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ABSTRACT

This thesis is concerned with the design of CMOS low-power ISFET sensor interface
circuit with 8 bit digital output for measuring hydrogen ion concentration or pH . The circuit
comprises a current-mode translinear ISFET sensor readout circuit using subthreshold ISFET
sensor and MOS transistor and current-mode logarithmic pipeline analog-to-digital converter. The
circuits operate under a single 1-V power supply voltage and consume small amount of power
and detected pH range from 4 to 10. The circuits were designed using Cadence SpectureTM in

0.35um CMOS technology.
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2.8.2 CMOS ISFET Microsystem for Biomedical Applications [20]
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FILE: ISFET MACROMODEL
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* Behavioral macromodel for the ISFET with two

* kinds of binding sites: silanol and amine sites

* By Sergio Martinoia and Giuseppe Massobrio

* Bioelectronics Laboratory, Dept. of Biophysical and Electronic Eng.

* Via Opera Pia 11A, 16145, Genova, ITALY

* email: giaser@dibe.unige.it

* September 1998

sk sk s sk ok ok o st sk st s s s st st sk sk sk sk ook ok ok sl e s s ok ok ok st sk sk st sk sk sk sk ki sk kokokok skl skl ksl sk okl sk sekokokokokokokokok ok
* PARAMETER LIST

* General constants:

* g=electronic charge [C]

* k=Boltzmann’s constant[J/K]

* T=Absolute temperature [K]

* NAv = Avogadro’s constant[1/mole] (volume of a gas)

* ISFET geometrical parameters:

* dihp=distance between the Inner Helmholtz Plane(THP)and the ISFET surface [m]
* dohp=distance between the Outer Helmholtz Plane(IHP)and the ISFET surface [m]
* ISFET electrochemical parameters:

* K a=positive dissociation constant[mole/1]

* Kb=negative dissociation constant[mole/]]

* Kn=dissociation constant for amine sites[mole/I]

*-Nsil=silanol(or oxide)surface site density[#/m2]

* Nnit=amine surface site density[#/m2]

* Cbulk=electrolyte concentration[1/moles]



77

* epsihp=relative permittivity of the Inner Helmholtz layer

* epsohp=relative permittivity of the Outer Helmholtz layer

* epsw=relative permittivity of the bulk electrolyte solution

* Reference-electrode electrochemical parameters:

* Eabs=absolute potential of the standard hydrogen electrode [V]

* Erel=potential of the ref. electrode(Ag/AgCl)relative to the hydrogen electrode [V]
* Phim=work function of the metal back contact / electronic charge [V]

* Philj=liquid-junction potential difference between the ref. solution and the electrolyte [V]
* Chieo=surface dipole potential [V]

sk sk e sk sk ok sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk sk sk st st she st sk sk sk sk sk sk sk she sk sk ok sk s sk sie sl sk sk sk sl sk sk ske sk sk sk skeoskoskeskoskosk skekekokokokex
.OPTION LIST ingolds0 post probe

+ absmos=1e-15 dcstep=1000 nopiv

+ absv=1e-15 relv=1e-12 absi=1e-15

+ gmindc=1e-24 itl1=1000 converge accurate

+ method=gear Ivltim=2 it15=10000 delmax=1e-15

+ dv=0.2

.PARAM

+k=1.38e-23 T=300 eps0=8.85¢e-12

+ Ka=15.8 Kb=63.1e-9 Kn=1e-10

+ Nsil=3.0e18 Nnit=2.0e18

+ Cbulk=0.1

* Beginning of the sub-circuit definition

%

.SUBCKT ISFET 6134 101
*drain|ref.el|source|bulk|pH input

+ q=1.6e-19 NAv="6.023e23*1e3’

+ epsw=78.5 epsihp=32 epsohp=32

+ dihp=0.1n dohp=0.3n Cbulk=0.1

+ Eabs=4.7 Phim=4.7 Erel=0.200 Chieo=3e-3 Philj=1e-3
+ ET="q/(k*T)’

+ sq="sqrt(8*eps0*epsw*k*T)’

+ Cb="NAv*Cbulk’
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+ KK="Ka*Kb’

+ Ch="((eps0*epsihp*epsohp)/(epsohp*dihp+epsihp*dohp))’

