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Abstract—A CMOS-based temperature sensor is
proposed for low-voltage and low-power on-chip
thermal monitoring applications. The proposed
temperature sensor converts a proportional to
absolute temperature (PTAT) current to a PTAT
frequency wusing an integrator
addition, it

region,

and hysteresis
comparator. In
subthreshold
consumption. The proposed temperature sensor was
fabricated in a standard 90 nm CMOS technology.
Measurement results of the proposed temperature

operates in the

allowing reduced power

sensor show a temperature error of between —0.81
and +0.94°C in the temperature range of 0 to 70°C
30°C, with a
temperature coefficient of 218 Hz/°C. Moreover, the

after one-point calibration at
measured energy of the proposed temperature sensor
is 36 pJ per conversion, the lowest compared to prior

works.

Index Terms—Temperature sensor, low-voltage low-
power, subthreshold current, PTAT, temperature-to-
frequency converter
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I. INTRODUCTION

In various applications such as wireless sensor
(RFID),
DRAM, and
energy harvesting systems, temperature sensors are

networks, radio frequency identification

automotive systems, micCroprocessors,
needed to monitor the thermal profile of the integrated
chip because the temperature affects the performance
such as speed, power, and reliability. For on-chip thermal
monitoring, the temperature sensor needs to have
characteristics such as low supply voltage, low power
consumption, and moderate temperature accuracy [1, 2].
Several researches on temperature sensors have been
carried out to monitor the thermal profiles of chips [2-11].
In general, a bipolar junction transistor (BJT) or
MOSFET fabricated in CMOS process is used to sense
the temperature so that the voltage/current and time-
domains can be represented as a function of temperature.
which

voltage/current according to the temperature, uses the

The temperature  sensor, produces a
base—emitter voltage and saturation current of the BJT
[3], the threshold voltage and mobility of the MOSFET
[4], or the gate—source voltage of the MOSFET in the
subthreshold region [5]. The BJT-based temperature
sensor has a high temperature accuracy, whereas the
MOSFET-based temperature sensor has a moderate
temperature accuracy. However, both temperature
sensors have high power consumption because they
require the use of analog-to-digital converters to convert
the voltage/current. For low-power on-chip temperature
monitoring, a time-domain temperature sensor has been

introduced to generate a frequency, a delay, or a duty
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cycle of a pulse according to the temperature [2, 6-11].

In this paper, we propose a temperature sensor for low
supply voltage and low power consumption using
MOSFETs that operate in the subthreshold region. The
proposed on-chip temperature sensor, which is designed
for monitoring the thermal profile of the organic light-
emitting diode (OLED) on
converts a current to a frequency according to the

silicon microdisplays,

temperature. To improve the temperature accuracy, the
proposed temperature sensor employs an error amplifier
and an integrator to minimize the difference of
proportional to absolute temperature (PTAT) currents
and to maintain the constant PTAT current during the
integration operation, respectively. Since the properties
of the OLED severely vary at high temperature due to

glass transition [12], the proposed temperature sensor is

designed to operate in the temperature range of 0 to 70°C.

Section II explains the operation principle and
architecture of the proposed temperature sensor. Section
IIT describes the circuit implementation of the proposed
temperature sensor, which consists of a PTAT current
generator, a reference voltage generator, and a current-to-
frequency converter. In Section IV, the measurement
results are analyzed and compared with those of prior
works. Finally, conclusions are given in Section V.

II. OPERATION PRINCIPLE OF THE PROPOSED
TEMPERATURE SENSOR

Fig. 1 shows a block diagram of the proposed
temperature sensor which consists of a PTAT current
generator, a reference voltage generator, an integrator,
and a hysteresis comparator. The proposed temperature
sensor produces a PTAT frequency (fpr47) according to
the temperature. The PTAT current generator generates a
PTAT current (Ip747) using a reference frequency (fzzr)-.
The reference voltage generator provides a reference

voltage (Vzr) to the integrator and hysteresis comparator.

