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Abstract

The demand for low power, low voltage devices is increasing at a faster rate as a

result of wider implementation of smaller-sized, portable, and hand held devices in

the telecommunication and entertainment industries. This research study focuses on

the mechanism to increase the slew rate and DC open loop gain of the two stage

CMOS op-amp. We have designed the two stage CMOS op-amp, which operates at

� 2.0V power supply using 0.5� m CMOS technologies. The simulations were done

using OrCAD PSPICE software and we have found that the design has high slew

rate: -68.11V�s , 72.06V�s and high DC open loop gain of 95.29dB, widest UGB and

PM of 11.24MHz and 84.62o, respectively. Thus, this design will be of highly capable

candidate for portable and hand-held CMOS op amp devices.

Key Words: Gain, PM, UGB, Slew Rate, Two stage CMOS, OrCAD PSPICE.
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Chapter 1

INTRODUCTION

1.1 Historical Background

CMOS is an acronym which means Complementary-Metal-Oxide Semiconductor.

This name is given to it as its typical digital design style uses complementary and

symmetrical pairs of p-type and n-type metal - oxide semiconductor �eld e�ect tran-

sistor (MOSFETs) for logic functions.[1] Ampli�ers with gain controlled by negative

feedback were �rst thought of in the 1930 as a way of creating ampli�ers for the

telephone system. About 33 years later CMOS technology was developed in 1963 by

Frank Wan Lass and Chin-Tang Shan of fair child to overcome the drawbacks of the

PMOS and the NMOS.[2]

CMOS is a technology used in microprocessors, microcontrollers, static RAM, and

other digital logic circuits. CMOS technology is also used in several analog circuits

such as image sensors, data converters and highly integrated transceivers for many

types of communication. Currently, the most integrated circuits which may be digital,

analog or mixed-signal, are built using CMOS technology. In the past two decades,

1
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CMOS technology has rapidly embraced the �eld of analog integrated circuits, pro-

viding low-cost, high performance solutions and rising to dominate the market. This

technology will continue to mature and serve circuit design with minimum feature

size for probably another more decades.[3]

Two important characteristics of CMOS devices are high noise immunity and low

static power consumption. Since one transistor of a pair of MOSFETs is always o�,

the series combination draws signi�cant power only momentarily during switching

between ON and OFF states. Consequently, CMOS devices do not produce as much

waste heat as other forms of logic devices, for example, transistor-transistor logic or

NMOS logic, which normally have some standing current even when not changing

states. CMOS also allows a high density of logic functions on a chip. It was primarily

for this reason that CMOS became the most used technology to be implemented in

Very Large Scale Integration chips.[4]

One can design CMOS op-amp either by hand or computers. Computer assisted

design and analysis of COMS op-amp is very important than hand calculation, sice

computers are very fast machines consisting of many microprocessors to simplify or

solve many complex problems in a short period of time. CMOS designs typically

o�er high gain and speed at low power consumption. In addition, CMOS scales well

to smaller devices without drastic changes in their performances.[5] So, during the

design of a two stage COMS op-amp, all characteristics such as PD, DC open loop

gain, PM, GBW, ICMRR, CMRR, SR, voltage swing, etc., will be analyzed. Today

CMOS ICs are very common and indispensable circuits.
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1.2 Brief Introduction About op-amp

An op-amp is a DC coupled, high gain electronic voltage ampli�er with di�erential

input and usually a single ended output. Op-amps are circuit elements that are used

to amplify the magnitude of any input signal at the output and built with vastly

di�erent level of complexity to be used to realize functions ranging from a simple

DC bias generation to high speed ampli�cation or �ltering. Op-amps with moderate

DC gains, high output swings and reasonable GBW are usually implemented with

two-stage structures ranging from moveable electronics to telecommunication and

transportation. The op-amp is the back-bone for many analog circuit designs that

utilize its high gain, high input impedance, low output impedance, high bandwidth

and fast settling time. Op-amps are integral part of many analog and mixed signal

systems. Op-amps can amplify signals having frequency ranges of several MHz.[6]

Op-amps are also popular in biomedical equipments where signals are measured for

research and clinical purposes; these include the ECG, EEG, EMG, ERG, EOG, etc.[7]

Ideally, op-amps perform the function of a voltage controlled current source, with

an in�nite voltage gain. Op-amps are among today0s most widely used circuit blocks.

They can be used as summers, integrators, di�erentiators, comparators, attenuators

and much more. An op-amp is a high-gain di�erential input ampli�er.[8] The general

model for the op-amp has two input terminals, one output terminal, and two source

voltage terminals, as shown in Fig.1.1.

1. The input marked with the minus sign (00-00) is called inverting input terminal.

The input marked with plus sign (00+ 00) is called non-inverting input terminal.

