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Abstract

An NPN-based temperature sensor with digital output tstos8 has been realized in a 65-nm
CMOS process. It achieves a batch-calibrated inaccuragydds °C (30) and a trimmed inaccuracy
of £0.2°C (30) over the temperature range fronv0 °C to 125°C. This performance is obtained
by the use of NPN transistors as sensing elements, the usgnafric techniques, i.e. correlated
double sampling and dynamic element matching, and a singls{temperature trim. The sensor

draws 8.3u:A from a 1.2-V supply and occupies an area of 0.1 mm

|. INTRODUCTION

Temperature sensors are used in a wide range of commer@hktatmpns, ranging from
the control of domestic appliances and industrial maclirterenvironmental monitoring.
Fabrication costs can be reduced by implementing the sensostandard digital CMOS
processes. This enables the co-integration of the rea@leatronics, so that a digital tem-

perature reading can be directly provided to, for instaacmicrocontroller.
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An additional motivation for the development of CMOS tempera sensors in deep-
submicron technologies has come from their use in the tHemmamagement of micropro-
cessors [1]-[4]. Although this requires an accuracy of anlfew degrees centigrade, other
applications are more demanding, e.g. the compensation @&Mequency references [5],
[6] or MEMS oscillators [7].

CMOS temperature sensors with an inaccuracy of less than °C over the military
temperature range have been demonstrated in a mature kegiri0.7..m CMOS) [8], [9].
They are usually based on the temperature dependency of laN$istors and achieve high
accuracy by employing a single-temperature trim as wellrasigion circuit techniques, such
as offset cancellation, dynamic element matching (DEM) amdvature correction

The same sensing principle has been employed in tempersgasors in 65 nm [3] and
32 nm [10], but these only achieved inaccuracies of abot€5This lack of accuracy is
mainly due to the non-idealities of parasitic PNP transssto deep-submicron technologies.
Other sensing principles have been proposed for deep-sutimapplications, such as the
use of thermistors [1], the measurement of ring oscillategdiency [1] or MOS-transistor
leakage [2]. These approaches require either multi-teatper trimming, or suffer from
inaccuracies of a few degrees centigrade even over teroperainges much narrower than the
standard military or industrial temperature ranges. Sesnisased on inverter delay have been
proposed as good candidates for VLSI integration becausigeofcompact layout. However,
in a 0.35um CMOS prototype, a two-temperature trimming was necessachieve an
inaccuracy of—0.4 °C to +0.6 °C over the range from 0C to 90°C [11]. Furthermore, the
sensor’s power supply sensitivity was quite high:°&3V, which is two orders of magnitude
worse than that of PNP-based sensors.

This paper describes the design of a temperature sensormm6GMOS [12]. The aim
was to demonstrate that accurate low-power low-voltagepegature sensors can still be
designed in deep-submicron CMOS processes. Precisionitdiechniques already adopted
for larger feature-size processes have been employedhtrgeith deep-submicron-specific
techniques, such as the use of NPN bipolar transistors asngealements. In this way, a
batch-calibrated inaccuracy of O°& (30) and a (single-temperature) trimmed inaccuracy of
0.2C (30) from —70 °C to 125°C have been achieved.

1Throughout the papetrimming refers to the adjustment of any single sample based on the measumtieatsample
itself; batch-calibration or correction (curvature correction, non-linear correction) refers to the adjudtmiethe samples
by the same amount, equal for all the samples, which can be based olatgims, the measurement of multiple samples
or of a single sample.
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The sensor’s principles of operation are presented in@edtj while its main sources
of inaccuracy and the techniques used to overcome them awzilokd in section Ill. The
circuit details are presented in section IV; experimenggutts are shown in section V and

conclusions are drawn in section VI.

