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Abstract

The accuracy of integrated sensors is often limited by errors of the electronic interface; this is the case in most low voltage—low power
integrated sensor systems. In this paper we describe the dynamic op amp matching (DOAM) technique; the circuits using the dynamic op
amp matching (DOAMCSs) are a new type of circuits using dynamic element matching (DEMCSs). In comparison with traditional DEMCs
and with chopper circuits, DOAMCs may achievgan enhancement, while, in comparison with gain enhanced autozero circuits, they
offer better noise performance. For these reasons DOAMCs are an attractive strategy for the implementation of accurate electronic interfaces
in low voltage—low power integrated sensors; as a design example we present a DOAMC suitable for the read-out of resistive sensors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Circuits using automatic compensation techniques can be
grouped into three main classes: autozero circuits (AZCs),
In most cases, accurate electronic interfaces for sensorshopper circuits (CHCs) and circuits using dynamic ele-
require operational amplifiers (op amps) with very high gain ment matching (DEMCs). In previous classificatidis?]
and with low input offset and noise voltages; in many prac- DEMCs and CHCs have been grouped in the same class;
tical casesechnological limitations (that is non-idealities of  however, although some overlap exists between DEMCs and
available devices) andesign constraints conflict with inte-  CHCs (that is there are circuits which belong to both the
gration of such op amps. classes), it is better to distinguish between them because
With reference tdechnological limitations, as an impor-  their working principles are differerig]. For instance we
tant example, CMOS op amps typically have high input off- have recently introducef8—10] circuits based on dynamic
set and noise voltages. With reference to design constraintsmatching of op amps (DOAMCs); DOAMCs are a partic-
high gain requirements generally conflict with low voltage ular type of DEMCs but they are not CHCs (in particular
(limited headroom for transistors makes cascoding tech- their accuracy and noise properties are substantially differ-
niques problematic) specifications; furthermore low power ent from those of CHCs); in the same manner CHCs which

also requires low biasing currents, resulting in low transcon- make use of a purely sinusoidal modulation-demodulation
ductances, which limits the achievable gain-bandwidth gre not DEMCs.

product of amplifiers. _ Although it is well known[1] that DEMCs and CHCs
Smgesiahc compensation techniques may not compen- have better noise performance than AZCs, it has been be-
sate time-varying errors (such as errors due to no&e®), lieved [1] that, in contrast with AZCs, both DEMCs and

tomatic compensation techniqu¢s—7] have become very = CHCs may not achievgain enhancement (that is the com-
popular in CMOS systems, where, beside the offset volt- pensation of the finite op amp gain). As a consequence,
ages, the low frequency input noise voltages of op amps arejn systems where the gain of op amps may be limited by
also not negligible. low voltage—low power specifications, autozeroing has been
generally preferred due to itgain enhancement capabili-
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achieve a significangain enhancement, but having in ad- For simplicity we will refer to DOAM amplifier (buffer,
dition better noise properties (and thus superior accuracy)etc.) meaning an amplifier (buffer, etc.) based on dynamic
than AZCs. op amp matching.

Furthermore, DOAMCs do not require high value linear
capacitors, which is an important advantage for integra- 2.2. Errors of circuits containing op amps
tion in digital CMOS processe§l1-13} on the other
hand DOAMCs require, for low power consumption, high In a given circuit we may define the output voltage error,
value resistors which could also be not feasible in digi- Eoyt, as the difference between the output voltage and the
tal processes where silicide reduces the sheet resistancesleal output voltage. We notice that in a short time interval,
of both polysilicon and diffusion layer$12,14] How- Ty, the input noise voltages with frequencies much smaller
ever it is always possible to use an additional mask (with than fx = 1/Tx are about constant, so that, within that
increased costs) in order to selectively block the depo- short time interval, those noise voltages may be regarded as
sition of silicide on regions needed for the integration additional input offset voltageld,2] (in practiceTy is the
of resistors and, in some cases, it could be possible totime required for the single dynamic compensation opera-
use well resistors, although their voltage dependdtdg tion); in the same manner the input offset voltage may be
must be taken into account (since it could easily degrade regarded as dc input noise voltage; for these reasons it is of-
accuracy). ten unnecessary to consider contemporarily both the input

In order to further decrease the power consumption of noise and offset voltages.

