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Abstract

The trend of scaling down the mixed signal integrated circuit (IC)
technologies is on one hand facilitating the digital circuits to fully embrace
the smaller feature sizes but on the other hand it severely limits the
performance of analog circuits. This poses a tough demand for analog
circuits to give comparable and acceptable performance in a CMOS
technology with higher threshold voltage compared to available supply
voltages.

This work describes the design, implementation and simulations of low-
voltage and low power PreAmplifier in 65nm CMOS technology. The
PreAmplifier is used in the front-end of a hearing aid and its gain is
digitally controlled based on input signal power level. The gain is
programmable in steps of 6 dB ranging from 0 to 24 dB i.e. 0, 6, 12, 18 and
24 dB with less 1% gain variation from the specified values.

The designed PreAmplifier primarily consists of a two Stage Miller
compensated operational amplifier. It uses switched capacitor technique to
implement the feedback resistor around the operational amplifier. The
lower cutoff (-3dB frequency) of the specified bandwidth for the
PreAmplifier is simulated to be 100Hz for all gain configurations. The
power supply rejection ratio (PSSR) is -45dB, the total input referred
voltage noise is -107 dBV, and the total harmonic distortion (THD) is -
87dB. The total current consumption of the PreAmplifier with 1V power
supply is 32uA. All the simulations of PreAmplifier are performed using
Analog Design Environment tool of the CADENCE at 27° C and the load
capacitance of 1pF. The approximate chip area of the designed
PreAmplifier is 250pum x 250um.



Acknowledgement

I would like to thank Wagas from Electrical and information technology,
Lund University and Lars from GN ReSound for finding this opportunity
for me. Thanks to my supervisor Peter Siegumfeldt for his patience and
supporting me right from the beginning till the end of project, without him
this project was not possible. I would also like to thank my examiner
Henrik Sj6land for his timely support and useful feedbacks.

Deep thanks and gratitude to the people of Sweden for supporting my
education on their tax money and same to people of my country Pakistan
whose tax money supported my boarding and loading expenses.

Thanks to all my friends especially Ali, Ateeq, Omar, Kamal, Asheesh for
their time and support and encouragement.

Thanks to my family for supporting me throughout my life.



Table of Contents

Abstract 2
Acknowledgments 3
Table of Contents 4
1 Introduction 6
1.1 INtroduction ... ————————— 6
1.1.1  What is Hearing Aid? ... ssesssssssssssans 6
1.1.2 PreAmplifier in a Hearing Aid inStrument..........cooeoreenseneenseeseesseeseenn. 6
1.2 Project Specifications..........mmsssssss 7
1.3 Thesis Motivation .....m———————— 7
1.4 Thesis Organization....... e ————————— 8
2  Feasibility StUAY ......commmsmmsmsmmsmsmssmssssmssssnsssssssssnsssssssssssssssssssssssssssssssas 10
21 Feedback network for High Gain Amplification with enhanced
bandwidth and gain control [1] .....cs—————— 10
2.2 Variable Gain Amplifier for gain scaling in an analog-to-digital
L0001 177 =) ol 7 12
2.3 Variable Gain and Low Noise Amplifier for received signals in
Imaging Apparata [3]....cum—————————————— 13
2.4 Proposed method of PreAmplifier Design........ccuusmsnsmssmsesesessensns 15
2.5 10014100 ) o 2 16
3 System Model Design of the PreAmplifier........ccoonnmsrscscscsesennns 17
3.1 PreAmplifier System Model Design Considerations.........ccuuuue. 17
3.2 PreAmplifier System Model Development .........ccoussnsnsnsesessssnnsns 19
3.3 PreAmplifier System Model Test-bench...........ccuuncirirnssesnsesnsnnns 19
3.4 Simulation RESUILS ... 20
3.5 Summary and ConcluSioN ... —————— 22
4 Design of a High Value ResSiStor ..., 23
4.1 L8010 0 6 1 U 00 ) ¢ 23
4.2 Realizing high value resistance in a CMOS process.........cuuseues 23
4.2.1 Ultra High Value floating tunable resistor [6].......ccueneerseereeereens 24
4.2.2 Diode connected PMOS transistor as resistor [7]........eneens 26
4.2.3 Switched Capacitor resistor [8] ....cemeemeesseesseesnsersessessseesseesseees 27
4.3 Comparison of techniques to realize HVR in CMOS.........c.cocvususe 28
4.4 Designing Rf as @ SC resistor....ssns 28
4.5 10014111 ) o 2 30
5 Operational Amplifier Specifications and Design
ConSiderations.....—————————————— 31
5.1 Opamp SPecifications......i———————— 31
5.1 GAIN et ssss s sssssss s st sssssssssssssssssssssssssssasessnns 32



5.1.2  Input cOMMON MOAE TANZE.....wwerremrerreereersermsessseesseessssssssesssessessssssssessnas 32

5.1.3  Output VOItaZEe SWING. .. siereeereeerreereeereesseeeseessesssssssessssessssssessssesssesssssasessnas 33
5.1.4 Unity Gain Bandwidth and Phase Margin .........onenensenseenees 33
5.1.5 Power Supply Rejection Ratio (PSRR) ... 34
5.1.6  Equivalent INPUL NOISE ...ccneirrnmemrnmesnenssnesssssssssssssssssssssssssssssssssessns 34
5.1.7 Total Harmonics distortion plus Noise (THD+N) ....ccoconnmemrrnnernnns 34
5.2 Choice of opamp tOPOlOGIes.....cisiiismsssmsmsismsmsmsssssssssssssssssssssasns 35
5.3 SUMMATY i ——————————————— 38
6 Technology characterization using gm/Id method.............. 39
6.1 INtroducCtion ... ————————— 39
6.1.1 Performance metric Of INtEreStS....cunerirnreereesreeseesesseesseesessseesesens 40
6.1.2 Technology characterization........oeneeneceseenseeneessesseesseessessessesees 41
6.2 Generation of gm/Id versus Id /(W /L) characteristic curves 41
6.3 Important features of gm/id method .......cooinnrnnscicsnnnsnsssnsnnnns 44

7 Design of a Two Stage operational amplifier using gm/id
based method........cnnnn s —————— 46
7.1 Review of a Two Stage Opamp architecture .........ounmsmnmsssnans 46
7.1 1 INPUL STAGE oeerrreecemcrreererseesessees s sses s sssssesssesss s s sssssssssessesssessees 47
7.1.2  OULPUL STAZE .ot 48
7.1.3  BiaSIng StAZE ..o 48
7.1.4  Compensation STAZE......ceeenerneererseeesses e sssssessessesssesees 49
7.2 Two Stage opamp Specifications........cumvnnnns——. 49
7.3 Design of a two stage OpPampP ... ——— 50
7.4 Simulation ReSUlts ... 54
A R O N F: 1] 13PN 55
7.4.2  NOISE ANALYSIS woureeereerereeseeseesse s sssssses s sesssssssss s sssssees 55
7.4.3  XF ANAlYSIS .t essesesssssss s ssssssssssssesasessees 57
7.5 SUMMATY e 58
8 System Integration and Simulation Results ........ccovnnnrnsnsnnns 59
8.1 System iNtegration ... ——————— 59
8.2 Simulation ReSUlts ... 60
8.2.1 Closed LOOP AC BaiN.....cirmirsssssssssssssssssssssssssssssssssssssssssssssns 60
B.2.2 NOISE et 61
8.2.3  PSRR ettt 62
8.2.4  TranSient rESPOMNSE.......vwrreererrerseeersesssessssssesssssssssessssssesssssssssessesssessees 63
B.2.5  THD sttt st ssssss s ssnes 64
8.3 Y1101 0T Y 66
9 Conclusion and Future Recommendations........cuumsmsmnnn 67
References 68
Appendixes 70




CHAPTER 1

1.1 Introduction

1.1.1 What is Hearing Aid?

In simple words, a hearing aid is a highly sophisticated communication
device which enables people with hearing loss to hear well. As the hearing
loss varies from person to person therefore there are many different types of
hearing aid accordingly available. The main principle of a hearing aid
device is to amplify the sounds to enhance particular hearing range issues.
So a hearing aid works in a way that it picks sound signal from a
microphone, the sound signal is amplified based on different parameters
and then the amplified signal is analyzed by digital processing. The
digitally processed signal is sent to the loud speaker by which the sound it
transmitted into inner part of ear where they are transformed into electrical
impulses. These electrical impulses are picked by brain and hence the
person is able to hear the sound. So a typical hearing aid involves analog
and digital signal processing. In analog signal processing the device
receives the sound signal, amplifies it and filters out the information signal.
While in digital signal processing, different mathematical functions are
performed in order to make the sound compatible with the listener’s level
of hearing loss.

1.1.2 PreAmplifier in a Hearing Aid instrument

A PreAmplifier is one of the important components in the analog signal
processing of a hearing aid. The main function of a PreAmplifier is to
amplify the sound signal, received by the microphone, to a certain level so
that it can be processed by the digital sound processing circuitry. The
PreAmplifier is typically a variable gain amplifier which amplifies or
attenuates the microphone signal according its power level. In other words,
the gain of PreAmplifier is a function signal power level of the microphone.
Whereas the Digital signal processing circuitry notifies the PreAmplifier
with gain control information. The preamplifier amplifies or attenuates the
sound signal only in the specified information bandwidth i.e. from 100 Hz
to 10 KHz in case of this project.



1.2 Project Specifications

The main objective of this work is to design a low-voltage low-power
variable gain PreAmplifier in standard 65nm CMOS process. The
specifications of the PreAmplifier are provided by the hearing aid
manufacture which is summarized in Table 1.1. These specifications are set
by the manufacturer according to their requirements and to explore design
facets of modern CMOS technologies. The closed loop gain of
PreAmplifier is specified to be programmable from O to 24dB in steps of
6dB i.e. 0, 6, 12, 18 and 24. The information bandwidth should be between
100 Hz and 10 kHz. The PSRR requirements are set to be 50dB in a band
from 0 to 10 KHz. The input referred integrated noise should be -110 dB
between the information bandwidth. The Total Harmonic Distortion (THD)
is specified to be -60 dB. The supply voltage (VDD) is specified as 1V and
the total available current as 28uAmps. The area available for complete
design of PreAmplifier is specified to be 0.1mm2. This report describes the
first two phases of design in a typical analog IC design flow i.e. system
level modeling in Verilog-A and transistor level schematic design using
CADENCE. The layout aspects of the design will be also described in order
for the design to estimate maximum required area.

