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ABSTRACT

This work presents the design of readout circuitry of ISFET (Ion Sensitive Field Effect
Transistor) based pH meter with temperature compensation using 0.18 pym UMC
technology. The readout circuit is used for reading out the concentration of H+ ions,
which denotes the pH value of solution. Any change in pH directly affects the threshold
voltage of ISFET. To measure this change in pH, a gate CIMP (complementary
ISFET/MOSFET pair) technique based sensing readout circuitry is designed, which is
applicable in CMOS based Microsystems and also eliminates body bias effect. The
performance of the pH meter is affected by temperature variation. The ISFET is
thermally instable due to semiconductor properties and pH dependency on temperature,
which in turn affects the pH reading of the solution at a temperature other than room
temperature. In this work, V1 extractor based temperature compensation circuitry is
designed for compensating the temperature variation effect of ISFET. Since the
temperature coefficient of NMOS Vr extractor circuit is negative, it is used to cancel out
the temperature variation of ISFET. A new architecture of PMOS Vt extractor is
proposed, which has been used to implement a Vt extractors based voltage reference
circuit. This voltage reference circuit provides temperature independent biasing to both
readout circuit and temperature compensation circuitry for reducing effect of temperature

on ISFET characteristics.



Contents

Abstract

Contents

List of Figures

List of Tables

1. INTRODUCTION

2. LITERATURE SURVEY
21ISFET ..o

2.1.1 ISFET structure ........
2.1.2 Operation of ISFET....
2.2 ISFET modeling ..................

2.3 ISFET based pH meter...........

2.3.1 ISFET sensing readout CIrCUItry .........couveiuiiuinniniinennennenn..

2.3.1.1 Floating-gate

constant voltage constant current circuit ...

2.3.1.2 Zener-based bridge-type sensing circuit .....................

2.1.3.3 Pechstein’s drain-output bridge-type sensing circuit........

2.1.3.4 Gate feedback CIMP ...,

2.3.2 Temperature compensation CIrCUIIY .........o.eveeeueeneanneaneannnn..

2.3.2.1 Temperature compensation by using diode ................

2.3.2.2 Temperature compensation by using Vt extractor .........

2.3.3 Analog to digital converter ............ccooviiiiiiiiiiiii e

2.3.4 Other blocks in ISFET

based pH meter....................oooinl.

2.3.4.1 Voltage reference ...........ccoovviiiiiiiiiiiiiiniaeann..

2.3.4.2 LCD-display

2.4 Vrextractor ......covvvvvineienn...

2.4.1 Principle of V1 eXtractor .........coveiiiiiiiiiiiiiii e

2.4.2 Four terminals VT eXtractor .....oovvvirieiiiieiieeeennn.

2.4.3 Input free V1 extractor

i

ii

vii

10
11
11
12

13
14
15
15
16
17
17
19
19
19
22
23



2.5 Operational amplifier ............oooiiiiii i

2.5.1 Characteristics of operational amplifier ...........................
2.5.1.1 Input offset voltage ...........ccoviiiiiiiiiiiii i,
2.5.1.2 Input common mode range ..............ceeeeeeennenn...
2.5.1.3 Common mode rejection ratio ..............eeveeuvnnn.n.
2.5.1.4 Power Supply rejection ratio ............c.ccoeeevvnnnnn.
2.5 1.5 SleW rate ....oeii i
2.5.1.6 Output SWINE ..o.venviniiniitiiiiiieiieeeeaeeen
2.5.1.7 Equivalent input NOIS€ .........ccvvrrienienienniennannnnn.
2.5.1.8 Setthing time .......c.ooviiniiiiiiiiiiiiiieieieeeennes
2.5.1.9 Unity gain frequency (UGB) ...............oooiiinni
2.5.1.10 Phase margin ............coeeieiiniiiiniiniiiianeananns
2.5.2. OP-amp topologies ........ouvvuiiiiiiiiiiiiei i
2.5.2.1 Telescopic cascode operational amplifier ...........
2.5.2.2 Folded cascode op-amp ..........cccevevveiniiinnnnn...
2.5.2.3 TWO Stage Op-amp ...oouveenueenieiieeniieiieannaennn.
2.52.4 Gain bOOStING ....ovvinriiiiiie i
2.6 Current and voltage references ............cooeeveiiiiiiiiiiiiiiiieieans
AR A GI1157S 11511118 (e ) PP
2.6.2 Supply independent biasing .............coevviiiiiiiiiiiiiiiinn.
2.6.3 Temperature independent references ...............c..cooeennen...
2.6.3.1 Bandgap voltage reference .................ccceeieieinnn.
3. CIRCUIT IMPLEMENTATION
3L ISFET mMOdel ... oo e
3.2 Op-amp topology Selection.........cccvuiiiiiiiiiiii e,
RV L o, (3 ¢: 10110 ) GRS
RIRE BN (O N YA 5 v: 1110 )
3.3.2PMOS V1 eXtractor .....oueiniiiin i
3.4 Voltage reference Circuit............ooeviiiiiiiiiii i
3.5 Sensing readout CITCUIL. .....vveetie i eee e

3.6 Temperature compensation circuit

il

23
23
24
24
24
24
25
25
25
26
26
26
27
27
29
31
33
34
34
35
36
37
41
41
42
44
44
46
47
48
52



3.7 ROIC with temperature compensation CIrCUIL vuvevreeeessreneesessnsonscnses
3.8 Layout deSIN . .vveeeeiet e e
3.8.1 NMOS VI €XITaCOT ..ottt et e
3.8.2 PMOS Vr €XIraCtOr ..ttt ettt
3.8.3 TWO Stage OP-aIMP....eueientiiee ettt eiee e e
3.8.4 Voltage reference Circuit...........oovvieiiiiiiiiiiiiiiiiieeiieannn,
3.8.6 Temperature compensation CIrCUit. ........ovvvernreeneernnennnn.n.
3.8.7 ROIC with temperature compensation circuit ..................
4. SIMULATION RESULTS
4.1 Pre layout sSImulation ............cooiiiiiiiiiii i
4.1.1 NMOS VT €Xtractor ..ooviviiie ittt
4.1.2 PMOS V1 eXtractor ......o.vviuiiiiiiiiiiiiiiiiieieee e,
4.1.3 TWO Stage OP-aMIP. ...ttt et eete et ee e eeeeaeans
4.1.3.1 AC TESPONSE. . euuetteeetee e e e e eaee e
4.1.3.2 Transient r€SPONSE. ... .uuuerueeneeneaneeeeaneaneaneananns
4.1.3.2 CMRR measurement.............ccoeveiiiiieneinnennnn..
4.1.3.3 ICMR measurement..............coouevueiiiinnineinnennnn.
4.1.4 Voltage reference Circuit............cooovviiiiiiiiiiiiiiieieennnnnn.
4.1.5 Sensing readout CITCUIL ......oouiueiniitiit i,
4.1.6 Temperature compensation CIrCUIt. .........e.vveereeeenerninnenn..
4.2 Post layout sSImulation .............ccooiiiiiiiiiiii i
421 NMOS V1 €XtraCtOr .. oevee et e e e,
4.2.2 PMOS VT €XtraCtor ..ottt
4.2.3 TWO StagE OP-AMIP. ...ttt eee e ee e eneenan

4.2.4 Voltage reference Circuit............ooevviuieiiiiiiiiiiiieeieenne..

5. CONCLUSION AND FUTURE PROSPECTS
REFERENCES
APPENDIX

v

53
53
54
54
54
55
55
56
57
57
57
58
58
58
59
60
61
62
63
65
66
66
66
67
69

71
72
74



List of Figures

2.1: Cross section of ISFET device..........coooiiiiiiiiiiiiiiin.n.
2.2: Layout of ISFET device........cevuvvuinniiiiiiiiiiiiiieeae
2.3: ISFET OpPeration........ceuuineiitiieii et eeeaann
2.4: N-channel ISFET Structure............cocooeviiiiniiiiiiiiiean

2.5: Equivalent electric circuit of ISFET...................oooiiiinlt.
2.6: Basic building blocks of ISFET pH sensor..................c..o..e.
2.7: Floating gate CVCC CITCUIL. .....vuviiiieiiiiiieieae e,

2.8: Zener-based bridge-type sensing circuit................ooeeeennn...

2.9: Pechstein’s drain-output bridge-type sensing circuit...............

2.10:
2.11:
2.12:
2.13
2.14:
2.15:
2.16:
2.17:
2.18:
2.19
2.20:
2.21:
2.22:
2.23:
2.24:
2.25:
2.26:
2.27
2.28:
2.29:

Direct (a) Indirect (b) CIMP circuit with gate feedback..........
Temperature compensation circuitry using diode..................

Temperature compensation circuitry using Vrextractor.........

: Dual Slope analog to digital converter............................

Waveform of the dual slope ADC.............o.oooiiiiiiiinin,
Voltage reference CirCuit............ocoveeiiiiiiiiiinninienennn.n
3% LCD display driver.........oooviiiiiiiiiiiiiieieieeean
Principle of basic Vrextractor...........ooovvviiiiiiiiiiiiiinn..

Implementation of Vr extractor with AVo=Vr.............oo..

s Four terminals Vi eXtractor. .....ovvveneeee e,

Schematic for the input free Vr extractor...........................
Slew rate MeasuremMent. .........ooevueiuineineieeinineeeeennenann.
Equivalent input referred noise voltage and its spectrum..........
Gain & phase Plot......c.oviiiii
Telescopic cascode Op-amp........o.eeueiieiiniiiiiiiieieieanannn.
N-channel input folded cascode op-amp..................cooennen.

P-channel input folded cascode op-amp..............coeeevininnn...

s TWO Stage Op-amp....covnneiiiii e,

Small signal equivalent of two stage op-amp........................

Boosting of the output impedance of a differential cascade stage..



2.30: Current-mirror biasing using (a) an ideal current source (b) a resistor...

2.31: Simple supply independent current reference............................
2.32: Beta multiplier reference...........cooovvviiiiiiiiiiiiii e
2.33: Principle of bandgap reference................cooviiiiiiiiiii
2.34: Generation of PTAT voltage..........ccooiiiiiiiiiiiiiiiiiiiieea
2.35: Implementation of bandgap reference.....................ceevnni
3. ISFET model. ..o
3.2: Schematic of two stage Op-amp..........ccceoeviiiiiiiiiiiniinenn..
3.3: NMOS V1 €Xtractor. . ...eueintieitiitiee e
3.4: PMOS VT €XITACt0 vt teeeuueseeseeeeseesssesasssssssssssssssssssssssassssee
3.5: Temperature independent voltage reference using Vr extractors...
3.6: Sensing readout circuitry using indirect feedback gate CIMP.........
3.7: Small signal modal of Gate CIMP interface...........................
3.8: Temperature compensation circuitry using Vr extractor.............
3.9: ROIC with temperature compensation CirCuitry............o.eeevvennn..
3.10: Layout of NMOS V1 eXtractor.........coeviuiiiiiiiiiiiiiiiieanann.
3.11: Layout of PMOS V1 eXtractor..........c.evuviiiiiiiiiiiiiiiaeannnnn.
3.12: Layout of two Stage Op-amp........couvevniiiiiiiiiiiiieeneaieannenn.
3.13: Layout of voltage reference Circuit............coovvuiiiiiiiinnienann.
3.14: Layout of temperature compensation circuit...........................
3.15: Layout of complete ROIC with temperature compensation circuit...
4.1 Measurement of temperature coefficient of NMOS Vr extractor...
4.2 Measurement of temperature coefficient of PMOS Vr extractor...
4.3: Test setup for AC response of the circuit.....................ooveennn.
4.4: AC response of two Stage Op-amp.........o.eveeeinirninninneeenennenn.
4.5: Test setup for transient response of the circuit........................
4.6: Transient response of two stage op-amp. ..........c.ccevvvvviniennnnnn.
4.7: Test Setup for CMRR measurement..................ccevvvveinnnnnn...
4.8: Measurement of CMRR.......... ...
4.9: Testsetup for ICMR........ooiiiii e
4.10: Measurement of ICMR...........oii

Vi

34
35
36
37
39
39
41
43
45
46
48
49
50
52
53
54
54
54
55
55
56
57
58
58
59
59
60
60
61
61
62



4.11: Temperature variation response of voltage reference for 1.2 V.........

