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Abstract

The main task of this research is to design and simulate a two stage CMOS operational
ampli er by using OrCAD PSPICE Design and Simulation software, based on analog
and digital electronic devices and advanced integrated circuit design fundamentals. It
involves three basic concepts, theoretical calculation, design, simulation veri cation
using OrCAD PSPICE software. Designers are continuously working toward trades-
0 solutions between gain, input/output swings, speed, power dissipation and gain
bandwidth. The two stage CMOS op amp circuits tries to increase the DC open loop
gain, phase margin, and reduce power dissipation.

The two stage CMOS op amp was analyzed by considering the e ects of aspect ratios
on the characteristics of the design parameters such as, nodal analysis (node voltage,
node current, PD), DC sweep (ICMR), transient analysis (voltage swing, SR), and
AC sweep (DC open loop gain, UGB, CMRR) which operates at 2.5V power supply
using 0.35 m CMOS technology. The designed two stages CMOS op amp was found
to exhibit a PD of 0.214mW, ICMR of 4V, UGB of 12.043MHz, a DC open loop gain
of 130.334dB, SR of -6.0V= s ; 5.12V= s, and CMRR of 130.330dB.

Key Words: Two stage CMOS Op Amp, PD, ICMR, CMRR and 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,
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
0 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.

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 Itering. 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 re-
search 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 today’s 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 gure 1.1.

+V¥g (positive supply)

{invernng input) - O —

v, (output)

[(Moninverting input) v O- +

—Vg (negative supply)

'L‘ (common groand)

Figure 1.1: General Model of Op Amp [8].

1. The input marked with the minus sign is (*-?) is called inverting input terminal.
The input marked with plus sign (*+") 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
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 [V4=
+Vs - ( Vs)]. This device is commonly used to amplify small signals, add or subtract
voltages, and in active Itering 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,






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 gure 1.3.

- b
Offset Mull | 1 741 Op. Amp. 8 | Not Connected (NC)
Inverting ()| 2 =y [~~~ ==———- 7 | V+ (Power)
Non-lnverting (+) 3 1 6 | Qutput

(Power) 4 pm—————— a 5 | Offset Mull

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

(pin2): is the inverting input terminal; all input signals at this pin will be
inverted at the output.

(pin3): is the non-inverting input terminal; all input signals at this pin will be
processed normally without inversion.

(pin6): is the output terminal.
(pin7): is the positive power supply, +Vs, of the A741 op amp.
(pin4): is the negative power supply, Vs, of the A741 op amp.

terminals 1 and 5 are used to adjust o set voltage (they are o set input null
terminals). Since the op-amp is a di erential type, input o set voltage must be
controlled so as to minimize o set.

(Pin8): is unused ("Not Connected”). There is nothing connected to this pin, it
is just there to make it a standard 8-pin package.

1.3 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 through
to the higher radio frequencies. The ampli er can be made to be frequency
selective (i.e., act as a Iter) much like the tone control on a stereo system. It
may be used to maintain a constant output inspite of changing input levels.

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].

1.4 Design Parameter of op-amp

In designing an op-amp, numerous electrical characteristics, such as node currents,
node voltages, PD, ICMR, PSRR, DC open loop gain, SR, CMRR, output voltage
swing, o set voltage, etc., have to be taken into consideration [12]. Furthermore, since
op-amps are designed to be operated with negative-feedback connection, frequency
compensation should necessarily be taken into consideration for gain stability.

PM: is the di erence between the phase, measured in degrees, for an ampli er’s
output signal (relative to its input), as a function of frequency. Typically, the



open-loop phase lag (relative to input) varies with frequency, progressively in-
creasing to exceed 180°, at which frequency the output signal becomes inverted,
or anti phase in relation to the input (180° minus the phase shift at the frequency
at which the gain is 0 dB).

GBW: indicates the product of the open-loop voltage gain and the frequency
at which it is measured.

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.

CMRR: is the ratio of di erential voltage ampli cation (how much it ampli es
the di erence between the two inputs) to common-mode voltage ampli cation
(how much it ampli es a common mode voltage). On a speci cation sheet this
is usually written in the dB.

ADM

CM

CMRR =

PSRR: is the degree to which the op-amp is a ected by the power supply noise.

SR: is the maximum rate of change of output voltage and is expressed as V/ s.
Limitations in slew rate capability can give rise to nonlinear e ects in electronic
ampli ers. 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; the
faster the output can change the more easily it can reproduce high frequency
signals.

Input Impedance: The parameter of an op amp that can be represented by an
internal resistance between the input terminals.

