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CMOS Operational Amplifier (1)
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Operational Amplifier

• Operational Amplifiers are amplifiers (controlled sources) that 
have sufficiently high forward gain so that when negative 
feedback is applied, the closed-loop transfer function is 
practically independent of the gain of the op amp.

• The primary requirement of an op amp is to have an open-loop 
gain that is sufficiently large to implement the negative feedback 
concept àmost CMOS op amps use 2 or more stages of gain.
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Block diagram of a general two-stage op amp
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Ideal Op Amp

Ideally, an op amp has:

• Infinite differential-voltage gain

• Infinite input-resistance

• Zero output resistance

In reality, an op amp only approaches these values. For most

applications where unbuffered CMOS op amps are used, an open-

loop gain of 2000 or more is usually sufficient.
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Symbol for an op amp

• In the non-ideal case the output voltage vOUT can be expressed 
as

vOUT= AV(v1-v2)

AV is used to designate the open-loop differential-voltage gain. 
v1 and v2 are the input voltages applied to the noninverting and 
inverting terminals respectively.
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Op Amp = null port

• If the gain of the op amp is large enough, the input port of the op 
amp becomes a null port when negative feedback is applied. 

• A null port (or nullor) is a pair of terminals to a network where 
the voltage across the terminals is zero and the current flowing
into or out of the terminals is also zero.

• vi=v1-v2; ii=i1=-i2; vi=ii=0
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Characterization of Op Amp

• Rid, Cid=finite differential input impedance
• Rout= output resistance
• Ricm=common-mode input resistance
• Vos=input-offset
• Ios(not shown)= input-offset=IB1-IB2

• e2
n, i

2
n rms voltage- and current-noise source

• v1/CMRR= CMRR model
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Differential-frequency response

• The differential-frequency response is given as

where

p1,p2, … are poles of the

op-amp open-loop 

transfer function.

[ ] 





 +

±−=
2

)()(
)()()()()( 21

21
sVsV

sAsVsVsAsV cvout

...111

)(

321

0









−








−








−

=

p
s

p
s

p
s

A
sA v

v



05/05/2004 D. De Venuto 9

Power-supply rejection ratio (PSRR)

• The PSRR is defined as the product of the ratio of the change in
supply voltage to the change in output voltage of the op amp 
caused by the change in the power supply and the open-loop 
gain of the op amp.

• Ideal op amp would have an infinite PSRR.
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• Common-mode input range is the voltage range over which the 
input common-mode signal can vary. Typically, this range is 1-2 
V less than VDD and 1-2 V more than VSS

• The output of the op amp has several important limits, one of 
which is the maximum output current sourcing and sinking 
capability. There is a limited range over which the output voltage 
can swing while still maintaining high-gain characteristics. 
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Other nonidealities

• The output also has a voltage rate limit called slew rate 
• The slew rate is generally determined by the maximum current 

available to charge or discharge a capacitance. Normally the SR 
is not limited by the output, but by the current sourcing/sinking 
capability of the first stage

• The Settling Time is the time needed for the output of the op 
amp to reach a final value (to within a predetermined tolerance)
when excited by a small signal.
(This is not to be confused with the slew rate, which is a large-
signal phenomenon)
Small-signal settling time can be completely determined from 
the location of the poles and zeros in the small-signal equivalent 
circuit, whereas slew rate is determined from the large-signal 
condition of the circuit.
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Settling time
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Categorization of CMOS Op Amps
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Classical two stage op amp

• The first stage consists of a differential amplifier converting the 
differential input voltage to differential currents. This differential currents 
are applied to a current mirror load recovering the differential voltage.

• The second stage is a common source converting the second stage 
input voltage to current. This transistor is loaded by a current-sink load, 
which converts the current to voltage at the output.
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Folded-cascode op amp

• This architecture was developed in part to improve the input common-
mode range and the PSRR.

• One of the advantage is that it has a push-pull output: the op amp can 
actively sink or source current from the load. (the output stage of the 
previous two-stage op amp is Class A, which means that either its 
sinking or sourcing capability is fixed.)
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Design of Op Amps

The design of an op amp can be divided into two design-related 
activities that are for the most part independent of one other.

• Choosing or creating the basic structure of the op amp. A 
diagram that describes the interconnection at all of the 
transistors results.

• Selecting dc currents and begining to size the transistors and 
design the compensation circuit.

Most of the work is associated to this 2nd phase. Computer 
circuit simulations, based on hand calculations are used 
extensively to aid the designer phase.
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Boundary conditions and requirements 

• Boundary conditions:
1. Process specification (VT, K’, 

Cox, etc.)

2. Supply voltage and range

3. Supply current and range

4. Operating temperature and 
range

• Requirements
1. Gain
2. Gain Bandwidth
3. Settling time
4. Slew rate
5. Input common-mode range, 

ICMR
6. Common-mode rejection ratio 

CMRR
7. Power-supply rejection ratio, 

PSRR
8. Output-voltage swing
9. Output resistance
10.Offset
11.Noise
12.Layout area
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Compensation block

• Two basic methods of compensation are suggested by the 
opposite parallel paths into the compensation block

1. Feedback

2. Feedforward

• The method is greatly dependent on the number of stages 
present
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Design steps

1. Decide on a suitable configuration

(for example, if extremely low noise and offset are a must, then
a configuration that affords high gain in the input stage is 
required. If there are low-power requirements, then a class AB-
type output stage may be necessary. )

2. Determine the type of Compensation Needed to meet the 
specifications.

3. Design Device Sizes for proper dc, ac, and Transient 
Performance
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Compensation of op amps

Objective
Objective of compensation is to achieve stable operation when negative 

feedback is applied around the op amp.
Types of Compensation
1. Miller – Use of a capacitor feeding back around a high-gain, inverting 

stage.
- Miller capacitor only
- Miller capacitor with an unity-gain buffer to block the forward path

through the compensation capacitor. Can eliminate the RHP zero.
- Miller with a nulling resistor. Similar to Miller but with an added series 
resistance to gain control over the RHP zero

2. Self compensation – Load capacitor compensates the op amp 
3. Feedforward – Bypassing a positive gain amplifier resulting in phase 

lead. Gain can be less than unity.
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Single-loop, Negative Feedback System



05/05/2004 D. De Venuto 24

Stability Requirement using Bode Plots
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Why do we want good Stability?
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Uncompensated Frequency Response of two-stage op 
amps (1)
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Uncompensated Frequency Response of two-stage op 
amps (2)
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Uncompensated Frequency Response of an op amps
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Miller Compensation of the Two-Stage Op Amp
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Compensated Two-Stage, Small-Signal Frequency 
Response Model Simplified
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General Two-Stage Frequency Response Analysis
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Summary of Results for Miller Compensation of the 
Two-Stage Op Amp
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Miller compensation
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Compensated Open-Loop Frequency Response of the 
two-Stage Op Amp
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Conceptually, where do these roots come from?
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Influence of the Mirror Pole
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Influence of the Mirror Pole
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Summary of the Condition for Stability of the two stage 
op amp
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Controlling the right-half plane (RHP) zero
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Use of buffer to eliminate the feedforward path through 
the Miller Capacitor
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Use of Buffer with Finite Output Resistance to Eliminate 
the RHP Zero
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Use of nulling Resistor to Eliminate the RHP Zero (or 
turn it into a LHP zero)
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Use of nulling Resistor to Eliminate the RHP Zero
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Conceptual Illustration of the Nulling Resistor Approach
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A Design Procedure that Allows the RHP Zero to 
Cancel the Output Pole, p2