[I. PRINCIPLE OF OPERATION

The sensing principle of a bandgap (or bipolar-transibased) temperature sensors is
depicted in Fig. 1. The sensor’s core consists of a pair otheat bipolar transistors (diode-
connected PNPs) biased by two currents with ratido produce two temperature-dependent
voltagesV;,. and AV,.. The base-emitter voltage of one transistor can be appaigitnas

kT Iias
Vie = 71n ( b ) (2)

wherek is the Boltzmann’s constant, is the absolute temperaturgjs the electron charge,
I;.s is the bias current ands is the saturation current of the transistor. The tempegatur
dependence of,. is approximately linear: its extrapolated value at 01K.() is close to the
silicon bandgap voltage of about 1.2 V and its temperatuedficeent is about -2 mV/C
[13].

The difference in base-emitter voltagad},. can be computed from (1) as

T Iy, T Iy, T
A%e _ k—ln (n bzas) . k—ln( bzas) _ k—lnn (2)
q Is q Is q

This voltage is proportional to absolute temperature (BTadd is independent of process
and bias conditions. Thug\V;. is an accurate measure of absolute temperature.

AV, can be fed to an analog-to-digital converter (ADC) to prodaadigital temperature
reading. The accuracy of this reading will then be limitedthg accuracy of the ADC’s
voltage reference. In order to reduce the number of compenand, consequently, the
possible sources of inaccuracy, this voltage can also berged by the same pair of
bipolar transistors [13], [14]. As shown in Fig. 1, the temgiare dependence df,. can
be compensated for by summing it with a scaled version of {i&TR/oltage AV}, as is
usually done in bandgap references [15]. In this work, the@griate scale factor is = 18.

A PTAT digital outputp can then be generated by combinivig and AV, as follows:

aAVye  aAV

= 3
Vig Vie + aAVy ©)

M:
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from which an output in degree Celsius can then be obtainecélng:
Dout:A'M+B (4)
where A ~ 600 and B ~ —273 [16].

[1l. SOURCES OF INACCURACY
A. Non-idealities of bipolar transistors

In the previous analysis, the relationship betwégn andV,., i.e. (1), was assumed to be

exponential. This is only valid for large collector currgnte for /- > Is. A more accurate

Ic = 1Ig {exp (qk‘g:e) — 1] ~ Igexp <qk‘;l:6> (5)

where the approximation is valid for large enough collecioments/.. CMOS temperature

expression is:

sensors are usually based on substrate PNPs [3], [8]-[1@], As shown in Fig. 2(a),
these consist of a p+ drain diffusion (emitter), an n-wekdq®) and the silicon substrate
(collector) and are available in most CMOS processes. Sieesiticon substrate is usually
tied to ground, the PNP must be biased via its emitter [Fig)]3WWhile (1) is valid for this
configuration under the approximatidp = [, it is possible to derive from (5)

kZT ]E—]B kT [bias 6
Vie = 22 5 P 6
’ q n( I ) q n(fs /5+1) ©)

wherel andIz are emitter and base currents ahé % is the current gain of the transistor.
The finite current gain and its spread affect both the cureatind the spread dfy.. The
additional curvature can be compensated for by using stdna@thods forV;.-curvature
compensation (see section 1lI-D), but the additional sprdaectly impacts the sensor’s
accuracy. As can be understood from (6), this effect is géxé for high g but becomes
increasingly significant ag decreases. For example, with= 5, a 10% spread in current
gain results in a temperature error of almost @lover the military temperature range [16].
Though circuit techniques for finite current-gain compéiosacan be applied [8], device
mismatch limits their effectiveness at low current gains.

The current gain of the substrate PNPs available in severaDEMrocesses is reported
in Fig. 4. It approaches unity in deep-submicron processeking it difficult to implement
accurate temperature sensors with these devices. As anadie, parasitic NPN transistors

can be employed, which can be directly biased via their cls. Lateral NPN transistors in
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CMOS technology have been used in temperature sensors [8ldw/- — V;. characteristic
deviates from (5) due to various extra non-idealities [E6better option is the vertical NPN
[19], [20], which consists of an n+ drain diffusion (emidiea p-well (base) and a deep
n-well (collector), all standard features in deep-suboncprocesses [Fig. 2(b)]. Their only
disadvantage is a higher sensitivity to packaging streagpaced to vertical PNPg21].