DOAMC:s, if slow operations are acceptable, the analog cir- In order to determine the errors of circuits containing op
cuitry could be powered down for large amounts of time. amps we can use the following simplified linear model:

The dynamic matching of op amps could also improve 1
the performance of the replica-amplifier circuits presented Yout = G(V4+ —V-) + Gewm (i (Vi + V—)) + Voit.out (1)
in [15-17](in those circuits the gain enhancement was lim-
ited by gain mismatch), although the simple dynamic op
amp matching would not contemporarily lead, in those cir-
cuits, to the reduction of the equivalent input offset and low
frequency noise voltages.

In this paper we present the dynamic op amp matching
principle and we show, as a design example, a new DOAM
circuit for the accurate read-out of resistive sensors (such
as strain gauges); SPICE simulations confirm theoretical
expectations.

whereG is the differential open loop gain of the op amp,
Gcm the common mode gain/, andV_ are the voltages
at the positive and at the negative input terminsls, out IS

the output offset voltage; for simplicity we assume all other
components (but op amps) ideal.

2.3. Classic and DOAM interface for resistive sensors

In order to read out the variation of the resistance of a
resistive sensor it is often convenient to transform such vari-
ation into a voltage variation and, therefore, an interface for
resistive sensors generally compriseedstance variation
to voltage converter.

A classic resistance variation to voltage converter is
shown inFig. 1, whereRys is the sensor resistance and is

2. DOAM interface for resistive sensors
2.1. Dynamic op amp matching

Under the (unrealistic) hypothesis of perfect matching of given by
two or more op amps, it is possible, in principle, to design Ros= R + AR (2)
circuits where the errors induced by different op amps com- )
pensate each other. The unrealistic matching hypothesis mayn case of ideal op amp the output voltage would be

be removed by dynamic op amp matching, that is the dy- AR

namic element matching applied to the op amps. Since the "out = _VREFm (3)

errors induced by op amps comprise, beside the errors due

to input offset and noise voltages, also the errors due to the R2S

finite gain of the op amps, in principle DOAM makes possi- A

ble to compensate the finite op amp gain (gain enhancement) R1

without autozeroing. V REF v > Y out
Clearly, in order to effectively achieve the compensa- B o1 o

tion of both the finite op amp gain and the input offset +

and noise voltages, it is necessary to design proper circuit
topologies (for instance we have already presented elsewhere
[3] some circuit topologies for the implementation of accu-
rate buffers, inverting and non-inverting amplifiers using the
DOAM). Fig. 1. Classic interface for resistive sensors.

R2
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However, if we consider the simplified linear model (1) for this circuit would produce, in case of ideal op amps, an

the op amp we may write the following equations: output voltage equal to
Vi+ Vo AR>s
Vour=G(Vy — V_ G _ V. , Vout= —VREF——F7—— 7
out (V4 )+ Gewm < > > =+ Vot out out REFR1+ Ro + R (7)
= YRerRe - Vow— Vo V- — VRer However, if we consider the simplified linear model (1) and
Ri+R2 R2+ AR R1 ideally matched op amps (the mismatch may be strongly

output voltage error is approximately inversely proportional
to G2 (we do not report here the long analytical expressions
We may solve this linear system, obtaining of the output voltage error).

ARz ) @) reduced by dynamic op amp matching) we find that the

Eout = Vout — VouLideaI = Vout— <—VREFm

R? 4+ R3+ (R1+ R2))AR + 2R1R,
R{(2G — Gem +2) + R1R2(2G — Gem + 4) + 2R5 + 2(R1 + R2)AR

Eout = 2Voff,out

R5Gcm + (R1+ R2))AR + RoGemAR + R1R2Gem + (AR)?