4.12: Temperature variation responses of voltage reference for 1.0V and 0.8 V..

4.13: pH variation response of sensing readout circuit..........................

4.14: Temperature variation effect of sensing readout circuit without temperature
(07000101 1T 1510 | D

4.15: Temperature variation effect of sensing readout circuit with temperature

COMPENSALION. ..\ttt eteeteeteeaieeineeaneeanaenns

4.16 Temperature response of NMOS Vr extractor...................oo..ee

4.17 Temperature response of PMOS Vr extractor
4.18: AC response of two stage op-amp.............

4.19: Measurement of CMRR . ...t
4.20: Measurement of ICMR . ... i

4.21: Transient response of two stage op-amp......

4.22: Temperature variation response of Voltage Reference for 1.2 V....

List of Tables

3.1: Comparison of various op-amp topologies............c.cceevvvenennnn.

4.1: Value of resistances for different reference vo
4.2: Simulation results of two stage op-amp........

4.3: Simulation results of voltage reference circuit

vii

Itages..................

63
63
64

64

65
66
66
67
67
68
68
70

42
62
69
69



Chapter 1

Introduction

Background

The desirable property of a micro system for biomedical applications is to realize
chemically sensitive sensor such as pH sensor with CMOS technologies that have fast
response, low cost, and higher accuracy. pH is a term defined for measurement of
concentration of hydrogen ions in a solution. All human beings and animals depend on
internal mechanisms to maintain the pH level of their blood. The blood flowing through
our veins must have a pH between 7.35 and 7.45. Increasing value of pH up to 7.8 or
decreasing up to 6.8 results in death. The electrophysiological activity of neurons in the
brain can be adversely affected by a slight deviation from standard pH values. So it is
essential to determine and analyze the true pH values for a variety of processes
particularly in biological system in which a slight variation of pH values can prove fatal.
Exceeding this range by as little as one-tenth of a pH unit could prove fatal. ISFET
semiconductor technology enables the design of true solid state pH sensor. ISFETs use
glass-free pH electrodes which provide reliable pH measurement in those areas where the
use of glass may impose a danger. The ISFET was first introduced by P. Bergveld in
1970. It is similar to MOSFET except that an ion sensitive membrane is used to measure
the ion concentration of solution. The ISFET based pH sensor is compatible with CMOS

technology and have fast response, low cost, and higher accuracy [1, 2].

Motivation

ISFET is an ion sensitive sensor that is used for a wide range of biomedical applications

such as medical diagnostics, monitoring clinical or environmental samples, fermentation
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and bioprocess control and for testing pharmaceutical or food products. In order to extract
the relevant signal from ISFET, it is necessary for the ISFET to be accompanied by an
analog readout interface. The basic building blocks of ISFET based pH meter are ISFET
sensing readout circuit, temperature compensation circuitry and Analog to digital
converter. As ISFET is liable in critical applications like health care monitoring, its
readout circuit becomes significantly important. Since the pH value varies with
temperature so ISFET has large thermal inaccuracy. Although this limitation in
application such as soil, wine, meat and environmental monitoring that do not require
high precision are not critical, they cannot be ignored in biomedical application. Hence,
to promote ISFET based applications become more valuable and important in biomedical
related research, it is necessary to compensate these effects. In this thesis work, a
Readout Circuitry with temperature compensation for ISFET based pH meter has
been designed. The readout circuit is used for reading out the concentration of H+ ions
which denotes the pH value of solution. Any change in pH directly affects the threshold
voltage of ISFET. To measure this change in pH, ISFET is configured in such a way so
that change in threshold voltage can be directly detected. For this purpose a sensing
readout has been designed using Gate CIMP technique. ISFETs are thermally unstable
due to properties of the semiconductor structure and the sensing films which lead to the
inaccuracy in pH measurement. The pH value of a solution also depends upon the
temperature. The pH values change by a significant amount on deviation of temperature
of the solution from standard temperature 27°C. It is necessary for ISFET to be used
under thermostatic condition to ensure accuracy. This is not convenient for many
applications. So in order to obtain reliable output data, the interface circuitry for ISFET
based pH sensor with appropriate temperature compensation is required. The temperature
coefficient (TC) for output of sensing readout circuit is positive. In order to compensate
this TC an input free Vt extractor is used. This V1 extractor circuit directly extracts the
threshold voltage of MOSFET on its output. As the temperature coefficient of Vr
extractor circuit is also negative so an inverting amplifier with scaling circuitry is used to
invert this temperature coefficient. Now the outputs of both inverting amplifier and
ISFET readout circuit are feed to a summing amplifier to mutually offset their

temperature coefficient. So that temperature independent output voltage can be obtained.
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To reduce the effect of temperature on ISFET characteristics, it is also desired to bias
ISFET at isothermal point. For this purpose a voltage reference circuit is used. The
classical voltage bandgap reference circuit (BGR) is not suited for a low voltage CMOS
technology. A new architecture for a precision CMOS voltage reference has been
overcomes the limitation of BGR. This voltage reference does not use any diodes or

BJTs.

Thesis Organization

Chapter 1. (Introduction): This chapter contains the basic idea about what ISFET based
pH meter and its advantages. This chapter also contains the chapter wise description of
report structure.

Chapter 2. (Literature Survey): This chapter describes the ISFET structure, operation and
discusses about the various ways for implementation of main building blocks of ISFET
based pH meter.

Chapter 3. (Circuit Implementation): This chapter discusses the various calculation steps
taken to design the key components like op-Amp, V1 extractors followed by designing of
voltage reference, readout circuitry and temperature compensation circuitry. At last the
layout of all blocks has been displayed.

Chapter 4. (Simulation Results): This chapter contains the pre layout and post layout
simulation results of key components and major blocks.

Chapter 5. (Conclusion and Future prospects): All the work done has been concluded in
this chapter in brief. The design has been analyzed for further Improvements which are

possible and the improvements which have been brought about by this design.



Chapter 2

Literature Survey

2.1 Ion-Sensitive Field Effect Transistor (ISFET)

The ion sensitive transistors are solid-state miniature sensors based on silicon technology.
From the chemical point of view, these sensors can be an attractive alternative in the
market to the classical potentio-metric sensors because of their relatively good analytical
performance, low price, and small size. An ISFET was introduced by P. Bergveld in 1970

and the first reported ISFET device was using a Si0O; as a gate insulator layer.

2.1.1 ISFET Structure

The ISFET combines the chemical-sensitive properties of glass membrane with the
impedance converting characteristics of the MOSFET. This combination forms the
essential chemical transducer element of the conventional pH meter. The ISFET
selectivity senses the specific ion in an electrolyte. It is a trans-impedance element, which
has the features of low output impedance of MOSFET and the operation of ion sensitive

membrane [3].

Ion-sensitive

membrane

// Epoxy Vi

Solution
(Electrolyte)

IPOIIP
PDUWAIPRT

P-Si

Figure 2.1: Cross section of ISFET device [3].

4
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The ISFET (shown in figure2.1) is similar to MOSFET device where the gate metal
electrode of the MOSFET is replaced by an electrolyte, which is in contact with the
reference electrode, i.e., the silicon gate oxide is directly exposed to aqueous electrolyte
solution. An external reference electrode is required for a stable operation of an ISFET.
The ISFET sensitivity depends mainly on the choice of the gate insulator material. The
most commonly used materials are silicon and metal oxides or nitrides. Among these
materials, especially high sensitivity to the hydrogen ion concentration exhibits the
aluminum oxide. ISFET can be used for the detection of various species in the
surrounding electrolyte, other than the hydrogen ions by coating gate with a special
membrane. A physical layout of one ISFET is shown in Fig 2.2. The L must be at least
20 mm, to insure a good contact with the liquid at the gate, and W must be at least 400

mm for an acceptable transistor.

Figure 2.2: Layout of ISFET device [3].

Since the ISFET internal drain and source resistances seriously influence the ISFET’s
electrical behavior, they should be taken into account in the ISFET model. Moreover, a
parasitic capacitances drain-substrate, source-substrate of several tens of pH has to be

added to the ISFET simulation model.
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2.1.2 Operation of ISFET

In ISFETs the classic gate of an ordinary FET is replaced by a more complex structure
consisting of a reference electrode, an analyzed solution and a gate dielectric. The
hydrogen ion concentration in the solution influences the gate potential, which in turn
modifies the transistor threshold voltage. In this way, the ion concentration exercises
electrostatic control on the drain-source current. Such structure is capable of sensing the
concentration of the hydrogen ions and is used as a pH sensor. The basic ISFET is an
exposed-gate-oxide FET and functions as a pH sensor. In figure 2.3, Up denotes the
drain-source voltage. The gate insulator of the ISFET senses the specific ion
concentration generating an interface potential on the gate. Thus, the ISFET channel
would be affected by the potential at the gate, which would modulate the current flow
across the source and drain when the device is turned on. The concentration of the H+
ions could be thus measured by calibrating the amount of current flow. In other words,
the relationship between the current and H+ ion concentration will allow that the pH
value is depends to the measured current value. However, at a defined source-drain
potential (Up), changes in the gate potential can be compensated by a modulation of U.
This adjustment can be carried out in a way that the changes in gate potential applied to
the reference electrode exactly compensate for the changes in the gate oxide potential.
The potential developed across the Al,O; insulator layer directly depends on the number

of H+ ions in contact with it [4, 5].

¢ reference
electrode
U _711 \ liquid phase
|| gateoxide ||
e N n e
source drain
¢ p-silicon
Us

Figure 2.3: ISFET operation [5].
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2.2 ISFET Modeling

The ISFET is a MOSFET-based device that uses an exposed gate insulator to measure ion
concentration or local changes of charge densities in electrolyte solutions (figure 2.4).
The response of the ISFET to pH can be explained by considering H+ -specific binding
sites at the insulator surface. This theory, together with the Gouy—Chapman—Stern model
of the potential profile in the electrolyte, and with the MOSFET physics, gives a
complete description of the ISFET. To achieve a general model of ISFET, An ISFET is
considered as two fully uncoupled stages: an electronic stage i.e., the MOSFET which is
the starting structure of the ISFET and an Electro-chemical stage i.e., the electrolyte—

insulator interface.

Ped S Peo D

. Metallization

D, 0 n+ Insulator
@ Sensitive
p-type Si layer
. f_ L —  E=] Channel
R

Figure 2.4: n-channel ISFET structure.

The condition of charge neutrality for the structure of figure 2.4 is given by

O, + 64+ 05=0 (2.1)
If it is considered that the charge density in the semiconductor o is constant with respect
to pH, and it is much smaller than the charge densities o4 in the diffuse layer, and the
charge density at the insulator electrolyte interface c,, the charge neutrality equation
reduces to

0, +64=0 (2.2)
The electrochemical stage can be considered as uncoupled from the electronic stage. On

applying the site-binding theory and the electrical double layer theory, we obtain:
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0q = /8EWKT,, ,, Sinh (%) = asinh ((579‘;) (2.3)

T

ngxp(—zq‘)/—z?)—KAKB Hﬁexp(— CI:/—‘*T")
0a = qNsy )+K el qNyit | =
ARB

Hﬁexp(—Z%)+KAH§exp(—% Hbexp(— q‘)/—eT")H(N)

= qNsi1fa(Peo, PH) + qNyit fr(Peo, H) (2.4)

In equation (2.3), &, is the permittivity of the electrolyte; Cyyi is the ion concentration
in the electrolyte, Ng;j and Ny are the surface densities of the silanol sites and of the
primary amine sites, respectively. K5 , Kg and Ky , are the binding site dissociation
constants. Hy, is the proton concentration in the bulk electrolyte, ®,, is the potential of
the electrolyte—insulator interface, @4, is the potential across the diffusion layer (Gouy—
Chapman layer)as indicated in figure 2.4. Vr is the thermal voltage and its value is Kr/q.
Equation (2.3) can also be written as equation (2.4) in which f,(®,,,pH) and
fo (@0, pH) are self explaining setting functions. Finally, the electrochemical properties
of the insulator surface are combined with the physics of the MOSFET, resulting in an
expression for the ISFET threshold voltage including terms derived from MOSFET

theory as well as terms that are electrochemical in nature.

o
Vth(ISFET) = (Eref + q)lj) - (q)eo _Xe) - [% a Zq)f * %
Om
= Ven(MOSFET) + (Eyes + ®1;) = (o — xe) = (2.5)

In equation (2.5), @ is the Fermi potential of the semiconductor, Qg is the fixed surface-
state charge density per unit area at the insulator—semiconductor interface, Qg is the
semiconductor surface depletion region charge density per unit area, Eref = (Erel + Eabs)
is the potential of the reference electrode (Ag/AgCl considered here) relative to hydrogen
electrode, @4 ; is the liquid-junction potential difference between the reference solution
and the electrolyte, y, is the electrolyte—insulator surface dipole potential, ®g-is the

semiconductor work function and ®@,, is the work function of the metal gate (reference
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electrode) relative to vacuum. The terms in equation (2.5) are practically constant with

respect to pH, except the potential ®,, that depends on the pH parameter.