Output Impedance: Regardless of the amount of current drawn by an external
load, the output voltage of the op amp remains una ected. That is, no loading
occurs. This means, the value for an ideal op amp is 0.

O set Voltage: is unwanted voltage generated by the circuit and not by the
input signals. The output o set voltage is then determined by the input 0 set
voltage and the gain of the ampli er. The output o set voltage can be shown
to be a ected by two separate circuit conditions. These are: an input o set
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voltage (V,0), and an o set current due to the di erence in currents resulting
at the plus (+) and minus (-) inputs.

Channel Length Modulation ( ): For MOS transistors, a commonly used pa-
rameter for the characterization of channel length modulation are the reciprocal
of the early voltage or a shortening of the length of the inverted channel region
with increase in drain bias for large drain biases.



Chapter 2
LITERATURE REVIEW

2.1 Single Stage op-amp

Single stage op-amp only one stage with associated circuitry is used for amplifying a
Weak signal, the circuit is known as a single stage transistor ampli er. Although a
practical ampli er consists of a number of stages, so such a complex Circuit can be
conveniently split up into separate single stages. By analyzing repeatedly, then e ec-
tively understand 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 [13]. Figure 2.1 indicates a single stage
op-amp topology.

11



12

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. 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 of a common source
enlarges the DC gain by an order of magnitude and maximizes the output signal
swing for a given input voltage [15].

:
RN I
I P S

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

J—

This is another advantage in reducing 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
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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 capacitor C.. Both
of the DC gain and the gain bandwidth 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 single ampli ers are usually connected in
cascade arrangement i.e. output of rst stage is connected to the input of the sec-
ond 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..........ccuveee. RC coupled ampli er
Transformer coupling............ Transformer coupled ampli er
Direct coupling................. Direct coupling ampli er

Each stage consists of one transistor and associated circuitry and is coupled to the
next stage through a coupling device. 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 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 gure 2.3. The common terminal is connected to
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a power supply and the input current source is connected to the input terminal. Ide-
ally, 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].

Voo

(&)
fin C) fou'r=f.02l

My | | ] | Mo VouT
Vin

L

Figure 2.3: A Simple Current Mirror [9].

The current mirror as an active load in a CMOS circuit has three distinct advan-
tages. 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 sig-
nal, 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 Op-Amp Speci cations

ICMR:

The input common-mode range represents the voltage in the input stage under
Normal operation range [16]. It is the range of DC common-mode input voltage
for which an op-amp behaves normally with its key parameters, including o set
voltage and input bias current. It is one of the primary speci cations of the op-
amp in design. The common mode range that includes ground for single supply
operation as well as mid supply voltage for dual supply operation speci es the
range over which normal operation is guaranteed.
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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 [17].

Settling Time:

Settling time is the duration from an ideal step input until the output of the
ampli er enters - and remains - within a speci ed error level related to the nal
value [18]. As shown on gure 2.4, there are three distinctive regions in the
settling time of an op amp: propagation delay, slewing of the ampli er (non-
linear), recovery and linear settling or ringing (quasi-linear) regions. The initial
delay (dead time) is usually a short term. Slewing period is a non-linear phe-
nomenon [18].

Figure 2.4: Settling Time [15].

The length of this period is usually determined by the maximum available in-
put stage current to charge/discharge the compensation capacitor (as well as
parasitic capacitances). After slew limiting, the ampli er settles towards the

nal Value in a quasi-linear way. In high speed ampli ers the slewing period
is really short (only few nanoseconds). If the ampli er is poorly compensated
and/or there is an imprecise pole-zero cancelation, then the recovery time might
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be the dominant factor in settling. There are number of parameters that af-
fect the settling duration. The error band is de ned as a percentage of the
amplitude of the output step. Once the ringing is con ned within that percent-
age near the nal value, the ampli er is assumed settled for a speci c error level.

Assuming an output step from -2.5V to 2.5V, these results in a 0.1% settling
band of 5m. Therefore, 0.1% settling is not complete until the waveform is
bounded between 2.505V and 2.495V. Although it may look easy to measure
settling time by looking at the description, it is a di cult task especially when
higher precisions are considered. Measurements of these ne voltage levels are a
di cult task at a given speed. Also, it is di cult to isolate any testing method
from a ecting the performance of an ampli er. The settling time consists of
30% of slewing time and 70% of linear settling time. The settling time constant
() is given by: [19]

_C

~ Om
where, g is the transconductance of the transistor and C, is the load capaci-
tance.