+ Cd="(sq*ET*0.5)*sqrt(Cb)’

+ Ceq="1/(1/Cd+1/Ch)’

Eref 1 10 VOL="Eabs-Phim-Erel+Chieo+Philj’

Ceq 10 2 C="1/(1/Cd+1/Ch)’

EP1 46 0 VOL="log(KK)+4.6*V(101)’

RP14601G

EP2 23 0 VOL="log(Ka)+2.3*V(101)’

RP22301G

EPH 2 10 VOL="(q/Ceq)*(Nsil*((exp(-2*V(2,10)*ET)-exp(V(46)))/(exp(-2*V(2,10)*ET)
+exp(V(23))*exp(-1*V(2,10)*ET)+exp(V(46))))+Nnit*((exp(-1*V(2,10)*ET))/
(exp(-1*¥V(2,10)*ET+(Kn/Ka)*exp(V(23)))))’

RpH 101 0 1K

MIS 6 2 3 4 MISFET L=18u W=804u NRS-5 NRD=5

s sfe e 3k sk ok ok o sk s sk ok ok ok sk ok ok s ok o sk ok s sk sk ok ok sk ok sk stk sk ok ok sk s ok ke ok ok ok sk s sk sk ok ok st o sk s sk sk s sk sk sk sk stk sk kol skl sk skoskeskok skokokokok
.MODEL MISFET NMOS LEVEL=2

+ VTO=7.99E-01 LAMBDA=7.59E-03 RSH=3.5E+01 TOX=86E-9

+ UO0=6.53E+02 TPG=0

+ UEXP=7.64E-02 NSUB=3.27E+15 NFS=1.21E+11

+ NEFF=3.88 VMAX=5.35E+04 DELTA=1.47 LD=2.91E-06

+ UCRIT=7.97E+04 XJ=6.01E-09 CJ=4.44E-4 IS=1E-11

+ CJSW=5.15E-10 PHI=5.55E-01 GAMMA=9.95E-01

+ MJ=0.395 MISW=0.242 PB=0.585

sk 3k sk sk sk s sk s ok sk ok sk ke sk sk sk sk st sk sfesle ke sk sk ok ok sk sk sk ok ok ok ok sk sk ok sk sk sk sk sk sk ook sk st st skeske sk sk skoskokok sk sk skeskok sk sk skokokok sk eskokokeskekokokok sk

.ENDS ISFET

*®

* Beginning of the example circuit
XIS 100 1 0 0 200 ISFET

Vbias 1 0 DC 1.5

VpH 200 0 DC 10
Vd1100DCO0.5
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Vid 110 100 DC 0

.OP debug

.DC Vbias 0.0 4 0.1

PRINT DC V(1,XIS.2)V(XIS.2,0)V(XIS.23)V(XIS.46)V(DI(Vid)
PROBE DC V(1,XIS.2)V(XIS.2,0)V(XIS.23)V(XIS.46)V(1)I(Vid)

.END
D
¢
= N
:1 Eref 10 Ceq 2 | 4{
RO | & I | r s
b {
| ) %
i N [
! EPH i
! i
i |
1101 RpH .
) [
PO AVAYAY J7 |
1
! 46 23 |
| {
: l
! (D EP1 rRe1 - (*)EP2 RP2 | 1
5 :
1 |
: I
I AN e R o P/

U7 .1 Taseadavudeesveudumes ISFET af1901n8unn 1wd1u Tdsunsu HSPICE

nnduyn IWdveanuuiaeuduves 1ISFET TuTusunsu HSPICE amunsadewdy
Tnssardsvewuineadues ISFET 18dalu 3107 n.1 TasanTnseadrevesuvusians
1w gﬂﬁ A.1 92111491 EP1, RP1, EP2 Lz RP2 A9gA Trua 46 1Az Inua 23 MUy i
T 46 uaz Tnua 23 Tanuduiussu BPH Sufudel et a2 181y Ty sunsa
Cadence Spectre 19#04%11n1311161 EP1, RP1, EP2 uaz RP2 lunua1lu EPH Taenisiiim
EP1, RP1, EP2 uae RP2 luunusrly EPH 9zdoevin1d EP1, RP1, EP2 uas RP2 lusinedt

