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Abstract

A CMOS temperature sensor with a highly linear
proportional-to-absolute-temperature (PTAT) output
current is presented. A modified bandgap reference
voltage circuit, in which diode-connected MOSFETS are
used to replace commonly-used diode-connected BJTs
and the resistor with a PTAT voltage drop is replaced by

two resistors with opposite-sign temperature coefficients,

is used as the core circuit of the temperature sensor.
The current flowing through the resistors in series con-
nection exhibits a PTAT characteristic with high linear-
ity of 99.998% at least for a temperature range from -20
to 100°C. The PTAT current is mirrored to an added
current controlled oscillator which output pulse fre-
quencies have also a PTAT characteristic. The plot of
measured pulse frequencies against temperature shows
the sensitivity of 14.2 Hz/°C with linearity of 99.992%.

1. Introduction

Highly linear voltage or current with respect to temper-
ature can be obtained by mathematically dealing with non-
linear temperature characteristic of voltage, current or re-
sistance [1, 2]. A bandgap voltage reference, which pro-
duces a temperature-insensitive constant voltage, is gener-
ally based on BJT devices and resistors. Under the bias of
matched currents by a current mirror, the difference AVes
between two emitter-base voltages of two pnp BJTs with
different device sizes is quite accurately proportional to
absolute temperature (PTAT) and the AVgg is designed to
be across a resistor by virtual grounding between two
matched MOSFETs. A PTAT current can be generated
because the AVeg(T) is across the resistor R. However, the
AVes(T)/R does not really exhibit a highly linear tempera-
ture dependence since R depends on temperature [3].

Polysilicon resistors with and without silicidation pro-
cess have positive temperature coefficient (PTC) and nega-
tive TC (NTC), respectively. The two resistors connected in
series may have a much smaller TC due to the cancellation
of opposite-sign TCs. In this work, the low-TC resistor
structure is substituted for the single resistor in the bandgap
voltage reference. Hence a highly linear PTAT current can
be generated. The bandgap temperature sensor has suc-

cessfully been implemented by the TSMC 0.18 pm process.

Fig. 1 The cwcun schematic and chip photograph of the proposed
temperature sensor with pulse output.

2. Sensor Design and Measurement Results

Fig.1 shows the circuit schematic and chip photograph
of the designed temperature sensor. The temperature core is
a modified bandgap voltage reference circuit, in which the
diode-connected BJTs are replaced by n-type MOSFETS,
i.e., MND1 and MND2. The MOSFET in subthreshold re-
gion, i.e., Ves<Vrn, exhibits an exponential dependence on
Ves and can be substituted for BJTs in a bandgap voltage
reference. The subthreshold current can be expressed as [4]

Ip = lo exp(-S5 ™) - exp(—2%)] M
where £>1 is a nonideality factor and VT—kT/q. lo is propor-
tional to the W/L ratio of device channel. For Vps greater
than about 200 mV, eq. (1) is similar to the exponential
Ic-Vee relationship in a BJT. Fig. 2 shows the simulated
temperature dependence of the Vgs of the diode-connected
MOSFET, MND2, of the modified bandgap temperature
sensor in which a single ideal resistor of 11.8 kQ with zero
TC is used. The Vgs is smaller than 300 mV for the temper-
ature range of -20 to 100 °C. The threshold voltage Vry of
the MOSFET in the 0.18 um process is larger than 400 mV
and hence the diode-connected MOSFET actually operates
in the subthreshold region. The current flowing and the
voltage across the ideal resistor are also shown in Fig.2.
They actually exhibit PTAT temperature characteristics.
The linearity are 99.998 % and 99.999 %, respectively.