TABLE 1.1: SUMMARY OF PREAMPLIFIER’S SPECIFICATIONS PROVIDED BY
HEARING AID MANUFACTURER

Parameter/ Specification Value

Closed Loop Gain 0-24 dB (programmable in 6dB
steps)

Closed Loop Bandwidth 100 Hz to 10 KHz

Input referred Noise (between | -110 dB
100Hz to 10 KHz)

THD+N -60 dB

PSRR 50dB (0 to 10 KHz)

Supply Voltage (VDD) 1V

Power Constraint 28 UA

Area Constraint 0.1 mm?2

Temp -10to 60 °C

Process 65nm Standard CMOS Process

1.3 Thesis Motivation

A hearing aid device like many other battery operated products i.e.
pacemaker, mobile phone etc. has always been requiring extended battery
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life to prolong its operating period. The extended battery life of such
devices can only be achieved their integrated circuits (ICs) implementation
becomes less power hungry. With the advent of latest nanometer CMOS
processes, it has now become a common trend in the microelectronics
industry to achieve the greater on chip functionality at lower power
consumption. Each new sub- micron process offers smaller devices and
provides lower levels of supply voltages. It is also common to integrate
analog and digital functions on the same chip to get maximum benefit out
of the digital CMOS processes. The smaller devices and lower supply
voltages are very suitable to integrate the digital circuits but it makes
integration of analog circuit more challenging. Also the threshold voltage
(Vi) of a MOS transistor is not reducing at same rate as that of supply
voltage in the modern CMOS processes. The higher threshold voltage
compared to the available supply voltage thus makes the analog design
procedure less flexible in which several design variables i.e. Gain, Noise,
input/ Output voltage swing and DC offset needs to taken into account. In
short, when the technology shrinks, short channels effects become more
evident and capturing transistor behavior requires more accurate modeling.
Also the conventional analog design techniques i.e. to operate transistors in
saturation/ strong inversion region need to be replaced by non conventional
methods.

So the low voltage low power analog designs require non-conventional
design methods and more accurate transistor models to reach at a good
compromise between afore mentioned analog design variables. This report
focuses on characterizing the available CMOS process technology and
devising low voltage low power design methodologies to meet the
Preamplifiers’ specifications. The report will also present in great details
the factors affecting the Preamplifier’s performance parameters such as
Gain, Noise, PSRR and THD.

1.4 Thesis Organization

This work is divided into nine chapters. Chapter 2 discusses some state of
art techniques for Variable gain amplifier along with the proposed method
of implementation. In chapter 3, a system model for the proposed method
of PreAmplifier design is developed for proof of concept purpose and some
of the layout aspects for the purpose of area estimation are also disclosed.
Chapter 4 discusses the design of a high value resistor and different trade-
offs related to its design. Chapter 5 describes operational amplifier (opamp)



specifications and provides motivation to choose opamp topology from the
common opamp topologies. Chapter 6 discusses the g,,/I; methodology
and the steps to get the characteristic curves which greatly assist a designer
to find out a transistor dimensions. Chapter 7 describes the steps taken in
order to design a 2 Stage operational amplifier and also presents some
standard results to characterize the designed opamp. In chapter 8, the
PreAmplifier is developed at schematic level and is characterized by
various simulation results. Finally in chapter 9 conclusion are drawn with
recommendations to the future work.



CHAPTER 2

2 Feasibility Study

Variable gain amplifier (VGA), which is termed as PreAmplifier for this
work, is used in many different applications i.e. fiber optic receivers,
mobile phones, hearing aids and also in variety of ways in biomedical
instruments. In each set of these applications, design of PreAmplifier is
mainly characterized by factors including bandwidth, gain and power
consumption. Although the main emphasis of this work is to investigate
PreAmplifier with capacitive coupled input and capacitive feedback but for
sake of relevance some state of art techniques are presented in this chapter.
Most of the literature related to this work is found form patents which are
available online at different national and international patent offices. The
first technique utilizes a nonconventional feedback network, consisting of a
Tee resistor, to develop a variable gain and wide bandwidth amplifier. In
the 2" technique, multiple input and feedback paths lead to the amplifier
inverting input and by selecting these paths in different ways enable the
amplifier to have variable gain. The amplifier in the 3 technique contains
capacitive divider in its feedback network wherein the variations in
capacitive ratio results in gain control. The last technique describes the
proposed method of VGA implementation in which an opamp has a
capacitive coupled input and negative feedback formed by parallel
combination of a capacitor and a resistor. The ratio between the input and
feedback capacitance determines the gain of proposed amplifier. These
techniques are discussed one by one in the respective order as follows;

2.1 Feedback network for High Gain Amplification
with enhanced bandwidth and gain control [1]

Fig 2.1 shows a transimpedance amplifier with a Tee resistive feedback
network and its inverting input tied to a reverse biased photo detector diode.
The amplifier utilizes Tee resistive feedback network to realize enhanced
bandwidth and gain control. The Tee resistive network has been used to
replace the otherwise conventional feedback formed by resistor of very
high value. The pole formed by the Tee resistor and the amplifier’s input
parasitic capacitance is moved up in the frequency domain due to reduced
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value of the Tee resistor. The gain of the amplifier depends on how the
values of R200, R201 and R202 of a Tee resistor are selected. It is required
that value of R200 may not be set randomly small to make overall gain of
amplifier unrealizable. The values of R200 and R202 are usually set to be
equal where as the value of R201, which is shunt resistor in the Tee
resistor, is set to be as small as possible. Higher gain is achieved for lower
values of R201 so value of R201 is selected practically to be as small as
possible i.e. 10-ohms.

R200 NZD(]

Ron
—A\N\— AVAVAY:

N
+2 . OQUTPUT

Fig 2.1: Transimpedance Amplifier with Tee-resistor feedback network [1]

Rzoo N Rzoz
Nl 00 R300

AAvAY, 0 maAYAY
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Voo © \
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) Nig
———» OUTPUT

100

T +/
'VEE

Fig 2.2: Variable gain amplifier with Tee- resistor feedback network [1]
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The configuration of the amplifier in the fig 2.1 is changed to a voltage
amplifier as shown in fig 2.2. The resistor R201 is marked to be variable
which reflects that R201 is responsible for gain control.

Ryoo N Ry Ryo4

AVAYAY, 0NN Ny AN
/%Rﬂol R4O3
N =
+V

— N
101 1102 >

\] cc OUTPUT
V300 ® )

INPUT B

E +/’-v

EE
s

R
S

Fig 2.3: Variable gain amplifier with multiple Tee- resistor feedback networks [1]

Fig 2.3 shows a voltage amplifier in which feedback network consists of
multiple Tee resistive networks. The multiple Tee resistor network are used
to enhance the overall gain of the amplifier.

2.2 Variable Gain Amplifier for gain scaling in an
analog-to-digital converter [2]

The VGA shown in the fig 2.4 is configured as an integrator and is used in
an analog-to-digital converter to function both as VGA and integrator to
make the system power efficient. It has multiple paths between the input
“Vin” and the inverting terminal “Vopi” of the opamp. Each of these paths
contains a resistor and a first switch and hence forms a set of resistors and a
first set of switches. The resistors and on resistance of switches in branches
following the first branch are scaled with an integer or non-integer factor of
the first branch. The feedback is connected to the intermediate node
between resistor sand first set of switches via a second set of switches. The
on resistance of 2" set of switches is also scaled according to the scaling
factor used in the first set of switches and resistors. The gain of the
amplifier is varied by setting the first and second set of switches
accordingly. These switches can also be set in the form of pairs to achieve
more linear gain control. But the main motivation for using this technique is
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to reduce the nonlinearity caused by the input switches if the 2" set of
switches were not used. As in this VGA no current ideally flow through the
first set of switches and voltage at the inverting terminal of opamp will be
same as the voltage at the intermediate node between resistors and first set
of switches. Therefore ideally the first set of switches will not cause any
nonlinearity to the overall system performance. Furthermore the
nonlinearity caused by the 2™ set of switches, due to any variations in their
on resistances, will have some additive effect on the output of opamp which
is comparably less than that in the prior art.

Vi l i
126~ Pl ’ l
118+ R
Vin 3{ ¥ /S’ Vaopi
R Vo /n§ | Vout

Ll .
Vm msS

Fig 2.4: VGA having multiple input paths from input to the opamp input and feedback [2]

2.3 Variable Gain and Low Noise Amplifier for
received signals in Imaging Apparata [3]

The system in fig 2.5 shows a variable gain amplifier which is designed for
received signals in ultrasound or nuclear magnetic resonance imaging
apparata. It is basically the exploitation of most common feedback provided
by the resistive divider as shown in fig 2.6 in which the ratio of resistances
(R2/R1) determines the gain. Although the feedback provided solely by
resistors allows the amplifier to easily adjust the gain but it makes the
amplifier more prone to thermal noise caused by the resistors. Therefore the
feedback in the amplifier shown in the fig 2.5 consisting of combination of
capacitive and resistive divider achieves comparably same amplification
factor but low noise. The upper branch of the feedback is connected
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between the output of amplifier and the feedback input and its lower branch
is connected between the feedback input and common ground. The value of
capacitor in the lower branch of the feedback is varied to change the
amplification factor of the amplifier. This capacitor can be implemented as
a varicap or varactor diode and the rest of the work presented in [3] is
related to implement the same. The provision of having components in the
feedback network, whose parameter can be changed, enables the amplifier
designed in [3] to vary its parameters mainly gain and the information
bandwidth.

