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Abstract: A novel uncalibrated CMOS programmable temperatngtch with high
temperature accuracy is presented. Its threshohgheeatureTy, can be programmed by
adjusting the ratios of width and length of thensiators. The operating principles of the
temperature switch circuit is theoretically exp&dn A floating gate neural MOS circuit is
designed to compensate automatically the thresteoigberaturely, variation that results
form the process tolerance. The switch circuit ngplemented in a standard 0.3/
CMOS process. The temperature switch can be progeminto perform the switch
operation at 16 different threshold temperaflire from 45—120°C with a 5°C increment.
The measurement shows a good consistency in thehibld temperatures. The chip core
area is 0.04 mfmand power consumption is 3uA at 3.3V power supply. The advantages
of the temperature switch are low power consumptitie programmable threshold
temperature and the controllable hysteresis.

Keywords. temperature switch, floating gate neural MOS, thoés temperature, process
compensation.

1. Introduction

Electrical apparatus tend to become smaller in amkemore powerful in function with the progress
of the microelectronics and semiconductor fabraratiechnology. However, the power consumption
density in an integrated circuit (IC) chip and thlectrical apparatus increases rapidly so that the
thermal effects in them become more serious. lerai@ make the IC chip and apparatus operate safely
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and stably, now a temperature switch is widely usethonitor the temperature of the apparatus and to
control their power consumption ( thermal-protec}ioHow to realize a programmable temperature
switch with high performance, small size and lowpoconsumption is an important study issue. This
paper presents a novel uncalibrated CMOS prograrneramperature switch with high temperature
accuracy.

Thermistor and memory alloy switches are traditiooatical temperature switches based on
thermal-sensitive materials. These switches hasaddantages of low precision and high cost. They
can not be integrated into IC chip with a standsiidon CMOS process. On the other hand, some
CMOS temperature switches have been reported. Tieesperature switches usually consists of a
temperature sensor and a comparator. The temperséunsor outputs a voltage (or current) signal
which is proportional to absolute temperature (PY;Afien the comparator compares the signal with a
reference voltage (or current) and outputs a Isgjnal. The value of the reference voltage detezmin
threshold temperatur&;, of the switch [1]. The circuits in the temperatgsitches are complicated
and have large power consumption. Recently a ne& ¢f subthreshold CMOS temperature switch
was reported [2]. The temperature switch is simaiet its power consumption is lower. But, one f it
disadvantages is that the threshold temperdignearies evidently with process variation. Anothaeeo
of its disadvantages is tha, hysteresis is too large when the temperaturegsificreased and then is
decreased.

This paper proposes a novel threshold temperdtyrprogrammable uncalibrated(need not to be
uncalibrated after fabrication) CMOS temperaturécdwwith high temperature accuracy. It consists of
a basic temperature switch, a threshold temperagiteng module and a sampling and readout module.
The temperature switch has some advantages: 1l)citheit structure is simple; 2) its power
consumption is low; 3) the threshold temperature ba controlled and programmed and 4) the
hysteresis ofly, can be controlled. The paper is organized asvislld&ection 2 gives the temperature
switch circuitry and describes its operating pghes. In Section 3, the implementation of the
temperature is described. Section 4 shows the mezasant method and measurement results. Finally,
the conclusions are given.

2. The Programmable CM OS Temperature Switch

Figure 1 shows a block diagram of the proposed CM&Iperature switch. It consists of a basic
temperature switch circuit, a threshold temperaseténg module and a sampling and readout module.
The operation of the basic temperature switch ttirdepends on chip temperature, and changes
abruptly when the temperature increases to a aritemperature. The critical temperature is cafled
the threshold temperaturg, that can be programmed. The basic temperaturechswveircuit can
automatically compensaft&y, variation due to process tolerance. The threskeaperature setting
module is used to control the valueTaf by an external threshold setting signal. The samgphnd
readout module samples a switch signal and theputai digital signal at a fixed frequency.
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Figure 1. Block diagram of the proposed temperature switch.
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2.1. The Basic Temperature Switch Circuit and Tiho&s Temperature ¢