A combination of the integrator and hysteresis
comparator is used as a current-to-frequency converter.
The integrator generates a comparison voltage (Vyp) by
integrating Ip;,y based on Vgzr and the hysteresis
comparator generates fpr,r by comparing Veyp With Vipr.
Then, fpr4ris fed to the integrator to reset Vygr. Thus, the

current-to-frequency converter converts Ipr to fprar-

Current-to-frequency converter

Iprar i Vemr
PTAT current H Hysteresis | forar
Integrator
generator »| Comparator
fREFT
Reference Vier
voltage *
generator

Fig. 1. Block diagram of the proposed temperature sensor.
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Fig. 2. Schematic of the PTAT current generator.

III. CIRCUIT IMPLEMENTATION
1. PTAT Current Generator

Fig. 2 shows a schematic of the PTAT -current
generator, which is used as the temperature sensor core.
All MOSFETs in the PTAT current generator operate in
the subthreshold region for low power consumption. In
the low supply voltage operation, an error amplifier is
used to bias node X so that the difference between the
drain voltages of M; and M, can be minimized. A
switched-capacitor resistor, consisting of a capacitor Cge
and two switches driven by a two-phase non-overlapping
clock, is used to replace the physical resistor for highly
accurate and tunable analog circuits [13]; the equivalent
resistance R of this resistor is equal to (Csc*frer)

Ipr,r is generated as follows. The voltage between the
gate and source of M; (Vgs,,;) is equal to the sum of the
voltage between the gate and source of M, (Vg,,2) and
the voltage drop across Rgc. Then, Vggy, can be

expressed as

y

GSM1

=V +/1. R (1)

GS,M2 SCTrsC
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Fig. 3. Schematic of the reference voltage generator.

where Ig- is the current flowing through Rg-. When the
voltage between the drain and source of the MOSFET is
much greater than the thermal voltage (k77/g), the
subthreshold current of MOSFETSs can be expressed as
[14]

2
k q\Ves =V,
[D,sub zﬂOCOXK(n_l)(_] eXp % 5 (2)

where wy, Cox, K, Vi, k, T, q, and 7 are respectively the
zero bias mobility, the gate oxide capacitance, the aspect
ratio of the transistor, the threshold voltage of the
transistor, the Boltzmann’s constant, the temperature, the
electron charge, and the subthreshold slope factor.
Because the currents flowing through M, and M, are
equal, from Egs. (1, 2), Ipryr of Mprap mirrored by M,
can be expressed as

K nkTln(K,, /K,
Lo = frer  Csc p— ( - V“)'

K, q

3)

Therefore, Ipr,ris linearly proportional to temperature.

2. Reference Voltage Generator

Fig. 3 shows a schematic of the reference voltage
generator, in which all MOSFETs operate in the
subthreshold region. The reference voltage generator
includes a PTAT current generator and a complementary
to absolute temperature (CTAT) current generator. The
PTAT current generator in the reference voltage
generator has a structure similar to that used as the
temperature sensor core as shown in Fig. 2, except that

the switched-capacitor resistor is replaced by a physical

PTAT current generator

Current-to-frequency converter
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Fig. 4. Schematic of the current-to-frequency converter with
PTAT current generator.

resistor. Because both PTAT current generators operate
in the same way, the drain current of Mj (/,3), which is
mirrored to the drain current of Ms (I), can be derived
from Eq. (3) as

_nkTIn(K,,/K,,)

I . 4
3 ok 4)

The voltage between the gate and source of Mg
(Vs.us)» which depends upon [, generates a current
flowing through R, (Iz,) that can be expressed as

_ VGS,M() (IB ) -

R2 R (5)

2

From [15, 16] and Eq. (5), I, is considered to be a
CTAT current because Vg, decreases with increasing
temperature at any fixed drain current.