IVin

+ Vout

OPAMP

é
il

Fig 2.5: Variable gain amplifier with capacitive divider feedback [3]

[Vin

+ Vout

OPAMP

|

é R2 R1

Fig 2.6: Amplifier with common resistive feedback network [3]
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2.4 Proposed method of PreAmplifier Design

The previous sections have briefly described some of the techniques to
realize a VGA depending on its end application. In case of a hearing aid,
due to very low cutoff frequency (100Hz) of the information bandwidth, the
PreAmplifier (VGA) needs to have a filter with either very high resistance
or very high capacitance. The VGA developed by the Tee resistor network
as discussed in section 2.2 seems not to be a relevant solution as it doesn’t
involve gain control by capacitive variation which is the focus of this work.
The 2™ method is not suitable for the PreAmplifier to be designed as using
too many switches in the input path increases nonlinearity [2]. In the third
method, the amplifier has feedback consisting of combination of capacitors
and resistors and capacitive variations determine the amplification factor.
So the third technique forms the basis for the PreAmplifier to be designed
considering the requirement provided by the hearing aid manufacturer.

In this work a new method of PreAmplifier (VGA) design has been devised
and investigated and is shown in fig 2.7. The PreAmplifier consists of an
inverting opamp with AC coupled input i.e. V,,;. connected through the
capacitor C;,,. The feedback is formed by a high pass filter consisting of
resistor Ry and a capacitorC;. The ratio C;,/Cr determines the
amplification factor of the PreAmplifier and it can be varied by varying
either one of these capacitances. The pole formed by Ry and C; determines
the lower cutoff frequency of the bandwidth. This indicates that it is not
desirable to change the value of C; as it will then change the bandwidth. So
instead of Crthe value of Cj,is varied which changes the ratio C;,,/Cs to
control the gain of PreAmplifier. Detailed analysis of the proposed method
concerning the mathematical expression for gain and choice of components
values which are based on different parameters is presented in next chapter.
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Cin

QO N
/Mﬂ \ Vout
Vmic

Fig 2.7: Proposed method of Variable Gain amplifier with AC coupled input and
Capacitive Feedback

2.5 Summary

Different state of art methods have been discussed to realize a VGA
suitable for different set of applications. As the VGASs designed in these
methods target specific applications so they are not completely utilized to
design the PreAmplifier specified for this project. But these methods have
given very useful thoughts which are incorporated in the proposed method
of PreAmplifier design.  The proposed method is the results of
consultations with project supervisor at the hearing aid manufacturer and
the following chapters investigate the design and usefulness of this method.
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CHAPTER 3

3 System Model Design of the
PreAmplifier

A system model is usually developed for the proof of concept purpose and
it is the first design step in the process of Analog IC design flow. It enables
the designer to know whether or not the proposed topology is workable, and
also how to modify it or even replace it with a new one in order to continue
the design processes. During the system model development, complicated
components in analog design i.e. amplifier, PLL and ADC/DAC can be
very effectively described using Verliog-A- an IEEE standard to describe
the behavior of Analog systems [4]. The passive components i.e.
capacitance, resistance and inductance are also calculated according to the
specifications. These components are then used to form a complete system
which is passed through a Test bench to perform some analysis and
simulations in order to characterize the system. These analyses usually
include AC Analysis which is used to illustrate the Gain response and
Transient Analysis which illustrate the input/output time response. This
chapter describes all the steps to a make a complete system model for
PreAmplifier, make a test-bench to perform simulations and illustrates
some important simulations results to validate the proposed method of
PreAmplifier.

3.1 PreAmplifier System Model Design
Considerations

The proposed topology of PreAmplifier design is shown in shown fig 2.7.
The amplifier is configured as an inverting amplifier wherein an input
signal V,,,;. is applied to its inverting terminal through AC coupling. The
positive terminal of the amplifier is tied to a common mode dc voltage Vy,;,s
which in this case is the half way between positive supply voltage VDD and
negative supply voltage VSS. According to the specifications provided by
the hearing aid manufacturer, summarized in table 1.1, VDD and VSS are
defined to be 1 V and 0 V respectively, so V,;,s turns out to be 500 mV.
The negative feedback around the amplifier consists of parallel combination
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of capacitance Cr and resistance R — which provides DC feedback and
reduces DC offset. The feedback forms a filter wherein the values of Cr and
Ry defines the lower cutoff fi,yer cutor(100HZ) of required bandwidth.

The closed loop transfer function or the Amplification factor "A, " of the
amplifier can be simplified as the ratio of C;, to C; if the resistance of Ry is
neglected being very high as compared to reactance of Cr and can be
expressed as;

V, Ci
A, = -out _ __ Zin (1)
Vmic Cf

Equation number 1 reveals that the values of C;;, and Cr need to be
specified in such a way that the ratio C;,,/C; becomes equal to the specified
gain i.e. 0 dB to 24 dB. So to get A4, equal to 0, 6, 12, 18 and 24dB, the
ratio C;,, /Cy needs to be equal to 1, 2, 4, 8 and 16 respectively which can be
achieved by fixing C to some value and then varying the value of C;,
accordingly. These values needs to be selected by considering the layout
aspect of system in order to comply with the area constraints as specified in
table 1.1. The layout aspects in this regards are reviewed in the summary
conclusions section of this chapter.

The expression for the pole frequency fiower cutors Made by the parallel

combination of Cr and Ry can be expressed as;
1

frower cutoff — 2mR; C; (2)

The value of fi,wer cutors 1S 100 Hz for the specified PreAmplifier and
solving equation no. 2 with the given value fiower cutors Can lead to the
approximate the values of Cr and R. The value of C is taken to be 1pF by
analyzing the best case area utilization, the values of Ry then turns out to be
1.59 G-ohms. The feedback capacitance Cr is fixed instead of input
capacitance C;, as if C¢ is varied the fioywer cutors Will also vary which is
not desirable. So in this case, the value of C;, is varied from 1 pF to 16 pF
in order for the closed loop gain A, to vary from 0 dB to 24 dB.
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3.2 PreAmplifier System Model Development

Developing a system model for the PreAmplifier requires models and
values of individual components i.e. amplifier/opamp, resistance,
capacitance. It also requires a mechanism to vary the capacitance C;, in
order to vary A,. In this regard the amplifier designed as an ideal voltage
amplifier and is described in Verilog-A. The gain of amplifier can be set
from 0 to +ve infinity through its input parameter “Gain”. The source code
for the amplifier is provided in appendix-A. The input capacitance C;, is
replaced by a variable capacitor Cpuricqp Which is implemented using
parallel capacitors and switches as shown in fig 3.1. In this arrangement
one or more parallel capacitors can be selected by setting the switches (SO,
S1, S2, S3, and S4) of the respective branch. For example to get the value
of Cyaricap 10 be 16 pF all the switches are asserted. The values of Ry and
Cy are already calculated to be 1pF and 1.59GOhms. So these components
take their respective places in the PreAmplifier shown in the fig 2.7 and
hence form a complete system.

HA.‘
* e I 1
1z e 2 lA
]
A
tel | & ctr - ctr 4 S ctr
Ei E-‘

Fig 3.1: Implementation of Variable capacitor Cy4ricqp Using parallel capacitors and
switches.

3.3 PreAmplifier System Model Test-bench

Fig 3.2 shows a test-bench schematic of the PreAmplifier developed in
Virtuoso Schematic Editor. It contains a VerilogA model of a Gain Control
Unit (GCU), appendix-B, which generates control signals (SO, S1, S2, S3
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and S4) for Cyqricap depending on the required A,,. The input to GCU is an
integer in steps of 6 from 0 to 24 to set the value of control signals which
accordingly set the value input capacitance (Cyqricap)- The supply terminals
VDD, VSS and V,;, are connected to 1V, 0V and 0.5V respectively. The
AC source V,,,;. has DC voltage level as 500 mV, its amplitude is 10 mV
and the frequency is set to 10 KHz. The gain of amplifier is set to 70dB for
a first approximation. The positive terminal of amplifier is connected to
biasing source of 500mV and the negative terminal is connected to a
sinusoidal AC source Vy,;.through Cparicqp. The outputs of GCUs are
connected to the respective inputs of C,qricqp- The amplifier’s output V. is
connected to an output capacitance C,,; (1pF) which is the assumed load to
the PreAmplifier.

Cload
c:ip

gnd

gain_cotrol s2

L\'mic

+

O va=18m
freq=5K
gnd

Fig 3.2: Test-bench schematic of PreAmplifier’s System Model

3.4 Simulation Results

Fig 3.3 depicts the AC analysis results which show the variations in the
amplification factor A, = V,,:/V;,, of the PreAmplifier as a result of
variations in the capacitance ratio C;,/Cy . The results depict increase in
Gain A, from 0 dB to 24, with less than 1% variation from the specified
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value, as the capacitance ratio C;,/Cs increase from 1 to 16. The
fiower cutofs €an be depicted to bel00Hz as -3 dB frequency for any Gain
trace shown in fig 3.3. Figure 3.4 shows the transient response of the
PreAmplifier for various gain configurations which shows in time domain
how V,,. is amplified, around the same bias voltage as of input. Markers in
both fig 3.3 and fig 3.4 are set to motivate the reader to observe the gain
variations as a result of variations in the ratio C;, /Cy .

It can be concluded after seeing the simulation results that the suggested
method can be regarded as a potential method to design the specified
PreAmplifier in which the gain variations is achieved by varying capacitive
ratio C;, /C¢ . Furthermore, as the system model contains ideal components
models so other specifications i.e. Noise and PSSR cannot be simulated.
These specifications can be modeled using Verilog-A but that is out of the
scope of this project.

M6: 1.167391kHz 23.88076dB
25.0 —

M7:1.176109kHz 17.92788dB

M8 1.184828kHz 11.94134dB

M39: 1.202264kHz 5.964701dB
M10: 1.250404kHz -47,29439mdB

L s e e e e e ) e e ) R Rl
10° 10! 10? 10° 104 16° 10°
Frequency (Hz)

Fig 3.3: Closed Loop Gain Versus Frequency plot of PreAmplifier
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Fig 3.4: Transient simulations showing V,,,; singal for various gain configurations and
Vinic Signal with respect to time

3.5 Summary and Conclusion

In this chapter a system model and its test-bench setup have been very
briefly described. The main goal of this chapter was to present a proof of
concept for the proposed method of PreAmplifier design and to determine
approximated values and parameters of its different components. The
simulation results presented in this chapter validates that the proposed
technique can be used to design a PreAmplifier for hearing aid devices. A
quick review of layout of the passive components used in the amplifier
reveals that the layout of capacitors takes most of the available area. While
Ry = 1.59 G-ohms is not realizable in the specified area or it is useless to
integrate such a high value resistor with conventionally.

