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Temperature Sensors and Voltage References
Implemented in CMOS Technology

Gerard C. M. Meijer Senior Member, IEEEGuijie Wang, and Fabiano Fruett

Abstract—This paper reviews the concepts, opportunities and general, it appears that the accuracy and long-term stability
!imitations of temperature sensors and V(_)Itage references reali_zed of conventional CMOS bandgap-voltage references are much
in CMOS technology. It is shown that bipolar substrate transis- less than that of bipolar ones. The low accuracy of the CMOS

tors are very suited to be applied to generate the basi¥% gz and . . . .
PTAT voltages. Furthermore, it is shown that dynamic element references is due to mismatching of components, drift, temper-

matching and auto-calibration can solve the problems related to ature effects1/f noise, and mechanical stress. Recently, in
mismatching of components and./ f noise. The effects of mechan- [4], [8]-[11], it has been shown that a major part of the CMOS

ical stress are a major source of inaccuracy. In CMOS technology, problems can be solved by using auto-zeroing, auto-calibration,

the mechanical-stress effects are small, as compared to those ing; ; ; ; :
bipolar technology. It is concluded that, with low-cost CMOS tech- signal chopping, and by dynamic element matching. This paper

nolog, rather accurate voltage references and temperature sensors'€VIEWS these r_10ve| dynamlc _S|gnal-process_|ng techniques.
can be realized. When we consider an ideal signal processing, the overall

accuracy will be limited by the accuracy of the basic signals.
These basic signals are the base-emitter voltiige of a
bipolar substrate transistor and the differens&zr of two

of these base-emitter voltages. From these two voltages, the
. INTRODUCTION intrinsic signals, the thermal voltagel’/q, and the bandgap

N CMOS technology, both MOS and bipolar transistors capltageV,, are extracted. This paper presents novel results of
be applied to generate the basic signals for temperature <ap.experimental and theoretical study of the accuracy of these
sors and voltage references [1]-[4]. In case of MOS transistop&Sic signals for CMOS technology. Furthermore, it is shown
the basic signals are derived from the threshold voltage and fiv these signals can be processed without losing accuracy.
mobility. In the bipolar transistors the base-emitter voltage arld'e presented signal-processing method takes advantage of
the saturation current is used for the extraction of the basic si§¢ Powerful features of microcontrollers for algorithmic
nals. It appears that the base-emitter voltage and saturation giRC€SSINg.
rent of the bipolar transistors show better temperature character-
istics than the threshold VOltage and mOblllty of the MOS tran- II. BASIC PRINCIPLES AND DEVICE CHARACTERIZATION
sistors. Thus, most of the circuits of temperature sensors and =~
voltage references apply bipolar transistors as the basic cdfn-Basic Principles
ponents. In this paper, the attention is mainly focused on theThe principles of CMOS bandgap references are similar to
achievements in circuit design of the temperature sensors ahgse of bipolar ones. Fig. 1 shows basic schematics of some
bandgap references, applying bipolar transistors as basic c@@nventional bandgap reference circuits implemented in bipolar
ponents. and CMOS technologies, respectively. In both circuits, a com-
The designers of both integrated temperature sensors @e@sating voltagd’(7) is added toVzg(T) to compensate
bandgap-voltage references take advantage of a unique prep-at least the first-order temperature dependendésef(T).
erty of a bipolar transistor: the base-emitter voltage provid@$is correction voltage is obtained by amplifying the difference
us with two intrinsic physical references, being the thermalVzr = (k7/q)Inp of these base-emitter voltages of two
voltagekT’/q, which is proportional to the absolute temperaturgansistors operated at unequal collector-current densities with
(PTAT), and the bandgap voltadg. . In [5]-[7], the principles ratiop. In this way, an output voltagé.. ; is obtained for which
and typical features of these circuits have been reviewed. Manyiolds that
of the presented circuits offer smart solutions to eliminate
the effects of specific component nonidealities or to optimize
the device and circuit behavior for a specific technology. In Vieg = Vep(T) + Vo (T) = Vpe(T) + AAVEe(T), (1)

Index Terms—Bandgap references, smart temperature sensors,
temperature sensors, voltage references.

whereA denotes an amplification factor. The analysis presented
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Fig. 1. Simple bandgap-reference circuits, implemented in (a) bipolar technology and (b) CMOS technology.