The sum of the two currents generated by the PTAT
current generator and the CTAT current generator flows
through a resistor R; and generates Vygp, Which can be
derived from Egs. (4, 5) as

v,

REF

—R K, . Ulen(KMz/KMl ) n K, . VGS,M6 (]B)
3 .
Ky qR, Ko R,

3. Current-to-frequency Converter

Fig. 4 shows a schematic of the current-to-frequency
converter with the PTAT current generator, which
consists of the integrator and the hysteresis comparator,

and converts Ipr,r to fpryr In a previous work [11], when
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a drain current of a transistor used as a current source
flows through the capacitor between the ground and the
drain of a transistor, the drain voltage causes variations
in the voltage between the drain and source of a
transistor. The above voltage variation brings about a
drain current variation, which results in error in the
sensing operation when the voltage margin is insufficient
at a low supply voltage. To solve this problem, an
integrator is employed to maintain the voltage between
the source and drain of Mprar (Vpsyprar) and thus to
make Ipr,r constant during the integration operation.
Vewp generated by integrating /pr,r can be expressed as

1
VCMP = _C_J.IPTATdt’ (7)

F

where Cr is the feedback capacitance. Vyp is compared
with Vg from the reference voltage generator and VSS
in the hysteresis comparator. The output of the hysteresis
comparator is high when Vg is greater than Vyge, and
low when Vgy,p is less than VSS. The hysteresis
comparator holds its previous value when V¢, is greater
than VSS and less than Vg From Eqs. (3, 7), fpryr can
be expressed as

KMPTAT . nkT ln (KMZ /KMI ) CSCfREF

fPTAT - K3 q VREF CF

®)

Therefore, fpr47 is linearly proportional to temperature
and fed to reset the input and output of the integrator to

VREF~
IV. MEASUREMENT RESULTS

Fig. 5 shows a photomicrograph of the proposed
temperature sensor that was fabricated using a 90 nm
CMOS process. The temperature sensor occupies an
active area of 1300 x 530 um?” and consumes an energy
of 36 pJ per conversion. Ten sample chips were
measured in a temperature chamber over the temperature
range of 0 to 70°C, at intervals of 10°C.

Fig. 6 shows the measurement results of fpr; With
respect to temperature, ranging from 69.26 to 98.17 kHz,
representing that fpr,; varies linearly with temperature,
with an average temperature coefficient of 218 Hz/°C.
Fig. 7 shows that the measured temperature error ranges

Fig. 5. Photomicrograph of the fabricated chip.
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Fig. 6. Measurement results of PTAT frequency (fpr4r) with
respect to temperature.
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Fig. 7. Measurement results of the temperature error with
respect to temperature.
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Table 1. Performance comparison
Parameter This work [6] [7] [8] [9] [10]
Process (um) 0.09 0.35 0.18 0.18 0.18 0.18
Sensor Type Frequency Delay Duty cycle Frequency Frequency Delay
Temperature Range (°C) 0to 70 —40 to 80 —30to 70 —30 to 60 —20 to 30 —30to 70
Temperature error (°C) —0.81 to +0.94 +1 +1.3 +1.5 +0.8 —0.7 to +0.6
Supply voltage (V) 1.2 1.8 1 1 1
Power consumption (WW) 2.2 7.2 0.35 24 0.092
E‘}jﬁ%ﬁfjgﬁ;"n 36p 0.45 — 5.1n 96n 92p
Area (mm?) 0.689 0.4 0.34 0.14 1.1 0.021
Calibration 1-point 2-point 1-point 1-point 1-point 1-point
from —0.81 to +0.94°C after one-point calibration at REFERENCES
30°C.
Table 1 compares the performance of the proposed [11 J. Long, S. O. Memik, G. Memik, and R.

temperature sensor to that of prior temperature sensors.
The proposed temperature sensor consumes the least

energy per conversion among the sensors compared.

V. CONCLUSIONS

We propose a temperature sensor based upon
subthreshold MOSFETs for low-voltage and low-power
on-chip thermal monitoring applications. To improve the
temperature accuracy of the proposed temperature sensor,
an error amplifier and an integrator are used to minimize
the error of the PTAT currents and to maintain constant
PTAT

respectively. The proposed temperature sensor was

current during the integrating operation,
fabricated using a 90 nm CMOS process with a supply
voltage of 1.2 V. The measured temperature error of the
fabricated sensors ranges from —0.81 to +0.94°C in the
temperature range of 0 to 70°C after one-point
calibration at 30°C. In addition, the proposed temperature
sensor consumes an energy of 36 pJ per conversion, the
lowest energy consumption compared with prior works.

Therefore, the proposed temperature sensor is suitable

for low-voltage and low-power on-chip thermal
monitoring applications.
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