As a result an input applied to the non-inverting terminal will appear usually

ampli�ed and with the same polarity at the output while an input applied to
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Figure 1.1: General Model of Op-Amp.[8]

the inverting terminal will appear usually ampli�ed and inverted at the output.

2. The source voltage marked with plus sign (+ VS) is called positive supply voltage

and also

3. The source voltage marked with minus sign (� VS) is called negative supply

voltage; in most cases the op-amp is used with dual power supplies.

The op-amp compares two inputs (+ VS and � VS) and ampli�es their di�erence.[Vd=

+ VS - (� VS)]. This device is commonly used to amplify small signals, add or subtract

voltages, and in active �ltering circuits. For such purposes, the op-amps must have

high gain, low current, high input/output impedance and should function over a wide

range of frequencies.

The primary requirement of an op-amp is to have an open loop gain that is su�-

ciently large. An ampli�er with the general characteristics of very high voltage gain,

very high input resistance, and very low output resistance generally is referred to as

an op-amp. Most analog applications use an op-amp that has some amount of nega-

tive feedback. The Negative feedback is used to tell the op-amp how much to amplify
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an input signal. And also, op-amps are so extensively implemented with a feedback

system; the required precision of the closed loop circuit determines the open loop gain

of the system. An op-amp consists of four main blocks; current mirror, di�erential

input ampli�er, level shift-di�erential to single ended gain stage, and output bu�er,

as shown Fig.1.2.[9]

Figure 1.2: The General Structure of Op-Amp.[9]

� Current mirror is a circuit designed to copy a current �owing through one active

device by controlling the current in another active device of a circuit, keeping

the output current constant regardless of loading.

� Di�erential ampli�er is an ampli�er when the op-amp have two input signals

and two output signals.

� Level shift, di�erential to single ended gain stage: when the design of a single-

ended-to-di�erential ampli�er with external resistors provides an additional de-

sign option, specifying the ampli�er gain, the level shifting circuit is used after

the intermediate stage to shift the DC level at the output of the intermediate

stage to zero volts with respect to ground.
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� Output bu�er is the location in memory or cache where data that is ready to

be seen is held until the display device is ready.

Op-amps are commercially available integrated circuit packages in several forms to

magnify signals. The�A 741 op-amp is an eight pin dual in-line packages (DIP),

which contains eight pins, as shown in the Fig.1.3.

Figure 1.3: Circuit symbol for 8-pin DIP OP-Amp.[10]

� Pin 2: is the inverting input terminal; all input signals at this pin will be

inverted at the output.

� Pin 3: is the non-inverting input terminal; all input signals at this pin will be

processed normally without inversion.

� Pin 6: is the output terminal.

� Pin 7: is the positive power supply,+ VS, of the �A 741 op-amp.

� Pin 4: is the negative power supply,� VS, of the �A 741 op-amp.

� Pins 1 and 5 are used to adjust o�set voltage (they are o�set input null termi-

nals).
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� Pin 8: is unused (0Not Connected0). There is nothing connected to this pin, it

is just there to make it a standard 8-pin package.

1.3 Statements of the problem

Signal ampli�cation; signal �ltering, digital logic functions, recti�cation, multipli-

ers, mixers, non-linear functions, and other basic building blocks can be most easily

implemented using two-stage CMOS op-amps. High speed parts are increasingly im-

portant and low power and low voltage constraints are standard for many of these

new applications.

Low power operation is a very important quality factor for batteries that should

supply the system for hours or days to power more and more electronic systems. In

this research work, we will try to investigate how to achieve these conditions by using

a two-stage CMOS op-amp circuit design.

1.4 Research question

| How can we design and simulate a two-stage CMOS op-amp circuit?

| How can we determine the performance parameters of a two-stage CMOS op-amp

circuit by using computer assisted simulation?

1.5 Objective of the study

General objective of the study

The main objective of the study is to investigate the mechanism for enhancing the

slew rate and open loop gain of a two-stage CMOS op-amp.
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Speci�c objective of the study

� To design and simulate a two-stage CMOS op-amp circuit by using PSPICE soft-

ware.

� To simulate slew rate of a two-stage CMOS op-amp circuit by using PSPICE soft-

ware.

� To simulate the open loop gain of a two-stage CMOS op-amp circuit by using

PSPICE software.

1.6 Signi�cance of the study

The study helps to come up with solutions that overcome the existing problems of

slew rate and open loop gain associated with the two-stage CMOS op-amp circuits.

1.7 Scope of the study

This research work is based on analog electric devices and advanced di�erential design

fundamentals. The scope of thesis involves the three basic concepts: computer design,

simulation and data analysis by using OrCAD PSPICE software.