AowienuazaInlumsii llunun Tasmsunuaidaudsdisy du EP1, RP1, EP2 oz
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& 1 Q/ 1 = Y d' é
RP2 Famdaut)sare mndunnlddansoagd1ddaastedi a.1 %9 BPH, EP1 uag EP2

HAAIFAITUNITA (0.1) B9 (1.3) MUFIAL

EPH =(q/Ceq)*{{Nsil*{[exp(-2* V' (2,10)* ET) — exp(V (46))]/
[exp(=2*V(2,10)* ET) +exp(V (23)) * exp(=1* V' (2,10)* ET) +

exp(V (23)]} } + { Nsil * {[exp(=1*V(2,10)* ET)]/ 0D
[exp(=1*V (2,10)* ET) + ((Kn/ Ka)*exp(V (23)))}}}
EPI(V46) = log(KK) +4.6*V(101) (n2)
EP2(V23) = log(Ka) +2.3* ¥ (101) (n.3)

MnauIsh (n.1) mew V(2,10) unudle A uaganaumsi (n.2) wag (n.3) Tmew
é 4 = i Qs Q 3 4 ) -7
V(101) Fuiieworsanain U n.l fAeuseau pH Awiudwmnuaie B uaziloununiduls

asluaunsn (n.2) uag (0.3) swsaeu v ldssaunsy (n.4) waz (0.5) MudIey

EPI(V46) =10g(9.9698*107) +4.6* B
=—6+4.68

(n.4)

EP2(V23) =1log(15.8) +2.3* B)

(n.5)
=12+2.3B

@i (n.4), (n.5) uazdusaeg Tunuluaunsi (0.1) ansadouuazdiagd

Tnall@daerumsn (n.6)

1.344exp(=77.34)—1.344exp(-6+ 4.6 B)
exp(—77.34)+ [exp(l 24+2.3B)* exp(—38.6473A)]+ exp(—6+4.6B) "
EPH = (A. 6)
0.896exp(—38.64734)
exp(—38.64734) +6.33%107% exp(1.2 +2.3B)

A '3 A 9 o < 4
1nBuNN IWd .SUBCKT wazawnish (n.6) swisoadrauuusiassveuduises
ISFET TuT15unsu Cadence Spectre 184 317 n.2 uazainaun1sh (n.6) amnsoadie EPH

TuTdsunsy Cadence Spectre ﬁmﬁﬂﬂugﬂﬁ n.3 Tagld Library 1%971 Functional
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H 1 4 Y o < 4
ﬂ'li'Nﬁ .1 ﬂ']ﬂ\‘lﬁLmgﬂ']C"I'JLLTJ?%]@QLLUU%']G@QLWHLW@? ISFET

Auls A1DIAL]T Al A1vo9RuLs
k 1.38e-23 dohp 0.3e-9
T 300 Cbulk 0.1
eps0 8.85e-12 Eabs 4.7
Ka 15.8 Phim 4.7
Kb 63.1e-9 Erel 0.2
Kn le-10 Chieo 3e-3
Nsil 3.0e18 Philj le-3
Nnit 2.0e18 ET 38.6473
Cbulk 0.1 sq 4.7968e-15
q 1.6e-19 Cb 6.023e25
NAv 6.0.3e23*1e3 KK 9.9698¢-7
epsSw 78.5 Ch 0.708
epsihp 32 Cd 719.3623e-3
epsohp 32 . Ceq 356.818e-3
dihp 0.1e-9 Eref -0.196
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Ultra-Low-Power Differential
ISFET/REFET Readout Circuit

ABSTRACT—A novel ultra-low-power readout circuit for a
pH-sensitive ion-sensitive field-effect transistor (ISFET) is
proposed It uses an ISFET/reference FET - (REFET)
differential pair operating in weak-inversion and a simple
current-mode metal-axide semiconductor- FET (MOSFET)
translinear cireuit. Simulation results verify that the circuit
operates with excellent common-mode _rejection ability and
good linearity for a single pH range from 4 to 10, while only
4 nA is drawn from a single 1V supply voltage.