The basic temperature switch circuit is shown iguFe 2 (a). It consists of two PMOS transistors
P1 and P2, seven NMOS transistors N1, N2, N3, N&4,NN6 and N7, two capacitors C1 and C2, and a
bias voltage circuit. The P1, P2, N1, N2, N3, N4l &b transistors constitute the temperature switch
core circuit. It is similar to thB multiplier circuit [3]. But, the linear resistan the multiplier circuit is
substituted by the transistor N5 [2]. N3 and N4respnt two equivalent nMOS transistors whose
ratios of width and length can be adjusted by Iagignals from the threshold temperature setting
module, respectively. Their actual schematics ef élquivalent N3 and N4 transistors are shown in
Figure 2 (b) and (c). The transistor N5 and twoac#prs C1 and C2 constitute equivalently a flaatin
gate MOS circuit and the transistors N6 and N7saviéches that are controlled by periodical signal
RESET. The operation is as follows. First the N@ &7 transistors are switched on, the voltages Vb
and Vb1l at the nodes b and b1l are preset to bé egu81 and VB2, respectively. Then N6 and N7
are switched off and the circuit transit into abtastate automatically. When the temperaturevieto
thanTy, in the final stable state, the transistors P1R2dperate in saturation region, while transistors
N1, N2, N3 and N4 in subthreshold region, transidib in linear region an¥, andVy; maintain at
about several hundred milivoltage. As long as #mperature increases and exceed§ytothe final
state of the basic temperature switch circuit cearapruptly: the MOS transistors (P1, P2, N1-N%) cu
off, andV, andV,; drop almost to zero. The threshold temperalyr®f the switch can be preset by
adjusting the ratios of width and length of N3 awdl transistors. The bias voltages; and Vg, are
supplied by the bias voltage circuit, shown in E¢d). Vg1 is not dependent on the process tolerance
and the chip temperaturés, depends on the threshold voltage variation oMIES transistor and has
a very small temperature coefficient. The bias ag#t circuit is used for resetting the temperature
switch circuit periodically and compensating 1a variation due to process tolerance

The basic relationship among, Vp; and T is presented in[4]. Considering the body-effeatl an
temperature effect, the relationship am&fygvp: andT can be rewritten as

EXp|:A&Vb +(2 +TV/2)KTT} X ex;{%} =A |nK43xw+ Al( InK43)2 (1)
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(2+y/2) 2 (2+y/ 2)_1
where A = q Azz_qVTHO’ AszquKsl A4:—£K31

(2+y/2)K &K (KK 2(6 - DKy
effect coefficientVyo is the zero-bias threshold voltage at absolute ramperatureky is the zero-
bias threshold voltage temperature coefficiens{toplify the analysisKr here equals-K;,/Tyoru iN

[5]), Tis the temperatur& is Boltzmann constant,is the subthreshold swing parameWfrandL are
the channel width and length respectivefy, = (W/ L), /(W/ L), and the footnote numbers represent

,» 7 is the body-

transistor numbers.

Figure 2. (a) The schematic of the basic temperature sw{tththe actual schematic of
the equivalent N3 transistor; (c) the actual sctienud the equivalent N4 transistor; (d)
the schematic of th¥g; andVg;, bias circuit that provides bias®g; and Vg, for the
floating gate neural MOS circuit.

vdd

P1 P2

—=N6 N1 —— N2

9 [
Bias N‘gig—” E’i\m
r::é'l"'*"'""a""u
V; N7' Tp |
BRI bl [Ns:
' ——C2 :
._—_|T ________________ -
Reset L end
(a)
N3 N4

(d)



Sensors008, 8 3154

If the floating gate MOS circuit is not used(takiout the capacitors C1 and C2) awg is
connected with/y; directly( just as [2,6] ), differentiating bothdsis of Eq. (1) withl, the derivative of
voltageV, w.r.t temperature is given by

ex AV, + AR+y/2)K T+ ATl AV+ A)_ AN KTV, Vi)
p
dV, _ T T? T? @)
dT {exp[/ww AR+y/2)K T+ e}x A_ Al &3}

T T T

The denominator in Eq. (2) decreases with temperatét the threshold temperatuiig, the
denominator becomes to be 0 and the differentiaifathe voltagev, becomes negative infinity. This
indicates that at the threshold temperafigehe circuit performs a switching operation. Assoignihat
the denominator in Eg. (2) equals 0, we can get

v = TIn(AInKy/A)= A= AR+y/2)K T

b A 3)
Substitute Eq. (3) into Eq. (I}, can be given by
(1+J2/jVTHO
Tn = (4)
Liar K, - Bk, - L inAlNKe
2 A