(%)
R%(ZG —GeM+2) + R1R2(2G — Gem + 4) + 2R% + 2(R1+ R2)AR

+ 2VRer

Effects of the input offset and low frequency noise voltages . . .
of the op amp may be strongly reduced by applying proper In order to satisfy the design rules (6) and in order to

dynamic matching or chopper techniques; nevertheless theaclcurately set the lTeQS't'V'ty of thesistance varlat|oc;1 N
output voltage error of the circuit would still be approxi- Voltage converter, all the resistors;, Ry, Ra, Rs andRe

mately (if we consider the dominant term in the denomina- and th'e sensor resistors r.nus.t be .Of the same type and prop-
tor) inversely proportional to the differential open loop gain erly laid out; in some applications it could be useful to (con-

of the op ampG, which could be unacceptable® is not temporf'irlly) apply the dynamic element T"a“:h'”g also to
very high. the resistances in order to make their ratios as accurate as

Fig. 2shows a more compleresistance variation to volt- po;&blg (Sﬁ@])' DOAM diff il lfi .
age converter (requiring two resistive sensors, two op amps hi '9. ShOWS a ' dl (farsnt%a harr;p! ler (even in .
and, roughly, double power consumption and double area).t Is case the compensation of both the finite op amp gain

If the compensation resistoRa, Rs, Rc andRp are sized and the input offset and noise voltage requires that the op
according to the design rules Y amps are dynamically matched by switches not shown in the

figure).
Ra = Rg = 2R, Rc=Rp=R (6)
R2
4'%3'A%
V_neg R1
R1 I _
B RC
RB
R2
AN
R1 R1
V_REF Wy - VWV -
o——t v
Rl . ” R . ”
R2 R2
V_out V_out
RD RD:

Fig. 2. DOAM interface for resistive sensors (the op amps must be Fig. 3. DOAM differential amplifier (the op amps must be dynamically
dynamically matched). matched).
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¥ the chopper amplifief/s(¢) is the input noise voltage of the
>< - original amplifier and
CH1 1, @n-DIp<t<?2nTy, neZz
>< m(t) = 9)
=1, 2nTo<t<@n+DTy, nez
h e In order to study the noise performance of the DOAM inter-
>< } face for resistive sensors shownHig. 2, it is convenient to

consider an infinite open loop op amp gain so that the input
voltage error is given by the input offset and noise voltage;
Fig. 4. Chopper switches for the dynamic matching of the op amps.  fqr simplicity we do not explicitly consider the input offset
voltage (which may be regarded as a dc input noise volt-
2.4. Chopper switches for the dynamic op amp matching age); furthermore, since the circuit is constituted by linear
components (the op amp is assumed linear for simplicity)
As we have already discussed, in practical circuits it is we may use the superposition of effects.
necessary to dynamically match the op amps; this may be We may then consider a zero reference voltage and com-
done by using chopper switches as showrig. 4 (chop- pute the output noise voltage (that is the output voltage orig-
per switches are two ports networks constituted by switchesinated by the noise) when tlogp amps are not interchanged
connected in such a way that the “straight” connections (for simplicity we consider random processes which simply
are enabled in a first phase and the “cross” connections areadd each other). By inspection of the circuit we may write
enabled in the second phase). Chopper switches are easilyhe following linear equations
implemented in CMQOS circuits by pass transistors; in tra- - -
ditional dynamic element matching and chopper circuits it ¥—1 = V.1

CH2

V_ 2= an-i- ‘7n,27

is generally convenient to use minimum size transistors in , _ §7_, Ro+ Ry + AR’
order to reduce errors caused by the overlap capacitances * R1
Cas andCgp (clock feedthroughl]). 7 _¥ R2+ R1+ R+ AR
However, in dynamic op amp matching circuits an addi- ' 0!t~ "2 R1 ’
tional issue must be considered. The parasitic resistances of. - . . .
the CMOS switches are in series with the input terminals Vnout1 = Vx + (Vx = V_1)————; Ra+t AR (Vx = Vnout2)
of the op amps (and thus there is very little current across (10)

such switches) or they are in series with the output of the
op amps (and therefore, if the switches are properly placed, WhereVn1(1) and Vna(1) are the equivalent input noise volt-
the errors due to parasitic resistances are reduced by thédges of the two op amps.