1.8 Applications of op-amp

Op-amps have many applications, such as ampli�ers, oscillators, regulators, computer

interfaces and many other �elds of applications.

� Ampli�ers: Op-amps are used to amplify signals that range from DC to the

higher radio frequencies. The ampli�er can be made to be frequency selective

(i.e., act as a �lter) much like the tone control on a stereo system. It may be

used to maintain a constant output inspite of changing input levels.
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� Oscillators: The basic op-amp can be connected to operate as an oscillator.

The output of the oscillator may be sinusoidal, square, triangular, exponential,

or other shape. The frequency of oscillation may by stabilized by a crystal or

controlled by a voltage or current from another circuit.

� Regulators: Op-amps can be used to improve the regulation in power supplies.

The actual output voltage is compared to a reference voltage and the di�erence

is ampli�ed by an op-amp and used to correct the power supply output voltage.

Op-amps can also be connected to regulate and/or limit the current in a power

supply.

� Computer Interfaces: The op-amp is an integral part of many circuits used to

convert analog signal representing real-world quantities (such as temperature,

pressure, sound, etc) into corresponding digital signals that can be manipulated

by a the computer. Similarly, the op-amp is frequently used to convert the

digital output of a computer into an equivalent analog form for use by industrial

devices (such as motors and solenoids).

� Other �elds of application: Op-amps �nd use in such diverse �elds as medical

electronics, industrial electronics, agriculture, test equipment, consumer prod-

ucts, and automotive products.[11]



Chapter 2

LITERATURE REVIEW

2.1 Brief Introduction about Various CMOS Tech-
nologies

In a single stage op-amp only one stage with associated circuitry is used for ampli-

fying a weak signal. Although a practical ampli�er consists of a number of stages,

such a complex circuit can be conveniently split up into separate single stages. By

analyzing repeatedly, then e�ectively understood the complex circuit. It follows that

single stage ampli�er analysis is of great value in understanding the practical ampli-

�er circuits.

Single stage topology is commonly used than multistage ampli�ers because of its

capability of driving large capacitive load. This is due to the fact that, the load ca-

pacitor acts as the compensation capacitor simultaneously. Single stage architecture

naturally suggests low power consumption and it is faster than multistage designs

due to the presence of fewer poles and fewer current legs. But it is very di�cult for a

single stage circuit to meet the requirements for gain and dynamic range under very

low supply voltage like that of 3V or low.[12, 13]

10
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Fig.2.1 indicates a single stage op-amp topology.

Figure 2.1: Single Stage Op-Amp Topology.[14]

2.2 Multi-Stage Ampli�er

The most widely used circuit approach for the implementation of operational ampli-

�ers is the two-stage con�guration, shown in Fig.2.2.

Figure 2.2: Two stages op-amp con�guration.[15]



12

A typical two-stage CMOS op-amp consists of an input di�erential transconductance

stage which forms the input of the op-amp followed by a common source second stage.

The second stage increases the DC gain by an order of magnitude and maximizes the

output signal swing for a given input voltage.[15] This is another advantage in re-

ducing the power consumption. If the op-amp must drive a low resistance load, the

second stage must be followed by a bu�er stage whose objective is to lower the output

resistance and maintain a large signal swing. Bias circuit is provided to establish the

operating point for each transistor in its quiescent stage. Compensation is required

to achieve stable closed loop performance. This con�guration consists of di�erential

ampli�er as the �rst stage, a current source load inverting ampli�er as the second

stage, and a Miller compensation capacitorCc. Both the DC gain and the gain band-

width product of the circuit are found to be related to the bias current and the sizes

of input transistors.

In a multistage ampli�er, a number of ampli�ers are usually connected in cascade

arrangement i.e. output of �rst stage is connected to the input of the second stage

through a suitable coupling device (e.g. a capacitor, transformer etc.) to transfer AC

output of one stage to the input of the next stage and to isolate the DC conditions

of one stage from the next stage. Examples of coupling devices are:

� RC coupling..................... RC coupled ampli�er

� Transformer coupling............ Transformer coupled ampli�er

� Direct coupling................. Direct coupling ampli�er

The name of the ampli�er is usually given after the type of coupling used. In RC

coupling a capacitor is used as the coupling device. The capacitor connects the output
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of one stage to the input of the next stage in order to pass the AC signal while blocking

the DC bias voltage.

2.3 The Current Mirror

Current mirrors made by using active devices are widely used in analog integrated

circuits not only as biasing elements but also as load devices for the ampli�er stages.

