑥
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

+
𝐼𝐼𝑦𝑦
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

=
1

𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜1𝑟𝑟𝑜𝑜3 + 𝑟𝑟𝑜𝑜1 + 𝑟𝑟𝑜𝑜3
+

1
𝑔𝑔𝑚𝑚5𝑟𝑟𝑜𝑜5𝑟𝑟𝑜𝑜7 + 𝑟𝑟𝑜𝑜5 + 𝑟𝑟𝑜𝑜7

 

𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 =
1
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

= (𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜1𝑟𝑟𝑜𝑜3 + 𝑟𝑟𝑜𝑜1 + 𝑟𝑟𝑜𝑜3) ∥ (𝑔𝑔𝑚𝑚5𝑟𝑟𝑜𝑜5𝑟𝑟𝑜𝑜7 + 𝑟𝑟𝑜𝑜5 + 𝑟𝑟𝑜𝑜7) ≈ (𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜1𝑟𝑟𝑜𝑜3) ∥ (𝑔𝑔𝑚𝑚5𝑟𝑟𝑜𝑜5𝑟𝑟𝑜𝑜7) 

Combining the calculated 𝐺𝐺𝑚𝑚with 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 gives: 

𝐴𝐴𝑣𝑣 = −𝐺𝐺𝑚𝑚𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 = −𝑔𝑔𝑚𝑚1(𝑔𝑔𝑚𝑚3𝑟𝑟𝑜𝑜1𝑟𝑟𝑜𝑜3 ∥ 𝑔𝑔𝑚𝑚5𝑟𝑟𝑜𝑜5𝑟𝑟𝑜𝑜7) 

 

Figure 1 A differential amplifier. 

5. Consider the differential amplifier shown in Figure 4. Due to a manufacturing defect, a large 
parasitic resistance has appeared between the drains of 𝑀𝑀1and 𝑀𝑀4. Assume 𝜆𝜆 = 𝛾𝛾 = 0. 

Calculate the small-signal gain, common-mode gain, and CMRR. Assume that �𝑊𝑊 𝐿𝐿� �
1

=

�𝑊𝑊 𝐿𝐿� �
2

 and �𝑊𝑊 𝐿𝐿� �
3

= �𝑊𝑊 𝐿𝐿� �
4
. 

First do an KCL for the ground nodes, remember that 𝑔𝑔𝑚𝑚1 = 𝑔𝑔𝑚𝑚2 since 𝑉𝑉𝐺𝐺𝐺𝐺1 = 𝑉𝑉𝐺𝐺𝐺𝐺2 and 𝑊𝑊
𝐿𝐿 1

= 𝑊𝑊
𝐿𝐿 2

: 
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1
𝑅𝑅𝐷𝐷

+
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2
𝑅𝑅𝐷𝐷

+ 𝑔𝑔𝑚𝑚1Δ𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑔𝑔𝑚𝑚1Δ𝑉𝑉𝑖𝑖𝑖𝑖 = 0 ↔ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 = −𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 

Then do a KCL at 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1: 
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1
𝑅𝑅𝐷𝐷

− 𝑔𝑔𝑚𝑚3𝑉𝑉𝑥𝑥 = 0 ↔ 𝑉𝑉𝑥𝑥 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1
𝑔𝑔𝑚𝑚3𝑅𝑅𝐷𝐷

 

 

And a KCL at 𝑉𝑉𝑥𝑥: 

𝑔𝑔𝑚𝑚3𝑉𝑉𝑥𝑥 + 𝑔𝑔𝑚𝑚1Δ𝑉𝑉𝑖𝑖𝑖𝑖 −
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 − 𝑉𝑉𝑥𝑥

𝑅𝑅𝑃𝑃
= 0 ↔ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 �

1
𝑅𝑅𝑃𝑃
� = 𝑉𝑉𝑥𝑥 �𝑔𝑔𝑚𝑚3 +

1
𝑅𝑅𝑃𝑃
� + 𝑔𝑔𝑚𝑚1Δ𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜2 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1𝑅𝑅𝑃𝑃
𝑔𝑔𝑚𝑚3𝑅𝑅𝐷𝐷

 �𝑔𝑔𝑚𝑚3 +
1
𝑅𝑅𝑃𝑃
� + 𝑔𝑔𝑚𝑚1𝑅𝑅𝑃𝑃Δ𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1 �1 +

𝑅𝑅𝑃𝑃
𝑅𝑅𝐷𝐷

+
1

𝑔𝑔𝑚𝑚3𝑅𝑅𝐷𝐷
� = −𝑔𝑔𝑚𝑚1𝑅𝑅𝑃𝑃Δ𝑉𝑉𝑖𝑖𝑖𝑖 ↔ 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜1
Δ𝑉𝑉𝑖𝑖𝑖𝑖

= −
𝑔𝑔𝑚𝑚1𝑅𝑅𝑃𝑃

1 + 𝑅𝑅𝑃𝑃
𝑅𝑅𝐷𝐷

+ 1
𝑔𝑔𝑚𝑚3𝑅𝑅𝐷𝐷

 



 

Figure 2 A differential amplifier. 