In Fig. 1, the resistors R1 and R2 are polysilicon resis-
tors without and with silicidation process, respectively, and
are connected in series. To demonstrate the effect of the
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reducing temperature dependence of resistance on the en-
hancement of the linearity of PTAT current across the re-
sistor, two additional bandgap voltage reference circuits in
which the resistor is implemented by a single polysilison
resistor without silicidation process. The low-TC se-
ries-connected resistor structure (R_NTC+PTC) and the
two single NTC resistors (R_NTC1 and R_NTC2) have
resistance of 11.8, 9.5 and 22.6 kQ, respectively, at room
temperature. The R_NTC1 is the NTC component of the
R_NTC+PTC. Fig. 3 show the simulated temperature
characteristics of the real modified bandgap voltage refer-
ence circuits. The R_NTC+PTC indeed exhibits low TC.
The Ir exhibits a sensitivity of 2.76, 4.27 and 1.82 nA/°C
and linearity of 99.998%, 99.908%, and 99.9166%, respec-
tively. The series-connected low-TC resistor structure in-
deed enhances the linearity of resulting PTAT current
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Fig. 2 Simulated temperature characteristics of Vs mnp2, VR, and
Ir for bandgap temperature sensor using an off-chip ideal resistor.
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Fig. 3 Simulated temperature characteristics of resistance and Ir

for bandgap temperature sensors using on-chip R_NTC+PTC,

R_NTC1, and R_NTC2, respectively.
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Fig. 4 Simulated and measured pulse frequencies against tem-
perature, its linear regression line and nonlinear temperature error.

Because the linear resolution of output current is the
order of nA, the measurement setup can be difficult.
Therefore, the PTAT current is inputted to a current con-
trolled oscillator by a current mirror, as shown in Fig.1, in
order to generate voltage pulses [2]. Fig.4 shows simulated
and measured pulse frequencies, which exhibit PTAT char-
acteristics indeed. Equivalent temperature errors resulting
from nonlinear deviation of the pulse frequencies are also
shown in Fig.4. For the case using a single R_NTC2 resis-
tor, the oscillator has simulated and measured sensitivities
of 8.2 and 8.4 Hz/C with linearity of 99.924% and
99.798% at the Vet 0f 0.7V, respectively. Temperature error
range is from -1.18 to 1.92 °C and from -2.0 to 3.29 °C,
respectively. For the case using series-connected resistors,
the simulated and measured sensitivities are 12.3 and 14.2
Hz/°C with linearity up to 99.998% and 99.992%, respec-
tively. Temperature error range is from -0.19 to 0.32 °C and
from -0.49 to 0.45 °C, respectively. The simulated and
measured results are similar. The current of the temperature
sensor core is less than 3 pA under the supply voltage of
1.8 V. The whole circuit consumes only about 0.2 mA. The
sensor core occupies an area of 103x295 pm?.

3. Conclusions

A temperature sensor with a high-linearity PTAT cur-
rent has been successfully implemented by a modified
bandgap voltage reference circuit in which diode-connected
BJTs are replaced by MOSFETs. The two polysilicon re-
sistors without and with silicidation process, respectively,
are connected in series and are used to replace the resistor
with a PTAT voltage drop, which is the difference voltage
between two biasing voltages of two different-size di-
ode-connected transistors under the same biasing current.
The simulated results shows that the series-connected
low-TC resistor structure indeed enhances the linearity of
the resulting PTAT current up to 99.998 % at least for a
temperature range of -20 to 100 °C. The PTAT current is
mirrored to control a current controlled oscillator. The sim-
ulated and measured sensitivities are 12.3 and 14.2 Hz/°C
with linearity up to 99.998% and 99.992%, respectively.

Acknowledgements

This work is supported by the National Science Council in
Taiwan under the project contract NSC102-2221-E-017-017. The
authors also want to thank the National Chip Implementation
Center, Taiwan, for the support of TSMC CMOS processes.

References

[1] R. L. Wang, C. W. Yu, C. Yu, T. H. Liu, C. M. Yen, C. F. Lin,
H. H. Tsai, and Y. Z. Juang, Electron. Lett. 48 (2012) 503.

[2] R. L. Wang, C. C. Fu, C. Yu, Y. F. Hao, J. L. Shi, C. F. Lin, H.
H. Liao, H. H. Tsai, and Y. Z. Juang, Jpn. J. Appl. Phys. 53
(2014) 04EJ06-1.

[3] C. Falconi, A. D’Amicoa, C. D. Natale, and M. Faccio, Sens.
Actuators A 117 (2005) 127.

[4]Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devic-
es (2009) 165.

- 167 -