— Py ——» 6
i
L~ lp/tr,l/'EOH 2| B
O— AT —= [
+ Eref' h CGrmy CHe!m

)
Pea 3
= >4 ®, >
“ P, >

|

OHP

Figure 2.5: Equivalent electric circuit of ISFET [6].

This formulated approach leads to the ISFET equivalent circuit macro model shown in
figure 2.5, where the capacitor Cq, which takes into account the Gouy—Chapman or

diffuse layer (Cgouy) and the Helmholtz layer (Cyeim) , is defined as:

_ CGouyCHelm

= 2.6
eq CGouytCHelm ( )

The dependence of the charge density of the diffuse layer g;0n the potential of the

electrolyte—insulator interface ®,, can be written also in the form:

Oqg = =05 = —CoqPeo (2.7)

On the other hand, the Gouy—Chapman and Helmholtz capacitances can be written as

follows.

& &
Cheim = HE-OHP (2.8)
Eonpdigpt+Eéigpdonp
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d ) o (P
ooy = oo = a(bgd[ [8E, kT, sinh (;9:)]

For @, < 2Vr, the Gouy—Chapman capacitance (Cgoyy) can be given by

Coouy = /8ES KT, (2.9)

Where W and L, are the ISFET channel width and length, respectively; &;yp and Eyyp are
the inner and outer Helmholtz plane permittivities, respectively; diyp and dopp are the
insulator-non-hydrated ion and the insulator—hydrated ion distances, respectively.

When equations (2.8) and (2.9) are introduced into equation (2.7), then equations (2.2)

and (2.4) give the potential of the electrolyte — insulator interface, i.e.
Peo = 7~ Nsitfa(Peo PH) + Nyiefy(Peo, PH)] (2.10)

Thus the potential ¢eo is calculated from the solution of the “EIS system”.

The expression for Vip,(jspery 18

Vinasrery = Vinmosrery + EPH (2.11)

Where Vipmosrer) is the threshold voltage of MOSFET and EPH is the interface
potential between sensing membrane and buffer solution i.e. ¢,. Change in pH of
electrode produce variation on the threshold voltage of equation (2.13) due to the ionic
activity at electrolyte-insulator interface. Hence, the measurement of threshold voltage

directly responds the pH concentration of electrolyte [6, 7].

2.3 ISFET Based pH Sensor

With the advantages of small size, reliability, rapid response, compatibility to standard
CMOS technology and on-chip signal processing, lon-Sensitive Field Effect Transistor
(ISFET)-based pH meter is increasingly being applied in biomedical field. The key
building blocks of ISFET based pH meter system are shown in figure 2.6. The system
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consists of three major modules, including ISFET sensing readout circuitry, Temperature
compensation circuitry and Analog to digital convertor. Other blocks are voltage

reference circuit, LCD display driver and two point calibration circuit [8].

ISFET T T

(7}
NN
n

j=A
1y
Q

Figure 2.6: Basic building blocks of ISFET pH meter [8].

2.3.1 ISFET Sensing Readout Circuitry
The ISFET generates the voltage which is proportional to pH value of detective ions.
Many architectures of readout circuit are available in literature. Some of them are disused

here.

2.3.1.1 Floating-gate Constant Voltage Constant Current Circuit

The sensing readout circuit in figure 2.7 detects the ion concentration of the solution with
features of Constant drain-source Voltage and Constant drain Current (CVCC) operation
mode, and floating reference electrode. With this configuration, two constant voltages Vp
and Vs are fed to the two positive terminals of the amplifiers cause the drain terminal (D)
and the source terminal (S) of the transistor ISFET to keep a constant drain-source
voltage difference. Furthermore, the off-chip resistor (Rex) can be adjusted to set an

athermal point for the ISFET to be at a constant drain current.
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ISFET

T
VANAY

Figure 2.7: Floating gate CVCC circuit [9].

To maintain and operate the ISFET device at its linear region, the gate-source voltage
variation of ISFET’s threshold voltages should be directly proportional to the variations
of the pH values. The potential difference between the gate sensing membrane (G) and

the reference electrode (Ref) is determined by the ion concentration of the solution.

2.3.1.2 Zener-based Bridge-type Sensing Circuit
The bridge-type configuration shown in figure 2.8 contains a Zener diode biased bridge
type sensing circuit with the reference electrode grounded. Because of this grounded

reference electrode a single electrode can be used for multiple ISFET detection.

vas () % R ®

" |—1 b ZH\ZE\
Vs C—_'i
RS % ; EE Refel
VWA -

Figure 2.8: Zener-based bridge-type sensing circuit [3].
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However, both sides of the zener diode are floating but cannot be integrated with ISFET-

based micro-system in a standard CMOS technology.

2.1.3.3 Pechstein’s Drain-output Bridge-type Sensing Circuit

Pechstein’s drain-output bridge-type sensing circuit patented by Pechstein as shown in
figure 2.9, is a similar approach in bridge-type Configuration, but it has revealed the
following drawbacks: (a) ISFET itself serves as an input device and its channel resistance
Rps is an input resistor of the amplifier and (b) the drain potential is measured, but the

ISFET circuit is loaded causing a variation in its operating point during measurement.

+VB
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@ REF
VB 0
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Figure 2.9: Pechstein’s drain-output bridge-type sensing circuit [3].

Because of these two drawbacks, the gain loop becomes more sensitive to environmental

variation caused by biasing and buffer solutions.

2.1.3.4 Gate Feedback CIMP

In CMOS-based integrations n-channel ISFETs are mostly used due to low drift and high
mobility properties and p-type substrate is globally and constantly grounded. In most of
the existing readout techniques, the source of ISFET is not constantly biased, and is used
as an internal node of the circuit, or a point of feedback application. Thus those suffer

from body effect which influences the characteristics of ISFET sensor. However, even if
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not influenced by pH, the threshold voltage Vr is not constant with respect to the voltage
difference Vgs between the substrate and the source of the MOS transistor.

In 2004 Morgenshtein presented a gate CIMP (complementary ISFET/MOSFET pair)
technique for readout circuitry of ISFET, which allows the elimination of body effect and
solves the problems of applicability in CMOS based Microsystems. The direct feedback
configuration of CIMP shown in figure 2.10 (a) consists of a complementary pair of n-
channel ISFET and p-channel MOSFET. The gate of MOSFET is constantly biased,
while the feedback is applied to reference electrode of ISFET.

-
~

)
=

)

| -

(a) (b)
Figure 2.10: (a) Direct and (b) Indirect CIMP circuit with gate feedback [10].

The operational amplifier is used to perform double function: (1) preserving a constant
Vs bias in n-ISFET and p-MOSFET; (2) applying the feedback signal to the reference
electrode. In this configuration the drain current of ISFET as well as V4 remains constant.
Figure 2.10 (b) shows an indirect feedback configuration of gate feedback CIMP. The
reference electrode is constantly biased, while the feedback is applied to the gate of

MOSFET. In this configuration the drain current is not constant, while Vg3 remains

constant during the operation.

2.3.2 Temperature Compensation Circuitry

There are many ways for compensating temperature effect on ISFET sensor. The

following two are mainly used.
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2.3.2.1 Temperature Compensation by using Diode:

A simple p-n diode, which has well known temperature characteristics and fabricated
adjacent to the ISFET gate can provide fast and accurate temperature sensing and
compensation (figure 2.11) .The measurement circuit configures the ISFET as a source
follower, hence any change in the solution pH affects the solution-gate interface potential
of the ISFET, which is detected at the ISFET source as a proportional voltage change.
The diode is operated in forward bias with a constant current. Temperature changes affect
the diode current which can only be observed as change in diode forward voltage since
the current is kept constant. The Diode voltage is fed into an amplifier (A2) and the
ISFET output is fed into an amplifier (A3) with different gains .Now the outputs of both
A2 and A3 are fed into a summing amplifier to mutually offset their temperature

coefficient to produce a temperature independent signal [11].

Digde cutpul
Al
AR
Temperature independent output signal
rE >—

ISFET output k [
/

Figure 2.11: Temperature compensation circuitry using diode [11].

2.3.2.2 Temperature Compensation by using Vy Extractor

An input-free Vr extractor circuit is used to extract the threshold voltage of a MOS
transistor. This V1 extractor circuit can be used as a temperature sensor. It has good
linearity and reproducibility, and hence can be used for temperature compensation of
ISFET. Figure 2.12 shows the compensating electronics to cancel the negative
temperature coefficients (TC) generated by the ISFET with an adequate positive
temperature coefficients provided by the inverting of the Vr extractor output signal [9].

The compensating electronics are completed by two components.
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Figure 2.12: Temperature compensation circuitry using Vrextractor [9].

One is a scale circuit consisting of Ry, Rj, Ry and three operational Amplifiers, is used
for inverting amplification of the V1 extractor output voltage (Vyr) with adjustable gains

determined by:
’ Ry
Wr = Ve — R_ZVVT (2.12)

Thus, we can set Vjrequals to 0 V at 0°C and hence results in a positive temperature
coefficient. Another block is a summing circuit to feed both the output voltages of Vr
extractor V- and ISFET (Vi) with different gains to mutually offset their temperature

coefficients to produce a temperature independent output voltage to ADC.

2.3.3 Analog to Digital Converter

Since the output of temperature compensation circuitry is an analog voltage, an ADC is
required for displaying this output or corresponding pH value of solution on LCD
display. A circuit that can convert an analog voltage into a binary number proportional to
the voltage is known as an analog-to-digital converter. Since biomedical field accuracy is
a most important parameter, a Dual slope ADC (figure 2.13) can be used because it has
more accuracy. Another advantage of this type of ADC is that there no need of DAC. The
major components of this circuitry consist of an integrator, comparator and binary

counter.
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Figure 2.13: Dual slope analog to digital Converter [12].

A current, proportional to the input voltage, charges a capacitor for a fixed time interval
Teharge (figure 2.14). At the end of this interval the device resets its counter and applies an

opposite polarity (negative) reference voltage to the integrator input.
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Figure 2.14: Waveform of the dual slope ADC [12].

With this opposite-polarity signal applied the capacitor is discharged by a constant
current until the voltage at the output of the integrator reaches zero again. The time
Taischarge 18 proportional to the input voltage level and used to enable a counter. The final

count provides the digital output, corresponding to the input level.

2.3.4 Other Blocks in ISFET Based pH Sensor
2.3.4.1 Voltage Reference
In order to reduce the influence of temperature on the ISFET characteristics, the optimum

operating point of the ISFET can be chosen in the proximity of the ISFET is found to bias
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at isothermal operating point. Bandgap reference is the most popular technique for both
Bipolar and CMOS technologies to generate fixed dc reference voltage that does not
change with temperature and power supply. It cancels the negative temperature
dependence of a PN junction with positive temperature dependence from a PTAT
(proportional-to-absolute-temperature) circuit. For providing the adjustable bias range, a
bandgap reference voltage generating circuit has been modified by adding a three-bit

programming option to generate proper and stable voltages with very low dependence on

BandGap ‘i B

temperature.
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Figure 2.15: Programmable bandgap reference circuit [9].

