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Outline

 Two-stage amplifier

 Reading: SEDTRA/SMITH book pages 640-644

 Frequency Response 1

 Reading: SEDTRA/SMITH book pages 673-680
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Review: Differential-to-Single-Ended Conversion
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Simple but inefficient: the current 
signal in Q1 is not utilized, leading to 
loss of a factor of 2 in gain.

The simplest approach
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Review: Differential Pair w/ Current Mirror Load
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௠ௗܩ = ݃௠ଵ,ଶ

ܴ௢ = ௢ସݎ||௢ଶݎ = ܴ௢௡||ܴ௢௣

ௗܣ ≡
௢ݒ
௜ௗݒ

= ௠ௗܴ௢ܩ = ݃௠ଵ,ଶ ௢ସݎ||௢ଶݎ

ௗܣ = ݃௠ଵ,ଶ ܴ௢௡||ܴ௢௣

ௗܣ =
1
2 ݃௠ݎ௢ =

1
2 ௢ܣ

A much better approach Common mode input Differential input
Output current 2i: 
No loss of gain!
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Differential Pair w/ Current Mirror Load

When ݒ௫ is applied to measure ܴ௢, ࢜ࢍ૝ varies! 
For ac analysis, I is OPEN, any current flowing into M1 most flow out of M2.
Hence, M1 and M2 can be represented by ܴ௑௒ =  .ைଵ,ଶݎ2
Thus, the current drawn from ݒ௫ by ܴ௑௒ is mirrored by M3 into M4 with unity gain(Current doubled!).
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݅௫ = ૛
௫ݒ

௢ଵ,ଶݎ2 + 1
݃௠ଷ
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+
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Output Resistance
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௫ݒ
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=
1
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Two-Stage CMOS Op-Amp Circuit

6/16

Q7

D6

CC

Q6

D2

-Vss

Q4Q3

Q2Q1

I

Q5

IREF

Q8

Stages Scrutinize 

Current 
Mirrors

Diff. Pair w/ 
Current 

Mirror load

Common 
Source Amp 

Stage

7/16

Q7

D6

CC

Q6

D2

-Vss

Q4Q3

Q2Q1

I

Q5

IREF

Q8

Voltage Gains

 1st stage (Q1, Q2): differential input, single-

ended output:

ଵܣ = −݃௠ଵ ௢ସݎ||௢ଶݎ

 2nd stage (Q6): common source amp. with

current source load:

ଶܣ = −݃௠଺ ௢଻ݎ||௢଺ݎ

 Total gain

௢ܣ =  ଶܣଵܣ
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Example: two stage op-amp

 IREF = 100 µA, Vtn = 0.5 V, Vtp = -0.5 V,
µnCox = 400 µA/V2, µpCox = 100 µA/V2,
|VA| = 5 V for all devices VDD = VSS = 1 V.

 Find ID, |VOV|, |VGS|, gm, ro for all Q’s,

 Also find A1, A2, the dc open-loop
voltage gain, input common mode
range, output voltage range.
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Transistor Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

W/L 10/0.4 10/0.4 2.5/0.4 2.5/0.4 20/0.4 5/0.4 20/0.4 20/0.4
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Example: solution
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ூܸ஼ெ௠௜௡ = −1.0 + 0.7 + 0.2 − 0.7
= −0.8ܸ

ூܸ஼ெ௠௔௫ = 0.8 − 0.7 = +0.1ܸ

௢ܸ௠௔௫ = 1.0 − 0.2 = 0.8ܸ

௢ܸ௠௜௡ = −1.0 + 0.2 = −0.8ܸ

Transistor Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

W/L 10/0.4 10/0.4 2.5/0.4 2.5/0.4 20/0.4 5/0.4 20/0.4 20/0.4
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ଵܣ = −݃௠ଵ ௢ସݎ||௢ଶݎ
= −0.5 100||100 = −25ܸ/ܸ
ଶܣ = −݃௠଺ ௢଻ݎ||௢଺ݎ
= −1 50||50 = −25ܸ/ܸ

௢ܣ = ଶܣଵܣ = 25 × 25 = 625ܸ/ܸ

20 log 625 = ܤ56݀

஽ܫ =
1
2

௢௫ܥߤ
ܹ
ܮ

ܸଶ
௢௩

݃௠ =
஽ܫ2

௢ܸ௩
௢ݎ = | ஺ܸ|/ܫ஽

Table     Determine ID via mirroring 

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

ID(ܣߤ) 50 50 50 50 100 100 100 100

|VGS|(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

|Vov|(V) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

gm(mA/V) 0.5 0.5 0.5 0.5 1 1 1 1

ro(kΩ) 100 100 100 100 50 50 50 50

Typical Frequency Response of Discrete MOS Amplifiers
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Midband

All capacitances can be neglected

3dB

Low-frequency 
band

Gain falls off due 
to the effects of 

coupling and 
bypass 

capacitors

High-frequency band

Gain falls off due 
to the internal 

capacitive effects 
of the MOSFET
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Low Frequency Dominant Pole Approximation

 A Dominate Pole exists if one of the low frequency poles is much larger
than the others.

 In the graph above, ω = 1000 rad/sec is a dominant pole.
 All other poles and zeros are at low enough frequencies that they do not

affect the lower cutoff frequency ωL. 12/16
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Frequency Response of Direct-Coupled（IC） Amp

 Gain does not fall off at low frequencies

 Midband gain Am extends down to zero frequency
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Cross Section of MOSFET Showing Internal Cap.

 MOSFET has several internal
capacitances, which take time to
charge/discharge, limiting the transistor
speed.
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■ Gate/Source capacitance:

௚௦ܥ =
2
3 ௢௫ܥܮܹ + ௢௩ܥ

where
 ௢௫ܥ = ௢௫ߝ ⁄௢௫ݐ [ଶ݉ܿ/ܨ]
 W: Transistor width
 L: Gate Length

 ௢௩ܥ = ௢௫ܥ௢௩ܮܹ

 ௢௩: overlap betweenܮ
Gate/source or gate/drain,
typically 0.05-0.1L

■Gate/Drain capacitance:
௚ௗܥ = ௢௩ܥ
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MOSFET High-f Equivalent-Circuit Model
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 Source is connected to the body (no body effect)

 Capacitance between drain and body Cdb neglected
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Unity-Gain Frequency, fT

■ ்݂ : frequency at which short-circuit current
gain =1
 FoM for transistor speed
 Drain is grounded (short-circuit load)
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௢ܫ = ݃௠ ௚ܸ௦ − ௚ௗܥݏ ௚ܸ௦ = ݃௠ − ௚ௗܥݏ ௚ܸ௦

௢ܫ

௜ܫ
=

݃௠ − ௚ௗܥݏ

ݏ ௚௦ܥ + ௚ௗܥ

Unity gain freq.:

௚ܸ௦ =
௜ܫ

ݏ ௚௦ܥ + ௚ௗܥ

௢ܫ

௜ܫ
ݏ = ்݆߱ ≅

݃௠

்߱ ௚௦ܥ + ௚ௗܥ
= 1

்߱ =
݃௠

௚௦ܥ + ௚ௗܥ

Combine:

்݂ =
݃௠

ߨ2 ௚௦ܥ + ௚ௗܥ
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As gate length reduces in advanced technology, 
Cgs reduces and fT increases