The extensive use of current mirrors for biasing in analog circuits stems from the fact

that it provides superior insensitivity of circuit performance to variations in power

supply and temperature variations. More over for small bias current requirements

often current mirrors are favored over resistors as they are more economical in terms

of die area. The high incremental resistance of the current mirror results in high

voltage gain at low power-supply voltages.

A current mirror circuit is shown in Fig.2.3. The common terminal is connected

to a power supply and the input current source is connected to the input terminal.

Figure 2.3: A Simple Current Mirror.[9]
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Ideally, the output current is equal to the input current multiplied by a desired

current gain. If the gain is unity, the input current is re�ected to the output, leading

to the name current mirror.[9] The current mirror as an active load in a CMOS

circuit has three distinct advantages. First, it creates a large output resistance in

a relatively small amount of die area. Second, it performs the di�erential-to-single-

ended conversion of the input signal, and third, the load also helps with CMRR. A

simple current mirror bias string that supplies a voltage between the gate and the

source sinks a certain amount of current based on the gate-to-source voltage controlled

by the bias string.

2.4 Performance Parameter of op-amp

The main performance parameters of op-amp under investigation in this research

work are open loop gain, GBW, PM, and slew rate.

� DC Open Loop Gain:

The ratio of change in output DC voltage to the change in DC input voltage

is called DC open loop gain. The ultimate settling accuracy is limited by the

�nite op-amp DC gain. The exact settling error is dependent not only on the

gain but also on the Feedback factor in the circuit utilizing the op-amp. The

DC gain should be constant over the op-amp output voltage range in order to

avoid harmonic distortion.[16-18]

� PM:

PM is the phase shift of the ampli�er at the unity gain bandwidth.[16] It is

the di�erence in the phase, measured in degrees, of the out put signal of an

ampli�er from its input signal, as a function of frequency. The phase margin is

a measure of how close the phase of the loop gain is to 180 degree.[19]
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� GBW/ UGB:

GBW is de�ned as the open loop gain multiplied by the bandwidth. So, the gain

bandwidth product can be used to calculate the closed loop gain bandwidth.

Closed loop bandwidth=
GBW

Closed loop gain
(2.4.1)

The gain bandwidth product is valid for any open loop gain as long as the open

loop gain curve has a single dominant pole which will be a -20 dB/decade slope.

The UGB is the frequency at which the open loop gain (AOL ) of the ampli�er

becomes unity (or 0dB).

UGB = f AOL =1 (2.4.2)

where, f is frequency andAOL is the di�erential DC open loop gain. In the case

of a single poleAOL curve, the unity gain bandwidth and the gain bandwidth

product are the same.

GBW = f AOL (2.4.3)

Many op-amps have additional poles and zeros at high frequencies that shift

the unity gain bandwidth. The higher frequency poles a�ect the slope of the

AOL curve so that the unity gain bandwidth is not equal to the gain bandwidth

product.[20, 21]

� gm factor: for an FET is the ratio of the change in drain current to the change

in gate voltage that induced it; its unit is in Siemens.
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L. Tianwang, et al., obtained an open loop gain of 144.7dB, GBW (UGB) of

754MHz, and phase margin of580 on a 0.18� m CMOS technology, with a supply

voltage of � 1.8V, as shown in Fig.2.4.[22]

Figure 2.4: Simulation result of open loop gain done by L. Tianwang, et. al.[22]
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H. Qiao obtained an open loop gain of 107dB, GBW (UGB) of 57.48MHz and

phase margin of64:830 based on SMIC 0.18� m CMOS process model, with a

supply voltage of� 1.8V, as shown in Fig.2.5.[23]

Figure 2.5: Simulation result of open loop gain done by H. Qiao.[23]
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The design by J. Mahattanakul provided a DC open loop gain of 78.21378dB,

-3dB cut-o� frequency of 771.63Hz, phase margin of 63.97o, and GBW (UGB)

of 5.82MHz for L=0.35� m, as shown in Fig.2.6.[24]

Figure 2.6: Experimental Simulation Result of Open Loop Gain and PM for
L=0.35� m done by J. Mahattanakul.[24]
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Fig.2.7 shows the simulation result for DC gain of 110.7dB, GBW (UGB) of

15.29MHz and PM of59:890 with 0:8� m technology and� 3V supply voltages

obtained by Rien Beal.[25]

Figure 2.7: Simulation Result of Gain and Phase Response by Rien Beal.[25]

� Slew Rate (SR) :

SR is rate of change of maximum output voltage.[16] It is decided by the current

and the total capacitance of each stage.[26] The maximum rate at which the

output of an op-amp can change is limited by the �nite bias current. When the
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inputs change too quickly, the op-amp0s output changes at its maximum rate.