base currents and base-width modulation for the voltafgz ~ offset errors, using dynamic technigues. In these dynamic cir-

acrossR,, we find that cuits, the accuracy is limited by that of the basic sigh&lg(7")
andAVBE(T)
kT In integrated temperature sensors, the same principles and
AVgg = — ln(pr 2 L . ’ oo
BE q n(pr), 2) circuit are used as in bandgap references. The main difference

between both types of circuits is that, in bandgap references,
wherer andp denote the saturation-current ratibs /Is1 and  the PTAT voltagedA Vg is added to the base-emitter voltage
Is3/Is4 0f (Q2, Q1) and (s, Q4), respectively. For the output v, .. in order to compensate for its temperature coefficient,
voltageV,..y, it holds that while in temperature sensors, the base-emitter voliage is
subtracted [5] from the PTAT voltage AVg g in order to en-
Vier = Vapl + Ve = Ve +p& /f_T In(pr).  (3) hance the temperature .coe_fficient. In the next seqtions, it will
be shown that for both circuits the aspects concerning accuracy,

R
o calibration, and long-term stability are closely related.
Considering CMOS technology, lateral as well as substrate

transistors can be applied. The (vertical) substrate transistgrs o
have the better performance with respect to nonidealities of the Characterization oV (T) and AVi e(T)
Ic(Vgg, T) characteristics [7]. Therefore, this type of tran- In order to characteriz€z£(1) and AVpp(T) for CMOS
sistor is preferred to generate thgz andVprar voltages. Be- substrate transistors, we performed a number of measurements
cause all of the collectors of the substrate transistors are céf-transistors made in a 0/gm CMOS process of Alcatel mi-
nected to the common substrate, special amplifier configui@oelectronics [12]. The test setups are shown in Fig. 2(a) and
tions are required to amplify the PTAT voltage. Fig. 1(b) show®). respectively. In the setup of Fig. 2(b), it holds that= 31; .

a basic configuration for a CMOS bandgap reference. The gerfi® switch unit is used to enable two alternating cross con-
erated output amounts to nections of the two current sources. After averaging the effect

of a small mismatching between the transiséy,and ), are
R, eliminated.
Vier = Vep2 + <1 + , ) (Vprar +Vos) (4 As aresult, Fig. 3 shows the measurads  voltage nor-
PTAT malized with respect to an ideal PTAT voltaiprar_; versus
whereVepar = (KT/q)Inp = (Vg1 — Vegs) andVps is the  the currently, for various temperatures.
offset voltage of the amplifiert. Atcurrentleveld > 10 A, alarge deviation from the ideal
In the Conﬁguration of F|g 1(b)' the current density rati(ya.lue is found. For the main part, this is due to the effect of the
of Q; andQ, equals their emitter-area ratio. The main probase resistances, which causes an ek k) equal to
lems of the traditional CMOS bandgap references are caused
by the nonidealities of the applied amplifier. Recently, Bakker A(IpRp) = Ip2Rpa — Ip Rp1. (5)
et al. [10] showed how to reduce the offset problem, using a
nested-chopper instrumentation amplifier. This solution is very It can be shown that the so-called high-level injection only
suited for real-time signal processing. However, the errors inecurs at much higher current levelg £ =~ 4 mA). The value
troduced by gain inaccuracy are not eliminated. In Section bf Rz can be calculated using the data plotted in Fig. 3, together
of this paper, it will be shown how to reduce both, gain andith the data of/ 5(/g). Subtracting the values ak(/zRp)
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Fig. 2. Test setups to measure & z(T") and (D)AVse(T).
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Fig. 4. Corrected\Vyg(T') value versus the temperature.

430 K, the remaining relative errors iAVz g (T) are less than
400 x 1078,

Next, theVpr(Ic,T) characteristics have been evaluated.
The measurement results show that the temperature dependency
satisfies the well-known equation [5], [12]

T T
Vee =Vy <1 — f) + T Vee(T,)
kT T kT I(T) )
—n—In| =+ ]+— ln< , 7
"4 <T7> q Ico(T0) )
where
Vee(T})
base-emitter voltage at a certain reference
temperaturé,.,
Vgo
extrapolated bandgap voltage at 0 K;
n

constant representing the curvature of the
Vee(T) characteristic.
From our measurement results, we found the experimental
values:V,, = 1.141 V andn = 4.3. These values are close to
those of NPN transistor fabricated in bipolar technology [5].
From theVgr(Ic) data, the high-level injection parameter
Ik r and the emission coefficientcan be derived. For our de-
vices under test, it has been found tlatz = 3.7 mA and

Fig.3. Measured\Vz=(T) voltage normalized with respectto anideal PTATn = 1.001. The latter value is equal to that found from the

voltage versus the biasing current.

from the measured values Vg g results in the data plotted

in Fig. 4 versus the absolute temperatilte

These results allow us to improve the modeldfs i (7T) by

AVpgp measurements.