Keywords—ISFET, CMOS, low power, weak inversion

I. Introduction

The recent success of ion-sensitive field-effect transistor
(ISFET) fabrication in a standard CMOS process [1] has
triggered a vast research effort toward the integration of
ISFET-based chemical and biochemical sensors and CMOS
signal processing circuitry in a single chip (2]. More recently,
the subthreshold region has been demonstrated to exist in
CMOS-compatible ISFET, and it has been exploited together
with the translinear principle of weak-inversion metal-oxide
semiconductor FETs (MOSFETS) to realize an ultra-low-
power current-mode readout circuit [3). Such a single-chip
“smart sensor” with extremely low power consumption holds
great potential for real-time biochemical sensing for
implantable biomedical systems. In this letter, a novel ultra-
low-power differential readout circuit for pH-sensitive ISFET
is proposed.

Manuscript received Nov. 17, 2008; revised Feb. 2, 2009; accepted Feh 18, 2009,
This work was supparted by Thailand Graduate Insttute of Science and Technology (Grat
#TGIST 01-50-080) and Thailnd Research Fund (Grant #RSAS180015)
Apinunt Thanack (phone: + 66 email: kispiun@kmitlacth) md Silar
Sirmaskul (email: slarsi@gmail com) are with the Faculty of Engineering, King Monglat's
Institute of Technology Lackrabang, Bangkok, Thailnd.

ETRI Journal, Volume 31, Number 2, April 2009

©2000 ETRI

Apinunt Thanachayanont and Silar Sirimasakul

1I. Proposed ISFET/REFET Readout Circuit

Figure 1 shows the schematic diagram of the proposed ultra-
low-power differential readout circuit. An ion-insensitive FET,
also known as a reference FET (REFET), is used together with
an ISFET to realize a source-coupled differential pair with a
shared quasi-reference metal electrode as their gate connected
10 a stable DC reference voltage (Vgr). This suppresses the
output current variation due to common-mode disturbances in
the electrode potential and permits the use of a solid-state quasi
-reference electrode. All MOSFETs, the ISFET, and the
REFET operate in the saturated weak-inversion region (that is,
Vos<V and ¥pg>4Ur) with identical DC bias current (Ip). The

| Yoo

ot
@l

g

._{m

ISFET E ﬂ REFET
I S

2

Fig. 1. Proposed differential ISFET/REFET readout circuit.
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drain currents of the subthreshold ISFET [2] and REFET
differential parr can be derived in (1) and (2), respectively,
where I, is the quiescent drain current of the ISFET and
REFET at the reference pH of 7, « is a dimensionless
sensitivity parameter of the ISFET [2], Ur=kT’q is the thermal
voltage, » is the subthreshold slope and ApH is the
differential pH variation. Therefore, in, isper equals 21, and
ip, rever 15 zero for a large negative ApH, and vice versa for a
large positive ApH. This is similar to the operation of a
conventional MOSFET differential pair.

el~23aUsapti nr)

Ipsrer = 21y | 4 e PIalsdp[nti) > @®

&2 SalztpH Uy ) * @

iD,REFEI‘ = 21()_il),lsi‘ﬂ' - 210' e

Applying the translinear principle to M, to M., the output
current ioyr can be calculated as in (3). The current iy can
also be rewritten as (4) and (5) since ApH = —logA[H+],
where A[H+] is the differential change in hydrogen ion
concentration. Since O<c<1 and r>1, the index (/) is always
between 0 and 1. Therefore, if a linear relationship between
icur and A[H+] is desired, icxrr can be applied to an appropriate
translinear circuit as in [2].

(-23al: Api InUy ) 1)

ooy~ LA™ @

s o2
log,gigyr = log,ely _;APH- ®)

A mg that all d are in close proxmmity and
thermally matched, the ratiometric relationship of the
translinear principle reduces the temp dependence of the
circuit, and together with the ISFET/REFET differential
topology, the body effects of MOSFETS, ISFET, and REFET
can easily be shown to cancel out, at least i theory [3]. A
temperature-independent current source L, can be provided by
a bandgap voltage reference generator, and assuming that o
and n are temperature-independent parameters to a first-order
approximation, /oy 18 mherently temperature msensitive.

I11. Simulation Results

The proposed ISFET readout circuit was designed to operate
with a single 1 V power supply voltage. The ISFET and
REFET were modeled with the behavioral macromodel
described in [4], and the circuit was simulated with Cadence

244  Apinunt Thanachayanont et al.

10°% V=S
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Fig. 2. Simulated iysr vs. pH at different values of Vigy.