In Eq. (4) the derivative ofy, w.r.t Vryo is larger than zero, shy, increases linearly witNryo and
the slope is very sharp. Figure 3 shows the cdledldependence &f, on temperaturd with three
different threshold voltages. It indicates that theeshold temperaturéy, depends strongly on the
threshold voltage of MOS transistor.\Ayo variation of 50mV results in &, change of 20 K. In these
calculations we used the following conditiods1.65, K4s=2, y=0.7 VW2, K1 =1.1mV/K. The curves
show that there are two solutions for a certainpiemature only if the temperature is lower than a
critical temperature. The solution with a largéy corresponds to the stable operating state of the
switch circuit. The transistor N1, N2, N3 and N4oge in the subthreshold region. The solution with
a small smalle¥, is a pure mathematic one and does not corresoti tphysical state of the switch
circuit. It is not taken into account in the studfyhen the temperature increases to and exceeds the
critical temperature, the operation of the cirahianges suddenly and all of the transistors N1,\\&2,
N4, N5, P1 and P2 cut off so that no solution carobtained by the above equations ¥gdecomes
almost zero. The critical temperature is consideredhe threshold temperaturg. The N1, N2, N3
and N4 transistors in the switch are all in thetstdshold region, so the currents through them are
quite small and power consumption is very low.
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Figure 3. The dependence & on temperaturé with three different threshold voltages.
It's calculated based on Eq. (&=1.65,vy=0.7V1/2, KT=1.1mV/K, K43=2, K31=1.4

and K35=560.
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2.2. Compensation forIVariation

Equation (4) and Figure 3 show the strong depera@fcly, on Vryo. This indicates that the
variation of Vryo results in a large warp of, ( or V1), and then makeSy change so that the
temperature switch does not operate well. If thepwaf Vp; could be compensated;, may keep
independent on variation &fo. We design a floating gate neural MOS circuit[@jcompensatdy,
variation. The circuit is surrounded by a dashed box in Figure 2 (a). If the switches N6 and K& a
on, biased/g; andVg; preset the voltages at nodes b and b1, respscti¢he ratio of C1 and C2 is
M, Vb1 equal¥/y, — (Vs —V,) OM/( M+1) . Substitute it into Eq. (1) and repeat the deidra@s the

above, we can get:

e, - - -
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- - - non physical state ]
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Temperature (K)

(M +1)V,, - MV, { M (1+ gj - 1}vTHO

T =
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A
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It is found thatv, and Ty, both increase witiVg, when other parameters keep invariable. Figure 4
shows the dependence Bf on Vg, with Vg1=1.1V. If we design a bias circuit to makg; remain
almost invariable with/ro andVg; vary suitably withVrye, the Ty, variation could be compensated by
presetting the voltages of node b and b1l withandVz,. Figure 2(d) shows the schematic of the

4
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and Vg, bias circuit that provides bias®g; and Vg, for the floating gate neural MOS circuit. If we
optimize the sizes of transistors reasonaby, and V. can vary linearly withVryo and their
temperature coefficients are almost same. P15, Pl and P18 constitutes a subtracter [8] and make
Vg2 equalVy—VL. Vgy varies linearly withVrye and its temperature coefficient is small. On theep
hand,Vg; almost does not change wityo and temperature. It can be obtained by using istms
P19, P20 and P21 to divide the power supply voltage

Figure 4. The dependence ofy on Vg, It's calculated based on Eq. (6) and
Vi, = Vg, = (Vo = V) OM/( M+1) .&=1.65, y=0.7V"% Ky =1.1mV/K, Kss=2, K3=1.4,

K35=560 andv=38/11.
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We simulated the performance of the temperaturdéceweircuit with three transistor models
corresponding to three process corners: slow mogetal model and fast model. It is considered tha
the effect oVt variation onTy, is dominant when the transistor model is changeglire 5 (a) shows
the Ty, variation that is originated by different processners without compensation. Tihg variation
is larger than 60°C. Figure 5 (b) shows the depeceke ofVg; and Vg, on the temperature and the
process corneig; does not change almost with the process cornethentemperature. On the other
hand, Vg, varies linearly with the process corner and itagerature coefficient is small. Figure 5(c)
shows the switch characteristics of the temperatwiéch circuit with the compensation operation in
three process corners. We can see that the contjgenfsa the process corner Wy variation is very
effective.
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Figure 5. (a) The simulated dependence\Gf on temperaturd with three different
models before compensatiovs;=1.1V andV,=0.84V. (b) The simulated dependence
of Vg1 and Vg, on temperaturel with three different models. (c) The simulated

dependence of, on temperatur@ with three different models after compensatigg.
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2.3. Control of hysteresis

