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Abstract

The design of a rail-to-rail micropowver comparator in CMOS technology is described. The drcuit is
intended for implantable biomedicad devices powered by batteries, with a total consumption of 500nA and
operation up to supply voltages of 2V. This cdl, currently being fabricated, has a core die aeaof 0.27 mm? on

a 2.4##tm standard analog CMOS technology with a 0.85V nominal threshold voltage. It is expeded to have a

typica response time of 35us ##tand an offset voltage of about 6mV. The limitations imposed by the low
supply voltage ae presented. The ways of overcoming these limitations, based on an acarate sizing of the
transistors for operation in the we& and moderate inversion regions are studied. An approach, based on a
cgpadtive D/A converter, for the generation of a cmmparison reference input that is digitally programmable is
also presented.

|. Introduction.

The presented design provides a ambination of a rail-to-rail comparator and a digitally programmable
reference level generation circuit. It was designed to fit the requirements for processng cadiac signals in
implantable cadiac adst devices. Its goal is to deted signals which amplitude exceels a programmable
threshold. Coupled with a successve gproximation register function it may also be used to implement a
successve gproximation A/D converter. In Sedion Il we introduce the charaderistics of the signals to be
processed and the mnstraints and initial spedficaions imposed by the field of applicaion. Sedion Il discusses
the reasons that lead to the chosen circuit topdogy. Speda consideration is direded to the limitations associated
with the low supply voltage requirement. Sedion IV presents the design methoddogy. Finally Sedion V shows

the ssimulation r%ults1 and in Sedion VI the onclusions are summarized.
II. Characteristics of the Input Signal and Specifications.

The input signals of the drcuit are cadiac signals previoudly filtered and amplified. A standard test
waveform representing the cadiac signal is a trianguar wave with 2ms rise time and 13ms fall time, sometimes
referred as "Tokyo signal” [1]. This dgnal was applied throughout the drcuit development to charaderize
performance apeds that may depend on the input waveform like the comparator delay. Neither this dow varying
input signal nor the low-speed dgital circuit that will processthe output of the cmparator in the final application
are much demanding on the spead o the cmparator. Theinitial spedficaion for the comparator maximum delay
was %t at 0.5ms.

The offset voltage spedficaion derives from the minimum amplitude of the amplified cardiac signal
that the comparator must handle that is 62.5mV. To have amaximum desired error of 10% in the amplitude
detedion, the off set voltage must be lower than 6.25mV.

The remaining spedficaions are aciated to the incorporation of this cdl to a battery operated
implantable device The full charge voltage of a Lithium-lodine battery applied in these devicesis 2.8V and the
circuit must be fully operative for supply voltages up to 20V to guarantee operation during an acceptable lapse
of time from the detedion of the battery low condition to the replacement. Therefore the drcuit was g/nthesized
for 2V supply voltage. The target current consumption was %t at 500nA.

! The drcuit is being fabricated at the time of submisson of this paper. We exped to be ale to show
experimental results duringthe mnference



Finaly, the global architedure of the drcuit where this comparator will be gplied requires to handle
rail-to-rail i nput signals.

The target processis a standard 2.4um#tHt analog CMOS processwith double paly and dauble metal.
This processis intended for 5V power supply and has nominal threshold voltages of nMOS (pMOS) transistors
of 0.85V (-0.85V) with a minimum and maximum spedfied values of, respedively, 0.7V (-0.7V) and 10V (-
1.0V). The fulfill ment of the requirements in such a process instead of a low-voltage spedalized processwith
lower threshold voltages, enables a broader and chegper range of possble target processes and foundries.
However, the rail-to-rail operation with 2V power supply in such a process presents various chall enges that are
presented in the next sedion aswell asthe means we propcse to overcome them.

[11. Selection of the Circuit Topology. Low Voltage Design Issues.

The fadors that determined the drcuit topdogy were the 2V supply voltage, the rail-to-rail input
operation requirement and the very low supply current avail able.