These aspects of layout and the simulation results were discussed with the
supervisor at hearing aid manufacturer. As a result it was suggested to keep
the values of capacitances to see the maximum area limitations and to
implement Ry with an area efficient way i.e. MOS resistor or switched
capacitor resistor. The following chapters discuss the designing of building
blocks of PreAmplifier i.e. switched capacitor resistor and the operational
amplifier in details.
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CHAPTER 4

4 Design of a High Value Resistor

The feedback filter, consisting of R; andC, has been discussed very briefly
in the last chapter in context of their values for a given value
of fiower cutors (i.8. 100 Hz). This chapter discusses some well known
approaches to realize a high value resistance in the order of G-ohms in
standard CMOS process to realize such a filter. It also discusses the chosen
technique (Switched capacitor technique) to design the required 1.59Gohms
feedback resistance.

4.1 Introduction

The bandwidth specification of PreAmplifier is from 100 Hz to 10 KHz.
The closed loop AC Analysis results of PreAmplifier, as shown in fig 3.3
indicate that the lower cutoff frequency fiower cutors (100 Hz) is achieved
using of R, as 1.59GOhmas and Cy as 1pF. The main challenge here is to
accommodate resulting large values primarily of Rfand of Cr. In this
regards efforts have been made to figure out the best case area utilization to
achieve 100 Hz cutoff using Rr and Cr. Considering the densities of both
capacitor and resistor in the available CMOS process the values of Ry and
over all capacitance cannot be realized in the allocated area of 0.1 mm?2.
This leads to a conclusion that the capacitance C; should be considered as

small as possible i.e. 1pF and some technique should be utilized
accordingly to design the resulting resistance of i.e. 1.59G-ohms.

4.2 Realizing high value resistance in a CMOS
process

In this section some well known techniques has been discussed to design a
resistance in the order of G-ohms in a standard CMOS process. The
techniques are listed as follows;

e Ultra High Value floating tunable resistor
e Diode connected PMOS transistor as resistor
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e Switches Capacitor resistor

These methods have been discussed one by one in the following sub-
sections;

4.2.1 Ultra High Value floating tunable resistor [6]

This technique presents a tunable high value resistor (HVR) using PMOS
transistors operating in sub-threshold region [6]. The technique is very
useful for low power applications and to design filters with very low cutoff
frequency i.e. 100 Hz are realizable. Another usability of this method is
that the resistance is tunable in a wide range. Fig 4.1 (inset) shows a PMOS
transistor operating in sub-threshold region and its drain and bulk are
connected together. The IV characteristics of this PMOS transistor
characterize it as a resistor. The drain and bulk of the PMOS transistor are
shorted which modifies the threshold voltage in such a way that it increases
the drain current. The output conductance Ggj, of this transistor due to the
dependence of drain current on drain voltage can be expressed as;

_ Isp n 2
Gsp ( /nUT) /(1 — exp (_ VSD/UT) -1) ( )

where n is the sub-threshold slope factor of the PMOS transistor being used
in this technique U; = kT/q is thermal voltage. The finite conductance
(output resistance) Ggp, for Vgp = 0 can be expressed as;

Gspo = limyg, 0 (Gsp). (IO/UT) - €Xp (VSG/nUT) (3)

Equation 3 shows that the value of conductance can be adjusted by
changing the value of V. Equation 2 and 3 are valid for Vs, > 0 as for Vsp
< 0 the PMOS transistor switches operates in moderate inversion region and
the drain current increases rapidly. To overcome this issue two PMOS
transistors, with drain and bulk of each transistor connected together, are
used as shown in Fig 4.2. The Vs, of both transistor is controllable by
controlling the flow of current through transistor M3. Figure 16 shows the
IV characteristics of a resistor designed by two PMOS transistors.
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Fig 4.1: HVR with Bulk-Drain connected PMOS transistor with its IV characteristics [6]
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Fig 4.2: HVR with Two bulk-drain connected PMOS transistor with Vg, controllable by
M3 [6]
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Fig 4.3: IV characteristic of HVR depicted in figure 15 [6]
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4.2.2 Diode connected PMOS transistor as resistor [7]

The method in [7] describes another way of achieving an HVR using
PMOS transistors as shown in the figure 4.4. The MOS resistor consists of
a cascaded of two diode bulk PMOS transistors and its characteristics
depends on voltage difference between its IN-OUT terminals. When V;,, >
V.t then transistor T1 operates in triode region acting as a resistor and T2
behaves like a BJT with considerably small forward current. The situation
is reversed when V,,,; > V;,, where T1 acts like resistor and T2 as BJT with
very small forward current. The IV characteristics of the resistor proposed
in [7] are shown in figure 4.5.

IN O i . L J_l O out

ol 1

Fig 4.4: High value resistor using cascade of Diode bulk PMOS transistors [7]

300,01 +
200,01 4
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Current [A]
[=)
o
1

~100,0f 4

~200,0f -

T X Al L) L] e L]

40  -05 00 05 1,0
VorontV]
Fig 4.5: IV characteristics of High value resistor using cascade of Diode bulk PMOS

Transistors [7]

26



4.2.3 Switched Capacitor resistor [8]

In the previous techniques HVRs are realized with MOS transistors but in
this method [8] a combination of switches swl and sw2 with a parallel
capacitor “C” emulates the behavior of an HVR as shown in Figure 4.6.
The clock phases (@1 and @2) of switches swl and sw2 are non-
overlapping and their duty cycle should less than 50%, as shown in figure
4.7. The switching frequency of these clock phase should be much higher
than that of signals V;,,(t) andV,,.(t). The resistance of such a resistor
can be very accurately controlled by the changing the switching frequency.

¢, ¢,
N O / / O out

Swli Sw2

1h—----

—

S SRR g g—

P |

e e

I
I
I
I
J
I
I
|
I
1

L > 1
0 T2 T 312 2T

Fig 4.7: Non overlapping Phase clocks for the switched capacitor resistor [8]
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The detailed derivation in [8] leads to expression of resistance of a switched
capacitor resistor as a function of parallel capacitance C and the time period
of clock phases T as;

=T/c 4)

Equation 4 can be illustrated by a simple example; To emulate 1 M-ohms
resistance for the switching frequency of 100 KHz (T =10 psec) the parallel
capacitance C is expressed to be 10 pF as follows;

Op

1
C="T/p= 77 = 10pF

4.3 Comparison of techniques to realize HVR in CMOS

The first two techniques seem very attractive because of the small in
number and sizes of PMOS devices and also they don’t require overhead
compared to switched capacitor resistor. But replacing feedback resistor
Ry with any one of PMOS transistor based HVRs can substantially increase
the noise floor of the PreAmplifier. They also introduce small DC offset in
the output voltage (as they require bias voltage to operate) which may not
be suitable for the low voltage PreAmplifier to be designed. Switched
capacitor resistor on the other hand offer high linearity and low distortion
and offer less noise compared to PMOS transistor resistors. The only
overhead is the non-overlapping clock phases which can be easily designed
in CMOS. So it can be concluded that switched capacitor resistor can be a
good choice to implement the feedback resistance Ry. A discussion is
provided in the following sections to analyze and design the required
resistor (1.59GOhms) using switched capacitor technique.

4.4 Designing Ry as a SC resistor

Equation 4 reveals that for a larger value of resistor R the capacitance C
needs to be as small as possible. The minimum value of realizable
capacitance in layout in the available process is 10 fF. Considering the
values of Ry =1.59M-Ohms, C¢= 1Pf (for fiower cutorr = 100 Hz) and C =
10 fF, the switching frequency fs, ning Of the SC resistor becomes equal to
62.5 KHz. In this regard Cr can be decreased to relax the area constraints
and the Ry can be increased accordingly to get the same fi,wer cutorf- BUL
increasing Ry requires either lower value of C, which is not possible as it is
already 10fF, or lower value of switching frequency which is not
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considered as a good choice as it may corrupt the output voltage spectrum
of the PreAmplifier. So by considering all these factors in mind it is finally
decided to design the filter with R;= 1.59G-ohms and Cr = 1pF.

Using equation 4, an SC resistor for R = 1.59 G-ohms and C = 10 fF
requires fswning Of the non overlapping clock phases to be 62.5 KHz. The
duty cycle of the clock phases should be less than 50%. Other parameters
i.e. delay time and pulse-width are computed and adjusted using computer
simulations to achieve non overlapping clock phases in order to emulate R
as 1.59 G-ohms. The values of different parameters for the non overlapping
clock phases are summarized in Table 4.1 and the clock phases are also
shown in fig 4.8.

TABLE 4.1: PARAMETER VALUES FOR NON OVERLAPPING CLOCK PHASES

@1AND @1
Parameter Clock Phases @1 Clock Phases @2
Time Period 16 psec 16 psec
Delay time 3.18 psec 12.7 psec
Pulse Width (psec) 3.18 psec 3.18 psec
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Fig 4.8: Waveforms showing the non-overlapping clock phases

4.5 Summary

Various methods to realize a high value resistor (HVR) in a standard
CMOS process have been discussed in details with their respective merits
and demerits. The SC technique has been finally chosen to implement the
resistanceRy. The parameters values required to design Ry with SC resistor
has been calculated and signal waveforms are shown accordingly. The filter
thus consist Cr = 1pF and the Ry =1.59 G-ohm which is implemented as an
SC resistor. Once the feedback filter is designed the next task is to design
the amplifier and the following chapters discuss this in great details.
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CHAPTER 5

5 Operational Amplifier Specifications
and Design Considerations

The design of an operational amplifier (opamp) requires setting its
specifications depending on the type of its application. Based on these
specifications the designer chooses suitable opamp architecture in order to
meet those specifications. In this chapter, section 5.1 discusses some of the
operational amplifiers specifications which are crucial to the design of
PreAmplifier. Section 5.2 describes different CMOS architectural
implementations of an opamp. The chapter ends with a summary and
provides some recommendations to go forward with design of two stage
opamp.

5.1 Opamp specifications

The specifications of an opamp are determined to characterize its
performance and to take into account the non ideal effects which limit the
performance of an ideal opamp. Although an opamp can be characterized
with lot of specifications as described in [9] and [10] but most often only
some of these specifications are needed for the design of an opamp.