107,

10": o

— N

e o
3 10 e ~ &

10 ‘\
1 /lb_rereT
e N

1105 A . . . ST,

00 0.2 04 06 08 1.0
Time (s)

Fig 3. Simulated transient response due to changes in pH.

and component parameters from a 0.35 pum CMOS technology.

All MOSFETSs have the aspect ratio of 5 pm/2 pm, while the
ISFET and REFET have a large aspect ratio of 100 pum/10 pm
for good matching. Both DC current sources were realized
with simple current mirrors with large channel length for good
accuracy and large output resistance. The index o/n is around
0.7, I is 1 nA, and Vger is 200 mV. All bias currents and
voltages were chosen to center the circuit operation on the
reference pH of 7. The circuit dissipates 4 nW.

Figure 2 plots the simulated ioyr aganst the pH value at
various Vrgr values. At the nommal Vygr of 200 mV, a good
linearity is obtamed for the pH range of 4 to 10. This is limited
by the weak-mversion operating range of the ISFET [2], which
spans about 3 to 5 decades of drain current. Figure 2 shows that
alarge voltage variation of over 200 mV (100% fluctuation) in
Vg has virtually no effect in ioyr in the pH range of 5 to 9.
However. at lower and higher pH values, evident fluctuations
m ioup were observed because the ISFET/REFET differential

pair saturated with either in, 1y OF i, prrer Was practically zero.

To test the common-mode signal rejection ability of the
circuit, a 20 mV and 50 Hz disturbance voltage was added to
the common reference electrode Vg, while the input pH value
was ramped up and down between 4 and 10 within 1 second.
Figure 3 plots a transient response of i s, i, river, and iour.
All signal currents are virtually free of common-mode
disturbance except for the regions where the pH is either less

ETRI Journal, Volume 31, Number 2, April 2009
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Fig. 4. Simulated iy, with and without the tail current source.

than 5 or more than 9. The noticeable disturbance in the low
and high pH values is due to the saturation of the
ISFET/REFET differential. Figure 4 plots the transient
response of iy of the circuit with and without the tail current
source at pH = 7 when a common-mode disturbance of 20 mV
at 50 Hz was applied to the reference electrode. With the tail
current source, ioyrwas virtually constant, while a variation of
around 10 pA (ie. 1% of L) was shown when the tail current
source was omitted. Figures 3 and 4 clearly demonstrate the
superior common-mode rejection ability of the proposed circuit.

IV. Conclusion

A simple ultra-low-power readout circuit for pH-sensitive
ISFET was presented. The circuit employs an ISFET/REFET
differential pair operating in weak-inversion and a simple
current-mode translinear circuit to achicve good limearity,
excellent suppression of common-mode disturbance in the
reference clectrode, and compensation of the body cffects. The
proposed circuit was demonstrated to be an attractive candidate
for signal processing front-end of a real-time implanted
biochemical sensing system.
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Abstract— This paper describes the design and realization of 2
low power current-mode logarithmic pipeline analog-to-digital
converter in 0.35 pm CMOS technology. The ADC is intended
for conversion of sub-microampere analog output current of an
ISFET based pH sensor. Subthreshold MOSFETs and the
Translinear principle are exploited to achieve simple and low-
power ADC realization. The ADC was simulated with a 1-V
power supply voltage and dissipated 3.3 pW static power at 1-
kHz clock frequency.

Keywords: low power, logarithmic, analog-to-digital
converter, pipeline, weak inversion.

L INTRODUCTION

Logarithmic analog-to-digital converters (ADCs) are
usually employed to perform non-linear signal compression
and conversion for an optimum system signal-to-noise ratio
over a large input dynamic range. Logarithmic ADCs can be
realized with an analog logarithmic converter, which exploits
the inherent exponential i-v characteristic of a bipolar-
junction transistor [1] or a diode [2], and a linear ADC.
Alternative implementations of logarithmic ADCs, in CMOS
technology, using pipeline, algorithmic, and two-step flash
structures have been proposed by performing signal operation
in the logarithmic domain [3], [4]. Recently, a simple
logarithmic and p-law ADC has been proposed by using
current-mode techniques [5].

