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A 6.4 nW 1.7% Relative Inaccuracy CMOS Temperature Sensor

Utilizing Sub-thermal Drain Voltage Stabilization and Frequency
Locked Loop

Teruki Someya, Member, IEEE, A.K.M. Mahfuzul Islam, Member, IEEE, and Kenichi Okada, Senior
Member, IEEE

Abstract— A 6.4 nW 1.7 % relative inaccuracy (R-IA) CMOS sub-
thermal drain voltage-based temperature sensor is proposed. The
proposed stabilized sub-thermal drain voltage current generator achieves
a highly linear PTAT output without nonlinearity fitting or post-
fabrication trimming, and increases the accuracy of the sensor. A
combination of the current generator and a frequency-locked-loop relaxes
the tradeoff between power and temperature stability of the current-to-
frequency converter, and achieves supply-voltage-independent operation.
Measured results of the prototype fabricated in a 65 nm CMOS process
show that the proposed temperature sensor has a -1.0/+0.7 °C inaccuracy
(=R-IA of 1.7 %) while achieving a resolution of 75 mK over a temperature
range of -30 to 70 °C. The line sensitivity of the sensor is 2.8 °C/V.

Index Terms— CMOS, low power, temperature sensor,
temperature sensing, temperature-to-digital converter.

I. INTRODUCTION

Temperature sensing is one of the typical applications in the Internet
of Things (IoT). Recently, the demand for nW temperature sensors is
increasing looking ahead to the expansion of energy-autonomous
sensors utilizing sub-pW-power-level energy harvesters. Temperature
sensing based on the sub-threshold current of MOSFET is attractive to
realize ultra-low-power operations. These temperature sensors,
however, tend to be less accurate compared with BJT based
temperature sensors since they use nonlinear characteristics of the sub-
threshold MOSFETs. [1] shows that a 570 nW current-to-frequency
converter based fully integrated temperature sensor can achieve a
relative inaccuracy (R-IA) of 1.5 % with the help of a fitting model.
However, [1] requires off-chip processing for calculating a logarithm
function and a nonlinearity fitting to compensate systematic
nonlinearity. Although [2] presents a gate-leakage-based temperature
sensor for achieving low energy performance, the utilization of gate-
leakage current is limited by a fabrication technology. Besides, the
temperature characteristic is nonlinear and additional nonlinearity
fitting is required. [3] proposes a nonlinearity-fitting-free PTAT digital
output temperature sensor based on sub-thermal drain voltage
temperature sensing. However, the R-IA of the sensor is still over 2 %
in the temperature range of -20 to 80 °C.

Our goal is to propose a nW temperature sensor that has a high
accuracy covering a commercial temperature range of 0 to 70 °C. In
this work, we report a 6.4 nW temperature sensor with an R-IA of
1.7 % in the range of -30 to 70 °C. To reduce the inaccuracy, we
propose a new current generator topology that enhances the linearity
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Fig. 1 Operation of proposed temperature sensor.

of the PTAT output. Furthermore, we introduce a frequency locked
loop (FLL) based current-to-frequency converter that improves both
the power consumption and the tolerance to the supply voltage
variation of the temperature sensor.

II. SYSTEM ARCHITECTURE

Fig. 1 shows the overall diagram of the proposed temperature sensor.
The temperature sensing mechanism is based on the sub-thermal drain
voltage temperature sensing [3]. A pair of MOSFETs (Ma1 and Ma1)
operating in the sub-threshold region are biased with two different V'ps
values. A sub-thermal voltage (STV) that is lower than the thermal
voltage Ur (=k7/q = 26 mV at 27 °C where k is the Boltzmann
constant, 7 is the absolute temperature, and q is the elementary charge)
is applied to Vpsi of Ma1, and above Ur voltage (ATV) that is higher
than 3Ur is applied to Vpsz2 of Msi1. The ratio of 1> to [ is expressed as

1 U

I, - 1—exp(#) - Vosi
T

|5~

+C, (1)

where C is a temperature-independent offset that can be removed from
1-point calibration. When Vps: is sufficiently smaller than Ur, the
current ratio /2/I1 can be approximated as a linear function of Ut/Vbsi
that shows a PTAT characteristic. In Fig. 1, these two currents /1 and
I are obtained from a current generator and converted into frequencies
/i and f2, respectively, by current-to-frequency converters (CFCs). f2/fi
shows the same PTAT characteristic as [2//1. In the digital backend,
two counters Counterl and Counter2 count CLK1 and CLK2,
respectively. Once the CLK1 is counted up to a pre-defined number
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Fig. 2 Theoretical inaccuracy of sensor over -40 to 80°C calculated from £/
as function of TC of Vps; when Vps; at -40 °C is 8 mV and 2-point calibration
at -20 °C and 50 °C are performed.