(2.4.1)

SR:

SR is rate of change of maximum output voltage [16]. It is decided by the current
and the total capacitance of each stage [20]. The maximum rate at which the
output of an op amp can change is limited by the nite bias current. When the
inputs change too quickly, the op amp’s 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:

dVout .
SR = d‘;“‘ jmax (2.4.2)
Since, Vour = & and 1 = £, we obtain:
1 dQ IBlas
R=—-—(—)= 2.4.
S C ( dt ) C. (2.4.3)
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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 [21].

GBW and 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.
GBW

Closed loop bandwidth = Closed loop gain (2.4.4)

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 (Ag.) of the ampli er
becomes unity (or 0dB).

UGB = faoL=1 (2.4.5)

where, f is frequency and Ao, is the di erential DC open loop gain. In the case
of a single pole Ap, curve, the unity gain bandwidth and the gain bandwidth
product are the same.

GBW = faoL (2.4.6)

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 [22].

Dynamic range (DR):
It is the ratio between the largest and smallest possible values of a changeable
quantity.

DR =10 log (M) (2.4.7)

I:'noise
The peak signal power is the power of the maximum di erential sinusoidal signal
that does not overload the ampli er. The noise power is the total noise at the
ampli er output integrated from 1 Hz to in nity [23].



Chapter 3

DESIGN PROCEDURES AND
MATHEMATICAL
FORMULATIONS

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 [24].

Compensation

17 Circuitry
Vi

—— Differential i I
Transconductance ;'fgegzam v/,
V2 Stage 1 out
Bias
Circuitry

Figure 3.1: General Structure of Two Stage CMOS op-amp [24].
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It consists of four functional blocks. The rst block indicates the transconductance
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 capacitor [25]. This op-amp architecture has many
advantages: high open-loop gain, rail-to-rail output swing, large input common mode
range, only one frequency compensation 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 Iters, analog to digital converters, and sensing cir-
cuits [26]. The topology of the circuit designed in this research work is a two-stage
CMOS op-amp, as shown in gure 3.2

Vop

0 Vour

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

The circuit consists of 8 transistors out of which 5 are NMOS and the remaining
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3 are PMOS transistors. The three main parts of this circuit 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 transistors M;, M,, M3 and M,. Tran-
sistors M; and M, are NMOS transistors which form the basic input stage of the
ampli er. The gates of M; and M, 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 simply g, of M, times the total output resistance seen at the drain of M,. The
current mirror con guration comprised of M3 and My 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 transistors M; and M, and also the output resistance
of the active load transistors Mz and M.

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 where Mg acts
as driver and M; works as load. The output from the drain of M, will be ampli ed
using the common source con guration represented by Mg. Bias String- the biasing in
the circuit is achieved by using two source voltages (Vpp and Vss), the tail (source)
current from transistor Ms which is ideally equal to that from the current-mirror
circuit formed by Ig;as and Mg. Transistor M; and Mg 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 by C. and C_, 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.

3.3 Mathematical Formulations

3.3.1 DC Analysis

DC analysis consists of bias point and DC sweep analysis. These two categories are in
turn subdivided into two as follows: Bias point includes node voltage, node current,
and power dissipation analysis. DC sweep also serves to display ICMR analysis.



Table 3.1: Table of Speci cations

Parameters Proposed value
Technology 0:35 m
Vbp=]Vss] 2.5V
Gain >75 dB
Pdiss ImW
ICMR -1Vto2V
CMRR 65 dB
GBW 1 MHz

PM >45 degree
SR 5V/ s
Output Swing 1V

Cc 3pF

g

_| Biaspoint Node

Current
DC analysis —»

DC
sweep
or

ICMR

Figure 3.3: The Hierarchy for DC Analysis
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Bias Point Analysis:
The bias point analysis has subdivisions that includes node voltage, node current and
power dissipation analysis on the circuit design.

|l Nodal 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 Viout offsery & O will occur at the output when both inputs are shorted to
ground. Since Vout: offsery 1S directly proportional to the gain, the e ect can be more
conveniently described in terms of the input o set voltage Vin: offsety, 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
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:

Inadi 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
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using di erent design techniques. To reduce the input o set voltage, the drain-
source voltages of transistor M; & M, and M3 & M, are made equal, respec-
tively.