As shown in Fig. 3(b), a vertical NPN can be biased via itsamér, while the required base
current can be easily provided by a feedback amplifier. Tiseltiag base-emitter voltage
will then be independent of the transistor's current gairordbver, the transistor’s drain
voltage is fixed by the feedback amplifier, making the cotlecurrent insensitive to supply
voltage variations. It should also be noted that this ctrcan tolerate lower supply voltages
than a diode-connected PNP. With reference to Fig. 3(a3, rémjuires a minimum supply
voltage equal to the sum &f,. and the current source’s headroom. Sifgecan be as high
as~ 800 mV at the lower bound of the military temperature rang&f °C) and a certain
headroom is required to ensure current source accuracynthienum supply voltage can
easily exceed 1.2 V. For the NPN circuit in Fig. 3(b), howetke supply voltage primarily
has to accommodate the sum of the NPN’s saturation voltage- 0.3 V <« V. and of
the current source’s headroom. Although it must also enth@dunctionality of the branch,
comprising the base-emitter junction and the amplifier; gwpplies/z, no great accuracy
is required of this branch. The minimum supply voltage carsthe significantly lower than
in the case of a diode-connected PNP. This is a significanarddge in deep-submicron

designs, which must operate at supply voltages of 1.2 V oetow

B. ADC accuracy and quantization noise

The digital outputu in (3) can be obtained by connecting the bipolar core to tlrege:
balancing converter shown in Fig. 5 [22]. Here, a bias cirgenerates a supply-independent
current I,,,s. Scaled copies of this current bias a pair of vertical NPN& atl collector
current ratio and a third NPN with a current.;,,, I;;.s. The resulting voltageaV,. and V.
constitute the inputs of a*1order YA ADC. The ADC integrates-V}. when the bitstream
bs = 1 and integratesAV,. when bs = 0. Thanks to the negative feedback, the average

input of the integrator is equal to zero, i.e. the integrathdrge is balanced, which can be

2Under stress condition typical of plastic package- 150 MPa), vertical NPNs shows 14, variation of about 3 mV,
which is equivalent to a temperature error of aboutCl those variation are 60% smaller for vertical PNPs [21].
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expressed as
(T—p) aVie—p-AVye =0 (7)

where the bitstream averageyis= (bs). From (7) it follows that the resulting satisfies (3).

In the practical implementation of the charge-balancingveater, a sensitive point is the
implementation of the amplification factar. An integer factorx is usually adopted, so that
it can easily be realized by an array efmatched elements, e.g. capacitors [8]. The limit
to the accuracy ot is therefore determined by the matching of these elemeeatgiining
the use of dynamic element matching techniques that addetedmplexity and area of the
Sensor.

Alternatively, the factory can be realized by multiple integrations during the= 0 phase.
This is depicted in Fig. 6(a) for the case= 6. The o amplifier in Fig. 5 is removed from
the system of Fig. 5 and whén = 0, AV, is integrated in = 6 successive cycles. When
bs = 1, —V,. is integrated in a single cycles. At the end of the- 6 cycles, the comparator’s
output is updated. With this solution, a single element caruged to implement = 6, but
the drawback is that the conversion speed is traded for acgurhis is because times more
cycles are used to obtain an accurate multiplication fadtbe comparator is sampled only
after a single integration for thies = 1 phase or after a series afintegrations for thés = 0
phase. An additional improvement in resolution can be aeliéf the comparator is sampled
more rapidly, e.g. after every integration, as shown in Bidp). Note that this is equivalent
to multiple integrations withoe = 1. The effectiveness of this approach is demonstrated by
Matlab simulation of the $-order XA converter witha = 18 and o = 2. The results are
shown in Fig. 7, where the peak quantization error over thg#gature range from-70 °C
to 125°C is plotted versus conversion time. In the simulation, thegth of the different
phases required by the circuit described in section IV ha hesed, i.e., respectively, for
the bs = 1 phase and thés = 0 phase, 39Q:s and 100us for « = 18 and 70us and
100 us for a« = 2. The valuea = 2 has been chosen since it corresponds to a simple circuit
implementation (see section I1V-D).