C. Calibration and Trimming

To maximize the accuracy of a bandgap reference or in-
tegrated temperature sensor, it is necessary to calibrate the

introducing the so-called emission coefficienl2], according devices. Without calibration, the spread ¥xx and AV

to the equation

AVBEInk—T 1Il<
q

whereJ; and.J, represent the current densities of end @,

respectively.

I
Jo

will cause a temperature-dependent error in the output voltage.
In bandgap references, with proper calibration at a certain
reference temperaturg., the linear temperature dependence
of Vpr(T) is compensated by the amplified PTAT voltage
A1AVEE(T). When the bipolar transistor is biased with a
PTAT current, this results in an output voltag&. ;, which
equals [6], [7]

Physically, the nonunity of can be explained from the tem-

perature dependency of the depletion-layer width [13]. Fromi..; = Vo + (1 — 1)& +(n- 1)E <T —T,—TIn 2)
Fig. 4, it can be concluded that~ 1.001. Furthermore, it can q q L
be concluded that over the temperature range 259 K’ <

r

(8)
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temperature sensors, one calibration point is already fixed by

physical constants. As can be concluded from Egs. (6) and (9), at

0-K, the extrapolated curves &fVp g (T) andVp g(T') intersect

the vertical axis at the values of 0 V, ané o, respectively

[Fig. 5(a)].

Adjusting the amplification factord; or the bias-current
density of the bipolar transistor performs trimming [5]. During
this trimming, the curves fod; AV p(T) andVpg(T) rotate
around the 0 K values, being 0 V aridggg, respectively
[Fig. 5(a)]. Once the trimming is performed in such a way that
the output voltage has its nominal value, the output voltage
automatically has its nominal valué. s, ..., for the full-tem-

(b) perature range. This means that a single-temperature trimming
Fig. 5. Effect of spreading ifs» and AV at the output voltagd.. is suffici_ent to obtain a full-temperature range c_:alibration.
of a bandgap reference and at the output volfeigeof a temperature sensor, ~Special care has to be taken for devices with scaled output
before and after calibration (the curves are shown as their linear extrapolayggtages_ For instance, suppose that a reference voltage is real-

zgsr;xnln)énons); (a) for an unscaled deviek, (= 1); (b) for a scaled devices ized according to the equation

AAAVpE

. L _ Vief = A2(VBe + A1AVEE). (10)

To increase the temperature sensitivity and to adjust the offset
voltage in temperature sensors, the base-emitter voltage is dilighis case, the spreading in the scaling facterdirectly ef-
tracted from the amplified PTAT voltage (Fig. 5). fects the 0-K value of the output voltage [Fig. 5(b)]. This means

The nonlinearity in thé/z (7") characteristic does not affectthat after a single-step, trimming a certain temperature-depen-
the calibration procedure. Therefore, for simplicity, we discugient deviation from the nominal characteristic will remain, as
the calibration methods using linearly extrapolated approximidicated by the dark-shaded area in Fig. 5(b). To avoid this, it
tions of the temperature characteristic. For this simplificatiofs advised to use an amplification factdp with a very high
we approximate the nonlinedi; (7)) characteristic by its tan- intrinsic accuracy and stability. This is possible when using dy-
gent for an arbitrary reference temperatiife This tangent in- namic-feedback amplifiers, as discussed in Section IIl.
tersects the vertical axis at the voltaigero. From Eq. (8), itis  For the device trimming, various techniques can be applied.

found that In common use are
kT, « fusible links [Fig. 6(a)], to blow-up connections;
Vego = Ve + (n—1)— 9 « zener zapping [Fig. 6(b)], to short-circuit connections;
4 * laser-trimming, to adjust resistors.
where it holds thal’zgo = 1.24 V. The advantage of fusible links is that the applied voltages during