This paper proposes the design and realization of a low-
power current-mode logarithmic pipeline ADC suitable for
sensor and biomedical applications. The proposed ADC is
intended to be used with the weak-inversion ISFETs pH
sensor readout circuits [6]-[7], where the output current is
exponentially related to the detected pH changes. A
logarithmic ADC provides analog-to-digital conversion and
achieves a linear relationship between the input pH changes
and the digital output codes. This paper is organized as
follows. Section 2 describes the operation of the logarithmic
ADC. Section 3 describes the circuit implementation of the
proposed current-mode logarithmic ADC. Simulation results
and conclusion are given in sections 4 and 5, respectively.
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IO. LOGARITHMIC PIPELINE ADC

A conceptual block diagram of a logarithmic pipeline ADC
is shown in Fig. 1. In each stage of a linear pipeline ADC, the
input signal is first compared with a reference signal.
Depending on the comparator output, the input signal is either
subtracted, or not, with the reference signal and the
subtraction output is multiplied by two before proceeding to
the next stage. Comparing to its linear counterpart, a
logarithmic pipeline ADC performs all signal operations in
the logarithmic domain. In a logarithmic pipeline ADC, the
subtraction is replaced by a division (i.e. scaling) and the
multiplication-by-two is replaced by a squaring.

In this work, a current-mode logarithmic pipeline ADC has
been designed in order to obtain an 8-bit digital representation
of the output current from the ISFET readout circuit [6]. The
operation of the ADC can be described by (1) where the input
current ipy is represented as an exponential function of the
output digital word D, N is the conversion resolution, and
Invmax 15 the full-scale input current. In this work, N and iy
are equal to 8 and 100 nA, respectively.
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Fig. 1.

Block diagram of the logarithmic pipeline ADC.
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Fig. 2.

The reference current (Ipgr) for each stage of the ADC
corresponds to the midpoint of the input range in the
logarithmic scale, which is equal to the digital output code of
128 for 8-bit resolution. In this case, IREF is equal to 10 nA
as calculated in (2)

In{100)

Lge=e " ™ =[0nd @

In each stage of the ADC, the stage input current is
compared with Iggr to produce the digital output bit. If the
stage input current is less than Igge, then the stage digital
output is 0 and the input current is passed to the squarer. If the
stage input current is greater than Izer, then the stage digital
output is 1 and the input current is divided by Iger (i.e.
scaling) and the resultant current applying to the squarer. In
this work, the resultant current applied to the next stage is
equal to the input current scaled by a factor of 0.1. Similar to
the conventional linear pipeline ADC, the digital output bit of

®
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Schematic circuit diagram of the current-mode logarithmic pipeline ADC.

each stage is appropriately delayed for a correct digital output
representation,

-[1I.  CIRCUIT IMPLEMENTATION

Fig. 2 shows the simplified schematic circuit diagram of
the current-mode logarithmic pipeline ADC. Transistors M-
M, switches Mg,-Ms;, and capacitors Cgy;-Csyz deliver the
sampled input current signal to the first stage of the ADC.
Switches Mg;-Ms;, are controlled by non-overlapping clock
signals, ¢, and ¢q, respectively. The simplified schematic
circuit diagram of the bit cell is shown in Fig. 3. All
transistors operate in the subthreshold region. Transistors M-
M, take the input current from the preceding stage and copy it
to the comparator. The current comparator, realized with a
simple CMOS inverter (Ms-Ms), compares the input current
with the reference current. The stage digital output is taken
from the comparator output at terminal 3. According to the
stage digital output, My and M,; function as switches that

®
-®

Fig. 3.
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Schematic circuit digram of the bit cell of the ADC.
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select the input current scaled by a factor of either 1 or 0.1 to
the subsequent current squarer. By scaling the channel widths
of M, and M,; appropriately, the input current is copied to
the sources of M, and M;, by a factor of 1 and 0.1,
respectively. If the stage digital output is 1, M is OFF and
M,, is ON passing the input current scaled by a factor of 0.1
to the current squarer. If the stage digital output is 0, M, is
OFF and M, is ON allowing the input current scaled by a
factor of 1 to the current squarer. The cument squarer is
realized by M,;-M;; based upon the translinear principle. It
can easily be shown that the stage output current at the drain
of My, is equal the square of either iy or 0.liy divided a DC
current Iy. The transistor Mg, as a switch controlled by the
clock signal and the capacitor Cc either hold or pass the
output current of the squarer to the next stage. The accuracy
of the current mirrors and the current squarer is important to
the operation of the ADC. Therefore all transistors are
realized with long channel length.