The bandgap reference provides almost temperature and power supply independent
biasing voltage. For more flexible control of constant voltage, the programmable bandgap
reference circuit shown in figure 2.15 is used to supply its output references that have
very little dependence on temperature and power supply to analog modules. It provides

more flexible control of constant drain-source voltage [9].
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2.3.4.2 LCD Display

In ISFET based pH meter the output from the ADC is in digital form so for displaying
this output on the seven-segment LCD, an interface circuitry is required. Figure 2.16
shows the basic components of this LCD display driver, which are binary to BCD

converter, BCD to seven segment decoder, LCD driver circuit and seven-segment LCD

display.
sated BCD
compen Binary to sz(e:ve:lo Seven-
ISFEToutput | pual siope BCD ’ 5
ADC converter segment segment
decoder LCD display

Figure 2.16: 3 2 LCD display driver.

To display any binary output on the seven segments LCD, there is a need to convert the
ADC output to a BCD code. After Binary to BCD conversion, to interface this BCD
output to LCD display, there is a need of a LCD driver.

2.4 V1 Extractor

The threshold voltage is one of the most important characteristics of MOSFET. Accurate
value of threshold voltage for various geometries and bias conditions has to be
determined to characterize MOSFETs. Usually the threshold voltage of MOSFET is
extracted either from graphical methods or from numerical methods which require
considerable measurements and calculations. To overcome these disadvantages, threshold
voltage extraction circuit is required to provide the threshold voltage of MOSFET on its

output directly.

2.4.1 Principle of V1 Extractor

A V1 Extractor is a circuit that automatically extracts the threshold voltage of a MOSFET
and delivers the extracted value on its output. This is advantageous for device
characterization, compared to the common method employing linear regression, because

the extractor circuit requires only a single measurement and it eliminates numerical
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calculations. For a MOSFET in the saturation region, the threshold voltage can be

determined by
121
Vi =V - ?D (2.13)

Where I is the drain current and K = pCyW/L, p is the mobility of the carriers, Coy is the
gate capacitance per unit area, and W and L are the channel width and channel length of

the MOSFET, respectively. Since normally K is unknown, V1 cannot be determined by
using (2.13). The graphical method requires a \/K versus Vg plot so that Vt can be

determined by the intercept of the extrapolated curve with the V axis. The application of
this method is limited to MOSFET characterization because the determined value of Vr is
not available in an electric quantity, which is required for temperature compensation
circuitry of ISFET sensor.

The principle of the V1 extraction and can be explained with figure 2.17. A dc voltage Vg
is applied to the gate of transistor M; and its drain current Ip is copied and applied via a
current mirror to diode-connected transistor Ms.

VDD

Current Mirror
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l| Vo
D ——»
M1
\Zl L — R
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Figure 2.17: Principle of basic V1 extractor [13].
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Assuming M; and M, to operate in saturation, we can apply square-law characteristic to

them and obtain the output voltage.

V, = \/%Vref +(1—\/%)VT (2.14)

This result is obtained under the assumption of V1; = V1, = V1 which can be determined

(2.15)
LS
K2
Voltage Vo and Vp are known quantities since they can be measured. By contrast, the
actual values of K; and K, are normally unknown. According to equation (2.15),
however, the determination of Vi does not depend on the absolute value of K as in

equation (2.13), but only on the K ratio, which is normally known and well under control.

This is the most important and attractive advantage this technique offers.
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Figure 2.18: Implementation of V1 extractor with AV =V [13].
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If 4K, = K; then from equation (2.15)
Vr=2Vo-Vp (2.16)

Therefore, V1 can be obtained directly from Vo and Vg. The corresponding circuit

implementation is shown in figure 2.18.

2.4.2 Four Terminals V1 Extractor

Figure 2.19 shows Wang’s four terminal V1 extractor circuit with a current mirror. The

sizes of M12 and M13 are four times of M11.
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Figure 2.19: Four terminals V1 extractor [14].

The input voltage Vggr applied to M11, giving a current Ip = (K / 2)(Vrer — V1)*. This
current is mirrored into, M12 and M13. Since M12 is identical to M13. And since Ip
flows in each, they must have the same gate-to-source voltage (Vgsio= Vgsi3).Hence the
voltage at node A is half of Vo. The current in M13 is equal to 4(K / 2)(Vo/ 2 -V1)i
Equating currents, gives following result.

Vr=Vo - Vrer (2.17)
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2.4.3 Input Free V1 Extractor

In Wang’s four terminal Vr extractor, Vris referenced to Vggr and not to ground. It is not
possible to set Vrgr equal to zero, as this would cut off M11-M13. The difficulty can be
remedied by including a differential amplifier in the extractor circuit, giving a ground
referenced threshold voltage of MOSFET on its output. Figure 2.20 shows the schematic
for the input free V1 extractor; it has no Vggr input and thus it is a three-terminal circuit.
Transistors M31 and M32 provide a bias voltage on the gate of M11. This voltage is also
applied to the Vo terminal of the differential amplifier.

VDD
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Figure 2.20: Schematic for the input free V1 extractor [14].

Transistors M11, M12, M13, M14 and M15 implement a Wang extractor circuit, whose
output is applied to the Vy; terminal of the differential amplifier. M21 and M22 perform
the subtraction of Vi and Vi, so the output voltage at the drain of M22 is the MOSFET
threshold voltage (V) [14].

2.5 Operational Amplifier
2.5.1 Characteristics of Operational Amplifier

Operation amplifiers are key elements in analogue processing systems. The definitions of

the most important features of operational amplifier are discussed here [8, 15].
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2.5.1.1 Input Offset Voltage

If the differential input voltage of an ideal op-amp is zero, the output voltage is also zero.
This is not true in real circuits: There are various reasons leads to a non-zero output. In
order to bring the output to zero it is therefore required to apply a proper voltage at the
input terminals. Such a voltage is the input offset voltage (Vio).Vio is normally modeled
as a voltage source driving the non-inverting input. The input offset voltage of an
operational amplifier is composed of two components, the systematic offset and the
random offset. The systematic offset results from the design of the circuit and is present
even when all of the matched devices in the circuit are indeed identical. The random
offset results from mismatches in supposedly identical pairs of devices. Input offset

voltage is of concern when DC accuracy of the circuit is required.

2.5.1.2 Input Common Mode Range

The input common mode voltage range, specifies the range over which the differential
amplifier continues to sense and amplify the difference signal with the same gain. When
the common-mode input voltage nears ground rail is required, then differential amplifier
with P-FET input transistors is used. When the common-mode input voltage nears Vpp
rail is required, then differential amplifier with N-FET input transistors is used. Rail-to-
rail input op amps use complementary N- and P-type devices in the differential inputs.
When the common-mode input voltage nears either rail, at least one of the differential
inputs is still active, and the common-mode input voltage range includes both power

rails.

2.5.1.3 Common Mode Rejection Ratio
It is the ratio of differential gain (Apir) to common mode gain (Acym). An ideal amplifier

will have a zero value of common mode gain therefore an infinite CMRR.

CMRR = 22~ (2.18)

cM

2.5.1.4 Power Supply Rejection Ratio
The ratio between the differential gain and the power supply gain leads to two PSRRs.
PSRR shows the ability of the op-amp to reject spur signals coming from the power

supply. For mixed-signal circuits, the PSRR is a very important issue. The power voltage
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affects the bias point of the input differential pair because of the inherent mismatches in
the input circuitry, changing the bias point changes the offset voltage, which, in turn,

changes the output voltage.

2.5.1.5 Slew Rate

Slew rate is defined as the maximum output voltage rate either positive or negative. . Its
unit is V/us. It is measured using the op-amp in the unity gain configuration (figure 2.21).
A large input step voltage fully imbalances the input differential stage and brings the op-
amp output response into the slewing conditions. The slew rate performance of the
CMOS differential amplifier depends on the value of bias current and the capacitance

from the output node to ground. The slew rate of CMOS differential amplifier is given by

Slew Rate (SR) = dVour/dt = Iss/C (2.19)
t=0 t=0
VyO——1+ J /I Id‘u’
v
; ’ T
| |
SR = dVidt dt

Figure 2.21: Slew rate measurement [15].

2.5.1.6 Output Swing

This is maximum swing at the output node without producing a considerable degradation
of op-amp performance. The output swing is only a fraction of (Vpp - Vss).Within the
output swing range the response of the op-amp should conform to given specifications

and the harmonic distortion should remain below the required level.

2.5.1.7 Equivalent Input Noise
The noise performance of a CMOS operational amplifier depends on the noise of the
transistors used and circuit architecture. The noise of an MOS transistor is composed of

white noise and flicker noise (1/f). In figure 2.22 at corner frequency, 1/f term becomes
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equal to the white. 1/f noise dominates at higher frequencies while at lower frequency,

white noise dominates.
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Figure 2.22: Equivalent input referred noise voltage and its spectrum [15].

The frequency at which the 1/f term becomes equal to the white one is called corner

frequency.

2.5.1.8 Settling Time

This is the time that the output voltage requires, under given operating conditions, to
achieve the expected output voltage within a given accuracy (usually 0.1% or better). The
settling time is measured from the end of the slewing period. It critically depends on the
phase margin: a poor phase margin leads to a ringing response that augments the settling

period.

2.5.1.9 Unity Gain Frequency (UGB)
The small signal analysis determines the frequency response sketched by a set of zeros
and poles. The frequency at which the gain (Apr) becomes 1 unit or 0 dB is called unity

gain frequency.

2.5.1.10 Phase Margin

This is the phase shift of the small-signal differential gain measured at the unity gain
frequency as shown in figure 2.23. For a phase margin less than 0°, the system is
considered to be unstable. A marginally stable system has a phase margin between 0° and
45°. In order to ensure stability it is necessary to achieve a phase margin better than 60°.

A lower phase margin (like 45° or less) will cause ringing in the output response. For
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greater PM, the system is more stable but time response slows down. Thus PM = 60° is

typically considered as optimum value.
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Figure 2.23: Gain & Phase plot.

2.5.2. Op-amp Topologies

2.5.2.1 Telescopic Cascode Operational Amplifier

The simplest version of a single stage OTA is the telescopic architecture. The input
differential pair injects the signal currents into common gate stages. Then, the circuit
achieves the differential to single ended conversion with a cascode current mirror. Note
that the transistors are placed one on the top of the other to create a sort of telescopic
composition. The small signal resistance at the output node is quite high. Such a high
resistance benefits the small signal gain without limiting the circuit functionality when

we require an OTA function. The schematic of telescopic cascode op-amp is shown in

figure 2.24.
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Figure 2.24: Telescopic cascode op-amp [16].

By inspection of the circuit, the derived expression of low-frequency small signal

differential Gain is as follows:

AO — Im1 (rdssgm6rds6rd52gm4rds4)/( (2,20)

Tass9meTase T Tas2ImaTasa)

It is proportional to the square of the product of a transistor trans-conductance and an
output resistance. Therefore, as expected, the telescopic cascade achieves a gain similar
to the one of the two stages architecture. Moreover, by cascode configurations may be
used to increase the voltage gain of CMOS transistor amplifier stages. This structure has
been called a telescopic-cascode op-amp because the cascodes are connected between the
power supplies in series with the transistors in the differential pair, resulting in a structure
in which the transistors in each branch are connected along a straight line .The main
potential advantage of telescopic cascade op amps is that they can be designed so that the

signal variations are entirely handled by the fastest-polarity transistors in a given process.
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In addition to the poor common-mode input range calculated another disadvantage of the

telescopic cascode configuration is that the output swing is small.