Vbs1 = Vps2 (3.3.1)

and,
Vbs3 = Vbsa (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 Qqy = Q=L coulombs per meter and the drift (average)
velocity of the charges is v = L=t meter per second, then the current through the
semiconductor bar of length L is given by:

1=2=3 ©
=) (5)=0u (333)

Second, the source and drain relation:- Since we assume the onset of inversion occurs
at Vgs = V1 , the inversion charge density produced by the gate oxide capacitance
is proportional to Vgs  Vrn [27]. For Vgs V1w, 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 vV=C (Ves Vrn)

and,
_"x A" (W L)
c= d d
Thus,
0 _Q_C (Ves Vrn)
a7 L L
o =Pl (Ves  Vrw)
4=

L
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Qu = (WCox)(Ves  VTH) (3.3.4)
where, WCy = W % = % is the capacitance per unit length.

If the inputs of the rst stage are grounded and perfectly matched, this ensures
that the current Is will split equally between M; and M,:

|
Ipr=Ip2 = % (3.3.5)
since, Ipz = Ipy and Ips = Ips, We have:
|
Ips = 5 = Ips (3.3.6)

2
In other words, the current densities of M3, M4, Mg and My are equal, i.e,

|D3 ID4 IDG ID7
= = = 3.3.7
(W=L), (W=L), (W=L), (W=L), ( )
Therefore,
|D5 |D5 ID6 ID7
= = = 3.3.8
2(W=L), 2(W=L), (W=L); (W=L), ( )
Note that Ipg = Ip;. Transistors Ms and M; have equal gate source voltage,

(Vess=Ves7). Thus,

los _ los _ 2W=Lyse _ 2(W=L)ss
Ips Ip7 (W=L)s (W=L);

(3.3.9)

Or,
(W:L)3;4 _ (W:L)3;4 _ Ips

(W=L)s ~ (W=L);  2lpgy
The aspect ratios are chosen so as to satisfy equation (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 voltages and current
densities of M3, M4 and Mg are equal, the drain to source voltages of these transis-
tors must also be equal. The bias current l,ias (or simply; Iy) determines the drain
to source voltages of the current source of devices Ms, M7 and Mg. Since these three
transistors have the same gate to source voltage, their currents are simply related to
their dimensions, as follows

(3.3.10)

_ (W=L)s

. _ (Ws)(Ls)
o° (W=L)sg

—(Wg)(Ls)

(1) (Iv) (3.3.11)
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[ = (W=|—)7(| ) = (W7)(Ls)
BT (W=L)g ™ T (Ly)(Ws)

Equating equations (3.3.5) and (3.3.11) we obtain,

(1) (3.3.12)

_ _ (Ws)(Ls)
Ip1 = Ip2 = m(lb) (3.3.13)

Power dissipation (PD):

To reduce system 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 [28].

An important aspect of depletion-device performance is the variation of Ipss 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 Ipss Vvaries as the square of the threshold voltage, large variations in
Ipss due to process variations often occur. Tolerances of 40 % or more due to pro-
cess variations are common. Because Ipss 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
Ves = 0 and Vsg & 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 [28]. 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
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budget allocated is to be very low.
Po = (Vb +jVss)) ot (3.3.14)

where,
ltot = 2Ips + Ips (3.3.15)

| DC Sweep

DC sweep refers to ICMR. When speaking of op amp inputs, input common-mode
voltage (Vcwm) is one of the rst term of which an electronics engineer considers, but
may lead to some initial confusion. Vcpm 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 V,cmr IS that, it describes a range

de ned by Vicmr (miny and Vicmr (Max):

Viemr = Viemr Max)  ViecMR (MIN) (3.3.16)

where, Vicmr (viny = limit relative to the negative supply rail (-Vcc) and Vicmr (vax)
= limit relative the positive supply rail (+Vcc).

The supply voltage (Vpp), the saturation voltage of the bias structure (Vpsat), and
the voltage headroom of the transconductance structure (Vgs) de ne the ICMR. An
approximate expression can be given by:

ICMR = VDD VGS VDsat (3317)

3.3.2 AC Analysis

AC analysis includes transient analysis and AC sweep/noise. The transient analysis
by itself comprises of voltage swing and slew rate. AC sweep/noise includes DC open
loop gain, CMRR, and PSSR. The hierarchy for the AC analysis is shown in gure
3.4.
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Transient

Amnalysis

oy
AC
sweep/ noise CMRR

Figure 3.4: The Hierarchy for the AC analysis

| 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:

s
L . 21
Voir = Vsarrl = 1~y (V\ZL)? (3.3.18)
S
. . 21
Vout = JVSATGJ = KP (V\I/DSL)G (3319)

SR:
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 amps
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
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voltages do not trigger oscillation, but this compensation also limits the slew rate of
the op amp, as shown in gure 3.5.