feedback); neverthe'eSS, since dynamic op amp matching Itis thej] pOSSible to find the Output noise Voltage (random
is proposed for relatively low gain op amps, the reduction Process)Vnout1

of the equivalent output resistance achieved by feedback - - -~ Ri+R2+ R+ AR

would be less effective. As a result, the pass transistors Vmoutl = (Vn1—Vn2) Ry (11)

in series with the output of the op amps must be properly
sized (increasing their width reduces the parasitic resis-

tance but also increases the overlap capacita@egsand

If we consider the classicesistance variation to voltage
converter shown inFig. 1 we obtain

- ~ R R AR
Cap). P out = gt Ko+ AR (12)
R
2.5. Input equivalent noise of DOAM interface for resistive As a result the output noise voltage produced in the DOAM
Sensors circuit is (approximately) the same output noise voltage

which would be produced by an equivalent input noise volt-
In practical circuits the op amp must be dynamically age
matched; the simple dynamic op amp matching will auto- Vnin(®) = Vn1(1) — Vaa(®) (13)
matically compensate, in the circuit shownHig. 2, both
the input offset and low frequency (i.e. at frequencies much in the classic circuit.

below the “interchanging” frequency) noise voltages. Since the random processEgy(rand Vna(7) are uncor- _
In case of CHCs using switches for the modulation—demo- related and have the same (nominal) spectral power density,
dulation we have, as discussed[} we may write for the root mean squares (no matter which is

the bandwidth of interest)

Vrmsn in _\/ rmsnl Vr%nan - \/Vr%nsn + Vr%nsn
where the symbol+" is used to distinguish random pro- S
cessesYh choppel?) IS the equivalent input noise voltage of =2 2 Vimsn (14)

Vn choppef?) = Vn(f) m(1) (8)
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By considering (13) it is evident thaif the two op amps
are dynamically interchanged (with period Tp), the equiva-
lent input noise voltage of the DOAM non-inverting voltage
amplifier is

Vn.0oaM () = Viin(®) m(#) = [Vn1(t) — Vna(®)] m(D)

so that the input equivalent noise rms voltage of the DOAM
non-inverting voltage amplifier is/2 times the correspon-
dent voltage of a “correspondent” chopper circuit using
switches for modulation/demodulation (Jé&¢ for the noise
analysis of this kind of circuits and of autozero circuits).
We mention that the same result also holds for the DOAM
non-inverting amplifier, inverting amplifier and buffer pre-
sented in8,9].

In conclusion, in comparison with traditional circuits us-
ing dynamic element matching and with chopper circuits,

(15)

DOAMCs may achieve a strong gain enhancement, but at

the cost of higher noise (the equivalent input noise RMS
voltage isv/2 times higher), larger area (about doubled) and
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Fig. 5. The resistance variation error vs. the variation of the sensor
resistance in the classic interface for resistive sensors.

we consider the classic circuit topology, with a voltage gain

power consumption (about doubled). However these costsof the op amp equal to 1000 amty = R», the resistance

could be affordable in many low voltage—low power systems

variation error is shown ifrig. 5as a function ofAR.

because of the very large gain enhancement that may result The solid line inFig. 6shows the resistance variation error

from dynamic op amp matching.
On the other hand, in comparison with gain enhanced
AZCs (se€[1]), DOAMCs may achieve a similar gain en-

for the DOAM circuit in the case of ideal op amp matching
(voltage gain equal to 1000 for both the op amps). The typi-
cal mismatch of the differential gains of nominally identical

hancement but having better noise performance (becauseop amps (integrated within the same chip and thus experi-

there is no sampling), thus leading, in principle, to supe-
rior accuracy performance in low voltage—low power CMOS

encing about the same temperature, supplied by the same
voltages, etc.) is in the order of 10% in normal operative

systems. We stress that in our analysis we did not considerconditions. The dashed line ifig. 6 shows the resistance
the noise generated by the feedback resistors; such resisvariation error, after dynamic op amp matching, in the case
tors are necessary in DOAMCs and should be high valued of two op amps having their voltage gains equal to, respec-

for low power consumption; nevertheless in many practical

cases the noise generated by CMOS transistors will domi-

nate the residual noise.
2.6. Smulations

Experimental results on the DOAM non-inverting ampli-
fier have been presented[@j.

In [8,9,18,19]we have reported the theoretical analysis
and SPICE simulations of the effectiveness of the DOAM
in the compensation of the mismatch between different op
amps.