2.5.2.2 Folded Cascode Op-amp

In order to remove the drawbacks of telescopic cascade op-amp, a folded cascode op-amp
can be used. This architecture is used to improve PSRR. An important property of folded
cascode op-amp is the capability of handling input common levels close to supply rails
(Vbp, Vss). In these types of op-amps, the small signal current is folded up or folded
down [14, 16]. The load capacitance itself acts as compensation capacitance. The
dominant pole is associated with the output Cp provides frequency compensation.
Increasing Cp, improves phase margin. One of the advantages of the folded cascade op-
amp is that it has push-pull output. This means the op-amp can actively sink or source
current from the load. The exact match of the currents in the differential amplifier is not
demanded by the folded cascode op-amp since extra current can flow in or out of the
current mirror. While the bias current in the conventional cascode delivers the current in
both the input devices and the cascade devices since they are stacked together. The bias
current of folded cascode (Iss) supplies only the input devices. So additional current (Ip3)
is required to add necessary bias current .There are two basic form of folded cascode op-
amp. First is n-channel input folded cascode op-amp and second is p-channel input folded

cascode op-amp.
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Figure 2.25: N-channel input folded cascode op-amp [16].
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An N-channel input folded cascode op-amp is shown in figure 2.25, in which PMOS
input device and NMOS cascode transistors are used. Such a circuit potentially provides a
higher gain than the P-channel input folded cascode op-amp because of greater mobility
of NMOS devices. When there is a need of input common levels closet to Vpp, then this
topology is used.

In P-channel input folded cascode op-amp, NMOS input devices and PMOS cascode
transistors are used. The PMOS input folded cascode has become the prime choice over
its NMOS counterpart for its higher non-dominant poles, lower flicker noise, and input
common mode level. A PMOS input pair is chosen so that a common-mode level close to
ground could be accommodated. In p-channel input folded cascode op-amp which is
shown in figure 2.26, the input CM level cannot be less than Vy1-Vgs3+Vrup|. By using a
cascode mirror in folded cascode op-amp, a gain of two stage op-amp can be achieved.

The small signal gain P-channel input folded cascode op-amp is given by

Aoy = gml(Rn,cascodel|Rp,casc0de) = gml(gm4ro4ro6||gm8r08r010) (2.21)

The maximum output voltage swing of folded cascode op-amp which is designed in

figure 2.26 can be calculated.

T

Tt
=

i—-———ovouts——u
O

Figure 2.26: P-channel input folded cascode op-amp [16].
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With proper choice of Vyjand Vi, the lower swing is given by Vops+Vops and the upper
end by Vpp - (|Vobs| +|Vopy|).Thus the peak to peak swing is equal to Vpp- (Vops+Vops

+Vob7| Vo).

2.5.2.3 Two Stage Op-amp

As specified by the name, the circuit is the cascade of two stages: the first stage usually
consists of a high-gain differential amplifier. This stage has the most dominant pole of
the system. A common source amplifier usually meets the specification of second stage,
having a moderate gain. A typical CMOS differential amplifier stage is shown in figure
2.27. Differential amplifiers are often desired as the first stage in an op-amp due to their
differential input to single —ended output conversation and high gain. The input devices
in figure 2.27 are P-channel MOSFETs (PMOS). PMOS input devices are used more
because of its improved slew rate and reduced 1/f noise. PMOS input devices also
provide reduced power supply rejection due to the current mirror’s low sensitivity to
change in power supply voltage. The circuit in figure 2.27 uses the same reference
current for the differential amplifier and the second stage. Therefore, the bias currents in
the two stages will be controlled together. Observe that the conversion from differential
to single ended is achieved in the first stage with a current mirror (M3-M4). As a matter
of fact, the signal at the output of the differential pair is current. The current from Mlis

mirrored by M3-M4 and subtracted from the current from M2.

* * Voo
MB I M
IBias Ot
*—
- Eﬁ
|
GND

Figure 2.27: Two stage op-amp.
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The signal contributions of the two currents multiplied by the output resistance of the first
stage give the single-ended first stage output voltage. The resulting signal constitutes the
input of the second gain stage. The low frequency gain is given by the product of the two

gains. By inspection of the circuit we obtain

Ay = A4, = catit (2.22)

(9ds2+9dsa)(Gdss+9dse)

The small signal equivalent circuit of the two stage amplifier in figure 2.27 can be
represented with the simplified diagram in figure 2.28. Each stage is represented by a
transconductance generator and the parallel connection of an output resistance and a load

capacitance. The two RC networks contribute with two poles whose angular frequencies

arc
11
P T RC
r_ 1 _ 1
P2= T e (2.23)

vi vi)
: . 4 o
Rl == Ry ==C>

Eml Yim B2 Y

Figure 2.28: Small signal equivalent of two stage op-amp.

In this model, gm1 and gmy are the trans-conductance of input transistors (M, Ms) in both
stages. The output resistances (R;, Ry) of the two stages are given by the parallel
connection of rg; and rgu. The load capacitances (C;, C;) result from the parasitic

elements of the transistors used and load capacitance.
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2.5.2.4 Gain Boosting

In one stage op-amps such as telescopic and folded cascade topologies the objective is to
maximize the output impendence so as to attain high voltage gain. The gain-boosting
technique is used to further increase the output impendence without adding more cascade
devices. The gain-boosting technique improves accuracy of cascoded CMOS circuits
without any speed penalty. This is achieved by increasing the effect of the cascode
transistor by means of an additional gain-stage, thus increasing the output impedance of
the sub-circuit. Used in op-amp design, this technique allows the combination of the
high-frequency behavior of a single-stage op-amp with the high DC-gain of a multistage
design. this approach can be applied to a differential cascade stage as shown in figure
2.29 (a).The single ended amplifiers A; and A, in figure 2.29(a) can be replaced by one
double ended differential pair (figure 2.29(b)), whose basic implementation is shown in
figure 2.29(c).The minimum voltage at the drain of M3 is equal to Vops+VgsstVissa,
where Viss; is the voltage required across Iss;.On the other hand this minimum voltage

would be approximately one threshold voltage lower.

(©)

Figure 2.29: Boosting of the output impedance of a differential cascade stage [16].
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2.6 Current and Voltage References
A precision voltage reference and current reference circuit is very important in the design
of mixed-signal and analogue integrated circuits such as differential amplifier, ISFET

readout circuit and data convertors [16].

2.6.1 Current Mirror

Figure 2.30 (a) shows the basic current mirror which is a conventional method of biasing.
Since Vgsi1= Vgsz the same current or a multiple of the current in M; will be copied to
each stage on basis of the sizes of each transistor, provided all transistors stay in

saturation region. The current Ip, is given by

B
lp, = ?l(vem —Vin )2 (2.24)
If M, is assumed in saturation region, the current flowing in M is
B
lp, =1, :?z(vesz —Vinn )2 (2.25)
Voo - Voo
I'rer I REF i' R,
"'nu'i ,—} ]nm
My H M, -jl | g
My L L L
(a) (b)

Figure 2.30: Current-mirror biasing using (a) an ideal current source (b) a resistor [16].

Since Vgs1 = Vgsa, the ratio of the drain currents is given by

I WL _ 5 (2.26)
IDl Wl L2 ﬂl

This equation shows W/L ratio of the two devices to can be adjusted to achieve the
desired output current. If Irgr does not vary with Vpp and channel length modulation of
M, is neglected, then Ip remains independent of the supply voltage. A resistor is tied
from Vpp to the gate of M1 (figure 2.30 (b)) .Now the output current of this circuit is

sensitive to Vpp.
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v W)
B Rl+ym1 (WA)I

These references are required to be stable over process, power supply voltage, and

Al (2.27)

temperature variations.

2.6.2 Supply Independent Biasing

In order to get supply independent current, the circuit must bias itself i.e. Ixgr must be
derived from Ioy. The idea is that if I,y is to be independent of Vpp then Iggr is the copy
of Iour. In figure 2.31 M3 and My copy Loy, thereby defining Irgr. If M- My operates in

saturation and channel length modulation is neglected then the following relation can be

obtained.
Tou=K .Irgr (2.28)
w My M, vaff
(f )P — T )p
IreF out

(), dH— (3,

= M, My =

Figure 2.31: Simple supply independent current reference [16].
Since a current source is fed to each diode connected device, I,y and Irgr are relatively
independent from Vpp. For defining currents uniquely a resistor Rg is used (figure

2.32(a)). This configuration is also known as beta multiplier reference. The width of M,

is made K times larger than the width of M; and L;=L,, so that

B =K-p (2.29)
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Figure 2.32: Beta multiplier reference [16].

Therefore it can be written

Vst = Vgs2 + Ip2 Rg

Or
A — 2oyt
w’ﬂnCox(W/L)N + Ve = ‘/anoxK(W/L_)N + Vrnz + lowtRs (2.30)

On neglecting body effect, we have

2w (1 _ 1Y _
W(l \/E) IoutRs,

And hence

2
lout = i 77 (1~ 78) @31
This is the basic design equation for this reference. The size parameter K must always be
greater than 1. In the above calculation, it is assumed that Vry; and Vi, are equal but in
actual these are equal because the sources of M; and M, are at different potential. To
avoid this problem the resistor is placed at the source of M3 (figure 2.32 (b)) while tying
source and bulk of each PMOS transistor for eliminating body effect.

2.6 .3 Temperature Independent References
Reference voltages and currents with little dependence to temperature prove useful in
many analog circuits. As many process parameters vary with temperature, if a reference

is temperature-independent, it is usually process independent as well. If two quantities
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with opposite temperature coefficient are added with proper weighting, the resultant
quantity theoretically exhibits zero temperature coefficient. For V; and V, with opposite
temperature dependence, the coefficients c¢; and ¢, can be chosen in such a way that

Vref=c,V,+c,V, Thus, the reference voltage exhibits zero temperature coefficient.

2.6.3.1 Bandgap Voltage Reference

The bandgap voltage reference is required to exhibit both high power supply rejection
and low temperature coefficient, and is probably the most popular high performance
voltage reference used in integrated circuits today. Among various devices in the
semiconductor technology, the characteristics of the bipolar transistors have proven the
most reproducible and well-defined quantities that provide positive and negative
temperature coefficients. Figure 2.33 shows the basic principle of bandgap Reference.
The forward voltage of a p-n junction diode or the base-emitter voltage of bipolar
transistor exhibits a negative TC. The PTAT term is realized by amplifying the voltage
difference of two forward-biased diodes (i.e. base-emitter junctions).Thus a reference
voltage with zero temperature coefficient is obtained and given by:

Vier = Vpe + K. Vprar (2.32)

= x
(0 Vi ™ Ve * KV

5

PTAT Generator

x

Figure 2.33: Principle of bandgap reference [16].

For bipolar transistor the collector current

Io =I5 exp (VBE/VT) (2.33)
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Where Vr=k.T/q . Is is the saturation current which is proportional to ukTn? where u is
the is the mobility of minor carrier and n; is the carrier concentration of silicon. Again the
temperature dependency of u and n; are represented by

poc uT™
—E
nZ oc T3 exp( g/kT>

Where m ~ =3/2 and E; = 1.12 eV is the bandgap energy of silicon. Thus it is given
by

Ig = bT* ™ exp <_Eg/kT> (2.34)

Where b is proportionality factor. For simplifying the analysis the I¢ is assumed constant
with temperature. On taking derivative of Ic with respect to T and by using the above

equation, the temperature coefficient of base emitter voltage is obtained and given by

Vr Eg

9VsE = %lnj_(f_ (4+m)___VT — VBe-(4+m)Vr—E4/q
S

T

oT T kT2 (2'35)

This is negative and has revealing dependence on the magnitude of Vgg itself. Exact
Cancellation of the dependence of V. to temperature is not possible because of
component tolerances and second order effects such as the nonlinearity of the dependence
of VBE on temperature. For PTAT term two bipolar transistor operate at unequal current
densities are used (figure 2.34). Now the difference between their base-emitter voltages is

given by

AV = Vg1 — Vgga
nlo

= Vpn2— V. In2 = v, Inn (2.36)
I Isz

S1



Chapter 2. Literature Survey 39

Voo

ol
11

Figure 2.34: Generation of PTAT voltage [16].