 

6. A simple current mirror is shown in Figure 5. Calculate the value of 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑡𝑡 in order to have 

𝑉𝑉𝑁𝑁 = 𝑉𝑉𝐷𝐷𝐷𝐷
2� . Using this value calculate the error percentage of mirroring. Error percentage 

can be defined as 𝐸𝐸(%) = �𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟−𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜�
𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟

× 100. 

𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 = 200
𝜇𝜇𝐴𝐴
𝑉𝑉2

 

𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 = 50
𝜇𝜇𝐴𝐴
𝑉𝑉2

 

𝑉𝑉𝐷𝐷𝐷𝐷 = 3 𝑉𝑉 

�
𝑊𝑊
𝐿𝐿
�
3

= 4 �
𝑊𝑊
𝐿𝐿
�
1

= 4 �
𝑊𝑊
𝐿𝐿
�
2

= 20 

𝑅𝑅 = 1 𝑘𝑘Ω 

𝑉𝑉𝑜𝑜𝑖𝑖 = �𝑉𝑉𝑜𝑜𝑝𝑝� = 0.5 𝑉𝑉 

𝜆𝜆𝑖𝑖 = �𝜆𝜆𝑝𝑝� = 0.1 𝑉𝑉−1 

  



 

Compute 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑡𝑡 so that 𝑉𝑉𝑁𝑁 = 𝑉𝑉𝐷𝐷𝐷𝐷
2

. Assume saturation. 

M3: 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 = 1
2
𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿
�
3
�𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑡𝑡 − �𝑉𝑉𝑜𝑜𝑝𝑝��

2 �1 + �𝜆𝜆𝑝𝑝�(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑁𝑁)� (1) 

M1: 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 = 1
2
𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿
�
1

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2(1 + 𝜆𝜆𝑖𝑖𝑉𝑉𝑁𝑁) (2) 

Divide (1) by (2): 

1 =
𝜇𝜇𝑝𝑝𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿 �3

𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �
𝑊𝑊
𝐿𝐿 �1

�𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑡𝑡 − �𝑉𝑉𝑜𝑜𝑝𝑝��
2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2
�1 + �𝜆𝜆𝑝𝑝�(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑁𝑁)�

1 + 𝜆𝜆𝑖𝑖𝑉𝑉𝑁𝑁
↔ 

1 = �
𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑡𝑡 − �𝑉𝑉𝑜𝑜𝑝𝑝�

𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖
�
2

↔ 𝑉𝑉𝑏𝑏𝑖𝑖𝑏𝑏𝑡𝑡 = 𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑁𝑁 + 𝑉𝑉𝑜𝑜𝑖𝑖 − �𝑉𝑉𝑜𝑜𝑝𝑝� = 𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑁𝑁 =
𝑉𝑉𝐷𝐷𝐷𝐷

2
  

Compute the error percentage 𝐸𝐸(%) = �𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟−𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜�
𝐼𝐼𝑟𝑟𝑡𝑡𝑟𝑟

 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 =
1
2
𝜇𝜇𝑖𝑖𝐶𝐶𝑝𝑝𝑥𝑥 �

𝑊𝑊
𝐿𝐿
�
2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2�1 + 𝜆𝜆𝑖𝑖(𝑉𝑉𝐷𝐷𝐷𝐷 − 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜𝑅𝑅)� ↔ 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 �1 +
1
2
𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿
�
2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2𝜆𝜆𝑖𝑖𝑅𝑅� =
1
2
𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿
�
2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2(1 + 𝜆𝜆𝑖𝑖𝑉𝑉𝐷𝐷𝐷𝐷) ↔ 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 =

1
2𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿 �2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2(1 + 𝜆𝜆𝑖𝑖𝑉𝑉𝐷𝐷𝐷𝐷)

1 + 1
2𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿 �2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2𝜆𝜆𝑖𝑖𝑅𝑅
 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟

=
1 + 𝜆𝜆𝑖𝑖𝑉𝑉𝐷𝐷𝐷𝐷
1 + 𝜆𝜆𝑖𝑖𝑉𝑉𝑁𝑁

1

1 + 1
2𝜇𝜇𝑖𝑖𝐶𝐶𝑜𝑜𝑥𝑥 �

𝑊𝑊
𝐿𝐿 �2

(𝑉𝑉𝑁𝑁 − 𝑉𝑉𝑜𝑜𝑖𝑖)2𝜆𝜆𝑖𝑖𝑅𝑅
≈ 1.0766 

𝐸𝐸(%) ≈ 7.66 % 

 

 

 

Figure 3 Simple current mirror. 

 

Det går inte att visa den länkade bilden. Filen kan ha flyttats, fått ett nytt namn eller tagits bort. Kontrollera att länken pekar på rätt fil och plats.
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