The opamp to be designed for the PreAmplifier is responsible for setting
many of its specifications i.e. gain, Noise, PSR and THD, etc. So the
specifications of opamp related to the design of PreAmplifier can be listed
as follows:;

e Gain

e Input common mode range

e OQutput swing

e Unity Gain Bandwidth and Phase Margin

e PSRR

e Equivalent Input Noise
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e Total Harmonics distortion plus Noise (THD+N)

These specifications enable the designer to decide about which kind of
opamp architecture is suitable and are discussed briefly in the following
subsections;

5.1.1 Gain

In any CMOS topology the gain is defined as the product of
transconductance (g,,) of input stage and the resistance (R,,;) of its output
stage and can be expressed as;

Ay = Gain = g, * Royy (5)

The gain of opamp is a function of input signal frequency and it rolls off
rapidly at the higher frequencies due to the poles which are formed by the
parasitic capacitances. When an opamp is used along with negative
feedback, the closed loop gain of the amplifier becomes insensitive to the
gain of the opamp. The feedback, which is normally realized from passive
components, then defines the closed loop gain of the amplifier.

5.1.2 Input common mode range

The input common mode range or ICMR specifies the range of input
voltage (common to both input terminals of an opamp) over which the
amplifier responds to small input differential signals properly. The ICMR
depends upon the type of input stage i.e. an N-channel differential pair and
a P-channel differential input pair [15]. ICMR of an input stage with P-
channel differential input transistors, as shown in the fig 5.1 can be
expresses as;

Vss < Veommon < Vop — Vpsar — Vsgp (6)

where V.ommon 1S the common-mode input voltage, Vpsar IS the voltage
across the current mirror, Vgcp is the source-gate voltage of an input
transistor and Vgs and Vpp, are the negative and positive supplies
respectively.
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Fig 5.1: P-channel differential input stage [10]

5.1.3 Output voltage swing

The type of output stage in an amplifier specifies the output voltage swing.
The more stacked transistor in the output stage results in reduced output
swing. In general the output swing of an opamp is the summation of V¢t
of stacked transistors subtracted from V,pand can be expressed as follows;

VDD - Z VDSAT (7)

5.1.4 Unity Gain Bandwidth and Phase Margin

These two parameters are related to the frequency response of an opamp.
The Unity Gain Bandwidth, f,,, also known as Gain Bandwidth Product
specifies the frequency at which the open loop gain of an opamp is unity or
0dB. The phase margin specifies the stability of an opamp and is the
difference between the amount of phase shift experienced by a signal
through the opamp at unity gain and 180°. The phase margin can be
expressed as;

bm = 180° — phase @ f,, (8)
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5.1.5 Power Supply Rejection Ratio (PSRR)
Power supply rejection ratio, PSRR, is defined as the ratio of changes in

power supply voltage to the changes in the output voltage. It can be
expressed as;

PSRR = ‘”’mj—i”f 9)

5.1.6 Equivalent Input Noise

Noise can be present in an opamp noise due to various sources. Noise is
usually referred to input through dividing the output noise by the gain of
amplifier and hence called the equivalent input noise. Noise in an opamp is
generally specified as integrated noise between a bandwidth say from 100

Hz to 10 KHz and is measured as nV /vHz or pA/VHz.

5.1.7 Total Harmonics distortion plus Noise (THD+N)

THD+N is an important parameters which compares the frequency contents
of output signal to the frequency contents of input signal. It is the ratio of
harmonics of fundamental frequency to the fundamental frequency and the
output, and is generally specified as percentage;

> (Harmonic Voltage+Noise Voltages)

THD + N = * 100% (10)

Total output voltage

In the light of above discussion, important opamp specifications i.e. open
loop DC gain A, input and output voltage ranges, load capacitance,
supply voltage (VDD) and current consumption (I,) are listed in Table
5.1. The A,; specification is set after observing the closed loop gain A,, of
the PreAmplifier in the system model AC simulation by changing the
“gain” parameter of system model opamp. The supply voltage VDD and
current consumption I, are already specified for the PreAmplifier. The
input and output voltage requirements are specified after consulting the
team at hearing aid manufacturer. These specifications entail to develop a
true schematic approximation of the opamp and then to improve the opamp
design by analyzing the specified results of PreAmplifier in closed loop
simulations.
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TABLE 5.1 SUMMARY OF OPAMP SPECIFICATIONS

Parameter Specification
Open loop DC Gain (Ap¢) > 50 dB

Supply Voltage (VDD, VSS) 1V, 0V

Current consumption 28 HJAmp

Input VVoltage range 100mV — 900 mV
Output Voltage range 100mV — 900 mV
Load Capacitance (C;) 500 fF — 1pF

5.2 Choice of opamp topologies

The supply voltage (1V) and current consumption (28Amp) requirements
of the PreAmplifier brings the design of opamp into the low voltage and
low power category in the available CMOS process. Also the hearing aid
(the target application of the PreAmplifier) like many other battery operated
devices requires low power for its reliable and long lasting operation. The
latest CMOS technologies have favored the density and reliability of
integrated circuits and offer less power consumption due to decreased
power supply voltage. These factors have enabled the compact and more
reliable designs of battery operated devices mostly used in biomedical
applications such as ambulatory heat rate detectors and hearing aids. But
this is also followed by some potential problem i.e. the threshold voltage of
a MOS transistor is not scaling down at the same rate as the power supply
voltage is being scaled down. This concern analog circuits a lot as the
dynamic range of analog circuits is severely limited which makes the
design of analog/ mixed signal circuits more challenging.

In this regard many innovative techniques of designing an operational with
acceptable and comparable performance have been reported. These
techniques include floating gate technique [11], current driven bulk (CDB)
[12], bulk driven technique [13] [14] [15] and analog circuit design in weak
inversion [10].

Among these techniques, the weak inversion technique has been considered
to be a better choice of designing a low voltage and low power opamp. The
weak inversion technique gives the provision to design an opamp using
many different opamp topologies which include telescopic opamp, folded
cascode opamp and a two stage opamp. The choice of right opamp topology
mainly depends upon the opamp specifications as shown in table 5.1. Some
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of the merits and demerits of these topologies which lead to decide the
suitable opamp topology are described briefly as follows;

Telescopic opamp Topology

In this type of opamp architecture, as shown in fig 5.2, stacked transistors
(M5-M8) which are placed on top of the input differential pair severely
limits the amplifier’s input common mode range ICMR [16]. It has internal
compensation and offers high PSRR.

Folded cascode opamp topology

In this type of opamp architecture, as shown in the fig 5.3 the stacked
transistors (M3-M6 and M7-M10) in the folded cascode stage limits the
output voltage swing. The amplifier also needs more biasing circuits and
consumes more power [16]. It has internal compensation and offer high
PSRR.

The Two Stage Topology

The two stage opamp architecture, as shown in fig 5.4, is very compact and
offers moderate gain, has large input and output swings compared and offer
less power consumption. But it has no internal compensation and offers
poor PSRR.

As the primary concerns for the opamp to be designed are low supply
voltage and high dynamic range of input and output signals so the 2 stage
opamp topology seems to be the natural design choice.

Vop
,,JM7 Mg
Mo | { —

I | =

Fig 5.2 [16]: Fully differential Telescopic operational amplifier
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Fig 5.3 [16]: Fully differential Folded Cascode operational amplifier
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Fig 5.4: Single ended 2 stage operational amplifier
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5.3 Summary

In this chapter the specifications which are important in the design of an
opamp are briefly described. The summary of the specifications for the
opamp to be designed for the PreAmplifier is also provided in the tabular
form. A brief review of different opamp topologies used to design an
opamp is presented in order to design the specified opamp. The two stage
opamp topology is selected to implement the specified opamp due to its
moderate gain and better input and output dynamic ranges. The next step in
the design of such an opamp is developing a method to find transistor
dimensions which includes overdrive voltage (V,,) method and relatively
new method which is g,,/1; method. In the next chapter efforts have been
made to address g,,/I; method which in comparison to 1/, method is very
efficient and reliable method.
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CHAPTER 6

6 Technology characterization using g,,/
I; method

The evolution of ultra scaled VLSI technologies is marked by increasing
demand for more signal processing integrated on a single chip [17]. The
minimum feature sizes have been exponentially reduced following this
evolution. This trend has benefited the digital circuits because of higher
densities but has critically affected the performance of analog circuits
mainly due to reduced power supply rails, lower gain and lower dynamic
range. As a result, the conventional paper and pencil methods for analog
design, employing long channel equations are not producing desired results.
Moreover the reduced supply voltage headroom entails a transistor to work
in all regions of operations in order to get acceptable performance. This
situation called for a precise and an intuitive design procedure which
involves a through technology characterization. A method known as
“gm/la method” is developed wherein current I; is fixed to find out
transistor dimensions in order to comply with the specifications such as
gain-bandwidth, power consumption, area, etc. This method involves
family of curves to characterize the PMOS and NMOS transistors of a
particular technology and it is independent of transistor dimensions. The
following section describes the g,,/I; method in more details.

6.1 Introduction

The conventional analog design method is based on a set of long channel
equations and involves V,,, (over drive voltage) as a key design parameter.
The V,,, defines the operating regions of MOS transistor. It has been found
that to make a compromise between bandwidth and power consumption of
a common source amplifier, V,,, needs to be reduced which in turn results in
increased size of a transistor [18]. The following equation expresses the
relationship between the size of transistor and V,,,.

w
e — (12)
L WCoxVov
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The above equation suggests that for fixed values of g,, and L, smaller V/,,,
results into a bigger (wider) device and hence a larger Cys. So it can be
concluded from this scenario that V,,, is not a very good design parameter.