Thus Vgg exhibit positive temperature coefficient, which is given by

Ve _ k
7 = p Inn (237)

With the negative and positive TC, a reference (Vrgr) having a zero temperature

coefficient can be developed and given by

VREF = a1 VBE + 0(2( VT ln TL) (238)

At room temperature OZ?E ~ —1.5mV /K whereas aa% ~ +0.087mV /K .If a,;=1 then

for zero TC, a, Inn is chosen such that a, Inn (0.087) = 1.5
A conventional CMOS bandgap reference for n-well process is shown in figure 2.35.
Transistors Q1 and Q2 are assumed to have emitter base areas of Ag; and Ago,

respectively.

posd
-h
bk
Lk
I
N
LA
iy

]
L)
LA
Y
] =1} g—\' + l

Q4 Qs

Figure 2.35: Implementation of bandgap reference [16].
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If offset voltage of op-amp is assumed to be zero, then
Vrlnn R
Vout = Vpgz + TR 1+ R—Z (2.39)
3 3

Where n = Ag, / Agi. The first term is the CTAT term and the second the PTAT term.
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Circuit Implementation

In this chapter the schematics and layouts of key components and building blocks have
been designed. Cadence Composer is used to implement the schematics. For layout design
Cadence Virtuoso layout editor is used. DRC, LVS and RCX have been performed by

using Cadence Assura.

3.1 ISFET Model

For the project modeling, the ISFET used is an n-channel device with a gate insulator
consisting of SiO; that is covered by an Al,O; layer. The dimensions of the ISFET are
400/20 um. The W/L must be in suitable size to ensure a good contact with the liquid at
the gate. In addition to this, the W and L size affects the current flow across the drain and

source.

D

|

ISFET_EPH k—g

G|_‘

S

Figure 3.1: ISFET model.

A general model of ISFET has been achieved by considering it as two fully uncoupled
stages: an electronic stage i.e., the MOSFET which is the starting structure of the ISFET

41
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and an Electro-chemical stage i.e., the electrolyte—insulator interface. The expression for
V1H (sFET) 18

V1u asret) = VH (vosreT) TEPH (3.1)
Where Vi (vosret) is the threshold voltage of FET and EPH is is the interface potential
between sensing membrane and buffer solution. The EPH term is pH dependent and it is
modeled using Verilog—A language. Then electrochemical stage is interfaced with
electronic stage (MOSFET) as shown in figure 3.1.

The ISFET static model is obtained by considering the threshold voltage Vi, asrer) in the
current equations of the MOSFET, i.e.

I = g(\/gs -V, (isfet))z (Saturation region) (2.2)
Ids - g(z(vgs _Vth(isfet) )‘/ds _des) (Linear region) (23)

Where [ = (u Cox W/L) and p, W and L are the electron mobility, the channel width and
channel length respectively. Vg is the drain- source voltage, Vg is the gate-source

voltage.

3.2 Op-amp Topology Selection

OP- amp is the key component for both ROIC and temperature compensation circuitry of
ISFET based pH meter. In biomedical micro-system, circuits with higher accuracy are
required. This indicates that the chosen topology of op amp must have high open loop

and minimal noise with less power consumption.

Table 3.1: Comparison of various op-amp topologies

Op-amp Gain Output Speed Power Noise
Swing Dissipation

Telescopic Medium | Medium Highest Low Low

Folded-Cascode | Medium | Medium High Medium Medium

Two-Stage High Highest Low Medium Low

Gain-Boosted High Medium Medium High Medium
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From Table 3.1, it is clearly visible that a two stage amplifier is best suited configuration
from all aspects. An Op-amp is desired to scale-up the temperature coefficient of Vr
extractor. Since the output range of this Vr extractor is near to ground but less than
Vpp/2, a p-input differential pair two stage amplifier is suitable. The circuit, in figure 3.2
uses the same reference current for the differential amplifier and the second stage.
Therefore, the bias currents in the two stages will be controlled together. The conversion
from differential to single ended is achieved in the first stage with a current mirror (M3-
M4). The signal at the output of the differential pair is current. The current from Mlis
mirrored by M3-M4 and subtracted from the current from M2.The signal contributions of
the two currents multiplied by the output resistance of the first stage give the single-
ended first stage output voltage. The resulting signal constitutes the input of the second
gain stage. For a two-stage op-amp single capacitor Miller compensation (SCMC), which
significantly reduces the frequency of dominant pole and moves the output pole away from
the origin is a common technique in op-amp design. As the transistor gain of the second
stages increases, the dominant pole decreases and the non-dominant pole increases. In this
way the two poles are being split apart and stabilize the feedback amplifiers by greatly
narrowing the bandwidth. This simple pole splitting method also introduces a right half plane
zero which causes negative phase shift. As a result, the stability is made a little poorer. The

zero comes from the direct feed through of the input to the output through the Miller

capacitor.
| VDD
M5 I wme
R |
1
N M8 VDD Vout
71| [N+ —o
I | | N4 M2 |> ILL‘(t
|| Ynvi24 |
| M11
M10 | M3 M4 M7
< GND

Figure 3.2: Two stage Op-amp.
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To eliminate the RHP zero due to the feed through and increase the phase margin of the op
amp, a nulling resistor is added in series with the compensation capacitor (SMCNR) to
increase the impedance of the feed through path. A MOSFET, operated in linear region can
be used for implementing this nulling resistor.

A beta multiplier current reference circuit is used for biasing, which provides supply

independent current. The basic design equation for this reference is

2
2(1-%)

Iout - lf‘nCox(VV/L)NR2 (34)
Where K= (W/L)ms / (W/L)wmi1. Resister R is used for defining current value.

3.3 V1 Extractor

The MOSFET threshold voltage V-t at temperature T can be described by

VT = VTT‘ - a(T - TT) (35)

Where Vi is the threshold voltage at room temperature T, (300 K) and o is the
temperature coefficient of threshold voltage. According to equation (3.5), as the
temperature is increased, the threshold voltage of MOSFET is reduced. This relation is
useful for temperature compensation in ISFET based pH meter and for implementing
temperature independent voltage reference. The threshold voltage of MOSFET extracted
either from graphical methods or from numerical methods requires considerable
measurements and calculations. The applications of these methods are limited to
MOSFET characterization because the determined value of Vr is not available in an
electric quantity, which is required for temperature compensation circuitry of ISFET
sensor. To overcome these disadvantages, threshold voltage extraction circuit is required
to provide the threshold voltage of MOSFET directly on its output. A V1 Extractor is a
circuit that automatically extracts the threshold voltage of a MOSFET and delivers the

extracted value on its output.

3.3.1 NMOS Vi Extractor
An input free NMOS Vr extractor is shown in figure 3.3. Transistors M1, M2, M3, M4

and M5 implement a Wang extractor circuit.
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M8

i«

v WL — 7

Figure 3.3: NMOS V extractor.

The sizes of M2 & MS5 are four times of the M1. Since the sizes of both M3 and M4 are
same, same current will be flowed through M1 & M2. On assuming M1 and M2 to
operate in saturation and equating the current in both transistors, we get the following

result.

(K /2)(Vies— V1)? 24K / 2) (Vg / 2 - Vp)?
Vg =Vr+ Vier (3.6)

Thus for extracting only the value of V1, A differential amplifier is used which subtracts
V.erfrom Vg. Assume that the sizes of both M6 & M7 are identical and are in saturation.
Since same current is flowed through both transistors, the gate to source voltage
Vas7=Vur —Vin, and Vgse=Vipo must also be identical. Thus the output put of this
differential amplifier is the difference of Vi and V. i.e.

Vmn=Vui - Vio (3.7)
Since M7 is connected in a source-follower configuration, it is always saturated.
Transistor M6 remains saturated if Vps > (Vgs - Vr) that is, if Vin> (Vio- V7). The
constraints for saturated operation of both M6 and M7 are

Vui >2Vio—Vr
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Vio> Vr
Transistors M8 and M9 provide a bias voltage (Vi) on the gate of M1. This voltage is
also applied to the Vi terminal of the differential amplifier. Since this input free Vr
extractor has no Vg, it is a three-terminal circuit. The output (V) of Wang’s V¢
extractor is applied to the Vi terminal of the differential amplifier. M6 and M7 perform
the subtraction indicated in (3.6) and (3.7) so the output voltage (VTN) at the drain of M6
is the MOSFET threshold voltage (V7).

3.3.2 PMOS Vi Extractor

The proposed input free PMOS Vr extractor is shown in figure 3.4 which directly
extracts the threshold voltage of PMOS on its output. The size of M3 is four times of the
M4. Since the sizes of both M1 and M2 are equal, same current will be flowed through
M3 & M4. Transistors M9 and M10 are used for generating the reference voltage V...

~ 1 VDD

MO || Vief M3 M4 M6 M8

' g

Vout

<+ GND

Figure 3.4: Proposed PMOS V7 extractor.

On assuming M1 and M2 to operate in saturation and equating the current in both

transistors, we get the following result.

K Ky
Va= \/,;:Vref + (Vpp = [Vrpl) (1 - \/KZZ) (3.8)
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If K; =4 K,, then equation (3.8) becomes

Vi = 2Vrer + (IVrpl — Vpp) (3.9)

For achieving the output voltage equal to [VTP|, two differential amplifier are used which

simply subtract (2V,..f — Vpp) from V. Assume that the sizes of both M5 and M6 in

PMOS differential pair are identical and are in saturation. Since same current is flowed

through both transistors, the gate to source voltages must also be identical.

Vref —Vop =V, —Vp
Veer + |Vrp|l = Vg (3.10)

Similarly for NMOS differential pair, sizes of M7 and M8 are identical and both are in

saturation. Then on equating the current in both transistors, we get

Vout = Vg — V,f (3.11)
From equation (3.10) and (3.11)

Thus absolute value of PMOS threshold voltage |V;p| is directly extracted on output of
PMOS Vr extractor.

3.4 Voltage Reference Circuit

For reducing the influence of temperature on ISFET characteristics, the ISFET should be
biased at isothermal operating point. A new architecture for a precision CMOS voltage
reference has been proposed and shown in figure 3.5 that can also be used in low power
application. This voltage reference does not use any diodes or BJTs. Two linear voltages,
one is the threshold voltage of P-MOSFET (Vr1p) and the other is the N-MOSFET
threshold voltage(V1x), are combined to generate a reference voltage that is stable with
temperature. The NMOS Vr extractor and PMOS Vr extractor are used for extracting
V1~ and Vrp.
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NMOS VT Extractor

PMOS VT Extractor

Figure 3.5: Temperature independent voltage reference using Vt extractors.

Both V1p and Vy have negative TCs but they are different in value. Hence, they can be
subtracted with different weighting values to form a near zero-TC output voltage. An op-
amp is used to form a subtractor circuit as shown in figure 3.5. The transfer function of

this subtractor is

Vyes = (1 + L) Vip — (FellRelln) (B (3.13)

((Rz1IR3)+R1) R

The coefficient Ry/Rj; is used to set the reference voltage to a desired level. The variable
Rr/R; offers cancellation of temperature coefficient and provides temperature

independent reference voltage.

3.5 Sensing Readout Circuit

In order to obtain a measuring signal, the ISFET has to be associated with an analog
interface circuit. Zener-based bridge-type sensing circuit is not suitable for CMOS
technology. All devices comprising an MOS device are made on a common substrate. In
a standard CMOS technology, n-channel ISFETs are mostly used due to low drift and
high mobility. In N-well CMOS technology, p-type substrate is globally and constantly
grounded. In most of the existing readout techniques, such as Floating gate CVCC circuit,
Pechstein’s drain-output bridge-type sensing circuit the source of ISFET is not

constantly biased, and is used as an internal node of the circuit, or a point of feedback



Chapter 3. Circuit Implementation 49

application and Vs is not zero. The expression for the threshold voltage is modified to

incorporate Vg as follows:

VT — VFB + 2¢)B + \/Z‘gSinXNAX(Zd)B+|VBS|) (3.14)

Cox

Where Vg is the flat-band voltage, @5 is the bulk potential. Vg contains terms, which
reflect the interfaces between the liquid and the gate oxide, and the liquid and the
reference electrode; which makes Vpp sensitive to the changes of pH. Terms @5 and Cox
are assumed to be constant and uninfluenced by pH. This above expression shows the
influence of Vg on the value of V; in integrated implementation of ISFET. The nonzero
value of Vpg causes a change in Vy that is not due to the change of pH level. The error
that occurs in case of body effect is significant, which limits the possibilities of source
biasing in ISFET. Thus Gate feedback CIMP (complementary ISFET/MOSFET pair)
design technique is the best choice for ISFET readout circuit in which body effect
elimination is guaranteed. Figure 3.6 shows the schematic of an indirect feedback

configuration of CIMP.