Uncompensated
Curtput

o0 |
Compensated
Crutput
10%

e

Ri=e and fall times increasad

Figure 3.5: Output Compensation [20].

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 cannot 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 asu 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:[21]

SR (V= s) =2( )(F)(Vpp) (3.3.20)

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

In another words, SR is associated with charging/discharging time of the compensa-
tion capacitor (Cc) which is mathematically formulated as:
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av, ]
SR = (d—‘;”tnMAx (3.3.21)

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

Qcc = CcdVour (3.3.22)
_ dQCC _ dVout
== = Cc( n ) (3.3.23)

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

|
SR=— 3.3.24
e (33.24)
The bias current of transistor Ms goes either into transistor M; or M, 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 (Ips)

of transistor Ms. Then, equation (3.3.24) becomes:

ID5
R=2° 3.2
SR = (3.3.25)

The source currents of M; and M, add up to give the drain current of Ms, i.e., (Ips)

is equal to either 2lp; or 2lp,. So, under ideal op-amp conditions, the bias current
(Ips) splits equally into transistors M; and M, and the SR could also be given by:

2lp1 _ 2lpy

SR =
Cc Cc

(3.3.26)

Also, the transconductance (gmi1), compensation capacitance (Cc) and gain band-
width (GBW) are related by:[6]

-
W
Omip) = 2 n;pCox(n;p)(r)lD (3.3.27)
Om1
BW = 3.2
G 3 Co (3.3.28)
Equating (3.3.27) and (3.3.28), Cc is given by:
q

C. = 2 nCox(%)llDl 3.3.99
©T 2 (GBW) (3.3.29)
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2lp1 _, 4p1 GBW

SR=-+p — =g (3.3.30)
s 2 nCox(Pilon
SR =GBW (Veff]_) (3331)
where,
s
Veffr = ———— (3.3.32)
effl ncox(%)l

is equal to the e ective voltage through M;.

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 (Ves:1  VtHN)-

I 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 as Ayor) 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 g, be the transconductance, gqs be the
drain to source transconductance, be channel length modulation parameter, Ay
and Ay, represent the voltage gains of the rst and the second stages, respectively.
Thus:

gml _ 2gml

Ay = =
Vi Ods2 + Qasa  Is( 1+ 2)

(3.3.33)

and,
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Jo . __Omé (3.3.34)

Ay, =
Y2 Gass + Oasz le( 6+ 7)

Therefore, the total gain of the two stage single ended op amp is given by,

2gml Ome
Ay = A Ay, = 3.3.35
Y V2T (1 (6t 7) ( )
The Unity Gain Bandwidth (UGB) can be formulated as:
UGB = _Im (3.3.36)
2 Cp
3} CMRR:
The expression for the CMRR is given by:
CMRR = oM (3.3.37)
Acwm
CMRR is usually written in decibels:
A
CMRR(dB) =20 log (—21) (3.3.38)
Acwm

3.4 Calculation of Transistor Parameters

The width to length ratio (aspect ratio) of each transistor was determined using
the formulas derived in the above subsection. Also, other parameters, such as the
drain currents of the transistors, transconductance, etc., were determined using the
speci cations and derived formulas.

compensation capacitance(Cc):

The phase margin is used to nd the value of the compensation capacitance.
When we want to remove the ringing, the phase margin should be very large.
So, the minimum value of the phase margin is  45°. So, we select 60° as a
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good approximation for the phase margin and the compensation capacitance is
about 22% of the load capacitance, that is:

Cc=0:22 CL=0:22 10pF =2:2pF 3pF

To determine the current through Ms:
Using the speci cation value of SR = 5V= s we obtain,

|D5=SR Cc =5V=s 3pF:15 A

Therefore,

|
|D1=|D2:$:7:5 A=lps=lp,

To calculate the widths of M; and M, from UGB:

Omi = UGB 2 Cc =1MHz 2 3pF =18:84 S

202, 2 (18:84 S)? _ 004
nCoxlp1 100 A=V2 3pF 755 A

w
(r)l;z =
To calculate the widths of M3 and My:

1 w ) .. ]
Ipsa = EKP (r)3;4(JVGSJ iVrrpi)?

(ﬂ)3-4 _ 2134 — 2lp3a
L™ Ke(Vasj  jVrur))? Ke(Vob ICMRumax  Vrupimax + Vrremin)?