To trim a linear (temperature) characteristic, two points hawe@mming can be rather low«(5 V). For zener zapping, voltages
to be fixed. Fortunately, in the case of bandgap references amto 100 V are required. Special precautions have to be taken
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to protect the circuit during trimming. On the other hand, the
zener-zapped components are highly reliable and show a gooc
long-term stability. With fusible links, special precautions have

to be taken to avoid deterioration of the wafer test probes and & : | : |:: ".
metal regrowth due to on-chip electromigration. ut i
a - e FHF

D. Long-Term Stability oVpr(T) and AVpg

The mismatching in the thermal coefficient of expansion
(TCE) of different materials of the wafers and packages causes
mechanical stress, which is temperature- and time-dependent "
The stress-induced change in the(Vzg) characteristic of
bipolar transi_stors _is the main cause of the I_ong—term d_ri,ggj. Stress-induced changeii
and hysteresis during thermal cycling or humidity changirngr an arbitrary stress orientation.
of bandgap references [5], [14]. Although silicon has no me-

chanical hysteresis, many materials, such as epoxy or plasg%o been fabricated and tested. It has been found that these tran-

show fe_atures of V|s.co.elast|0|ty,' Whlch are responsible fg{ tors show the same stress dependency as those fabricated in
mechanical hysteresis in the silicon die. The geometry aBP;olar technology,
material propert@s_of the molding material dlrectl_y affect the It is concluded that the pnp substrate transistors fabricated in
stress char_actenstlcs. _Normally, low-cost, pla.‘St'.C pack_a_ OS technology show a much better performance with re-
mtroduce high mechanical stress and hysteresis in the SIIIC8[51ect to the mechanical stress than the npn transistors fabri-
d'?”[]lS]'tr induced change in v, haracteristic of cated in bipolar or BICMOS technology. As shown in Fig. 7, the

€ stress-induced change in the(Vs») characteristic o amount of improvement depends on the amount of stress. Using

bipolar transistors is called piezo-junction effect. The p'ez?éyv-cost plastic packagin, the stress will vary over the range

junction effect is anisotropic and its magnitude depends on: &) 150 MPa [14], depending on temperature and long-term

the amount and orientation of the stress, b) the current d'r%%friations. According to Fig. 7, thA Vg variations over this

tion through the base, c) th? minority carrer type in the bas nge for pnp transistors are about a factor of two-and-a-half less
and d) temperature. The silicon wafer axis is the reference {%r

; . S . an that for bipolar npn transistors. In case of a ceramic sub-
the stress orientation and current direction. Most of the mdu&’rate such as in a COB package, this difference is even much
gtI::ule;r?jm%e]Zfsf?)rliesev\}g?r?\?gsga;?é dc?rl]setalig;g?b?g:;ﬁi;éa{ger' This is due to the thermal expansion coefficient of the ce-

. ; ' estiy P u . faic material, which is slightly higher than that of silicon. This
for transistors implemented in this wafer crystal orientation.

. . ) ) causes a tensile stress on the die surface. As can be concluded
It has been found that the piezo-junction effect in the ba

Sfom Fig. 7, the piezo-junction effect for pnp transistors for ten-
. 0 e
voltageVs£(T) causes approximately 80% of the total outpy ile stress is about a factor of seven less than that for bipolar npn

error induced by stress of the commercial temperature SensOr Cictors
SMT160-30 [16], [17]. This temperature sensor is fabricated In :

a conventional BICMOS process and the bagig; and V. Regarding the long-term drift and instability of npn-transistor

) . . t?mperature sensors in [14], a value of about 0.1 K has been re-
signals are generated using NPN transistors. Another Waypgrted. As a result of our own experimental work, we found

generate thé’gg and Vprar Signals is to use the PNP sub-

: ) : similar drift for the smart temperature sensor SMT160-30
strate transstors, |mplem_ente_d in CMOS technolc_)gy. The dﬁf Smartec [18]. Also, this smart temperature sensor is using
ferent type of minority carriers in the base causes different str