The final bit cell stage N of the ADC comprises only
current mirrors and comparator as shown in Fig. 4.

IV. SIMULATION RESULTS

The proposed current-mode logarithmic pipeline 8-bit ADC
was designed to operate with a single 1 V power supply
voltage. The circuit was simulated by using Cadence Spectre
with component parameters from a 035 um CMOS
technology. The reference current IREF is 10 nA, 10 is 10 nA,
CSHI1, CSH2, and CC are each 5 pf. The static power
consumption at full scale input current is 3.3 pyW. The sizes of
transistors are summarized in Table 1. A non-overlapping
clock signal of 1 kHz is used for simulation as the ADC is
intended the low-frequency ISFET readout signal. An
exponential decaying input current signal was applied to test
the ADC. The input current decays exponentially from 100
nA to 0.7 nA in 180 mS. The simulated sample and hold input
current applied to the first stage of the ADC is shown in Fig.
5. The simulated 8-bit digital output of the ADC is shown in
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Fig 4

Schematie cireuit diagram ofthe final bit cell stage N
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Fig. 5. Smmulated waveform of the sample and hold mput current to

the first stage of the ADC.

Fig 6 Simulated waveform of the ADC digital output bits.
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Fig 7. Simulated output digital code vs. mput current.
TABLE I
S1zES OF TRANSISTORS
Transistors W) | Lipm)
Fie 2 MI1-MN 100 10
4 MS1-MS2 5 YB3
Mi1-M4 100 10
M5 20 10
M6, M8 10 10
Fig 3 MO M1 3 035
5 MIOMI3MIZ | 100 | 10
M12 10 10
Mi8 1,000 10
MS] 5 035
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Fig.9.  Simuldted DNL
Fig. 6. The simulated output digital code is plotted against the
input current in Fig. 7 to show the logarithmic relationship of
the ADC. Fig. 8 and Fig. 9 show the simulated integral non-
linearity (INL) and differential non-linearity (DNL), as
defined by (3)-(5) [4]. i

HV_LdB =20+(LogoUT 1) = Lo UT cures ) 3)

DNIL, = INLy(i+ 1)~ INL, () @
{1/ X4) 2

IT =K-e ¥ ®

V. CONCLUSION

A 8-bit low-power current-mode logarithmic pipeline ADC
was designed and implemented in a8 035 um CMOS
technology. Subthreshold MOSFETs and current-mode
techniques are exploited to achieve low-power and simple
circuit realization of the proposed ADC. Simulation results
verified the ADC operation at 1 kHz clock frequency. The
ADC is potentially suitable for conversion of sub-
microampere output current from an ISFET based pH sensor.
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Abstract This paper describes the design and
realization of a low power CMOS interface circuit
with digital output for ISFET-based pH sensorin a
0.35 ym CMOS technology. The drcuit comprises a
aurrent-mode translinear sensor readout circuit
using subthreshold ISFET and MOSFETs and a 8-bit
airrent-mode logarithmic pipeline analog-to-
digital convertar. The proposed interface circuit
was simulated with a 1-V power supply voltage
and dissipated 15.7 pW at 1-kHz dock frequency.

L INTRODUCTION

Recently, there is a considerable research interest in
the integration of lon-Sensitive Field-Effect Transistor
or ISFET-based chemical and biochemical sensors and
CMOS signal processing circuitry in a single chip [1].
Subthreshold operation of CMOS compatible ISFET
has been demonstrated and exploited to realize simple
translinear dircuits for ultra low power current-mode
sensor readout [2]. This poses a great potential for the
realization of low power sensor interface circuit for
real-time biochemical sensing of biomedical signals.
The authors have recently proposed a simple
low-power pH sensor readout translinear circuit using
subthreshold ISFETs and MOSFETs [3]. This paper
describes the progress of our attempt on the design
and realization of a low power sensor interface circuit
with digital outputs for ISFET-based pH sensor. This
paper is organized as follows. Section II describes the
operation of the ISFET sensor readout circuit. Sectionb
Il describes the operation of the logarithmic ADC.
Section IV describes the circuit implementation of the
proposed sensor interface circuit with digital outputs.
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Simulation results and conclusion are given in sections
Vand VI, respectively.