The slew rate (SR) is the current per unit capacitance present at the output of

the ampli�er. The rate of voltage change across the capacitor is de�ned by the

following expression:

SR =
dVout

dt
jmax (2.4.4)

Since,Vout = Q
C and I = Q

t , we obtain:

SR =
1
C

(
dQ
dt

) =
I Bias

Cc
(2.4.5)

The simulation result done by S. Suman achieved a positive SR of 10.6V/� s

and a negative SR of 9.7V/� s, as shown in Fig.2.8.[27]

Figure 2.8: Simulation Result of SR by S. Suman.[27]
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The simulation result obtained done by J. F. D-Carrillo, et al, achieved a positive

SR of 0.9V/� s and a negative SR of 1.7V/� s, as shown in Fig.2.9.[28]

Figure 2.9: Simulation Result of SR by J. F. D-Carrillo, et al.[28]
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The simulation result done by J. Mallek achieved a positive SR of 315V/� s and

a negative SR of -315V/� s, as shown in Fig.2.10.[29]

Figure 2.10: Simulation Result of SR by J. Mallek.[29]
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The simulation result obtained done by L. Magnelli, et al, achieved a positive

SR of 3V/ms, as shown in Fig.2.11.[30]

Figure 2.11: Simulation Result of SR by L. Magnelli, et al.[30]



Chapter 3

METHODOLOGY

3.1 Design Topology

Op-amps are the integral part in most of analog circuits and systems. Designing

ampli�cation block to achieve high gain is not only the concern area for modern op-

amp, it also includes proper biasing circuitry along with the e�ective compensation

technique for stable operation. Figure 3.1 shows the general structure of a two stage

CMOS op-amp.[31]

Figure 3.1: General Structure of Two Stage CMOS op-amp.[31]

24
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It consists of four functional blocks. The �rst block indicates the transconduc-

tance stage forming the input stage of the op-amp followed by the second stage. A

common source ampli�er generally meets the speci�cation of the second stage. The

second stage is mainly used to provide the large output swing with high DC gain for a

given supply voltage. Also, higher gain leads to lower band width; the designer has to

decide between these trade-o�s based on the speci�cations and the product require-

ments. Bias circuit is provided to establish the operating point for each transistor in

its quiescent stage. The purpose of a compensation circuit is to provide stability to

the closed loop performance. Since op-amps are designed to operate with negative

feedback connection, frequency compensation is necessary for stability.

The feed forward path through the Miller capacitor introduces a right half plane

(RHP) zero which degrades the phase margin of the system. However, the RHP

zero can be eliminated by using nulling resister in series with the compensation ca-

pacitor.[32] This op-amp architecture has many advantages: high open-loop gain,

rail-to-rail output swing, large input common mode range, only one frequency com-

pensation capacitor, and a small number of transistors. This op-amp type is widely

used general purpose op-amp; it �nds applications, for example, in switched capacitor

�lters, analog to digital converters, and sensing circuits.[33]

The topology of the circuit designed in this research work is a two-stage CMOS

op-amp, shown in �gure 3.2. The circuit consists of 8 transistors out of which 5 are

NMOS and the remaining 3 are PMOS transistors. The three main parts of this cir-

cuit are: the di�erential gain stage, the second gain stage and bias strings. The �rst

stage of interest is the di�erential gain stage which is made from transistorsM 1, M 2,

M 3 and M 4. TransistorsM 1 and M 2 are NMOS transistors which form the basic input
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stage of the ampli�er. The gates ofM 1 and M 2 are the inverting and the noninverting

inputs of the two-stage CMOS op-amp. The di�erential input signal applied across

the two input terminals will be ampli�ed according to the gain of the di�erential

stage which is simplygm of M 2 times the total output resistance seen at the drain of

M 2. The current mirror con�guration comprised of M 3 and M 4 is used as an active

load for the input di�erential stage. The two main resistances that contribute to the

output resistance are that of the input transistorsM 1 and M 2 and also the output

resistance of the active load transistorsM 3 and M 4.

Figure 3.2: Two-Stage CMOS Op-Amp Schematic Layout



27

The use of active load device creates a large output resistance in relatively small

amount of die area. The second stage uses current sink load inverter whereM 6 acts

as driver andM 7 works as load. The output from the drain ofM 2 will be ampli�ed

using the common source con�guration represented byM 6. Bias String- the biasing in

the circuit is achieved by using two source voltages (VDD and VSS), the tail (source)

current from transistor M 5 which is ideally equal to that from the current-mirror

circuit formed by I BIAS and M 8. Transistor M 7 and M 8 sink a certain amount of

current based on their gate to source voltage which is controlled by the bias string.

The compensation and load capacitors are represented byCc and CL , respectively.