Visfet
1ste L oVout

Vref

Figure 3.6: Sensing readout circuitry using indirect feedback gate CIMP.
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In this reference electrode of N-ISFET is constantly biased with V,.rand the feedback is
applied from output of op-amp to the gate of P-MOSFET. In this configuration, drain
current is not constant, but Vpg does not change during the operation. The body effect
elimination is also guaranteed. For operational analysis, this circuit can be represented by
small-signal model as shown in figure 3.7. The parameters of amplifier and transistor at

the saturation region are

9o = Gas = lah (3.15)
Gm =28 X 1] X (1 + AV,) (3.16)
Vout
i Tin Av\/in%
Vin 3
G D D G!
gmpVasp rop gmnVgsn Fon
| Sa S.

Figure 3.7: Small signal modal of Gate CIMP interface [10].

The threshold voltage (V1) of ISFET is increased with increasing pH. As a result, drain
current Iy decreases and trans-conductance g, also decreases. The voltage distribution in
drain area changes and Vg falls. The input voltage Vi, of op-amp increases. This causes a
rising gate voltage V, in the p-channel device. Due to this, there is a change in trans-
conductance g,, until the input node of operational amplifier adjusted to match the set

point defined by V. The drain current Iy in saturation is expressed as follows:

2
lg =5 x (Vs = V)" % (1 + W) (3.17)

Equation (3.17) can be rewritten as
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2
Iy = ax Ay x (Vo = Ve, = Vg, ) (3.18)

Where constant 4,, is defined for each device and depends on its dimensions and process

parameters and it is given by

AGpvas) = f X (1 + AVys) (3.19)
The ratio of p-channel and n-channel constants is defined by
A
q = PHEVas) (3.20)
AnABV 4s)

Assuming an ideal amplifier with infinite input resistance (I, —0o0) the currents are equal,

which as follows

Idp = Idn

Va x (1{% ~Vy, = Vp) = (Vg = Vo = V1) (3.21)

The dependency of I{qp on V. can be described by

_ Vgn—Vsn _ Vﬂ
Vy = 2 4V vy = LT (3.22)
Vgn =V
K, = ‘Q"T + Vs, + Vg, = constant (3.23)
Vrn
Vo =Kz =2 (3.24)

Finally, the dependency of V., on pH changes in saturation region can be described by

the following expression

—AVr, (pH)

AVpye = AVgp = Ja

(3.25)
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Thus shifting in threshold voltage of ISFET due to pH change can be directly read on the
output of this circuit. The bias voltages V; and Vg are provided by Temperature

independent Voltage Reference which was discussed in section 3.4.

3.6 Temperature Compensation Circuitry

The threshold voltage of ISFET Vi varies accordingly with the ph change or the ionic
concentration of aqueous solution. Figure 3.8 gives the complete design of a temperature
compensation circuit based on Vt extractor circuit. It consists of two blocks. In first

block a scaling circuit is used to make the TC of V1 extractor equal to the TC of ISFET.

Vout

NMOS VT Exiractor |

Visfet
ISFET Read-out Circuit|

Figure 3.8: Temperature compensation circuitry using Vr extractor.
The V1xs is the output of scaling block and it is given by

— Ry _
Viws = 2 (Gres) Viw = Va (3.26)

For compensation, the value of Ro/ R; is calculated by using following relation

2 _ TC of ISFET
Rz) TC of VT Extractor
(1+R1) fvr

(3.27)

Since the TC of ISFET is positive and the TC of Vrns is negative but both have same
magnitude of TC, a summing amplifier is used in second block which cancels out the

positive TC of ISFET by the scaled TC of Vt extractor (Vins).
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Vout= V1ns + Vistet (3.28)

Thus a temperature independent output (Vo) 1s achieved using this temperature

compensation circuit.

3.7 ROIC with Temperature Compensation Circuit
Figure 3.9 shows the complete schematic of ROIC with temperature compensation

circuit. Voltage reference is used for providing isothermal biasing to read out circuitry.

Temperature
Compensation
Circuit

L o Vout

Voltage Reference

Figure 3.9: ROIC with temperature compensation circuitry.

3.8 Layout Design

Individual devices must be matched to get good response in analog circuit design. In fact
almost all of the 'analog layout techniques' are actually methods for improving matching
between different devices on a chip. Most analog circuit designs use a ratio based design
technique (e.g. current mirrors) and thus matching is important. Some common
techniques that help improve device matching are Multi-gate Finger Layout, use of

dummy transistors.
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3.8.1 NMOS VT Extractor

BT

Figure 3.10: Layout of NMOS V7 extractor.

3.8.2 PMOS VT Extractor

0

]

Figure 3.11: Layout of PMOS V7 extractor.

3.8.3 Two Stage Op-amp

Figure 3.12: Layout of two stage op-amp.
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3.8.4 Voltage Reference

Figure 3.13: Layout of voltage reference circuit.

3.8.5 Temperature Compensation Circuit

Figure 3.14: Layout of temperature compensation circuit.
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ircui

Figure 3.15 shows the layout of complete of ROIC with temperature compensation

3.8.6 Complete Layout of ROIC with Temperature Compensation C

circuit. The doted rectangle in figure 3.9 is not included in it.

Chapter 3. Circuit Implementation

b
5

B,

LI,
i

(rorrremmnns

Layout of complete ROIC with temperature compensation circuit.

Figure 3.15



Chapter 4

Simulation Results

In this chapter the schematics and layouts of key components and building blocks
discussed in last chapter, have been simulated for desired parameters with 3.3V power

supply. Test simulations are performed using Spectre simulator.

4.1 Pre-Layout Simulation

4.1.1 NMOS V1 Extractor

The temperature variation response of input free NMOS Vr extractor is shown in figure

4.1.

740

720

TC =071 m¥/C

700

VTN (mV)

680

660

640 T T T T
-25.0 o] 25.0 50.0 75.0 100
temp (C)

Figure 4.1 Measurement of temperature coefficient of NMOS V1 extractor.
The output of this Vr extractor displays linear and fast response to small changes in

temperature with a negative TC of -0.71 mV/ °C for temperature range of -10 to 100°C.

57
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4.1.2 PMOS V1 Extractor

The temperature variation response of proposed PMOS VT extractor is shown in figure
4.2. It provides the PMOS threshold voltage 0.70V and its temperature coefficient is
-0.15 mV/ °C for temperature range of -10 to 100°C.

7125

710.0

707.5

TC=0.15mv/C
705.0

|VTP| (MmV)
=~
o
N
o

700.04

697.5

695.0

592.5 T T T T
-25.0 0 25.0 50.0 75.0 100
temp {(C)

Figure 4.2 Measurement of temperature coefficient of PMOS V7 extractor.

4.1.3 Two Stage Op-amp

The simulations of two stage op-amp include AC response, Transient analysis, Common
Mode Rejection Ratio and Input Common Mode Range.

4.1.3 .1 AC Response

This response is used for observing open loop gain, unity gain bandwidth (UGB), 3-dB

bandwidth and phase margin of the circuit.

ac mag=1V

DC=1.65V

Figure 4.3: Test setup for AC response of the circuit.
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In the test setup a differential AC signal of 1V is applied to the inputs along with the dc
bias potential.
100[gain

75.0{ 80.65dB [\
50.0]
3dB Frequency = 1.098kHz

25.0]

ol
-25.04 UGB= 10.56MHz
-50.04 \
-75.0]

'5337_ phase’

Gain (dB)

Phase Margin= 54.44deg

100 10l 102 103 104 105 108 107 108 102
frea (Hz)

Figure 4.4: AC response of two stage op-amp

4.1.3.2 Transient Response
This response is used for observing slew rate and settling time of op-amp. In the test

setup op-amp is used in unity gain configuration.

VDD=33V

——o Vout

CL

TIE

Figure 4.5: Test setup for transient response of the circuit.
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Transient Response
125/ Vout

1.0] +SR = 19.7 V/us

-5R =29.4V/us

.75
Settling time = 455n$

Vin (V)

25

1387vim

1.0

.75

v )

.25

0 1 2 3 4
time (us)

Figure 4.6: Transient response of two stage op-amp.

4.1.3.3 Common Mode Rejection Ratio (CMRR)

Before defining CMRR of the op-amp, we need to know the differential gain Ad(dB) as
well as the common mode gain Acm(dB) of the op-amp and the CMRR is obtained by
Ad(dB)-Acm(dB).

ac mag=1V

DC=1.65V

Figure 4.7: Test Setup for CMRR measurement.

The resulting CMRR response is shown in the figure 4.8.
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Figure 4.8: Measurement of CMRR.

4.1.3.4 Input Common Mode Range (ICMR)
This test is per formed to test the offset voltage and the input common mode range of the
op-amp that is the range of op-amp for which there is a linear relationship between input

and the output.

VDD=33V

—o Vout

_|_ ——

CL
VDC = 1.65 ;';

Figure 4.9: Test setup for ICMR.

The figure 4.9 shows the test set up for checking ICMR. The negative polarity output
terminal is shorted with the inverting input terminal of the op-amp. A dc voltage source is
applied at the non inverting terminal and a sweep is given to this voltage which results in

a linear variation of output voltage. The output voltage varies linearly with input voltage
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and bias transistor is in saturation region for a voltage range of 0.2V to 2.0V as shown in

figure 4.10. This is called the ICMR range of op-amp.

5.0 3.5

3.0

2.5
-5.01

2.0V, 2.0V)

-104

Ibias (uA)|
Vout (V)1

15

~151
1.0

-204

Aom, 200mv)
-25

0.0 .5 10 15 2.0 25 3.0 3.
Yin (V)

o

Figure 4.10: Measurement of ICMR.

An op-amp cannot be used outside the ICMR range because doing so will result in

clipping of the signal.

4.1.4 Voltage Reference:

In the temperature independent voltage reference circuit, the values of R1 and R2 are
fixed while the values of R3 and RF are changed according to the desired voltage levels.
According to the TCs of NMOS VT extractor and PMOS VT extractor, the values of
resistance for isothermal voltage reference of 1.2 V, 1V and 0.8 V have been given in

Table 4.1.

Table 4.1: Value of resistances for different reference voltages

Vref(V) |R1I(K) |R2(K) |R3(K) |RF (K) | TCF (ppm/ C)
1.2 10 10 5.3 14.6 45
1.0 10 10 7.1 10.3 54
0.8 10 10 15 55 69
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The measured reference voltage of 1.2V as a function of temperature is shown in figure

4.11, demonstrating a TC of 45 ppm/°C.

DC Response
— /VREF
1.206

12054
1.204

1,203+

Vref (V)

12024
1,201+

1.2] — ]

1.199 .

-25.0 4] 25.0 50.0 75.0 100
temp (C)

Figure 4.11: Temperature variation response of voltage reference for 1.2 V.

The temperature response of voltage reference for 1V and 0.8 are shown in figure 4.12.
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Figure 4.12: Temperature variation responses of voltage reference for 1.0V and 0.8 V.

4.1.5 Sensing Readout Circuit:

In order to verify the pH sensing performance of the designed ISFET system, a Verilog-A
model of ISFET is used. The dimension of the ISFET is 400:20. The reference electrode
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of ISFET has been biased at a fixed potential by using a voltage reference circuit.
Simulated result in figure 4.13 shows good linearity between output voltage of sensing

readout circuit with pH variation for the range of 1 to12.

1.8
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1.4 e

1.24 /l
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0.4 /
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 4.13: pH variation response of sensing readout circuit.

Figure 4.14 shows the output voltage of sensing readout circuit for pH= 4 and for pH=7

over a temperature range of -10 to 100 °C.