IL ISFET/REFET readout circuit

Figure 1 shows the schematic diagram of the
proposed ultra-low-power differential readout
dircuit. An ion-insensitive FET, also known as an
REFET, is used together with an ISFET to realize a
source-coupled differential pair with a shared
quasi-reference metal electrode as their gate
connected to a stable DC reference voltage (Vrzr).

of

z
s
Ed

=

2o

Fig. 1 Proposed differential ISFET/REFET readout

circuit,
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Fig. 2 Block diagram of the logarithmic pipeline

ADC

of the bit cell is shown in Fig. 4. All transistors operate
in the subthreshold region. Transistors Vy-M; takes the
input current from the preceding stage and copies it to
the comparator. The current comparator, realized with
a simple CMOS inverter (Ms-Mg), compares the input
current with the reference current. The stage digital
output is taken from the comparator output at
terminal 3. According to the stage digital output, My
and My function as switches that select the input
current scaled by a factor of either 1 or 0.035 to the
subsequent current squarer. By scaling the channel
widths of Mg and My, appropriately, the input current
is copied to the sources of M; and My, by a factor of 1
and 0.035, respectively. If the stage digita! output is 1,
M is OFF and My is ON passing the input current
scaled by a factor of 0.035 to the current squarer. If the
stage digital output is 0, My is OFF and M, is ON
allowing the input current scaled by a factor of 1 to the
current squarer. The current squarer is realized by
Mis-Myg based upon the translinear principle. It can

Proceedings of the 2008 (12" ") 1EE] International Analog VLSI Workshop

easily be shown that the stage output current at the
drain of My is equal the square of either ingm O
0.035ky s divided a DC current I, The transistor Mg, as
a switch controlled by the clock signal and the
capacitor Cc either hold or pass the output current of
the squarer to the next stage. The accuracy of the
current mirrors and the current squarer is important to
the operation of the ADC. Therefore all transistors are
realized with long channel length. The final bit cell
stage N of the ADC comprises only curment mirrors and
comparator as shown in Fig. 5.

V. SIMULATION RESULTS
The proposed sensor interface circuit with the

logarithmic pipeline 8-bit ADC was designed to
operate with a single 1 V power supply voltage. The

circuit was simulated by using Cadence Spectre with’

component parameters from a 035 pym CMOS
technology. The currents Iy and I are both equal to
287 nA, Ceny, Con and C¢ are all equal to 3 pF The
static power consumption at full scale input current is
157 pW. The sizes of transistors are summarized in
Table 1. A non-overlapping clock signal of 1 kHz is
used for simulation. An exponential decaying input
current signal was applied to test the ADC. Fig. 6 is
shown the simulated digital code output of ADC is
plotted against the output current i, from the ISFET
readout circuit and the pH range of 4 to 10 at the
nominal Veg of 200 mV. In Fig. 7 and Fig. 8, The
simulated integral non-linearity (INL) and differential
non-linearity (DNL) [4] of the interface circuit is shown
in Fig. 7 and Fig. 8, respectively.
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Fig. 3 Schematic circuit diagram of the current-mode legarithmic pipeline ADC.
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Fig. 4 Schematic circuit diagram of the bit cell of the ADC
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Fig. 5 Schematic diagram of the final bit cell stage N Fig 6 Simulated output digital code vs. pH.
Table 1 Transistors dimension
Transistors W(pm)
M;- Mg 300
Fig.3 Mg~ My, 100
Mg - Mg 5
M- My 100
M, My 20
M, Mg 10
My, My 5
4
» L My M- My; | 100
My 35 10
Fig 7 Simul
e 250 B ig 7 Simulated INL
Mg 5 035
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V1. CONCLUSIONS

Alow-power digital-output CMOS interface circuit for
ISFET-based pH sensor in a 0.35 pm CMOS technology
was described. Subthreshold ISFETs and MOSFETs and
current-mode techniques are exploited to achieve
low-power and simple circuit realization of the
proposed circuit. Simulation results verified the circuit
operation at 1 kHz clock frequency. The circuit is
potentially suitable for conversion of sub-microampere
output current from an ISFET based pH sensor.

e
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