L% 7 (50 A=VZ) (25V 2V  0:835V +0:653V)2

To calculate the width of M5 from ICMRu N

Vpsat =Vob ICMRumin Vs =25V ( 1V)  0:565V = 2:935V
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Thus,

Wy =2 Tos _ 2 15 A
* T KoV (100 A=V2) (2:935V )2

W
. = 0:034 = (1)s

Because, Mg is connected in series with Ms, the currents Ipg and Ips are equal.

To calculate the width of Mg from balanced proper mirroring of the rst stage
current mirror load:

. Coy_ .. , 10pF | _ ...
Gmo = 22 Gmi(G5) =22 1884 S(70) = 13816 S

r
W P
Oma = ZKP(T)A |D4: 2 (50 A:VZ) 296 75 A=471 S

Thus,
138:16 S

W _ W gm6 . — o.
(f)e—(r)4(ﬁ)—2.96( 7S ) = 8:68

To calculate the width of M;, rst calculate the current through transistor Mg

(Ips = Ip7): )
o7 = —ome
’ 2KP(VTV)6;7
_ (13816 82 _
67 = 550 A=v?) 868 S
Therefore,
W _ W |D6;7 A 219 A A
() =(s ( . ) =0:034 () = 0:049



Table 3.2 gives summary of all transistor parameters obtained by calculation.

Table 3.2: Calculated Values of Transistor Parameters
| Parameters | Calculated value ||

Cc 3pF
(W:L)l;z 0.94
(W:L)3;4 2.96
(W=L)s:g 0.034
(W=L)s 8.68
(W=L); 0.049
ID1;2;3;4 7.5 A
Ios:s 15 A
Ipe:7 219 A




Chapter 4

DESIGN, SIMULATION, AND
DATA ANALYSIS

In this chapter, we will design the proposed two stage CMOS operational ampli er by
using OrCAD PSPICE design and simulation software. Eventually, the investigation
and discussion of the simulation results will be carried out for each transistor param-
eters. Namely: bias point analysis, DC sweep, AC sweep, and Transient analysis.
The two stage single-ended CMOS operational ampli er has been designed using the
proposed schematic layout given in gure 3.2 and the aspect ratios calculated and
listed in table 3.2. The supply voltage Vpp is 2.5V and Vss is -2.5V. The inverting
and non-inverting terminals of the circuit were connected to ground. The width and
length of the transistors were initially set according to the values given in table 3.2.

Finally, the aspect ratios and other device parameter values were adjusted through
inspection method by repeating the procedure over and over until the desired opti-
mal results were obtained (refer the Apendix for some of the trials taken before the
optimal results were obtained). Redesign was done to meet nearly zero output volt-
age; the required biasing current speci cations and increased gain by adjusting the
widths of the transistors and lowering the values of the compensation and the load
capacitors. The modi ed design with values appearing best for the proposed work is
shown in gure 4.1.

35
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Figure 4.1: Design of Two Stage CMOS Op Amp.

4.1 DC analysis

Bias point analysis

Transistor bias point analysis includes nodal analysis (node voltage, node cur-
rent and PD). These were simulated as follows:

I Node Voltage:

Choosing node voltages instead of element voltages as circuit variables is con-
venient and reduces the number of equations. At this stage, the noninverting
terminal (that is, the gate of M;) was connected to a DC bias input o set volt-
age to further reduce the output o set voltage, since it could not be achieved
by simply adjusting the aspect ratios of the transistors. The node voltage bias
point analysis simulation results are shown in gure 4.2.
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Figure 4.2: Simulation Results of Node Voltages.

From gure 4.2, one can observe that the output o set voltage is equal to the
voltage at load capacitor (Vout offset=Vcr) Which was reduced to a very negligi-
ble value of 7.034nV by connecting an appropriate DC input o set voltage (V|0
= 245.18nV) through iterative method.

I Node current:

Figure 4.3 shows the simulation results of node currents of the two stage single-
ended CMOS op amp. The node current analysis is done to determine the drain
current of each transistor.

The tail current, Ips = 11.02 A which is equally split into Ip; = Ip, = 5.509
A = lp3 = Ips ;Ipe = Ip7 =20.77uA; Ipg = 11.0 A, which is equal to the bias
current since the mirror current of Mg serves as bais string.
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Figure 4.3: Simulation Results of Node Currents.

I Power Dissipation:
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Figure 4.4 is the simulation result to calculate the total power dissipation. It is

calculated as follows:

Pp = [45:26 +9:736 + 5:962 + 5:959 + 12:37 + 12:37 + 18:42 + 51:92 + 51:92] W:

Pp =213:917 W = 0:214mW
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Figure 4.4: Simulation Results of Power Dissipation.