1.20
115 —=—pH=4 TC=+137mV/’C
——pH=7 JEPENSRS e
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1.05 e
1.00 el
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0.65

0.60 /

0.55 T T T T T T T T T T T T 1
20 -10 0 10 20 30 40 50 60 70 80 90 100 110

Temperature (°C)

Figure 4.14: Temperature variation effect of sensing readout circuit without temperature

compensation.
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The values of temperature coefficient of ISFET are 0.85 mV/0C and 1.37 mV/’C
respectively for pH= 4 and for pH=7.

4.3 Temperature Compensation Circuit

The test results of sensing readout circuit in figure 4.14 show a linear dependence
between the pH sensitivity of ISFET. The measured Vrextractor output voltage shown in
figure 4.1 displays linear and fast response to small changes in temperature called a
negative TC of —0.78 mV/°C. This dependence can be scaled by adjusting the voltage V,
and resistor R3 for equalizing the negative TC of V extractor to positive TC of ISFET.
Temperature independent characteristics has been obtained by taking R3= 6.68K and
R3=0.4K respectively for pH =4 and for pH = 7 in figure 3.8.

——pH=4
——pH=7

1.9 4
] TC=0.09 mV/°"C

1.8 4 oo —

1.7—-
1.6—-
1.5—-
1.4—-

1.3 1

Vout (V)

12
1.1—-
10
09 TC=0.09 mVv/°C

1 —a——
0.8 +——1——1—1—"—1 11—
-20 -10 0 10 20 30 40 50 60 70 80 90 100 110 120

Temperature (°C)

Figure 4.15: Temperature variation effect of sensing readout circuit with temperature

compensation

The results shown in figure 4.15 demonstrate a very good compensation of temperature

influence with the TC of 0.09mV/°C.
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4.2 Post-Layout Simulation

4.2.1 NMOS V1 Extractor

The output of this Vr extractor displays linear response to small changes in temperature

with a negative TC of -0.71 mV/°C for temperature range of -10 to 100°C.

DC Response
= /VTN

720

~

00 TC=-0.71mV/C

VTN (mV)

-25.0 o 25.0 50.0 75.0 100
temp (C)

Figure 4.16 Temperature response of NMOS V1 extractor.

4.2.2 PMOS VT Extractor

The output of this Vr extractor displays linear response to small changes in temperature

with a negative TC of -0.15 mV/°C for temperature range of -10 to 100°C.

DC Response
- VTP
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707.5
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Figure 4.17 Temperature response of PMOS Vr extractor.
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4.2.3 Two Stage Op-amp
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Figure 4.18: AC response of two stage op-amp.
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Figure 4.19: Measurement of CMRR.



Chapter 4. Simulation Results

68

2.5 s
13.0
o
f2.5
25
B 2.0
EY S
g 50 <
e >
1.5
75
1.0
200mvV, 200.1mV)
-10.0 J
kS
) 1.95V, 1.95V)
-125 : - - - : - 0
0.0 5 L0 15 2.0 2.5 2.0 3.5
Yin (V)
Figure 4.20: Measurement of ICMR.
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Figure 4.21: Transient response of two stage op-amp.
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Table 4.2 summarized the measured performance parameter of two- stage op-amp for

serving as a basic building block of the sensing readout circuit and temperature

compensation circuit.

Table 4.2: Simulation results of two stage op-amp

Specifications Target value Pre layout Simulation | Post layout simulation

DC Gain 85 dB 80.6 dB 80.4 dB

Phase margin 60 54.4 deg 52.7 deg

Unity gain bandwidth | 10 MHZ 10.5 MHZ 10.5 MHZ

ICMR 0.2V - 2.4V 022-20V 022-19V

CMRR - 102.6dB 102.8 dB

Input offset <lmV 8.9 uv ouv

voltage(systematic)

Settling time (0.1%) | - 455 nS 452 nS

Slew rate > 10V/ uS 19.7 V/uS (+ve) 18.8 V/ uS (+ve)
29.4 V/uS (-ve) 26.8 V/ uS (-ve)

Power Dissipation 500 pW 551.7 yW 547.3 uW

Load capacitance 1.5pF 1.5 pF 1.5pF

Power supply 33V 33V 33V

4.2.4 Voltage Reference

In post layout simulation, the reference value has been varied by 0.9% from its desired

value of 1.2 V as shown in Table 4.3.

Table 4.3: Simulation results of voltage reference circuit

Pre layout Simulation

Post layout Simulation

Vref TCF

Vref TCF

12V 45 ppm/°C

121V

39 ppm/°C
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The temperature variation of voltage reference is shown in figure 4.22.
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Figure 4.22: Temperature variation response of Voltage Reference for 1.2 V.



Chapter 5

Conclusion and Future Prospects

In this thesis work, a readout circuitry of ISFET based pH meter with temperature
compensation has been designed in 0.18 pm CMOS technology using cadence tool. The
electro-chemical stage of ISFET has been modeled using Verilog-A and thereafter
electronic stage (MOSFET) is interfaced with it for achieving a complete model of
ISFET. The sensing readout circuitry for ISFET based pH meter has been successfully
designed for pH range of 1 to 12. The temperature coefficient of NMOS Vr extractor is
- 0.71mV/°C. A proposed input free PMOS Vr extractor has been designed which has
temperature coefficient of - 0.15mV/°C. A two stage op-amp which is a key component
in both readout circuit and temperature compensation circuit has been implemented with
gain of 80 dB. The temperature compensation circuitry has been designed using NMOS
Vr extractor, which reduces the ISFET temperature coefficient to 0.09mV/°C for the
temperature range of -10°C to 100°C. For providing isothermal biasing to sensing readout
circuit and temperature compensation circuit, a new voltage reference circuit has been
successfully designed by using NMOS Vr extractor and PMOS Vrextractor. The layout
of whole ROIC with temperature compensation has been designed using Virtuoso

platform (Cadence) in 0.18 um N-well CMOS process.

Due to the electro-chemical nature of ISFET, there is still a need to implement an
accurate temperature dependent model for ISFET. The sensing readout circuitry can be
modified for reading pH value from 0 to 14. This whole ROIC can be implemented with

low supply voltage for reducing power consumption.
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Appendix

Verilog — A model of ISFET

Following is the Verilog-A code for electro-chemical stage of ISFET.

/I VerilogA for verilog _models, ISFET, veriloga
‘include "constants.vams"
‘include "disciplines.vams"

module ISFET(ref,gm,ph);
inout ref,gm,ph;
electrical ref,gm,ph;
real EPH;
real T;
electrical node;
// PARAMETERS FOR ISFET
parameter real NAv = 6.023E26; //Avogadros constant(1/MOLE)
// ISFET geometrical parameters
parameter real DIHP =0.1E-9;
parameter real DOHP =0.3E-9;
//ISFET electrochemical parameters
parameter real KA = 15.8;
parameter real KB = 63.1E-9;
parameter real KN = 1E-10;
parameter real Nsil = 3.0E+18;
parameter real Nnit = 2.0E+18;
parameter real Cbulk =0.1;
parameter real epso = 8.85E-12;
parameter real epsihp =32;  //relative permittivity of the Inner Helmholtz layer
parameter real epsohp = 32; //relative permittivity of the Outer Helmholtz layer
parameter real epsw = 78.5; //relative permittivity of the bulk electrolyte solution

//Reference-electrode electrochemical parameters

parameter real Eabs =4.7; //absolute potential of the standard hydrogen
electrode

parameter real Erel = 0.2;

parameter real Phim =4.7; //work function of the metal back contact

parameter real Philj = 1E-3; //liquid-junction potential difference between the ref

solution and the electrolyte

parameter real Chieo = 3E-3; //surface dipole potential

real ET; /THERMAL COFFICIENT

real sq;
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limexp

real CH,CD,CEQ,CB;
real Eref;
electrical x,y;

analog begin

T= $temperature;

ET=(CP _Q/CP_K*T));

sq = sqrt(8*'P_EPSO*epsw*'P_K * T);

CB = (NAv*Cbulk);

CH = ((P_EPSO*epsihp*epsohp) / (epsohp*DIHP + epsihp*DOHP));

CD = (sq*ET*0.5)*sqrt(CB);

CEQ=1/(1/CD + 1/CH);

V(ref,node) <+ Eabs - Phim - Erel + Chieo + Philj;

Eref = V(ref,node);

V(x)<+ log(KA*KB)+4.6*V(ph);

V(y)<+ log(KA)+2.3*V(ph);

V(gm,node) <+ ("P_Q / CEQ) * (Nsil * ((limexp(-2 * V(gm,node) * ET) —
(V(x))) / (limexp(-2 * V(gm,node) * ET) + limexp(V(y)) * limexp(-1 * V
(gm,node)*ET) + limexp(V(x)))) + Nnit*((limexp(-1 * V(gm,node)*ET)) /

(limexp(-1 * V(gm,node)*ET) + (KN/KA) * limexp(V(y)))));

end

capacitor #(.c(CEQ)) Cq(node,gm);
resistor #(.r(1G)) RP1(x,gnd);
resistor #(.r(1G)) RP2(y,gnd);
resistor #(.r(1k)) RPH(ph,gnd);

endmodule

MOSFET level-1 Verilog-A model

/I VerilogA for verilog _models, mosfet, veriloga
‘include "constants.vams"
‘include "disciplines.vams"

module mosfet(d,g,s,b);

inoutd, g, s, b;

electrical d, g, s, b;

real VG,VS, VD,VB,VGS,VDS,VOV;

real beta, Id;

parameterreal L = 10E-6 from[0.0:inf];
parameter real W = 10E-6 from[0.0:inf];
parameter real VTO = 0.3075 from[0.0:inf];
parameter real KP = 262.76E-6 from[0.0:inf];

analog begin
VG =V(g); VS=V(s); VD =V(d);VB = V(b);
VGS=V(g) - V(s);



Appendix

VDS=V(d) - V(s);
VOV =VGS - VTO;
beta = KP * (W/L)/2;

if (VGS < VTO)
I(d,s) <+ 0;
else begin
if (VDS <VOV)
I(d,s)<+ beta * (2*(VOV)*VDS -(VDS*VDS));
else
I(d,s)<t+ beta * (VOV * VOV);
end
Id = 1(d,s);
end
endmodule
300 TSC/T77d™ 7home/anil-t I/sTmulafion/mosfet__analysis/spectre/schematic L

VCS ()

Ip vs Vs characteristics MOSFET.

2.0
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DC Response
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Ip vs Vps characteristics MOSFET.

MOSFET level-2Verilog-A model

In this the temperature dependency for threshold voltage of MOSFET is also modeled.

Since the temperature coefficient of threshold voltage is negative, drain current will be

increased, as temperature is increased at same VDS and VGS.

/ VerilogA for verilog models, mosfet, veriloga
‘include "constants.vams"
‘include "disciplines.vams"

module mosfet(d,g,s,b);

[V]

inoutd, g, s, b;

electrical d, g, s, b;

real VG,VS, VD,VB,VGS,VDS,VOV;

real beta, Id,VT;

parameter real L = 10E-6 from[0.0:inf];

parameter real W = 10E-6 from[0.0:inf];

parameter real Tnom = 300 from[0.0:inf]; // Room temperature [K]

parameter real Vtnom = 307.5E-3 from[0.0:inf]; / Threshold voltage at Tnom

parameter real Xn =1.0E-3;
parameter real KP = 262.76E-6 from[0.0:inf];
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voltage

real T; //parameter extraction temperature[K]
analog begin

end

endmodule

— flafd
70

T = $temperature;

VT = Vtnom - ((T - Tnom)* Xn); //Temperature dependency of threshold

VG =V(g); VS=V(s); VD =V(d);VB = V(b);
VGS=V(g) - V(s);
VDS=V(d) - V(s);
VOV =VGS - VT;
beta = KP * (W/L)/2;
if (VGS <VT)
I(d,s) <+ 0;
else begin
if (VDS <VOV)
I(d,s)<+ beta * (2*(VOV)*VDS -(VDS*VDY));

else

I(d,s)<+ beta * (VOV * VOV);
end
Id =1(d,s);

DC Response
— fI8fd
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DC Response
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Ip vs Vps characteristic (a) at 27°C (a) at 50°C.
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