The first important limitation set by the first two referred fadors is to predude the utili zaion of
switches to handle the input signal unlessa on-chip clock-voltage multi plicaion scheme is applied. We dedded
to try to avoid the dock-voltage multi plication aternative for simplicity and reliability reasons. The limitation on
the goplication of switches is ill ustrated in Fig. 1 that plots the on conductance and on resistance of a switch,
implemented as the parallel connedion of a n and pMOS transistors driven by complementary signals, as a
function of the input voltage to the switch. The EKV model ([2,3]), that gives arepresentation valid in all regions
of operation, was applied for the transistors. Fig. 1 shows that exists a gap in the input voltage range where both
the transistors are virtually cut off and the on resistance is excessvely high, even for the low speed application
under consideration where arelatively high RC time mnstant would be accetable. To deaease the on resistance
to acceptable levels by increasing the agped ratio of the transistors is aso non pradicd becaise it would lead to
aunaccetable chargeinjedion error.
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Fig 1. On conductance (solid lines) and resistance (dashed lines) of CMOS switch vs. input voltage for 2V power
supply with nominal threshold voltage (Vg = 0.85V) and maximum threshold voltage (Vg = 1.0V).

We can clasdfy comparator topdogies acording to their principle of operation in 3 broad classes
[4,5,6]: (i) based on a high gain amplifier, (ii) regenerative or positive feedbad based and (iii) other switched
cgpadtor based architedures. Let's briefly describe eab of these dternatives and evaluate them to the light of the
above requirements. Topdogy (i) is typicdly an open loop opamp without internal compensation, sometimes in
a multistage mnfiguration to increase the speal. The second class of topdogy takes advantage of the paositive
feedbadk of aflip flop like structure to speed up the comparison. Although exceptions exists [4], these drcuits
usually apply one of the following principles: 1) a switch equals both outputs of the flip-flop forcing it to its
state of unstable equili brium and then lets it to evolve to the final state acording to the diff erence between the
comparators inputs, or 2) with the flip flop structure turned off, a wuple of switches forcethe outputsto be equal
to the comparator inputs (or their amplified version) and then turns on the flip flop that will evolve to the final
state. Therefore this dructure is discarded becaise it requires a switch operating in the whole power supply
range. The topdogies corresponding to the third classas well as the switched cgpadtor techniques avail able to
cancd out the omparator off set cannot be goplied for the same reason.

Therefore a1 op-amp based comparator topdogy was chosen. The input stage of the op-amp was
determined by the rail-to-rail i nput requirement. The paralel combination of a n and a p dfferentia pair was



seleded [7, 8]. As will be shown in the next sedion, the low speed required as well the high gain achievable
operating in we& inversion alow the gplicaion of a single stage structure. Therefore the anplifier topdogy
shown in Fig. 2 was considered. It is an adaptation of the well known "symmetricd OTA" ([9]) structure to the
rail-to-rail i nput stage.
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Fig. 2: Comparator schematic diagram.

Following the anplifying stage aminimum sized buffer (to minimize the anplifier load cgpadtance)
and alatch are included. The latch may be dso set to transparent mode to have anon-latched output.
To guaranteethe rail -to-rail i nput operation the foll owing conditi on must be fulfill ed:

where Vpp is the supply voltage, VGSp and Vg, are the gate source voltage of the p and n input pair
transistors and V pga 1 is the minimum voltage required aarossthe transistors of the aurrent sources at the source
of the differential pairs (M18 and M21) to ensure they are saturated and operate & a adrrent source This
conditi on ensures that the regions of operation of the n and p dfferential pairs overlap nea Vpp/2 and does not
exists a gap where none of the pairs work.

It seems difficult to satisfy condition (1) for Vpp = 2V and the nominal V¢ of 0.85, moreover for the
worst case condition of V1 egaul to 1.0V. However the low V g values readed when operating in moderate
and wed inversion in the subthreshold region, together with the low saturation voltages alow to satisfy
condition (1) even for V1 of 1.0V. The next sedion describes the methoddogy foll owed to size the transistors
to adhieve the performance desired and to satisfy condition (1).

A digitally programmable reference level generation circuitry compatible with the low power
consumption required, was implemented based on the charge redistribution D/A converter principle ([10)). It's
schematic diagram is gown in Fig. 3. It's worth to note that in this gructure dl the switches are wnneded either
to ground or to the power supply, hence do not have the problem referred above.
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Fig. 3. Digitally programmable comparison level generation circuit.

V. Design methodology.

The sizing of the transistors was done through the method presented in [11,12]. This method, that is
based on the relation between the transconductance over drain current ratio (gy/Ip) and the normalized current
Ip/(WIL), alows a unified treament of all regions of operation of the MOS transistors. The gplication of this



method coupled with the EKV model with a set of parameters extraded from measurements for the target
process allows an acairate sizing of the transistors.

The synthesis procedure foll owed was:

1. From the total consumption spedficaion and the drcuit topdogy of Fig. 2 the aurrent through ead transistor
was determined.