3.2 Table of Speci�cations

In this research work, we try to design a two stage CMOS operational ampli�er that

meets the speci�cations of parameters and proposed values listed in table 3.1.

Table 3.1: Table of Speci�cations
Parameters Proposed value
Technology 0:50�m
VDD = jVSSj � 2.0V
Gain > 75 dB
Pdiss � 1m W
ICMR -1 V to 2 V
GBW 1 MHz
PM > 45 degree
SR � 55 V/ � s
CL 5pF
CC 0.2pF
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3.3 Mathematical Formulations

3.3.1 DC Analysis

� Bias Point Analysis :

Bias point analysis consists of node voltage, node current, and power dissipation anal-

ysis.

� Node voltage analysis

Nodal voltage analysis provides a general procedure for analyzing circuits using node

voltages and the input o�set voltage as the circuit variables for an ideal op-amp.

When the voltage di�erence between the di�erential input voltages is zero, then ide-

ally, the output voltage is zero. But in real op-amp devices, this is not true and a

voltage V(out; of fset ) 6= 0 will occur at the output when both inputs are shorted to

ground. SinceV(out; of fset ) is directly proportional to the gain, the e�ect can be more

conveniently described in terms of the input o�set voltageV( in; of fset ) , de�ned as the

di�erential input voltage for which the op-amp output voltage is zero. The o�set

voltage of an op-amp is composed of two components: the systematic o�set voltage

and the random o�set voltage.

Mismatch in MOS transistors is a very serious issue, especially in high precision ana-

log circuits (such as the op-amp). Mismatch in CMOS circuits gives rise to voltage

and current o�sets that degrade the circuit performance. Mismatch due to processing

occurs in fabrication phase, where devices planned to have identical geometry dur-

ing the design stage have mismatched geometries after fabrication due to processing

defects and limitations. This kind of mismatch gives rise to an o�set referred to as

random o�set voltage. Another mismatch is that, which occurs even in the design
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stage. Mismatch during design is caused in the design phase due to mismatched bi-

asing conditions in the circuits. This kind of mismatch gives rise to an o�set referred

to as systematic o�set voltage.

E�ects of mismatch in design are:

� In a di�erential pair consisting of two MOS transistors with equal input voltages,

they carry di�erent currents.

� In a current mirror circuit, the mirrored and the reference current are mis-

matched. In most cases, the o�set (mismatch) in the design can be reduced using

di�erent design techniques. To reduce the input o�set voltage, the drain-source

voltages of transistorM 1 & M 2 and M 3 & M 4 are made equal, respectively.

VDS 1 = VDS 2 (3.3.1)

and,

VDS 3 = VDS 4 (3.3.2)

� Node current :

In order to obtain the relationship between the drain current and its terminal volt-

ages, we can make the following two observations.

First, a semiconductor bar carrying a current (I):- If the charge density along the

direction of the current is Qd = Q=L coulombs per meter and the drift (average)

velocity of the charges isv = L=t meter per second, then the current through the
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semiconductor bar of length L is given by:

I =
Q
t

=
�

Q
t

�
�

�
L
L

�

I =
�

Q
L

�
�

�
L
t

�
= Qd (v) (3.3.3)

Second, the source and drain relation:- Since we assume the onset of inversion occurs

at VGS = VT H , the inversion charge density produced by the gate oxide capacitance is

proportional to VGS � VT H .[29, 30, 34] ForVGS � VT H , any charge placed on the gate

must be mirrored by the charge on the channel, yielding a uniform channel charge

density (charge per unit length) which is obtained as follows:

Q = C � V = C � (VGS � VT H )

and,

C =
"ox � A

d
=

"ox � (W � L )
d

Thus,

Qd =
Q
L

=
C � (VGS � VT H )

L

Qd =
[ " ox � (W � L )

d ] � (VGS � VT H )
L

Qd = ( WCox)(VGS � VT H ) (3.3.4)

where,WCox = W � " ox
d = C

L is the capacitance per unit length.

If the inputs of the �rst stage are grounded and perfectly matched, this ensures

that the current I 5 will split equally betweenM 1 and M 2:

I D 1 = I D 2 =
I D 5

2
(3.3.5)

since,I D 3 = I D 1 and I D 4 = I D 2, we have:

I D 3 =
I D 5

2
= I D 4 (3.3.6)
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In other words, the current densities ofM 3, M 4, M 6 and M 7 are equal, i.e,

I D 3

(W=L) 3
=

I D 4

(W=L) 4
=

I D 6

(W=L) 6
=

I D 7

(W=L) 7
(3.3.7)

Therefore,
I D 5

2(W=L) 3
=

I D 5

2(W=L) 4
=

I D 6

(W=L) 6
=

I D 7

(W=L) 7
(3.3.8)