During the design phase the performance of an analog circuit mainly takes
into account the large signal and small signal characteristics. The large
signal characteristics involve drain current I; and drain—source voltage V.
The power consumption P (determined by productl; and Vjs) thus
determines the available signal swing i.e. ICMR and output swing. The
small signal characteristics involve the transconductance g,,, intrinsic
capacitances C,, (Cgs, Cop, Cpp) and output impedance 7,. The voltage gain
is determined by g,,, the speed by intrinsic capacitances and 7, signifies
the voltage gain. These characteristics are expressed as follow;

DC voltage gain
ADC = 9m-T
Bandwidth

1
ftransit = m

Power dissipation
P = VDD'Id

Based on above discussion it can be concluded that a transistor is required
to have large gm without having high current consumption and large C,,

6.1.1 Performance metric of interests

For technology characterization of a transistor and to quantify its
performance following performance measures are expressed,;

Transit Frequency
Im

Wy ==—

T Cas

Trans-conductance Efficiency

gm _ 3 Wo
Iq 2" 12
Intrinsic Gain
Im _ _2
dds AVov
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6.1.2 Technology characterization

In g,./I; methodology, for each of the above mentioned performance
parameters respective characteristic curves are obtained. These curves can
accordingly be classified as follows;

Intrinsic gain > 9m/1q versus I;/(W /L)
Transconductance efficiency - fr versus “‘j—m

d
Transit Frequency > 9m/9as Versus g, /14

These characteristic curves give the provisions to find out the dimensions of
a transistor in a variety of ways by considering the performance parameters.
The relationship between g,,/I; versus I;/(W /L) represents a unique
characteristic for all transistors of same type (i.e. PMOS or NMOS) in a
specific technology. This unique characteristic of g,,/I; versus 1;/(W /L)
method can be exploited during the design phase to determine the transistor
sizes. Once the g,,,/1, ratio is specified based on the operating region of a
transistor or from the specifications, the W /L ratio can be determined by
specifying the drain current from current consumption requirements.

In the design of 2 stage opamp normally g,,,/1, ratio can be specified from
the gain bandwidth specifications whereas the drain current of a transistor
can be determined from current consumption requirements. So this work
will only focus on g,,/I; versus I;/(W /L) characteristic curves. The
following section describes the steps involved in generating the g,,/14
versus I; /(W /L) characteristic curves.

6.2 Generation of g,,,/1, versus I;/(W/L)
characteristic curves

Figure 6.1 shows a typical g,,/14 versus I;/(W /L) curve wherein the three
regions of operation i.e. weak inversion, moderate inversion and strong
inversion can be identified.
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Fig 6.1: gm/id versus id/ (W/L) curve [17]

But for the better choice of operating regions, 2 versus Vg and I /(W /L)

versus Vgs curves can also be plotted. The values of V;s determine the

region of operation and for a chosen value of Vs values of both i—m and
d

I;/(W /L) can be determined which can then be used in the process of
determining the transistor dimensions. To generate such curves for a
NMOS and a PMOS transistor of the technology in hand, two different
schematics has been setup wherein a variable voltage source is connected
between gate and source of the diode connected transistor. Fig 6.2 a shows
the schematic setup for NMOS transistor whereas fig 6.2 b PMOS transistor
respectively.

—— VDD

WL = 200/60

@ g @

a) b)

Figure 6.2: a) schematic setup for NMOS transistor b) schematic setup for PMOS
transistor
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Setting up the schematics is followed by DC analysis in which value of
voltage Vs is swept from 0 to 1V (which is the available power supply
headroom) for both transistors. After the DC analysis, calculator function
“op” brings up a list of transistors op (operating points) parameters by
selecting the respective transistor from the schematic. These parameters
include intrinsic capacitances, transconductance, DC currents and voltages,
etc. Selecting op parameters import their values over the entire DC sweep
into the work space of calculator where they can be used to form
expressions and these expressions can also be plotted afterwards. The
results of these DC simulations and their manipulation in the form of
required characteristic curves are shown in the following figures;

300+

e/ W /LY (mA)

Im/la

A i S St SR

Get) : ‘ u)v)
a) b)
Figure 6.3: g,,/1,4 curves for PMOS transistor a) g,,/I; versus Vs b)
I,/ (W /L) versus Vs
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Figure 6.4: g,,,/1, curves for NMOS transistor a) g,, /I versus Vs b)
I/ (W /L) versus Vs

6.3 Important features of gm/id method

Following are some of the important features of gm/id method which are
extracted from [19] [20].

e |t gives the designer full provision to choose any region of operation
as the curves are continuous and there is no transition between
different regions. Moreover this method is reliable as the curves are
unique for a particular technology and are independent of the size of
a transistor.

e The level of transistor inversion level can be chosen by this method
which allows the designer to make important design tradeoffs i.e.
between bandwidth, gain and power consumptions, etc.

e The family of pre-generated characteristic curves for a particular

technology enables a complete analog circuit like a two stage
opamp to be divided into smaller parts. The transistor sizes of these
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smaller parts can then be easily found based on large signal and
small signal specifications.

Once technology is comprehensively characterized, the iterative

design process as required in a complex analog circuit can be
considerably reduced.
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CHAPTER 7

7 Design of a Two Stage operational
amplifier using gm/id based method

This chapter deals with the design and simulation results of a two stage
opamp. It begins with a review of the two stage opamp architecture and
discusses its different stages. Section 7.2 highlights some of the
specifications which are important to understand a two stage opamp before
proceeding with the design. Section 7.3 describes the design procedure of
two stage opamp using gm/ id methodology. Section 7.4 characterizes the
designed opamp with its various simulation results. The chapter ends with a
summary and compares the simulated values of opamp design parameters
with the specified values.

7.1 Review of a Two Stage Opamp architecture

In chapter 5, it has been motivated that a two stage opamp is suitable for
low voltage applications and for larger input and output voltage swings. A
two stage opamp isolates the input stage from the output stage contrary to
telescopic and folded cascode opamps [16]. So in the two stage opamp the
input stage provides high gain and the output stage provides high swing.
Figure 7.1 shows a schematic diagram of a typical two stage miller
compensated CMQOS opamp.
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Fig 7.1: Schematic diagram of a typical two stage CMOS operational amplifier

The two stage opamp schematic as shown above can be divided into 4
distinct stages, depending upon their operation which makes it a bit easier
to understand the principle of a two stage opamp. These stages can be listed
as follows; [8] [21]

e Input stage consisting of M1, M2, M3, M4
e Biasing Stage consisting of M8, M5
e Compensation stage consisting of C,

e Output Stage consisting M6, M7

The following sub-sections briefly describe each of these stages.

7.1.1 Input stage

The input stage, which is responsible for high gain and high ICMR,
comprises of differential input transistors M1 and M2 with their active
loads transistor M3 and M4. The input pair can either be N- channel
devices or P-channel devices depending upon the requirements i.e. noise,
gain and ICMR. The P-channel transistors are less prone to noise whereas
N-channel transistors offer more gain. The gain A,; and the output
resistanceR,,; of the input stage can be expresses as.

47



A1 = Gmaz-Ror (12)

Ryy = ——— (13)

9ds1t9dsz

7.1.2 Output stage

Output stage consists of a common source amplifier (M6 and M7) which
allow maximum output dynamic range. The output stage also increases
opamp open loop gain. The output voltage swing of common source output
stage can be expressed as;

Vpsar7 < Vour < Vpp — Vpsar (14)

Also the gain of the output stage A,, and the output resistanceR,, of the
output stage can be expresses as;

Ayz = Gme- Ro1 (15)

Ryy = ———— (16)

9dsetIds7

7.1.3 Biasing stage

The current mirror transistors M8 and M5 forms the biasing circuit. The tail
transistor, M5, provides the biasing current I5 to the input differential pair
where I is a multiplied version of I, drain current of M8. For Is to be a
good multiplied replica of I;,s, transistor M5 also need to be a multiplied
version of transistor M8. Also the tail transistor determines the PSRR of the
opamp and thus special considerations are required to design while
designing the current mirror bias stage expressed as follows;

PSRR = —22¢_ (17)

Ims-Roz

where Ap is the open-loop gain of the opamp. The PSRR of opamp can be
improved by using cascaded current mirror transistor.

48



7.1.4 Compensation Stage

Opamps require compensation to make it more stable or in other words to
increase the phase margin. The two stage opamp uses Miller compensation
technique wherein the miller capacitance C. moves the two poles in the
output nodes of input and output stage in opposite directions. One pole
becomes the dominant pole while the other pole is pushed towards higher
frequencies. Although there are different methods of compensation which
can be found in literature [16] [21] [22] but the designed opamp uses miller
compensation technique.

7.2 Two Stage opamp Specifications

The specifications which play important role in the design of a 2 stage
opamp specifications are expressed as follows; [21]

Current consumption
Ipc = Ips Hp7+ Ipigs

DC Gain “Apc”
Apc = Ay + Ay,

Apc = 9mi,2-Ime- Ro1-Ro2

Unity gain frequency “w,,” and Phase Margin “PM"

w. = Im1
u CC
PM = 180° t <a)> t <w> t (w)
= —arctan| —— | —arctan{ — | — arctan { —
fpl fpz le

where f,1, f,2 are the frequencies of poles and £, is the zero in the transfer
function of a two stage opamp.
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7.3 Design of a two stage opamp

The summary of the two stage opamp specifications is shown in Table 7.1.
These specifications are basically derived from PreAmplifier system model
simulation results and are the result of discussion with the team at hearing
aid manufacturer.

TABLE 7.1: TABLE OF OPAMP SPECIFICATIONS

Parameter Specification
Apc (dB) > 50

PM (°) 60

GBW or w, (MHz) 25

Ipc 28 HAmp
VDD (V) 1

VSS (V) 0

Cy (pF) 1

The opamp uses g,,/I;method which has been extensively discussed in the
previous chapter. Before describing the actual design procedure of a two
stage opamp it is necessary to understand how g,,/I; method can be used
to determines a transistor dimensions. The procedure of finding the
dimension of a transistor of a two stage opamp using gm/id method for can
be described as following steps[18];

1. Determine the drain current I; from the power consumption requirement

2. Specify the transconductance g,,, bases on given specification i.e. GBW
and determine g,,,/14

3. Determine the value of (Id/(W/L)) based on the values of g,,/I; using
characteristic curves

4. Determine the aspect ratio W /L from (I,/(W /L))

5. Specify the Length of transistor, L, and determine its width.
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Having established an understanding of g,,/I; method to determine a
transistor dimension, design of a two stage opamp based on gm/id method
has been described in the form of following steps; [19][20]

Step 1: Current Budget

The total current budget for the opamp, as shown in Table 7.1, is 28uAmp.
To burn less current in the current mirror of the biasing stage, Ipg is
specified to be 500nAmp. The current in the output stage is normally higher
than the input stage so the input stage current Ips and the output stage
current I, are specified as 12uAmp and 15 HAmp respectively.