L : ecﬁBolar npn transistors for the basic-signal generation.
Se'rllgltclevrgbflzraPNsPs?grzse:tri?:t?n?/ggti,\lZyo:ar;szgssltructure Ccm_RecentIy, Fruett and Meijer [19] found that the other basic
. y . 9 ' . _signal in temperature sensors and bandgap references, the PTAT
Faln!ng both types of tra_nS|stors Was. designed and fabncak‘;ﬁtageAVBE is much less sensitive to stress than the base-
1{2 ?ﬁ%oé?/ﬁfr:::t?i?:gggyﬁg%rig?;gi%:;egggdogagerire[r}gd [s)illje emitter voltagd/z ¢ itself. Fig. 8 shows the stress-induced error
. ; it . " normalized in temperature scale for tHgx andVprar gener-
icon wafer, the stress-induced change of the transistor char b Br PTAT

o . ) : Afed using pnp substrate transistors.
teristic is between two limits for any stress Or'ented'nthewaferSummarizing these results, it is to be expected that the

plane. The uniaxial stress orientatiofi0) and (110) deter- long-term drift of integrated temperature sensors and bandgap

rr;:ne t?ﬁfﬁ Ilmltsr.i 'I'nr;etitrf:l]n&sntgrtsh harlve t;teenrtesge(\j/vaoirnulgilax(r?erences' as due to package-induced stress, for CMOS
Stress ese orientations a € resulls are sno 9 devices using pnp substrate transistors, will be about two to

For an arbitrary compressive (negative) or tensile (positivg ven times less than that of bipolar or BICMOS devices using
stress oriented in the wafer plane, the chang&4m is in the npn transistors

shaded areas. Based on this result, we can conclude that: a) the
stress-induced change g g of the pnp substrate transistors

is smaller than that of the npn transistors, and b) both transis-
tors have a lower stress-sensitivity for tensile stress than for
compressive stress. Afterwards, the pnp test devices structure§nce the basic signals have been generated with a high
using the substrate pnp transistors in CMOS technology, hguecision and stability, care has to be taken to maintain the per-

Strias [WPE

for the npn and pnp substrate transistors

[Il. CONCEPTS OFDYNAMIC VOLTAGE REFERENCES AND
TEMPERATURE SENSORS
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formance during the further signal processing. In this section,
we will show that the application of dynamic voltage pro- /7v7

cessing, using dynamic element matching (DEM), and dynamic
voltage division, will enable to get a very high performance.
Using these techniques, even without trimming or adjustment, ) ) )
and even when using low-cost inaccurate components, a high-X@mple: Let us assume a mismatch in the current mirror
precision of an amplifier-gain factor is obtained. Characteristf® that/p1 of M, is A[ larger than the current of the other
for the dynamic signal-processing techniques is that the circlfiOS transistors i.efp, = I + Al. Further, we assume a
configuration is changed over various states within a measuf@iSmatchAZ in the saturation currents, and z,» of AL,
ment cycle. For each state, a sub-measurement is perforniédtl: Ls1 = £s2 + AL In this case, the average valuelgfrar
The results of these sub-measurements are stored in a digi4" the eight measurement states is

or analog memory. The sub-measurement results are processed n kT 31 + AT 3]

in, for instance, a microcontroller, so that after a complet&prar = v {61n<#)+21n<I+AI>

cycle, an averaged or another type of filtered signal is obtained.

The application of these techniques will be discussed for the +41n<152 + AIS> _ 4111< Iso )}
generation of the PTAT voltage and the amplification/division I I+ AL

of the basic voltages.

Fig. 9. Generation oVprat using DEM, according to [20].

= nk—T In3 + AVPTAT- (11)

A. A DynamicVprar Generator q

In bandgap voltage references and temperature sensors, sudifhen, for instancepl /I = +0.01 andAl, /1, = £0.01,
as the SMT160-30 of Smartec [17], about half the output sigrifie relative inaccuracAVerar/Verar is only £7.5 x 1076,
is derived from the small signahVz . Because of the small whereas, without applying DEM, the maximum error can be as
value of this voltage, special care has to be taken to avoid fiaége ast18000 x 10~°. Thus, the application of DEM reduces
occurrence of errors due to mismatching, inaccuracy, and dilte worst-case error by a factor of more than 200.
of the bias-current ratio. This goal can be achieved by applyingAn additional advantage of using the DEM technique to gen-
a dynamic method, according to the principle shown in Fig.&ateVprar is that the low-frequency noise of the current mir-
[20]. The transistors WM, represent four current mirrors. Onefors can be reduced as well. This is an important contribution
of these transistors supplies current to the bipolar transistpr @ward filtering out the flicker noise of the CMOS transistors.
while the other three supply current te, o that the current For this filtering, it is required that the corner frequency is less
(I.2) passing through is three times the current ) passing than the cycling frequency100 kHz) of the generateidorar
through Q. The difference between the base-emitter voltag&9itage. This can be achieved by choosing the appropriate di-
Ver2 and Vg, represents the PTAT voltage. This voltage ighensions for the CMOS transistors.
processed and converted to a digital signal, which is stored in, ) o o
for instance, a microcontroller. Next, using the switches, the pg: Dynamic Amplification and Division
sitions of Mi—M, are cyclically interchanged and the measure- In Section II-A, it has been shown that, in case of a scaled
ment procedure repeated. output voltage, itis important to have a very high accuracy of the