2. A gnlp vaueis chosen for eadt transistor. From this value, procealing as explained in [11, 12], alp/(W/L)
value is obtained from the g,y/Ip vs. Ip/(W/L) relation and then using the I value deduced in 1, (W/L) is
obtained. The seledion of g/l is based on different trade-offs depending on the wnsidered transistor. Let's
ill ustrate the goproach with the cae of the input differential pairs and do the arrent sources of the differential
pairs.

2.a For the input differential pairs a higher value of gpy/Ip will give, on one hand, higher g, (and hence
speed) for agiven Ip, higher gain, lower gate-source, saturation and off set voltages; on the other hand a
higher g,,/Ip requires lower values of 1p/(W/L) and therefore bigger transistors and perasitics for a given
current. Moreover, due to the flat charaderistic of the gpy/Ip vs. Ip/(W/L) curve nea the week inversion
region, in this region a small increment of gny/lp requires a big increment of (W/L). By exploring the
design spacethrough the gpy/Ip method we can choose the best compromise between performance and
area This approach lead to a value of gn/lp = 24 for the input differential pairs transistors that
corresponds to (W/L) of 29 for the nMOS transistors and 695 for the pMOS transistors. The
corresponding Vg value for this transistors szesis 0.7V for V1=0.85V and 0.85V for V1o=1V. This
values of Vg are compatible with condition (1) with a 2V power supply and Vpga T corresponding to
operation nea week inversion of about 0.15V. It'sinteresting to note that a gy/Ip value of 25 (fully in the
wedk inversion region) leals to (W/L) values of 198 and 477 for the n and p transistor respedively,
offeringanegligible increase in gain or speed and Vg at V1 equal to LOV isonly reduced from 0.85V
to 0.77V.

2.b A higher gp/Ip of the aurrent mirror transistors implementing the aurrent sources of the differential
pair is refleded on a lower saturation voltage, but on poarer noise and matching properties and higher
(WIL) values, that in the cae of a airrent source is criticd becaise non minimum length transistors are
used to increase the output impedance.

The dosen value of 22 corresponds to (W/L) equal to 25 for the p transistors and 104 for the n
transistors. This value dlows an acceptable behavior of the airrent source with VpgaT of 0.15V while
the estimated rms noise arrent (0.24nA) is negligible with resped to the bias current of 200nA.

3. A L vaueis chosen for ead transistor. For the differential pair transistors minimum length can be chosen. In
our case anon minimum value was chosen based on reliability considerations. For the arrent mirrors, the L
value is derived from a trade-off between its influence on the arrent mirrors output impedance (and through it
on the amplifier gain and common mode rejedion ratio) and on the transistors sze and parasitics that influence
the drcuit spee.

4. The gain, spead and offset are predicted and chedked against the desired performances. If they are not
acceptable, the dhosen g,/Ip, L values or current consumption spedfication must be modified.

The resulting transistors szes are shown in Table 1. In the mnsidered processthe final sizes are derived
from the drawn sizes after a 0.8 fador shrink. The dimensions indicated below are drawn dimensions.

Transistor WIL (#H#m) an''D Transistor WI/L (##H#m) oD
M1,2 2784 24 M17,M19 62.5/12 22
M2,3 1164 24 M18 12512 22
M5-10 50124 18 M20 15012 22
M11-16 21/24 18 M21 30012 22

Table 1. Transistors dimensions. All dimensions are drawn dimensions that are shrunk by a 0.8 fador before

fabrication.




Fig. 4 shows the layout of the cmparator cdl and of the complete chip including the reference generation

circuitry.
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Fig. 4 Layout of comparator cdl and complete chip.

V. Expected performances.

The main circuit charaderistics are summarized on Table 2.

Supply Voltage 2V

Total Standby Current 500nA

Typicd Delay 35 ###Hs | 100mV input step with 5mV overdrive, Common mode range: 0.2V -

1.8V.

Maximum Delay 170 #### 1 325mV input triangdar signal with 1.5mV overdrive, Common mode
s range: 0.2V - 1.8V.

Amplifier gain 59 B Common mode level: 0.3V

Amplifier gain 61 B Common mode level: 1.0V

Amplifier transition frequency 235kHz | Common mode level: 0.3V, Load Capadtance 0.42pF

Amplifier transition frequency 344kHz | Common mode level: 1.0V, Load Capadtance 0.42pF

Off set voltage 6.6 MV | Estimated with representative matching data from Refs. [13] and [14]: B

standard deviation 03=0.2% and V1 standard deviation op=2mV.