Step 2: Compensation capacitance C,
The values of compensation capacitance C, can be found by considering the
phase margin specification as follows [9];

C.=022%C,
So for the C,= 1pF the value of C. turns out to be 220fF which can be
modified as 500fF during the simulations to in order for the opamp improve
its phase margin.

Step 3: Specify (gm/Ia)12

The input pair transistors are chosen to be PMOS channel devices for better
noise response. The g,, of input pair transistors can be found out from gain-
bandwidth specifications of the opamp and can be expressed as follows;

GBW = gml,Z/Cc

Following the above equation, for the values of GBW as 25 M Hz and C,. as
500fF, gm12 Is calculated to be 12. 5uS. As the current flowing through the
input pair is 6pAMpP  (gm/la)1. turns out to be 2. This value is
approximated to be 15 for the transistor to be in sub-threshold and

represented as.
Im —
(E) =15

1,2
The value of 1;/(W /L) for the value of (g,,/14)1, is specified as 30nA

from the g,,/I; curves shown in the previous. Putting the value of I; as
6UA the W /L is determined to be;

(%)1,2 =200
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) e (9m
Step 4: Specify (Id )3'4
For the transistors M3 and M4 to work in weak inversion the value of

(9m/1a)34 is specified as;
(),
Iy 3,4

As the current flowing through M3 and M4 is the same in M1 and M2 so
following the description in step 1 (%) is specified as;
3,4

(), e

Step 5: Specify (gm/Ia)e

To set the output voltage midway between the supplies, (“C;—m) of the
d

transistor M6 should be equal to (*‘i—?) of transistor M3 and M4 [18] [24].

So considering the current in the output stage (Ip; = 15pAmp), the aspect
ratio of the transistor M6 is specified as follows;

gm> (gm)
Im) = (22) = 15
(Id s Vg,

(), =50

Step 6: Specify (gm/I4)7
The transconductance g,,,; of output stage transistor is normally an integer

multiple of the transconductance of input pair transistors M1 and M2. In
this case (g—m) of transistor M7 is specified to be two times (g—m) ;
1,2

Ig Igq
(7) = 2+(72) =30
Iq 7 Ia 1,2

So for current I, = 15pAmp, the aspect ratio of the transistor M6 is
determined to be;

() -5
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Step 7 Biasing stage M5, M8

Considering the PSRR specifications of PreAmplifier, the current mirror in
the bias circuit is implemented as cascaded stages as shown in the fig 7.2.
All the transistors in the bias circuit are operating in weak inversion region

so their respective (“C;—m) is specified as 28. Considering the drain currents in
d

the respective transistors, (%) and (K) are determined as follows;

812 W 51,2
(—) =35
L 81,2
w
), -

512

Table 7.2 summarizes the transistors dimension of 2 stage opamp designed
using g,,/I; methodology. The length of input pair transistors has been
chosen to be 1um as bigger devices are suitable for better matching. The
length of other transistors has been chosen to be 400nm to minimize the
sort channel effects found in the latest technologies and also for better
matching. As the gate lengths of all transistors are larger so their gates are
divided into fingers accordingly to minimize the gate resistance. All
transistors are in sub-threshold regime.

TABLE 7.2: TABLE OF TRANSISTOR SIZES OPAMP

Transistor/ | Aspect Ratio | Length | Width Region of
Component (%) (L) pm | (W) um operation
M1,2 200 1 200 Sub-Threshold
M 3,4 415 0.4 166 Sub-Threshold
M5 1,2 900 0.4 360 Sub-Threshold
M6 900 0.4 360 Sub-Threshold
M7 960 0.4 385 Sub-Threshold
M8 1,2 35 0.4 14 Sub-Threshold
C. =220 fF for C,=1 pF
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Fig 7.2 Two stage opamp with current mirror schematic

7.4 Simulation Results

This section shows different simulation results i.e. open loop gain, phase
margin, noise and PSRR to characterize the designed opamp. Table 7.3
summarizes the simulated results of the designed opamp and compares
them with the specified values as summarized in Table 7.1. A very brief
review of these analyses in Analog Design Environment (ADE) 1C6.1.5 and
the discussion about their results for the opamp are described in the
following sub-sections;
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7.4.1 AC Analysis

The AC analysis are easy to setup and the procedure to set it up has been
already been described in the system model simulation results in chapter 3.
The important AC analysis results for an opamp are the gain and phase
response. The gain response shows open-loop DC gain and unity gain
frequency of opamp whereas the phase response characterizes the stability
of an opamp. Fig 7.3 shows the gain and the phase response of designed
opamp wherein the open-loop DC gain is measured to be 55 dB, unity gain
bandwidth is 24 MHz and the phase margin 48°.

750 4
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500 ~

00 A
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(deg)
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v

-150.0

-200.0

-250.0-

10° 10! 102 108 10° 108 107 108

10*
freq (Hz)

Fig 7.3: Gain and phase response of designed two stage opamp

7.4.2 Noise Analysis

The noise of an opamp is computed using the Noise analysis in ADE. Fig
7.5 shows the input referred noise voltage versus frequency plot of the
designed opamp. The noise plot shows that the noise spectrum is dominated

by flicker or 1/f noise.
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Figure 7.5 Noise spectrum of two stage opamp
Device Param Noise Contribution % 0f Total
FI0/PHE fn 0.000781034 20.36
FI0/PH1 fn 0.000781003 22.36
S0/ fn 0. 000766863 21.56
FI0/HM3 fn 0.000732583 19,67
FI0/PM2 id 0.000317008 3.68
FI0/PH1 Tid, 0.000316996 3.68
S0/ id 0.000304743 3.40
FI0/HM3 id 0.000291121 3:11
FI0/PME fn 4 27241e-05 0.0o7
FI0/PHT fn 4.1831e-05 0.06

Integrated Moise Summary (in ¥) Sorted By Noise Contributors
Total Sunmarized Noise = 0.00165164

Total Input Referred Moise = 3. 2222%e-06

The zhove noise summary info is for noise data

Figure 7.6 Noise Summary of the two stage opamp
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Fig 7.6 shows PreAmplifier’s noise summary in which the flicker noise (fn)
of input pair devices (PM1, PM2) and active load devices (NM3, NM4) are
the major source of noise. Thermal noise (id) of the same transistors is also
apparent with considerably less proportion. The total input referred noise
which is integrated between 100 Hz to 10 KHz can be computed as follows;

Total noise = 20 = 1og(3.2229 * 107%) = —109 dB

The total input referred noise (-109 dB) is reached by iteratively reducing
the flicker noise of input pair devices (PM1, PM2) and the active load
devices (NM3 and NM4). The opamp is main source of noise in the
PreAmplifier design.

7.4.3 XF Analysis

The PSRR of the opamp is computed by performing XF analysis (transfer
function analysis) in ADE. The XF analysis is a very handy analysis which
enables the designer to compute the transfer function of a system from the
output to any input in the system. The PSRR is actually the inverse of the
transfer function from the output node of opamp to the power supply
voltage VDD. The measured value of PSRR of the designed two stage
opamp is 45 dB in the frequency range from 1 to 10 KHz.

Figure 7.8 PSRR plot for the two stage opamp
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7.5 Summary

A two stage opamp has been specified, designed using g,,/I;methodology
and is characterized by performing different simulations. Table 7.3
summarizes the specified and a simulated value of the designed opamp
which tells that the designed opamp meet the specifications with a need to
improve its phase margin. The simulated values of noise and PSRR are the
result of iterative modifications of the transistor dimensions and other
parameters. It can be deduced in the light of this discussion that the
designed two stage opamp can be used in the PreAmplifier. In the next
chapter all the ideal components in the PreAmplifier design will be replaced
by their real counterparts and simulation are performed to characterize the

PreAmplifier.

TABLE 7.3: TWO STAGE OPAMP RESULTS AND SPECIFICATIONS

Parameter Specified Value | Simulated Value
Gain (dB) > 50 54

Phase Margin (°) 60 48

Unity Gain Bandwidth (MHz) | 25 23

Current Consumption (UA) 28 27.5

Input  referred integrated | -- -109 dB

Noise (100 Hz to 10 KHz)

PSRR -- 45 dB

C,= 1pF, C,= 500fF
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CHAPTER 8

8 System Integration and Simulation
Results

8.1 System integration

The test-bench for PreAmplifier schematic model is shown in fig 8.1. It is
similar to the test-bench used for system model simulation as shown in fig
3.2. The difference here is that the ideal components are replaced by their
real counterparts. The feedback resistor Rfhas been replaced by its
switched capacitor implementation and ideal feedback capacitor Cr is
replaced by equivalent MIM capacitor. In Cpqricqp all the ideal capacitors
are also replaced by their equivalent MIM capacitors and the ideal switches
are replaced by NMOS transistors. Two new input voltages source (vpulse)
I.6. Vppaser and Vppqqe, are added to provide phase signals to the switched
capacitor resistor. The amplifier is replaced by the 2 stage opamp designed
in the previous chapter.

hase2
VDD
VSS

Vpha

Vphase! >T Vphase2 TVDD VSS

vi=1 vi=1 vdcz4 vde=0@
an

vz v2:0

Cce
c:lp

s@
s
gain_cotrol s2
s3
s4

Fig 8.1 Test-bench schematic of PreAmplifier’s schematic Model
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8.2 Simulation Results

This section shows different simulation results i.e. closed loop gain, noise,
PSRR and THD to characterize the PreAmplifier. Table 8.1 summarizes
and compares PreAmplifier simulated results with the specified value in
table 1.1. A very brief procedure to set up each of these simulations in
Analog Design Environment (ADE) 1C6.1.5, and the discussion about their
results are described in the following sub-sections;

8.2.1 Closed Loop AC gain

Normal AC analysis, as used in PreAmplifier’s system model simulations,
cannot be used to evaluate the gain response of PreAmplifier’s schematic
model which includes a switched capacitor circuit. For this purpose PSS
(periodic steady state) analysis is performed which, as the name suggests,
can compute the steady state of a switched capacitor circuit based on a
periodic stimulus. Once the steady state is computed other analysis like
PAC (periodic ac analysis) is performed to compute gain and many other
parameters which characterize an amplifier. Fig 8.2 shows the results of
PAC analysis which are performed once the PSS has converged to steady
state.