Note that I D 6 = I D 7. Transistors M 5 and M 7 have equal gate source voltage,

(VGS5= VGS7). Thus,

I D 5

I D 6
=

I D 5

I D 7
=

2(W=L)3;4

(W=L)6
=

2(W=L)3;4

(W=L)7
(3.3.9)

Or,
(W=L)3;4

(W=L)6
=

(W=L)3;4

(W=L)7
=

I D 5

2I D 6;7
(3.3.10)

In the active region, the current density of a device depends not only on its gate-source

voltage but also on its drain-source voltage to some extent. Since the gate-source volt-

ages and current densities ofM 3, M 4 and M 6 are equal, the drain to source voltages of

these transistors must also be equal. The bias currentI bias (or simply; I b) determines

the drain to source voltages of the current source of devicesM 5, M 7 and M 8. Since

these three transistors have the same gate to source voltage, their currents are simply

related to their dimensions, as follows

I D 5 =
(W=L)5

(W=L)8
(I b) =

(W5)(L8)
(W8)(L5)

(I b) (3.3.11)

I D 7 =
(W=L)7

(W=L)8
(I b) =

(W7)(L8)
(L7)(W8)

(I b) (3.3.12)
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From Eqns.(3.3.5) and (3.3.11) we obtain,

I D 1 = I D 2 =
(W5)(L8)
2(W8)(L5)

(I b) (3.3.13)

� Power dissipation (PD) :

To reduce system’s cost and increase portability, both increased levels of integration

and reduced power dissipation are required, forcing the associated analog circuits to

use MOS-compatible technologies. One way to achieve these goals is to use a process-

ing technology that provides both bipolar and MOS transistors, allowing great design

�exibility. However, all MOS processes are less expensive than combined bipolar and

MOS processes. Therefore, economic considerations drive integrated-circuit manu-

facturers to use all MOS processes in many practical cases. As a result, the study of

the characteristics of MOS transistors that a�ect analog integrated-circuit design is

important.[22, 23, 27, 35, 36]

An important aspect of depletion-device performance is the variation ofI DSS with

process variations. These variations stem primarily from the fact that the threshold

voltage varies substantially from its nominal value due to processing variations. Since

the transistor I DSS varies as the square of the threshold voltage, large variations in

I DSS due to process variations often occur. Tolerances of� 40 % or more due to pro-

cess variations are common. BecauseI DSS determines circuit bias current and power

dissipation, the magnitude of this variation is an important factor.

Another important aspect of the behavior of depletion devices stems from the body

e�ect. Because the threshold voltage varies with body bias, a depletion device with
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VGS = 0 and VSB 6= 0 displays a �nite conductance in the active region even if the

e�ect of channel-length modulation is ignored. In turn, this �nite conductance has a

strong e�ect on the performance of analog circuits that use depletion devices as load

elements.[22, 23, 34-36] Power Consumption is the product of the supply voltage and

the current in each of the ampli�er branches. Careful design needs to be done if the

power budget allocated is to be very low.

PD = ( VDD + jVSSj)I tot (3.3.14)

where,

I tot = 2 I D 5 + I D 6 (3.3.15)

| DC Sweep

DC sweep refers to ICMR. When speaking of op-amp inputs, input common-mode

voltage (VCM ) is one of the �rst term of which an electronics engineer considers, but

may lead to some initial confusion.VCM describes a particular voltage level and is

de�ned as the average voltage at the inverting and non-inverting input pins. Another

term used to describe op-amp input is ICMR. The ICMR is the parameter most often

used in data sheets and is also the one where the circuit designers should be most

concerned. VICMR de�nes a range of common-mode input voltages that results in

proper operation of the op-amp device, and describes how close the inputs can get

to either supply rail. Another way to think of VICMR is that, it describes a range

de�ned by VICMR (MIN ) and VICMR (MAX ) :

VICMR = VICMR (MAX ) � VICMR (MIN ) (3.3.16)

where,VICMR (MIN ) = limit relative to the negative supply rail (- VCC ) and VICMR (MAX )
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= limit relative the positive supply rail (+ VCC ).

The supply voltage (VDD ), the saturation voltage of the bias structure (VDsat ), and

the voltage headroom of the transconductance structure (VGS) de�ne the ICMR. An

approximate expression can be given by:

ICMR = VDD � VGS � VDsat (3.3.17)

3.3.2 AC Analysis

AC analysis includes transient analysis and AC sweep/noise.

| The transient Analysis

� Voltage swing:

The output voltage swing is the maximum peak voltage that the output can produce

before it starts clipping. This voltage is dependent on the voltage supplied to the

op-amp. It is the swing of the output node without generating a de�ned amount of

harmonic distortion.