It should be noted that i # 18, thenV;, in (3) will no longer be temperature independent

and the bitstream averagewill no longer be PTAT. A digital back-end (similar to the one

3with reference to the symbols used in section IV-D, foe= 18, the bs = 1 phase is the same as in the case- 2,
while the length in thebs = 0 phase has been assumed equdltet (o — 1)7> = 50 us+ 1720 us= 390 us.
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in [10]) is then required to compute a PTAT output, accordimghe relation

HprAT = arrar '/ 8
o+ (aprar — a)u

whereapr 47 is the value required in (3) to obtain a PTAT output, ants the value actually
used in the charge-balancing converter.

It can be concluded that, for the same conversion time, ussaller value ofv results in
lower quantization error, thanks to the increased graitylaf the charge-balancing process.
The only drawback is the need for a digital back-end to imgentthe non-linear correction
described by (8). However, in a deep-submicron CMOS teclyypliis requires little extra

chip area or power dissipation.

C. Process spread

Since accurate current references are not available in CMQSis derived by forcing a
well-defined voltage, e.gAV;., across a resistor. However, due to the spread of this oesist
and the spread afs, the V;, of the biased transistor will still spread. As shown in [2Biis
spread is PTAT in nature, and can be cancelled simply by tnmgrthe bias current used to
generatéV,,, i.e. by trimmingn..;,, in Fig. 5 [8]. In this way, a single-point trim is enough

to compensate for process spread.

D. Non-linearity of V.

In the previous sections, the temperature behavidr,ohas been considered to be linear.
In practice,V,. shows a slight non-linearity mainly consisting of a seconder term [13].
Over the military temperature range, this can be as large °43 [8].

The non-linearity i can be compensated for by making the temperature coefficiehe
denominator of (3), i.eV,,, slightly positive [22]. This can be accomplished by insieg
Iiqs Slightly compared to the value required to makg temperature-independent. Any
systematic residual non-linearity can then be compendatebly digital post-processing. A
full conversion then consists of the following steps:

1) the charge-balancing converter is operated with 2, as explained in section IlII-B;

2) the output bitstreams is decimated to obtain

2AVhe

_ —Voe 9
H Vie + 2AV), ®)
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3) a PTAT ratiouprar iIs computed:
9-u
=— 10
HPTAT 1184 (10)
4) The residual non-linearity inprar iIs compensated for with the help of a compensating

polynomial.

IV. CIRCUIT IMPLEMENTATION

A block diagram of the sensor is shown in Fig. 8. The circuisige of the bias circuit
generatingl;.s, the bipolar front-end and thEA are described in detail in the following

sections, together with the choice of the bias currentsterhtipolar core.

A. Current level in the bipolar core

The bias currents of the NPN transistors in the bipolar coeecanstrained by several
requirements, such as accuracy, noise and conversion.gpeetbw collector currents, the
approximationl/ > Is used in (5) is not valid anymore anill;, must be expressed as

nlbias IS

mhiss 4 ] 14

A‘/be = —kT In <Is—> = k—T Inn + k_T In <_1 nIbias) (11)
q

Tpigs 1 Is
IS + Ibias

Thus, the bias current must be significantly larger than &iteration current in order to obtain
an accurate PTAT voltage, especially at higher tempersitsiacels increases rapidly with
temperature and can reach pico-Ampere levels at°T25

For large bias currents, the accuracy/®V,. is impaired by the parasitic resistancBg
and R in series with the emitter and the base junction respegtivelthis caseAV,. may

be expressed as

kT
AVpe = 71nn+RB(IBI_[B2)+RE([E1_[EZ) (12)
kT Rp (1 )}
= —Inn+|—+R —+1 n — 1) Ipqs 13
q {ﬁ e(5+1) | (-1t (13)
kT Rp (1 )}
= —lnn+ _+R —+1 n_llias 14
q [6 e(5+1)| (-1 (14)
kT
= —1Inn+ Rs(n — 1)Ipias (15)
q