DC Sweep

| ICMR:

DC sweep is a mechanism of simulating ICMR. The design of input common

mode range is shown in gure 4.5.
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Figure 4.5: Circuit Design for the ICMR analysis
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From the simulation result shown in gure 4.6, we observe that the graph is
linear for input voltage range of -1.853V to 2.148V.

Lt ?
oy B 7

-2.0V -1.5V -1.0vV -0.5vV 0.0V 0.5V 1.0v
V(CL:1) V(VIO:+) V-VIO 1.5V 2.0v 2.5V

Figure 4.6: ICMR Simulation Result.

4.2 AC Analysis

AC sources are time dependent and the circuit has input small signals as a function
of frequency applied to both the input terminals. The output value of the AC signal
varies over a range of frequencies in phase or out of phase with respect to the input
values of the AC signal and it also depends on the sign of the input AC signal. AC
analysis consists of Transient analysis (output voltage swing and SR) and AC sweep
(DC open loop gain, CMRR, and PSRR).

Transient (Time Domain) Analysis

Transient (time domain) analysis is probably the most popular analysis. The
output AC signal tries to follow the input signal with out distortion or clipping
for some amplitudes of the input AC signal.

I Output Voltage Swing:
A sinusoidal input signal of 130 nV amplitude and 100Hz frequency and a
DC input o set voltage of 245.17806062nV are connected to the inverting and
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noninverting terminals, respectively, to determine the output voltage swing, as
shown in gure 4.7.

T Mbreakp | | _M3 M4 J Mbreakp M6
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0 ¢ VIO —
— 245.17806062nV
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. L =0.35um M5, L =0.35um — 0 M7
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VSS| ~ - =0.35um
% =l W = 2.625um

Figure 4.7: Circuit Design of Voltage Swing.

As we can see from gure 4.8, the peak to peak output signal swings from
-127.773mV to 117.632mV when the input peak to peak signal swings from
-129.999nV to 129.999nV.
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Figure 4.8: Simulation Result of Voltage Swing.

Il SR:

In gure 4.9, a step input signal (i.e., a square wave, Vpy_sg) of 2.5V ampli-
tude and 50 s period is applied at the noninverting terminal while the inverting
terminal is connected to the output terminal. The slew rate is determined from

the slope of the rising or falling edges of the output wave.
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Figure 4.9: Circuit Design of SR.

The simulation result for SR is shown in gure 4.10.

Figure 4.10: Simulation Result of SR.

The slew rate for the rising edge (SR+) was found to be:

SR _2:2523V ( 2:4970V)
T 51:000 s 50:902 s

_ 4:7493V

= m =5:12V= s

SR.
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The slew rate for the falling edge (SR ) was found to be:
2:4912V  2:2271V

SR = 55606 5 25:820 s
4:7183V
SR = BOVE s

Therefore, we observe that the positive slew rate (SR4) = 5.12 V= s and the
negative slew rate (SR ) =-6.0 V= s.

AC Sweep Analysis
| CMRR:

An AC signal of 1V and an input o set voltage of -245.17806062nV were applied
to the gates of M; and M,, respectively, as shown in the CMRR circuit design
of gure 4.11.

Figure 4.11: Circuit Design of CMRR.

From gure 4.12, the simulation result of the CMRR is 130.33dB.
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Figure 4.12: Simulation Result of CMRR.

| DC Open Loop Gain:

The open loop gain was measured using the circuit design shown in gure 4.13.
In this con guration, the ampli er is an open loop mode with 2.5V supply
voltage. An AC signal of 1V is applied at the gate of M; and an input o set
voltage of -245.17806062nV is applied to the gate of M,.

Figure 4.13: Circuit Design of Open Loop Gain and PM.

The simulation results of the DC open loop gain, UGB, and PM are shown
in gure 4.14. The DC open loop gain is 130.334dB. The UGB and PM are,



respectively, 12.043MHz and 89.377°.

Figure 4.14: Simulation Result of Open Loop Gain, UGB, and PM.
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Chapter 5

SUMMARY, CONCLUSIONS
AND RECOMMENDATIONS

5.1 Summary

Chapter one introduced the historical background, brief introduction, application,
and design parameters of CMOS op amp. In chapter two, literature review on single
stage op amp, multi-stage op amp, the current mirror and op amp speci cation has
been covered. In chapter three, design methodology, procedures, speci cation, math-
ematical formulations and calculations of transistor sizes and other parameters were
discussed. In chapter four design and simulation results were described for the per-
formance of the proposed two stage op-amp circuit to achieve the research objectives.