The positive and negative output voltage swing is calculated as follows:

V +
out = jVSAT 7j =

s
2I D 7

K N (W=L)7
(3.3.18)

V �
out = jVSAT 6j =

s
2I D 6

K P (W=L)6
(3.3.19)
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� Slew Rate :

The Slew Rate of an op-amp describes how fast the output voltage can change in

response to an immediate change in voltage at the input. If a square wave is applied

to the input of the op-amp, the output should also be a square wave. However, the

fast rising and falling edges of the square wave can tend to cause the ampli�er to

oscillate for a short time after the rise or fall. To prevent this e�ect, the op-amp’s

internal circuitry contains a small amount of compensation capacitance that slows

down the rate of change by acting as RC time constant so that very fast transient

voltages do not trigger oscillation, but this compensation also limits the slew rate of

the op-amp.

The slew rate also a�ects sine waves as well as square waves. The rate of change

of voltages in a sine wave is continually varying, it is changing at its fastest rate as

the signal voltage crosses zero, and falls momentarily to zero (no change) at both

the positive and negative peaks of the wave. If the slew rate of the ampli�er can-

not keep up with the fastest rate of change of the signal, some distortion will be

produced. Therefore, to be sure of amplifying large amplitude signals that are most

likely to produce large (and fast) rates of voltage change, an op-amp needs to have a

su�ciently high value of slew rate to cope with the greatest possible rate of voltage

change. If the largest possible voltage swing and the highest frequency of the signal

are known, the minimum required slew rate for the op-amp can be calculated using

the expression given by:

SR (V=�s ) = 2( � )( f )(VP P ) (3.3.20)

where, f is the highest signal frequency (Hz) andVP P is the peak-to-peak voltage of
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the signal.

In another words, SR is associated with charging/discharging time of the compensa-

tion capacitor (CC ) which is mathematically formulated as:

SR =
�

dVout

dt

�
jmax (3.3.21)

But the charge on the compensation capacitor (QCC ) is given by,

QCC = CCdVout (3.3.22)

I =
dQCC

dt
= CC

�
dVout

dt

�
(3.3.23)

Thus, rearranging Eqn.(3.3.23) and equating it with Eqn.(3.3.21) gives,

SR =
I

CC
(3.3.24)

The bias current of transistorM 5 goes either into transistorM 1 or M 2 depending on

whether the input voltage is positive or negative. In either case, the maximum current

going into or out of the compensation capacitor is simply the total bias current (I D 5)

of transistor M 5. Then, Eqn.(3.3.24) becomes:

SR =
I D 5

CC
(3.3.25)

The source currents ofM 1 and M 2 add up to give the drain current ofM 5, i.e., I D 5,

is equal to either 2I D 1 or 2I D 2. So, under ideal op-amp conditions, the bias current

(I D 5) splits equally into transistorsM 1 and M 2 and the SR could also be given by:

SR =
2I D 1

CC
=

2I D 2

CC
(3.3.26)
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Also, the transconductance(gm1), compensation capacitance(CC ) and gain band-

width (GBW) are related by:[6, 37]

gm (n;p) =

s

2� n;pCox(n;p)

�
W
L

�
I D (3.3.27)

GBW =
gm1

2�C C
(3.3.28)

Equating Eqns.(3.3.27) and (3.3.28),CC is given by:

CC =

q
2� nCox( W

L )1I D 1

2� (GBW )
(3.3.29)

SR =
2I D 1

[
p

2� n Cox ( W
L )1 I D 1

2� (GBW ) ]
=

4I D 1�GBW
q

2� nCox( W
L )1I D 1

(3.3.30)

SR = GBW � (Vef f 1) (3.3.31)

where,

Vef f 1 =

s
8� 2I D 1

� nCox( W
L )1

(3.3.32)

is equal to the e�ective voltage throughM 1.

Consequently, improving the SR for the two stage CMOS op-amp is not achieved

only by maximizing the gain band width frequency but also by choosing the e�ective

voltage to be as large as possible; the e�ective (over drive) voltage is(VGS1 � VT HN ).
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| AC Sweep/Noise

In this mode of analysis, we will be examining the AC signals and use the results to

determine the DC open loop gain, PM, CMRR, and PSRR.

} DC Open Loop Gain :

The DC open-loop gain (usually referred to asAV OL ) is the gain of the ampli�er

without the feedback loop being closed. The primary application of any op-amp is to

amplify the input signal at the output. Let gm be the transconductance,gds be the

drain to source transconductance,� be channel length modulation parameter,AV 1

and AV 2 represent the voltage gains of the �rst and the second stages, respectively.

Thus:

AV 1 =
gm1

gds2 + gds4
=

2gm1

I 5
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