where I, » and Iz, are the base and emitter currents@f, and Rg is the equivalent

series resistance [16]. Typical values B and Rp are typically in the order ofl00 2
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and 10 2, respectively. Considering that the current ggims commonly lower than 10 in
deep-submicron processeBs will be in the order of some tens of Ohms, leading to a
non-negligible temperature error for bias currents highan a few hundred nano-Amperes.
The additional terms in (11) and (15) make’,. non-PTAT. Moreover, those terms will
give rise to extra spread, due to the process spreak},ofRs and ;... Fig. 9 shows the
simulated effect ofAV,. spread on the temperature reading for the NPN transistaitable
in the adopted technology, with the added assumption thatsgvead inl;,, is +20%.
Since no accurate spread models for the parasitic resesased saturation currents were
available, these parameters were kept constant. The maxiatiowable error (dashed line
in Fig. 9) due to spread should be less than 10% of the targecumacy. It can be seen
that several pairs of the design parameterand I;;,, meet those requirements. A larger
is preferable, because it implies a largel,. and consequently more relaxed requirements
on the ADC. A larger bias current is also advantageous singssiilts in less noise. Based

on these considerations,= 4 and I;,, = 50 nA at room temperature have been chosen.

B. Bias circuit

In the bias circuit (Fig. 10), transistorg, and ), are biased by a low-voltage cascode
mirror (A, and M, — M,) with a 2:1 current ratio, forcing a PTAT voltage across gadigon
resistor R = 180 k2 and making the emitter curreri; of @, supply-independent. The
cascade ofd, and M;; provides the base currents f@;, and @, in a configuration similar
to that shown in Fig. 3(b). The bias curreht,, = Ir can be derived by generating and
summing copies of the collector curref and the base curreris, of Q,. If the current
gains of ), and @, were equal and consequently, = 21z, held for their base currents,
I, could be obtained by mirroring the drain currentMf; with a gain of 1/3 and adding it
to a copy of/-. However, sinces is a (weak) function of collector current, a replica circuit
is used to bias the matched transistgr with the same collector current @j, and obtain
an accurate copy ofg, through M;,. Copies oflz, and I (through M5 and M;) are then
summed at the input of a low-voltage current mirror [24].

Unlike PNP-based bias circuits [8], [9], [17], the circuitkig. 10 does not need low-offset
amplifiers. This is because the loop comprising the basé&@mpinctions of@),, and resistor
Rg can be directly realized with NPNs but not with substrate NP the presented circuit,
the function of the feedback amplifiers and the low-voltageent mirror is only to equalize

their collector-base voltages. Thus, their offset speatifimis are relaxed. However, since the
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base currents are relatively largé € 5), the use of common-source buffek$,; and M,
minimizes the systematic offset of amplifiers and A3, which otherwise would have to
source these currents. The collector voltage is séttg,, obtained by biasing?-r with a
copy of I¢.

Ay and A; are implemented as current-mirror-loaded PMOS diffeeg¢ntiairs with tail
currents of 340 nA at room temperature and current-mirrad$o Their respective feedback
loops are stabilized by Miller capacitors,; » and the associated zero-cancelling resistors
R.12. Az is a current-mirror OTA [25] with a PMOS input pair. The assted feedback
loop is stabilized by Miller capacito€’.;. This is kept reasonably small (1 pF), by using a
low bias current (8 nA) combined with a mirror attenuatioriL6fto keep the OTA's effective
transconductance low. The bias currents of the amplifieessaaled copies of- and are
thus approximately PTAT and supply-independent.

Thanks to the use of NPNs and of the feedback loops, the tisaible to work at low
supply voltages and low temperatures. Simulation shows tbathe adopted process, the
effect of supply variations ot is less than 300 ppm/V down to a supply voltage of 1.2
V at —70 °C (for which V,, > 800 mV).

Due to the self-biasing nature of the circuit, a start-upuiiris required. The long transistor
M4 generates a currert, 4 in the order of few tens of nA, which is lower than tiie at
the correct operation point for any operating condition @nolcess corner. This current is
compared tol- by the current comparator comprisidd,s, M7 and M. If Ipy14 is larger
than I, i.e. if the circuit has not yet started up, the differengg, — I is mirrored by
M7 — M,y and used to start-up the circuit. The start-up current isveled to the bases
of ., to resistorRcx and as bias currents of; » 5 (not shown in the schematic), which
would otherwise be off because of the ldw. The injection of/,,.—.,, makes the currents
in all the branches increase and reach the stable operatioh pVhenI- becomes larger

than Ipy4, the current inMs; is zero and the start-up circuit is disabled.