After a complete cycle, the averaged measurement resutsling factord,, in order not to lose the precision of the calibra-
represent a PTAT voltage in which the effect of any mismatch tion point at 0 K. Both amplification factord; and A, should
the characteristic of the transistors MM, is strongly reduced. have a well-defined long-term stability in order to maintain the

In order to eliminate the mismatch in the transistorksa@d accuracy for a long time after calibration. Such a high accuracy
Q9, their positions are interchanged as well. So, for the confighd long-term stability can be realized with a dynamic-feedback
uration of Fig. 9, a complete cycle consists of eight sub-cyc{®EM) instrumentation amplifier [9], [21]. The principle of this
states. The average value \gé-a1 over these eight switching amplifier is shown in Fig. 10. The resistive feedback circuit con-
states is almost equal {@k7"/q) In 3. sists of a chain of-matched resistors. The chain will be made
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Rotating chain equal toZ, where the effect of capacitor mismatching is almost
of K resistors ..
Force eliminated.
s v resistors Sy * The average of the amplification factor can be expressed as

S5 & Sense

G+1

/_/‘Rﬂ _
+ , on Z Ci—Ci
Vin C)  resistors @ Z resistors Vous a _ G+ : Z j=1 = _ G+ AG (14)
. i=1 ’
- .
R ——

56w Sense whereAd represents the residual second order error of the mis-
52 wresistors Se Force match_ing. For_ examplé&? = 7, with 8 capacit_ors Whic_h s_how
1% mismatching, the relative error due to mismatching is only
29 x 1075, Without DEM, the relative error can be as large as
. o . . , . . +1%.
Fig. 10. Principle of a dynamic-feedback instrumentation amplifier, accordin . . . . .
tog[zo], P Y P Yin order to apply auto-calibration, as described in Section IV,
the voltage-to-time (or A/D) converter should have a very good
. . . . linearity. In practical circuits, a high linearity can be realized
rotating by addressing of the appropriate switches. The feed- . 'n practica ' 9 y .
. . : . . only within alimited input-voltage range. To release the require-
back is realized by, v, andw resistors, respectively. Since the

: . ) . ments, the low-level signal&\V g andAV,;) can be amplified
resistors are connected as a chain, a resistive load will be presen g BE 0s) P

which consists of resistors. Therefore, it holds that and/or the high-level signdl’s ;) can be divided. The absolute
accuracy of a passive voltage divider depends on the compo-
) nents matching. Therefore, aging effects will cause drift of the
divider factor. To solve this problem, in [24], a dynamic voltage

By applying force and sense wires, the effect of the ON reSgLyider i.s propose(_j (Fig. _1.2). This divider hgs the advantage of
tances of the switches S; is completely eliminated. The dy- be|_ng simple aqd msensmve to the C.)N. resistance Qf.the MOS
namic feedback is made by rotation of the resistor chain betwediiiches. The circuit consists of a resistive voltage divider com-
the two op-amps. Therefore, the feedback Kastates. So, a re- b|_ned with a capacitive voltage _d|V|der. The_ d|\{|der is realized
sistor that is part of the load will become part of the feedbadiith Nk resistors andVe: capacitors, resulting in an accurate
later. For this reason, this load resistor is of vital importance f@#Vision ratio ofaq = NcNrg. , _ _
the functionality of the dynamic feedback. The average gain MPlementation of the DEM techniques requires signal and