Table 2. Circuit charaderistics.

Fig. 5 shows a simulation of the drcuit usingthe EKV model where the rail-to-rail operation of the drcuit can be

appredated.

V1. Conclusions.

The presented design is compatible with the requirements for processng cardiac signals in implantable
devices operating from 2V battery voltage with a total consumption of 50nA. The limitations impased by the
low supply voltage were discussed. The method followed to predsely sizethe transistors to operate in the wesk
and moderate inversion regions was presented. This approach alowed to lower the gate-source and saturation
voltages, adhieving rail-to-rail input operation even in the worst case @ndition of 1.0V maximum threshold

voltage.
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Fig. 5 Simulation results. Top window: comparator inputs, bottom window: comparator output.

m 2m 3m Am ‘Am ‘B Tm ‘Bm ‘G A0m “11m Scaling:
e AR T T PR T T T AR T T
IO . g > g . . . . . . .
........ i e
........ L ia o haw
il P R L 800my
........ il |soomy
________ R T T e e
V(&R I e 2
............................................................................... RO U SRR | N1
........................................................................................................... 1.2%
............................................................................... e Dbl |B00MY
........ i soomy
........ § § § § § § § e o

References.

[1] International Standards Organization, "ISO 5841 1: Cardiac Pacenaker. 1. Implantable Pacemaker."
Sedion B.1.4: Test Signal Generation for Sensiti vity Measurement, 1SO, 1989

[2] E.A.Vittoz, "Micropower Techniques " in Design of VLS Circuits for Telecommunications and Signal
Processing, Eds. J.E. Franca ad Y .P. Tsividis, PrenticeHall, 1993

[3] C.C. Enz, FK. Krummenacher and E.A. Vittoz, "An Analyticd MOS Transistor Model Valid in All
Regions of Operation and Dedicaed to Low-Voltage and Low-Current Applicaions’, Analog Integrated
Circuitsand Sgnal Processing, No. 8, pp. 83- 114, 1995

[4] P.E. Allen, E. SanchezSinencio, "Switched Capacitor Circuits', New York, Van Nostrand Reinhold,
1984 pp. 429- 437.

[5] R. Gregorian, G.C. Temes, "Analog MOS Integrated Circuits for Sgnal Processing”, New York, John
Wiley & Sons, 1986 pp.425- 437.

[6] V. Vaencic, "Low-Power Data Converters', Eurochip Advanced Analog Digital Design Course,
Louvain-la-Neuve, Belgium, 6-10 June 1994

[71  JH. Huijsing, D. Linebarger, "Low-voltage operational amplifier with rail-to-rail input and output
ranges’, |EEE Journal of Solid-State Circuits, vol. SC-20, pp. 1144115Q Dec 1985

[8] R. Hogervorst, J.P. Tero, R.G.H. Eschauzier, JH. Huijsing, "A Compad Power-Efficient 3 V CMOS
Rail -to-Rail Input/Output Operational Amplifier for VLS| Cell Libraries', IEEE Journal of Solid-State
Circuits, vol. 29, pp. 15051513 Dec 1994

[9] F. Krummenacdher, "High Voltage Gain CMOS OTA for Micropower SC Filters', Electronics Letters,
Vol. 17, No. 4, pp. 160-162, 19%th Feb. 1981

[10] J.L.McCreay and P. R. Gray, "All MOS charge redistribution analog-to-digital conversion techniques --
Part I" IEEE Journal of Solid-State Circuits, vol SC-10, pp. 371- 379 Dec 1975

[11] P. Jespers, "MOSFET Modelling for Low-Power Design’, Proceedings X SBMicro, Vol II, Canela,
Brasil, Aug. 1995

[12] F. Silveira, D. Flandre, P. Jespers, "A gpy/lp Based Methoddogy for the Design of CMOS Analog
Circuits and its Application to the Synthesis of a Sili con-on-Insulator Micropowver OTA", acceted for
publication in the IEEE Journal of Solid-State Circuits.

[13] M.JM. Pelgrom, A.C.J. Duinmaijer, A.P.G. Welbers, "Matching Properties of MOS Transistors', |IEEE
Journal of Solid-State Circuits, vol. 24, pp. 1433- 144(Q Oct. 1989

[14] F. Forti and M.E. Wright, "Measurement of MOS Current Mismatch in the Week Inversion Region”,

|EEE J. Solid-Sate Circuits, Vol. 29, pp. 138142 Feb. 1994