We use HSPICE to simulate the operation of the &atpre switch circuit. Figure 6(a) gives the
dependence of}, on the chip temperature. TRHedependence o¥, shows the hysteresis behavior
reported also by [6]. First, decreases with the increase of the temperaturenVithe temperature
increases tdy, = 98°C,V, abruptly drops down to a lower voltage. Then, whies temperature is
decreased from the high temperature and becomesr lthanTy,, V, does not rebound to a higher
voltage until the temperature decreases to a teanperpoint of 19°C which is much lower thap

Figure 6. (a) Dependence of, on the chip temperature. The temperature switolwsh
hysteretic characteristic. It's the simulation fesd the temperature switch core circuit
with the node b and bl connecting directly; (b) de@endence of, onVy,; at different
temperatures andy; straight line. Thé&/, curve intersect¥y; line at three points of A,

B and C.
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This hysteresis phenomenon can be analyzed asvillAssuming that the nodes b and bl are
opened and that a voltayg; is biased at node b1, the voltagewill change withVy;. Figure 6(b)
shows the dependence\gf on Vy; at different temperatures aNg,; straight line. If the b and b1 nodes
are connected and, is equal tdvy; in the temperature switch circuit, the intersewiofV, curves and
Vp: straight line can be considered as the operatimgtp of the switch circuit. At the temperature of
60°C, theV,, curve intersect¥y; line at three points of A, B and C. The A and @hpocorrespond to
the stable operating points, and B is an unstatiet.pif the initial V,, is higher than the voltage of the
point B, the circuit will settle down to the stalgeint A. In contrast, if the initial, is lower than the
voltage of the point B, it will settle down to poi€. Therefore, if the initiaV, is higher than the
voltage of the point B and the temperature is iaseel gradually, the switch circuit changes its
operating state along a series of A points. Whentéimperature increase to and excekglsf 98°C,
the Vp, curve intersect¥y; line only at the C point so that the switch citcshifts suddenly its state
from A to C point and shows a switching operatilfrthe temperature decreases from a temperature
higher thanTy, the circuit operates at the point C becausés smaller than the point B. When the
temperature decreases to and is under a criticat pb19°C, the C point disappears and the switch
circuit shifts suddenly its operating state fromt&@C A point. Thus, the switch circuit shows the
hysteresis behavior which is too large to perfammtemperature switch operation well.

How to control the hysteresis is a study issue.pid@ose a simple method to remove the hysteresis
equivalently or to change hysteresis. A bias amséttimg circuit is designed in the basic tempegatur
switch circuit, as shown in Figure 2(a). The biag aesetting circuit consists of asand \k, bias
voltage circuit, the N6 and N7 resetting-switchhsiators and a resetting signal RESET. If the RESET
signal is periodic and synchronizes with the openabf sampling and readout modul, will be
preset periodically to make the circuit operatthatA operating point initially and the switch ogton
of the circuit can be measured correctly withohysteresis. Furthermore, a suitable hysteresifies o
required in a practical application. We can intégtavo switch circuits with differenfy,, and Tz (Tina
< Tinp) and realize a temperature switch with a hysteresAT = Ty, - Tini. The sampling and readout
module measures thg voltages of the two switch circuits and outputsadgich signal and a rebound
signal whenT >Ty, andT < Ty, respectively.

2.4. Programmable ¢

In practice it is always expected that the thredhemperaturely, of the proposed temperature
switch can be programmed. Equation (4) indicates Th increases nonlinearly with the increase of
ratio K,, of ratios of width and length of N3 and N4 tratmis. The transistors N3 and N4 are two
equivalent nMOS transistors whose efficient ratodswidth and length can be adjusted by some
parallel transistors and logic-controlled switchas,shown in Figure 2(b) and 2(c). The logic-cdntro
signals are supplied by the threshold temperatiteng module. Thus we can program valudgfoy

tuning up the ratios of width and length of N3 &l respectively. Because the chang@ptiepends
nonlinearly onK,,, additional compensating circuits are requireghsas the rightmost 4 branches in

Figure 2 (c). Figure 7 shows the dependencé,ain temperature with differer,, parameters. The

results indicate that the threshold temperailyseof the temperature switch can be programmed by
controlling the ratioK ;.
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Figure 7. VoltageV, as a function of temperature with differéag parameters.
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2.5, Influence of Mismatch and Vdd variation ©f