C. Bipolar core

In the bipolar front-end (Fig. 11), transistafs and(), are biased by an array of+ 1 unit
current sources(= 4), whose current (50 nA) is derived fro,,,. The switches controlled
by en; anden, can be configured to to generate a differential oufigef equal to either
AVy or Vie. If eny (ensy) is high andensy (enq) is low, the base-emitter junction @j, (Q-)

is shorted and the drain current 8f;, (M;;) is switched off to prevent any voltage drop
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over the switch driven byn; (enz). In this condition,Vea = +Vier (Vea = —Viea). When
bothen, » are high, the switches connected to the current source areaget to biag); and

(- either at an:1 or at a 1 collector current ratio, so that, respectively, eithgn = AV,

or Vsa = —AV,.. Becauséd/,. and AV, are not required at the same time, only two bipolar
transistors are employed rather than the three used shoWwigy.irb.

When AV, needs to be integrated, the accuracy of the durrent ratio and, hence, that
of AV, is guaranteed by a bitstream-controlled dynamic elemen¢hray (DEM) scheme,
which is used to swap the current sources in a way that is veleted with the bitstream [8].
In successivelV,.-integration cycles, a different current source is chogemfthe array to
provide the unit collector current, while the other 1 sources provide the larger collector
current. Mismatch errors in the current sources are thusagee out without introducing in-
band intermodulation products. Another source of erronésrhismatch betweef; and (s,
which can be expressed as mismatch of their saturationrasrreespectively/s; and Ig,.
This mismatch can cause errors when generalifg. and can be cancelled by operating the
YA modulator in the following way. When integratilyV,., as explained in the following
section, two phases are employed: in the first phéke, are biased so thalo, = nlco
and Vi1 — Vieo is integrated; in the second phagg,» are biased so that-, = nl-; and

—(Vhe1 — Vie2) is integrated. The net integrated differential charge enth

Qav, = Ca| (WY W) = (W3 - v3)] (16)
kT I I
- C’a—[(lnn—l—lnﬂ) —(—lnn—l—lnﬂ)] (17)
q Iso Isy
T
= QCak— Inn (18)
q

where the superscripts (1) and (2) refers to the voltagekdrfitst and second phase phase,
respectively.

To trim the sensor at room temperatubg, is adjusted, as explained in section IlI-C: the
collector current of); or ), can be coarsely adjusted wia— 1 of the current sources, while
the n-th is driven by a digital modulator to provide a fine trim [8].

The bases of), » are loaded by the input capacitors of thé\. Care must be taken to
ensure stable operation of the loops arodhd for any bias of the collector current. Taking
into consideration only one of them, the loop is comprisedhge cascaded stagés,, A,

and My,. Miller compensation with resistive cancellation of thesppiwe zero is introduced
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aroundAy, so that the cascade of; and Ay, behaves like a two-stages Miller compensated

amplifier. The gain-bandwidth product can be approximated a

gm1 Iciq
GBW =~ =
27T0f1 27T]€T0f1

(19)

whereg,,; and I, are the transconductance and collector curren®f To ensure enough
phase margin for the loop, the frequency of the poles assaciaith Ay, and M, must be
larger than the worst-casé BV, i.e. that for the largesi-,. Ay (a current-mirror loaded
differential pair) is then biased with a PTAT tail currentiged from I, (equal to 400 nA at
room temperature), so that its associated pole, propaitionits transconductance, moves to
higher frequencies for higher temperatures, i.e. the ¢mmdi at which/-; and consequently
G BW are larger. The third pole due to the impedance and capaeitainthe drain of\/ is
brought to high frequency by adding the diode-connectedlaif);. The impedance of that
node could have been lowered also by adding a diode-corth®UDES transistor, but the use
of a diode-connected bipolar is more advantageous thamwfreasons. Firstly)s; and @
form a current mirror and the collector current®@f tracks/-, so that the transconductance
of (O3, and thus the third pole, are larger for a higldieB1/. Secondly, for a fixed current
consumption, a higher transconductance can be usuallgathioy a BJT rather than with
a MOS. For a fixed bias currett this is true if