K=ut+v4+w+ 2 (22

of this amplifier overk successive states is equal to data—proces;mg .CII’C.UIIS, such as switch controllers, memory,
and calculation circuits. These features can conveniently be ob-
— vt w tained by using a microcontroller. Once a microcontroller is
G=1+ . (13) : i g
U used, besides switch control, it is also easy to perform data pro-

. : cessing, in the frame of an overall system design. The data pro-
Any mismatches between the resistors hardly affect the av-__. 9 . rall sy 9! iLa pr
) . . cessing steps can include, for instance, averaging, nonlinearity
erage gain because there is a compensating effect when the resis- . : . : A
) ) L compensation, auto-calibration, self-testing, and filtering. For a
tors move along the chain. The resistor chain is controlled by a o . . ; .
- . . . .. _’part, this is shown in the next section, which discusses a ther-
digital-state machine, which addresses the appropriate switc e

. ) " ) 3‘cou le-voltage processor. A bandgap reference is used as a
Every successive state, the chain rotates one position, with P gep 9ap

frequency of about 50 kHz. The control of the resistor chai\ﬁoz1ltage reference for the measurand, while an integrated tem-

: . : erature sensor is used to measure the reference-junction tem-
requires that there are 6 switches connected to a single pain :
. ) ) perature. It appears that the overall system can easily be de-
between every two resistors, which results in a totag of K . . Lo . . .
switches signed to include the auto-calibration technique. This technique

The output voltages are converted into the time doma"s very powerful to solve to major problems of CMOS ampli-

i ;
where for instance, a microcontroller takes care for the digit{lj]-ers' offset andl/f noise.
zation and algorithmic processing [11].

In [22] and [23], a DEM amplifier has been presented, im-
plemented with switched-capacitors (SC) in the feedback loop.The accuracy of conventional CMOS temperature sensors
A special feature of this amplifier is that the input signals casnd bandgap references has been limited by the offset voltage
be handled over the full rail-to-rail common-mode input voltagand 1/ f noise of the amplifiers, needed to amplify the small
range. PTAT voltage. Applying auto-zeroing [4], chopping technique

The circuit of the DEM amplifier is shown in Fig. 11. For an10], and auto-calibration [8] can solve these problems. To
amplifier with gain ofGG, G + 1 identical capacitors are neededapply these powerful techniques, it is very suited to use a
The DEM technique is realized by rotating the positions of thaicrocontroller or another type of computer. In this case, it
capacitors sequentially in each clock cycle. In each clock cycle, possible to store the information of the various signals in
one of theG + 1 identical capacitors is in the feedback posia memory, to perform algorithmic processing, and to control
tion of Cr, where all the others are in the position@f. The switches. Moreover, with such a computerized system, it is easy
average value of the amplification factor in a complete cycle e perform nonlinearity correction. Finally, with such a system,

IV. AUTO-CALIBRATION AND FURTHER SIGNAL PROCESSING
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Fig. 11. DEM switched capacitor amplifier, according to [22].

Cinl

—i— - '
f>_ Fig. 13. Basic setup for a dynamic voltage measurement system.

a linear voltage-to-period converter. When the output periods
during the successive measurementstaretpg, tprar and
tos, respectively, then the final resut, for the voltage mea-
surement amounts to

tac - tOS Vac

Fig. 12. Dynamic voltage divider according to [24]. by = thE + Atprar — (A + )tos = v f- (15)
re