From Eq. (5), we can see thf,, M, Vg1 andVg; are the main parameters that determine the value
Tin, While the influence of size variations of othemisistors is not evident. First g, is the ratio of

the sizes of N4 and N3 transistors. N4 and N3raspectively, composed of several transistors which
are integer multiples of the basic unit transisthen the circuit layout are designed, we can niNtke
and N4 transistors match well so that the processtion of K,, is smaller than 1%. Then M is the
ratio of the capacitor o the capacitor £ In the modern CMOS process, the process variatidhe
ratio M can be controlled to be below 1% by theamdor matching technique. Therefore the process
variation of M almost does not influence the valye Finally when a Vdd variation happeng,; and

Vs, change in the same orientation linearly. If Vddries within +10%, the change of
(M +1)Vg, = MV, can be limited in +1.5mV with an appropriate valok M. From Eq.(5), the

variations ofK,;, M and Vdd makdy, vary within £1°C.

3. Implementation of Temperature Switch

The temperature switch circuit was implemented stadard 0.35m CMOS process. The basic
temperature switch circuit, the threshold tempeeatetting module and the sampling and readout
module were integrated. The basic temperature Bw#canalog circuit. The threshold temperature
setting module and the sampling and readout moduée logic circuits. In order to make the
compensation for th&;, variation effective, th&s; andVg; bias circuit was placed near the devices in
the temperature switch core circuit. Sixteen défeiT,s can be set from +45°C to +120°C in a 5°C
increment. Simulated results indicates that théngeerror of the threshold temperatufg is kept
within £2°C in a normal variation range of the pees.
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4. M easurement Result

The chip microphotograph is shown in figure 8. Thé core area is only 0.04 mMnAfter its Ty,
was set, we changed the temperature and measweasltageV, at a sampling frequency of 2Hz.
Figure 9 gives the measured typical dependenc¥®,o0bn temperaturel. It shows a very good
temperature switch characteristic with the thresht#mperatureTy, of 80°C. At the threshold
temperature, the sampling and readout module alouts a switching signal. We programmed the
threshold temperaturg, with external digital codes, and a series of tleasaredly, values could be
obtained. Figure 10 shows the measured error inhifeshold temperatures for 3 samplBse design
parameters and the measured results are presartigala 1. In order to compare the switch with othe
CMOS temperature switch and temperature sensortegp{l,9], the parameters and the measured
results of the CMOS temperature switch and tempegatensor are also listed in table 1. Note that th
circuit in [9] is a temperature sensor whereasptiesented circuit and the circuit in [1] are tenapere
switch.

Figure 8. Chip microphotograph of the temperature switch.
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Figure 9. The measured dependence&/pbn temperaturé.
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Table 1. Measured characteristics of the temperature svetah comparison with the
temperature switch and sensor reported.

This work [Schinkel] [Bakker*]
Supply voltage 2.3—3.3V 1.0—1.8V 2.2—5V
Supply current
T=25°C 3.1uA 13uA 2501A
Corearea 0.04 mnd 0.03 mmi 1.5 mnf
Switch 45—120°C
e with 5°C 128.5°C -
temperature .
increase
<2°C(typical
I naccuracy(3o) (typ 1.1°C 1°C
error)
Calibration No No Yes
1°C/IV
bC s.u_p|_oly c/ 0.05°C/V 0.1°C/V
sensitivity (2.7Vv—3.3V)
Hysteresis 0°C 1.2°C —

* Most of the research of temperature sensor ienegears are focused on high accuracy and they
have much higher consumptions. They are not seitibtompared with our design, so we select this
earlier paper for a comparison. The circuit wastadesof-the-art, calibrated and chopped, CMOS

temperature sensor.

5. Conclusion

A novel uncalibrated(need not to be uncalibrateterafabrication) CMOS programmable
temperature switch has been presented with extyefoal power consumption, high temperature
setting accuracy and small chip area. The thresteoigheraturdy, could be programmed by changing
the efficient ratio of width and length of the M@@&nsistors. The threshold temperature variatios du
to process tolerance has been compensated autalyaltig a floating gate neural MOS circuit and a
bias circuit with resetting switches. The circuéishbeen implemented in a standard EB35CMOS
process. Sixteen differefit,s can be set from +45°C to +120°C in 5°C incremefiie measurement
shows a good consistency in the threshold tempesafar 3 samples. The chip core area is 0.04£.mm
Its power consumption is only 3iA at 3.3V supply. The temperature switch has theaathgeslow
power consumption, the programmable threshold teatpes, automatic compensation for process
tolerance and the controllable hysteresis.
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