M1: 9.899587kHz 23.83826dB

200 o 7 M2: 9.673594kHz 17.9378948 \
y \
/ :

/

1
13
M4: 11.7727kHz 5.98946248

$99587kHz 23,831
>4 —
93789
M3 10.35157kHz 11.9784d8 .\.\
3! - 193¢

/ MS: 12.35502kHz -13.9934mdB
/ A
/

0.0

T m
10% 104 108 10° 107
freq (H2)

Fig 8.2 PreAmplifier’s Closed loop gain versus frequency
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The simulation results in fig 8.2 shows that PreAmplifier is capable to vary
the closed loop gain A, with less than 1% variation from the specified
value. The gain variation is specifications needed for the PreAmplifier
which can be fulfilled by this suggested approach.

8.2.2 Noise

Noise of PreAmplifier is computed using PSS analysis followed by
PNOISE analysis in ADE. Fig 8.3 shows PreAmplifier’s input referred
noise versus frequency plot wherein it can be inferred that the noise

spectrum is dominated by flicker or 1/f noise.

1074

10%]

Visan(Hz) (V/san(Hz))
e

10° 10! 102 10° 104 10° 10° 107
freq (Hz)

Fig 8.3 PreAmplifier’s Noise Spectrum

Fig 8.4 shows PreAmplifier’s noise summary in which the flicker noise (fn)
of input pair devices (PM1, PM2) and active load devices (NM3, NM4) is
the major source of noise. Other noise sources include gate induced noise
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(igs and igd) and thermal noise (id) which are apparent due to presence of
high feedback resistance. The input referred noise which is integrated
between 100 Hz to 10 KHz can be computed as follows;

Total noise = 20 xlog(4.0037 x 107¢) = —107 dB

Device Param MNoise Contribution % 0f Total
F129/PH1 fn 2. 4e628e-05 1736
FT209 /HHd fn 2.43907e-05 16.98
FI29 /W3 fn 2. 33404e-05 15 .55
S129 /PHE fn 2.33397e-05 15 E5
FI29/PH1 igs 1.887%4e-05 10.17
AI29,/PH1 1gd 1.17828e-05 3.9
SI129,/PH1 id 1. 08846e-05 3.38
FIZT/T3M0 id 1.08355e-05 3.3
FI29/PHE id 1.0297e-05 3.03
FI20/HH4 id 1.02245e-05 2.98

Integrated Noise Summary (in ¥) Sorted By Noise Contributors
Total Summarized Noise = 5.91899e-05

Total Input Referred Noise = 4. 00037e-06

The =zhove noise summary info is for pnoise data

Fig 8.4 PreAmplifier’s Noise Summary

8.2.3 PSRR

Power supply rejection ration (PSRR) of PreAmplifier is computed using
PSS analysis followed by PXF analysis in ADE. Fig 8.5 shows the
PreAmplifier’s PSRR versus frequency plot. The plot shows that
PreAmplifier is unable to meet the PSRR specifications in the entire
specified bandwidth i.e. 100 Hz to 10 KHz. The PSRR of an amplifier is
topology dependent and a two stage operational amplifier is not famous to
give good PSRR. So the PreAmplifier in the suggested implementation
needs to make a trade between PSRR and the input/output dynamic range
available in the power supply voltage of 1V.
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Fig 8.5 PreAmplifier’s PSRR simulation results

8.2.4 Transient response

The transient analysis in ADE for the PreAmplifier’s schematic model is set
in the same way as in system model simulations. The time duration for
transient simulation is set to be 50msec in order for the PreAmplifier to
reach steady state. Fig 8.6 shows transient response of the PreAmplifier
wherein the input signal V,,,;. and the output signal V,,,; are plotted against
time axis. The gain of the PreAmplifier is configured to be 24dB. The result
of this analysis is used to compute the THD of PreAmplifier which is
discussed in the next sub-section.
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Fig 8.6 PreAmplifier’s transient simulation results

8.2.5 THD

The THD of the designed PreAmplifier is computed using THD function of
calculator. The function mainly needs integer number of periods (taken as
between 40msec to 41msec) of the output signal and number of samples
(i.e. 1024) to calculate THD. The THD function give output in percentage
and for the designed PreAmplifier it gives 4.05m %. THD in dBs can be
computed as follows;

THD = 20 * log(4.05m /100) = —87dB

So THD of the designed PreAmplifier is actually better than the specified
value of -60dB. But it is important here to see the output voltage spectrum
of the PreAmplifier. In this regard PSS analysis is performed specifying 50
harmonics of the beat frequency which is the average of all tones in the
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test-bench. Figure 8.7 shows the output voltage spectrum of the designed
PreAmplifier.

0.0 o
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Fig 8.7 Output voltage spectrum of PreAmplifier

The voltage spectrum in the above figure shows many undesired tones i.e.
the tones the switched capacitor resistor (62.5KHz) as well as their
intermediation with the input signal tone (10KHz). This situation is
unavoidable as the frequencies of phase signals cannot be increased
because in that case the capacitor (C) in the SC resistor needs to be reduced
which is not possible. So this is actually a trade-off between linearity, noise
and DC offset of the PreAmplifier.
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8.3 Summary

In this chapter simulation results which characterizes the PreAmplifier has
been presented. Table 8.1 summarizes the simulated results and compares
them with the specified values. The closed loop gain of the PreAmplifier
meets the specification with less than 1% variations. The noise of the
PreAmplifier is almost 3dB higher than the specified value and can be
improved by making the width of transistors PM1, PM2 and NM1 and
NM2 as wide as possible. The PreAmplifier is not able to match up the
PSRR specification in the entire specified bandwidth. The THD of
PreAmplifier is actually higher than the specified value but the output
voltage spectrum of is affected by the tones of SC resistor. The constraint
area cannot be fulfilled with capacitive approach as the approximated area
required is around 250um x 250 um. Based on the results summarized in
the table below, the suggested implementation of PreAmplifier design
doesn’t fulfill all of the requirements.

TABLE 8.1: SUMMARY OF SIMULATION RESULTS FOR THE PREAMPLIFIER

Parameter Specified | Simulated Unit | Status

value value (Fulfilled/ Not

Fulfilled)
Gain 0-24 Less than | dB Fulfilled
1% variation

Noise -110 -107 dB Almost fulfilled
PSRR (0 to 10 |-50 -45 dB Not fulfilled
KHZ)
THD -60dB -87 dB Fulfilled
Current 28 32 HA Almost Fulfilled
consumption
Area 250x250 um? | Fulfilled

0.1 mm?

CL =1pF, T=27 VDD= 1V
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CHAPTER 9

9 Conclusion and Future
Recommendations

Conclusions

A variable gain PreAmplifier with gain variations from 0 — 24 dB, in steps
of 6 dBs, has been designed in 65nm CMOS technology. It has total input
referred noise of -107dB, PSRR of 45dB (between 1Hz to 10 KHz), and
THD of -87dB. The PreAmplifier can take up to 250pum x250um of die
area and has power consumption of 32uW. The PreAmplifier is unable to
meet PSRR specifications. But the idea of gain variation of PreAmplifier by
varying the capacitive ratio between the input capacitance and feedback
capacitance has been successfully validated.

Future Recommendations

The noise of the PreAmplifier can be improved by making the input
transistor (PM1, PM2) and the active load transistor (NM3, NM4) bigger on
the cost of more power consumption. The PSRR of the PreAmplifier is
dependent upon the topology to implement the opamp. It can be improved
by implementing the opamp using folded cascode or telescopic topology on
the cost of reduced input/ out voltage swing.

The output voltage spectrum of the PreAmplifier can be improved by
making the switched capacitor feedback resistor smaller and feedback
capacitor bigger. The smaller switched capacitor resistor will have clock
phases with higher frequencies and their tones will not appear in the output
voltage spectrum. But this will definitely increase the total area required for
the PreAmplifier.
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Appendix 1

A.1 Verilog-A scripts for an amplifier
/I VerilogA for amp, opamp, veriloga
“include “constants.vams™

“include "disciplines.vams"

“define dB2dec(x) pow(10,x/20)
module opamp( vinp, vinm, vdd, vss, vout );
inout vinp,vinm,vdd,vss,vout;

electrical vinp,vinm,vdd,vss,vout;

real vouta;

parameter gain = 70 from (0:inf);
analog begin

vouta = "dB2dec(gain)*V/(vinp,vinm);
if (vouta > V(vdd))

vouta = V(vdd);

else if (vouta < V(vss))

vouta = V(vss);

V(vout) <+ vouta;

end

endmodule

A.2 Verilog-A scripts for Gain Control Unit
Il VerilogA for auxiliary, gainctrl, veriloga
“include "constants.vams"

“include "disciplines.vams"

module gainctrl(s0,s1,52,53,54);

output s0,s1,s2,53,54;

electrical s0,s1,52,53,54;

parameter gain = 24 from [0:24];
real vsO,vsl,vs2,vs3,vs4;

analog begin

if(gain == 0 )begin

vsO =1;

vsl =0;

vs2 =0;

vs3 =0;

vsd = 0;
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end

if(gain==6) begin
vs0O = 0;

vsl =1,

vs2 =0;

vs3 =0;

vs4d = 0;

end

else if (gain==12)
begin

vs0 =0;

vsl =1,

vs2 =1;

vs3 =0;

vs4 =0;

end

else if (gain==18)
begin

vs0 =0;

vsl =1,

vs2 =1;

vs3 =1,

vs4 =0;

end

else if (gain==24)
begin

vs0 =0;

vsl =1,

vs2 =1;

vs3 =1,

vsd = 1;

end

else

begin

vs0 =1;

vsl =0;

vs2 =0;

vs3 =0;

vs4 =0;

end
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V(s0)<+ vs0;
V(sl)<+ vsl,
V(s2)<+ vs2;
V(s3)<+ vs3;
V(s4)<+ vs4,
end
endmodule
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