In this research work, the di cult part was to match hand calculation with simulation
results. The channel length modulation ( ) was actually not considered during hand
calculations. However, it had a signi cant in uence on the simulation results. Some
other factors, such as gate capacitances (Cgyq, Cgys, €tc) also caused the mismatch
between hand calculation and simulation results. Therefore, after the simulations,
most of the transistor’s sizes still needed to be modi ed in order to optimize various
performances. In fact, both hand calculation and simulation are very important when
designing a circuit since hand calculation gives a scienti ¢ guess for all parameters,
while simulation with PSPICE software shows the results closer to the real circuit
performance values.

47



Table 5.1: Comparison between proposed value with Simulation result

Parameter Proposed | Simulation Di erence
Value Result (in %, when
applicable)
Paiss 1mw 213.917 W 78.61%
ICMR -1V to 2V | -1.8530V to 2.1480V | 33.37%
Output Voltage -127.773mV to
Swing v 117.632mV 87.73%
SR j5V=sj | -6.0V/ s;5.12V/ s | 20%; 2.4%
CMRR 65dB 130.330dB 100.5%
DC Open Loop Gain | > 75dB 130.334dB 73.78%
PM > 45° 89:377° 98.62%
UGB 1MHz 12.043MHz 91.67%
(W=L)1, 0.64 3.47 2.83
(W=L)34 2.96 2.44 0.52
(W=L)s 0.034 3.985 3.951
(W=L)e 8.68 9.203 0.523
(W=L); 0.049 7.5 7.451
Ip1:2:3:4 75 A 5509 A 1.991 A
Ips:s 15 A 11.02 A 3.98 A
lpe:7 219 A 20.77 A 1.13 A
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5.2 Conclusions

From Table 5.1, the comparative results, especially the improvements given in per-
centages of the simulation values over hand-calculated results strongly supports us to
conclude, in general terms, that we have achieved a very good circuit design of a low
power, single-ended two stage CMOS op-amp with high gain and very wide UGB.
More speci cally, the following conclusions can be drawn:

The salient feature achieved in this design and simulation research work is the
very wide UGB, extremely high DC open loop gain and CMRR. With such high
DC open-loop gain and CMRR, it can be concluded that the design could be
used for instrumentation ampli ers with low noise interference.
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The SR of the CMOS op-amp for the rising and falling edges of the input
voltages are comparable to the speci cation values. The output can respond
with the input at a modest speed.

The circuit design has insigni cant power dissipation. Thus, battery powered
device applications using this design can be operated for longer durations since
power consumption in the circuit is too small.

5.3 Recommendations

From the results obtained in this research, we have seen that the design has several
improved features from previous research works. However, it is our belief that further
study on certain aspects of the design could be more advantageous from the point of
device applications. With this context, we recommend that future work is required
to investigate the PSRR. Moreover, it is recommended that some compromise value
should be reached regarding the DC open loop gain. Since, it has signi cant e ect in
the present reduced value of the output voltage swing.
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Appendix:

Iterative methods used to reach at the nal design circuits:

Figure 5.1: Design of Single Ended Two Stage CMOS Op Amp (Trial 1)

Figure 5.2: Simulation Result of Bias Point Voltage (Trial 1)
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Figure 5.3: Simulation Result of Node Currents (Trial 1)

Figure 5.4: Simulation Result of Power Dissipation (Trial 1)
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Figure 5.5: Design of Single Ended Two Stage CMOS Op Amp (Trial 2)

Figure 5.6: Simulation Result of Input O set Voltage (Trial 1)
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Figure 5.7: Simulation Result of Input O set Voltage (Trial 2)

Figure 5.8: Simulation Result of Input O set Voltage (Trial 3)
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Figure 5.9: Simulation Result of Input O set Voltage (Trial 4)

Figure 5.10: Simulation Result of Input O set Voltage (Trial 5)
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Figure 5.11: Simulation Result of Input O set Voltage (Trial 6)

Figure 5.12: Simulation Result of Input O set Voltage (Trial 7)
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Figure 5.13: Simulation Result of Input O set Voltage (Trial 8)

Figure 5.14: Simulation Result of Input O set Voltage (Trial 9)
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Figure 5.15: Design of Single Ended Two Stage CMOS Op Amp (Trial 3)

Figure 5.16: Simulation Result of Bias Point Voltage (Trial 2)
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Figure 5.17: Simulation Result of Node Current (Trial 2)

Figure 5.18: Simulation Result of Power Dissipation (Trial 3)
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