Here we only present SPICE simulations of the new circuit
topology for the read-out of resistive sensors.

For simplicity the two op amps have been replaced by
two ideal single ended differential amplifiers where an ideal
single ended differential amplifier is defined as a two ports
network having:

e an output voltage given by the input voltage multiplied by
the gain of the differential amplifier,

e a zero input current,

e the negative terminal of the output port grounded.

We define theesistance variation error as the error in the
estimation of the variation of the sensor resistantg®, If

tively, 1000 and 900 (10% mismatch).

We also mention that, in order to achieve the best offset
reduction it is better to use a four phases clock strategies, so
that we may also exchange the input transistors of each op
amps|8].
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Fig. 6. The resistance variation error vs. the variation of the sensor
resistance in the DOAM interface for resistive sensors; the solid line

shows the error when the gain of both the op amps is equal to 1000
(ideal matching); the dashed line shows the residual error (after dynamic
op amp matching) when the gains of the two op amps are 1000 and 900
(10% mismatch).
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3. Conclusions

In low voltage—low power CMOS systems it may be very
important to reduce both the errors due to the input offset

and noise voltages of op amps and the errors due to their fi-
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ternational Symposium on Circuits and Systems, vol. 1, Hong Kong,
1997, pp. 453-456.

[13] A. Buck, C. McDonald, S. Lewis, T.R. Viswanathan, A CMOS

bandgap reference without resistors, in: Proceedings of the IEEE
International Solid State Circuits Conference, San Francisco, Cali-
fornia, USA, 2000, pp. 442—-443.

nite gains. The circuits using dynamic op amp matching are [14] B. Razavi, Design of Analog CMOS Integrated Circuits, Mc Graw

the first ever reported circuits which may achieve a reduction
of both the aforementioned errors without autozeroing, re-

sulting in better noise performance and therefore in superior

Hill, New York, 2001.

[15] P.C. Yu, H.S. Lee, A high-swing 2-V CMOS operational amplifier

with replica-amp gain enhancement, IEEE J. Solid State Circuits
28 (12) (1993) 1265-1272.

accuracy. Furthermore DOAMCs allow continuous time op- [16] P.C. Yu, H.S. Lee, Settling time analysis of a replica-amp gain

erations and do not require high valued linear capacitors (in
contrast with gain enhanced autozero circuits), although, for

low power consumption, they require high resistor values.
In this paper we have presented a DOAM interface for the

read-out of resistive sensors; the dynamic op amp matching

enhanced operational amplifier, IEEE Trans. Circuits Syst.: Il Analog
Digital Signal Process. 42 (3) (1995) 137-142.

[17] S. Brigatti, F. Maloberti, G. Torelli, Gain enhancement technique for

high-speed switched-capacitor circuits, in: Proceedings of the IEEE
International Symposium on Circuits and Systems, vol. 5, 1994,
pp. 719-722.

allows to compensate the input offset and noise voltages[18] C. Falconi, A. D’Amico, M. Faccio, Design of accurate analog

and the finite op amp gains; SPICE simulations confirm
theoretical expectations.

References

[1] C.C. Enz, G.C. Temes, Circuit techniques for reducing the effects of
op amp imperfections: autozeroing, correlated double sampling and
chopper stabilization, Proc. IEEE 84 (11) (1996) 1584-1614.

[2] A. Bakker, High-accuracy CMOS smart temperature sensors, PhD
Thesis, Delft University of Technology, Delft, The Netherlands, 2000.

circuits for low voltage—low power CMOS systems, in: Proceedings
of the IEEE International Symposium on Circuits and Systems, vol.
1, 2003, pp. 429-432.

[19] C. Falconi, M. Faccio, A. D’Amico, C. Di Natale, High-accuracy

instrumentation amplifier for low voltage—low power CMOS smart
sensors, in: Proceedings of the IEEE International Symposium on
Circuits and Systems, vol. 3, 2003, pp. 534-537.

Biographies

Christian Falconi was born in Rome, Italy in 1973. He received the MS

[3] R.J. van de Plassche, Dynamic element matching for high accuracy (cum |aude) and the PhD degrees in Electronic Engineering from the

monolithic D/A converters, IEEE J. Solid State Circuits SC-11 (1976)
795-800.