Ie 6 T
Vi B+1V;

<:>6>L (20)

> MOS =
Im, nsub‘/t n—1

9m,BJT =

wheren,,;, is the MOS subthreshold slope factor and a MOS in weak inwerbias been
assumed, i.e. in the operation region with highest trardectance-to-current ratio. Since
nsu 1S typically between 1.2 and 1.6<(1.5 for the devices used in this work) [26], a BJT

is more efficient forg > 5.

D. Sgma-Delta ADC

A 1s-orderX A modulator (Fig. 11) is used to sample the voltages produgetiobipolar
core. The modulator implements the charge-balancing iptencescribed in section I, as
can be understood from the example waveforms shown in FigTi2 modulator’s switched-
capacitor integrator is reset at the beginning of each teatype conversion. The opamp is
based on a 2-stage Miller-compensated topology and acha&eweinimum simulated gain of
93 dB (over process and temperature variations) with a PTi&§ burrent (3uA at room

temperature). Correlated Double Sampling (CDS) is used toceeds offset and 1/f noise
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[27]. During phasep,, the opamp is configured as a unity-gain buffer and the sighs
offset and flicker noise are sampled on input capacitgrs, = 2 pF. In the second phase
02, the offset and low frequency noise are cancelled and thegelan the input capacitors is
dumped on integrating capacitar, ». Since the modulator must operate at 1.2 V, the voltage
swing at the output of the integrator was scaled down by dhgaS,, » = k- Cy10 = 4-Cp .
Furthermore, as shown in the timing diagram in Fig. 12, whe#s 1, only one BJT is biased
and only one base-emitter voltagé/,. is integrated, instead of the2V,,. of previous work
[8], [9]. Since a charge proportional B\ V}, is integrated wheihs = 0 as shown in (18), the
ratio between the charge integrated fer= 0 andbs = 1 is equal to—2AV,. /V,.. The factor

2 results in an equivalent factor = 2 in the charge-balancing conversion, as mentioned in
section 1lI-B. However, this choice means that when= 1, a V}.-dependent common-mode
voltage will also be integrated. Imbalances in the fullyfehéntial structure of the integrator,
such as mismatch in the parasitic capacitances to grourfteahverting and non-inverting
input of the opamp, can result in a finite common-mode-téetehtial-mode charge gain,
leading to error in the output. To minimize the total inteagchcommon-mode voltage, the
sign of the input common-mode voltage is alternated in ssgigebs = 1 cycles, by setting
eitherV,.; = 0 and Vjes = Vi in @1 (period A in Fig. 12), oV, = Vie and Vieo = 0 N ¢9
(period B).

As shown in Fig. 12, a longer settling time is required whee owput of the modulator
must switch between, say;. and 0 V, whenV,. is being integrated, than when one of the
inputs must switch between, say,.; andV,., when AV, is being integrated. To minimize
the conversion time, the length of each phase of the inteigeat chosen equal either 1o
when the input switches between 0 avg or to 77 < 75 when the input switches between
Vier @and Viez.

V. EXPERIMENTAL RESULTS

The temperature sensor (Fig. 13) was fabricated in a bas@iBMC 65-nm CMOS
process, and was packaged in a ceramic DIL package. As shoviAigi 13, the active
area measure8.1 mn¥ and it is dominated by the capacitors of thel's integrator . All
transistors employed in the design are thick-oxide higbshold devices with a minimum
drawn length of 0.28:m, in order to avoid any problem due to gate leakage, which may
be significant at high temperatures. In spite of the use df-tigeshold device, the sensor

can still operate from a 1.2-V supply, from which it draws &A& at room temperature.
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The supply sensitivity is 1.2C/V at room temperature, which demonstrates the low-voltage
capability of the proposed NPN-based sensor. The off-ciggadl back-end decimates the
output of the modulator and compensates for the non-lityeari