it is simple to perform dynamic signal processing according fthe final resultFy- is independent of the multiplicative and ad-
the principles described in the previous section. ditive errors and parameters of the converter. In a similar way,
As an example, Fig. 13 shows a basic setup for a therntbe chip temperature can be calculated from the three periods
couple-voltage processor [11]. The two measurands are the thtefy, tpraT, andtos, respectively [8].
mocouple voltagd’x and the reference-junction temperature The applied technique is called auto-calibration because the
T;. The required voltage reference is implemented as a dynarsystem calibrates itself, with respect to the converter proper-
bandgap reference, according to the principles discussed in tigs, in every measurement cycle. When the measurement is re-
paper. The basic circuits and signals used for the bandgap mfated with a certain frequendy;,, low-frequency noise and
erence are also applied to measure the absolute temperaturatefference can be high-pass filtered, whéreis the cut-off
the integrated circuit. When a good thermal coupling betweémrquency. Also for this purpose, the microcontroller is used, to
this integrated circuit and the thermocouple reference-junctiperform digital filtering.
is made, the chip temperature is equal to the reference-junctiohe schematic diagram of the CMOS interface circuit is
temperaturé’;. All together, in this system, four basic signalsshown in Fig. 14. The dynamic VPTAT generator is imple-
Vx, Ve, AVpg, and the offset voltag®,s, are measured. mented according to the principle shown in Fig. 9. For the
The voltaged/zr andAVpg are used for both the voltage ref-dynamic voltage divider, a circuit similar to that shown in
erence and the integrated temperature sensor, while the offSgt 12 has been used.
voltage Vs is measured to allow offset compensation by ap- The first offset capacitof,g; is used to realize an sampling
plying auto-calibration. All algorithmic signal processing, intime interval for the sample-and-hold function ©f. During
cluding adding, subtracting, division, and nonlinearity correthis sampling time, the signal voltages are converted into
tion, is performed in the microcontroller. Also, data storage aredcharge over the capacit@r,. In the next sub-phase of a
data processing is performed in the microcontroller. To enabiteeasurement cycle, this charge is transferred to the integrator
this, the voltages are firstly converted to the time domain lapacitorC;,;. Together with the comparator and controlled
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Fig. 15. Interface output signal.

switches, a charge-controlled relaxation oscillator is formeadchnology. It is shown that the temperature behavior of bipolar

which linearly converts the voltages into periods of the oscipnp substrate transistors can be well characterized with con-
lator output signal. The second offset capacitpy- is needed ventional models. To obtain a good accuracy of the temperature
to enable negative values of the thermocouple voltages. M@®nsors and bandgap references, implemented with these
details concerning the applied signal processing techniquegransistors, a proper biasing-current level should be selected.

this circuit are presented in [11] and [25], [26]. An accurate PTAT voltage can be generated by applying
A block of M modulation periods M#..0a) cOrresponds gynamic element matching of the applied transistors. The small
to one measurement phase. One complete cycle of the outpyAT voltage can be amplified using a CMOS operational
signal contains four measurement phases, as shown in Fig. d@plifier. A very high intrinsic accuracy of the gain factor of
The four time intervals¢pg, tprar, tox, andt,, are pro- the amplifier factor is achieved by applying dynamic element
portional to the attenuated base-emitter volta§ig /ca), matching of the feedback components. A similar technique can
the PTAT voltage {AViE), the offset voltage Wox) and the pe applied to realize an accurate divider, which can be used
unknown voltage ¥.), respectively. The micro-controller g further reduce the dynamic range of the set of basic signals
measures the duration of each phase and calculates theFratig/BE andVprar) by dividing V.
using Eq. (13) and a similar equation for the calculation of the It is shown that the effect of mechanical stress in bipolar

chip temperature. . . . .
. .. Substrate transistors implemented in CMOS technology is much
The chip has been tested and shows a standard deV|at|or|10 er than that of the bipolar components fabricated in a bipolar

8 nV for the voltage measurement and 50 mK for the temp

. rocess. Especially when a ceramic or an epoxy-package is
ature measurement, for a me_asurement time of 50 m_s. _For %d, this will result in a much better accuracy and long-term
voltage measurement, a relative (scale) error®50 x 10~ is stability.
reported. For this interface circuit, long-term stability tests haveWhen the temperature sensors and bandgap references make
not yet been performed. part of a data-acquisition system in which a microcontroller is
applied, the dynamic techniques can easily be implemented. The
microcontroller can perform the control functions and the al-

The paper shows how accurate temperature sensors godthmic data processing. To take full advantage of the pow-
bandgap references can be realized, using low-cost CM®®ul features of microcontrollers, the basic sign&lsg(T)

V. DISCUSSION ANDCONCLUSION
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andAVggr(T) are converted to time-modulated signals so that1g]
they can be read out by the microcontroller. As compared to
the conventional temperature sensors and bandgap referenc&g]
this will result in a novel architecture: signal-processing steps,
such as adding and subtracting of the basic sigh@ls(T)
andAVgge(T), amplification ofAVzg(T), and linearization of Eﬂ
Ve r(T), which were usually implemented in the device hard-[22]
ware, can now be replaced by more easy and more accurate dalf&l
processing steps performed in the microcontroller. However, to
compensate for the spreading in the base-emitter voltage, cal4]
bration and trimming is still needed.
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