[4] A. Bakker, J.H. Huijsing, Offset reduction in current-mode microsys-
tems, in: Proceedings of the International Symposium on Circuits
and Systems, vol. 4, Atlanta, Georgia, USA, 1996, pp. 344-347.

[5] P.C. De Jong, G.C.M. Meijer, A.H.M. van Roermund, A 3@
dynamic-feedback instrumentation amplifier, IEEE J. Solid State Cir-
cuits 33 (12) (1998) 1999-2009.

[6] A. Bakker, K. Thiele, J.H. Huijsing, A CMOS nested-chopper in-
strumentation amplifier with 100nV offset, in: Proceedings of the
International Solid State Circuit Conference, San Francisco, USA,
2000, pp. 156-157.

[7] R. Gregorian, Introduction to CMOS Op Amps and Comparators,
Wiley, New York, 1999.

[8] C. Falconi, Principles and circuits for integrated thermal sensors,
PhD Thesis, Universita di Tor Vergata, Rome, ltaly, 2001

[9] C. Falconi, C. Di Natale, A. D’Amico, Low noise gain enhanced
circuits for low voltage—low power CMOS systems, in: Proceedings
of the IEEE International Symposium on Industrial Electronics Con-
ference, vol. 4, L'Aquila, Italy, 2002, pp. 1346-1351.

[10] C. Falconi, C. Di Natale, A. D’Amico, Dynamic op amp match-

University of Tor Vergata, Rome, Italy, in 1998 and 2001, respectively.
He is currently an Assistant Professor at the Department of Electronic
Engineering, University of Tor Vergata. His research interests include
semiconductor devices, analog electronics, electronic interfaces, sensors
and microsystems.

Corrado Di Natale is an Associate Professor of electronics at the Fac-
ulty of Engineering of the University of Tor Vergata, Rome. His main
research interests are in the fields of chemical sensors for taste and olfac-
tion sensor systems, molecular electronics and multicomponent analysis.
He authored more than 300 papers on peer reviewed journals and inter-
national conferences.

Arnaldo D’'Amico is Full Professor of electronics at the Faculty of En-
gineering of the University of Tor Vergata, Rome. His main research in-
terests are in the field of chemical sensors for taste and olfaction sensor
systems, micro and nano systems and low voltage analog electronics. He
authored more than 450 papers on peer reviewed journals and interna-
tional conferences. Since 1999 he serves as Chairman of the Eurosensors
Conferences Steering Committee.

ing: a new approach to the design of accurate electronic interfaces Marco Faccio (M'93) was born in Tortoreto, Italy in 1954. He received

for low voltage/low power integrated sensors systems, in: Proceed-

the degree in electrical engineering from the University of L'Aquila,

ings of the Eurosensors Conference, Prague, Czech Republic, 2002,L’Aquila, Italy in 1979. Afterwards he worked in industrial environment,

pp. 539-540.

[11] G.C. Temes, P. Deval, V. Valencic, SC circuits: the state of the art
compared with Sl techniques, in: Proceedings of the IEEE Interna-
tional Symposium on Circuits and Systems, vol. 2, Chicago, lllinois,
USA, 1993, pp. 1231-1234.

[12] C. Azeredo Leme, J.E. Franca, Analog-digital design in submicro-
metric digital CMOS technologies, in: Proceedings of the IEEE In-

in data acquisition systems, and in the development of microprocessor
systems. Since 1989 he has been a Researcher of Applied Electronics in
the Department of Electrical Engineering of the University of L’Aquila
and since 1994 he has been Professor of Electronic Digital Systems. His
present research interests include sensor interface systems, A to D con-
version for smart sensors, low-voltage analog and digital circuits, and
design of flash memories.



	Electronic interface for the accurate read-out of resistive sensors in low voltage-low power integrated systems
	Introduction
	DOAM interface for resistive sensors
	Dynamic op amp matching
	Errors of circuits containing op amps
	Classic and DOAM interface for resistive sensors
	Chopper switches for the dynamic op amp matching
	Input equivalent noise of DOAM interface for resistive sensors
	Simulations

	Conclusions
	References