With o = 2, the modulator’s bitstream averages limited, varying between 0.05 and 0.18
over the temperature range froa0 °C to 125°C. To exploit this, a sircdecimation filter
was instead used instead of a traditional sinc filter, asréssilts in less quantization error
over this limited range. The digital non-linear correctiascribed in section IlI-D has been
applied off-line, using a 6th-order polynomial for the aation of residual non-linearities.
The conversion rate of the sensor is 2.2 Sa/s (6000 bjts; 20 us, T, = 50 ps) at which
it obtains a quantization-noise-limited resolution of DC. A set of devices was measured
over the temperature range fronvY0 °C to 125°C. After digital compensation for systematic
non-linearity, the inaccuracy (Fig. 14) was 06 (30, 12 devices). This improved to 0°Z
(30, 16 devices) after trimming at 3@ (Fig. 15).

A summary of the sensor’s performance and a comparison tstdte-of-the-art for CMOS
temperature sensors is reported in Table I. The sensorsnméed accuracy is 10 times better
than previous designs in deep-submicron CMOS and both ithizalibrated and trimmed
accuracy are comparable with sensors realized in largewfe-size processes. Furthermore,

it is capable of sensing much lower temperatures, whileapey from a 1.2-V supply.

VI. CONCLUSIONS

This paper describes a temperature sensor realized in an68MOS process with a
batch-calibrated inaccuracy af0.5 °C (30) and a trimmed inaccuracy of0.2 °C (3)
from —70 °C to 125°C. This represents a 10-fold improvement in accuracy conaptoe
previous deep-submicron temperature sensors, and is cabipavith that of state-of-the-art
sensors implemented in larger-feature size processeseTdwvances are enabled by the use
of vertical NPN transistors as sensing elements, the useeofgon circuit techniques, such as
dynamic element matching and dynamic offset compensadiat a single room-temperature
trim. In particular, the use of NPNs, rather than the PNPsrefipus work, enables low-
temperature-£70 °C) sensing while operating from a low supply voltage (1.2 UXISNPNs
can be made without process modifications by exploiting tveslability of deep N-well
diffusions in most deep-submicron CMOS processes. This wlerkonstrates that accurate

temperature sensors can still be designed in advancedsidepicron CMOS processes.
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Fig. 1. Principle of operation of the temperature sensor and tempedgpendance of voltages in the sensor core.
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Fig. 5. Principle of operation of the charge-balancing converter.
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Fig. 10. Schematic of the bias circuit.

Fig. 11. Schematic of the bipolar core and of fi&. ADC.
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Fig. 12. Timing diagram and waveforms of a fragment of the tempearatanversion; periods wheam=1 are shown in
gray (A and B).

Fig. 13. Chip micrograph.
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Fig. 14. Measured temperature error (Wit limits) of 12 samples after batch calibration.
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Fig. 15. Measured temperature error (witl3o limits) of 16 samples after trimming at 3G.
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TABLE |
COMPARISON WITH PREVIOUSLY PUBLISHEDCMOS TEMPERATURE SENSORS

28

| Reference | Thiswork | [10] \ [17] \ [9] |
Technology 65 nm CMOS 32 nm CMOS | 0.16 um CMOS | 0.7 um CMOS
Chip area 0.1 mnt 0.02 mnt 0.26 mnt 4.5 mnt
Supply current 8.3 uA 1.5 mA 6 uA 25 pA
Supply voltage 1.2-13V 1.05V 1.8V 25-55V
Supply sensitivity 1.2°C/V N.A. 0.2°C/V 0.05°C/V
Output rate 2.2 Sals 1 kSal/s 10 Sa/s 10 Sa/s
Energy per conversion 4.5 pd 1.6 J 0.9 nd 12.5p1d
Resolution 0.03C 0.15C (1o) 0.018°C (1o) 0.025°C (10)
Temperature range —70 °C - 125°C | —10 °C - 110°C | —40 °C - 125°C | —55 °C - 125°C
Inaccuracy (untrimmed 0.5C (%) <5°C 0.5°C () 0.25°C (30)
Inaccuracy (trimmed) 0.2C () N.A. 0.25°C (30) 0.1°C (30)
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