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Voltage gain of the first stage 
(Q1, Q2 ): Differential input, 
single-ended output:
A1 = −gm1 ro2 || ro4( )

Voltage gain of the 2nd stage 
(Q6 ):  Common source with 
current source load:
A2 = −gm6 ro6 || ro7( )

Total gain
Ao = A1A2

Two-Stage CMOS Op-Amp Circuit



Example:
Q1 Q2 Q3 Q4

W/L 
in um 20/0.8 20/0.8 5/0.8 5/0.8

Q5 Q6 Q7 Q8
W/L 
in um 4/0.8 10/0.8 4/0.8 4/0.8

IREF = 90 μA,  Vtn = 0.7V,   Vtp = -0.8V
μnCox = 160 μA/V2, μpCox = 40 μA/V2

|VA| = 10V for all devices
VDD = VSS = 2.5V

Find ID, |VOV|, |VGS|, gm, ro for all Q’s,
voltage gain, 
input common mode range,
output voltage range.



Solution: DC Parameters
IREF = 90µA

ID5 =
(W / L)5
(W / L)8

= 90µA

ID7 =
(W / L)7
(W / L)8

= 90µA

ID1 = ID2 = ID3 = ID4 =
ID5
2
= 45µA

IDi =
1
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W
L

!

"
#

$

%
&VOV

2

VOV1 = VOV 2 = VOV 3 = VOV 4 = 0.3

VOV 5 = VOV 6 = VOV 7 = VOV 8 = 0.3

VGS = VOV + Vt
NMOS: VGS = 0.3+ 0.7 =1.0V

PMOS: VGS = 0.3+ 0.8 =1.1V



Solution: AC Parameters
gm =

2ID
VOV

gm1−4 = 2× 45µA / 0.3V = 0.3mA /V
gm5−8 = 2×90µA / 0.3V = 0.6mA /V

ro =
VA
ID

ro1−4 =
10V
45µA

= 222kΩ

ro5−8 =
10V
90µA

=111kΩ

A1 = −gm1 ro2 || ro4( )
= −0.3×222 / 2 = −33.3V /V
A2 = −gm6 ro6 || ro7( )
= −0.6×111/ 2 = −33.3V /V
Ao = A1A2 =1109V /V
= 20 log(1109) = 61dB



Solution: Input Common-Mode 
Ranges

Input common-mode voltage range:
Maximum: Q5  near edge of saturation
VDS5 = VOV 5 = 0.3V

vicmmax = 2.5− VOV 5 − VGS5

= 2.5− 0.3−1.1=1.1V
Minimum: Q1 near edge of saturation
vD1 = −VSS +VGS3 = −2.5+1= −1.5V

vDS1 = vGS1 − vtp
−vDS1 = −vGS1 − 0.8
−vD1 = −vG1 − 0.8
vicmmin = vG1 = vD1 − 0.8 = −2.3V



Solution: Output Ranges

Output voltage range:
Maximum: Q7  near edge of saturation
VOV 7 = 0.3V

vomax = 2.5− VOV 7 = 2.2V
Minimum: Q6  near edge of saturation
vomin = −VSS + VOV 6 = −2.5+ 0.3= −2.2V



Folded-Cascode CMOS Op Amp.
(for inspection only)
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Functions of Various Transistors

• Q11, Q12, and R5 generate a reference bias current, IREF. 

• Q10, Q9, and Q8 bias the input stage, which is composed 
of Q1 to Q7. 

• The second gain stage is composed of Q16 and Q17 with 
Q13B acting as active load. 

• The class AB output stage is formed by Q14 and Q20 with 
biasing devices Q13A, Q18, and Q19, and an input buffer 
Q23. 

• Transistors Q15, Q21, Q24, and Q22 serve to protect the 
amplifier against output short circuits and are normally 
cut off.