Nci (22" in this work), the value of Counter? is latched as the output
of the sensor (Dprar). Therefore, DrraT shows a PTAT characteristic
as Dprat = Nci1 X fo/fi = Nci x L/1h.

As shown in eq. (1), Vbs1 of Ma1 must be temperature-independent
since the temperature dependency of Vpsi decreases the linearity of
DL/I. Fig. 2 shows a theoretical inaccuracy of the sensor in the
temperature range of -40 to 80 °C calculated from eq. (1) when Vpsi is
set as 8 mV at -40 °C and the temperature coefficient (TC) of Vpsi is
defined from a 1st order approximation. The analysis shows the
inaccuracy of 2/l increases due to the TC of Vpsi. In [3], Vbsi does
not settle to a constant voltage due to the inherent temperature
dependence of the current generator and has a TC of 275 ppm/°C
which results in a peak-to-peak inaccuracy of 1.0 °C. In this work, we
propose a new current generator topology that improves the linearity
of Io/I1 by keeping V'psi temperature independent.

III. PROPOSED TEMPERATURE-TO-DIGITAL CONVERTER

A. Stabilized Sub-thermal Drain Voltage Current Generator

Fig. 3 (a) shows the basic concept of the current generator for
generating /1. To ensure a fixed AV value across Mai, a local feedback-
loop composed of an op-amp and a transistor MRr is used. The challenge
of the topology is to ensure that Vpsi is regulated to AV=8 mV,
precisely. Since the input voltage of the op-amp is just 8 mV, a typical
op-amp does not provide a sufficient gain of the feedback loop. One
straight forward way to solve this problem is to apply voltage level
shifters into the input of the op-amp to convert the voltage level of the
input pair. However, it consumes a static current and results in
additional power consumption. Another challenge of Fig. 3 (a) is
reducing the offset voltage of the op-amp Vos. Since Vos directly
shows up in Vpsi, it must be much smaller than AV'=8 mV for
ensuring the sensitivity of 52//i. Also, the TC of Vos reduces the
linearity of L/l and increases the inaccuracy of the sensor. For
example, the offset voltage of a typical sub-threshold op-amp [4] has
TC of 2.5 uV/°C (= 312 ppm/°C when AV is 8 mV), which causes a
theoretical inaccuracy of 1.2 °C in Fig. 2. To cancel the offset, we need
a technique such as auto-zero or chopping. These techniques, however,
increase the power consumption of the sensor because of the additional
circuit blocks and clock sources.

Fig. 3 (b) shows the concept of the proposed stabilized sub-thermal
drain voltage current generator. NAV where N = 20 in our design is
applied to the negative input of the op-amp. Ix is divided by the
voltage divider and the effect of Vos on Vs is reduced to Vos/N. In
this way, the inaccuracy of Vpsi due to the offset of the op-amp is
improved without using auto zero or chopping techniques.
Furthermore, the level shifters are not required because the input
voltage level of the op-amp is NAV = 160 mV which provides a
sufficient loop gain of the feedback. Fig. 3 (c) shows the schematic of
the proposed current generator. In the current generator, I/O transistors
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Fig. 3 (a) Concept of current generator for /;. (b) Concept and (c) circuit
schematic of proposed stabilized sub-thermal drain voltage current
generator.

are used to reduce the gate-leakage of the MOSFETs. A reference
voltage Vrer of 320 mV is divided by a voltage divider composed of
M (= 40) diodes to generate AV of 8 mV. A feedback-loop composed
of a sub-threshold op-amp and Mr whose loop gain is over 60dB is
applied to regulate the drain node of Max (V'N) to NAV (N =20 in our
design). v is divided by the stacked devices (Ma1 to Man) and Vbs is
stabilized at AV. Although the op-amp has a temperature-dependent
offset voltage Vos, the stacked transistors Mai to Man divide Vos and
reduce its effect on Vpsi. To confirm the performance of the current
generator, simulated V'psi at each process corner is shown in Fig. 4 (a).
The TC of Vbs1 is reduced to less than 1 ppm/°C which results in 0.1 °C
peak-to-peak inaccuracy in Fig. 2. The fixed offset of Vpsi is a
negligibly small value of 0.5 pV. Since the process variation in the
voltage dividers and stacked transistors affect the TC of V'bsi, a 1000-
times Monte Carlo simulation is performed for the entire current
generator. The TC of Vbsi is calculated from the slope of Vbs1 at 60 °C.
The TC at the +c variation is simulated as +28 ppm/°C as shown in
Fig. 4 (b). This result shows that the inaccuracy of /2//1 is only 0.47 °C
in Fig. 2 even under the condition that the fabricated chip suffers from
a severe +3c random mismatch. Similar simulations are performed at
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Fig. 4 (a) Simulated Vps; of proposed current generator at each process corner.
(b) TC of Vps; obtained from 1000 times Monte-Carlo simulation.
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Fig. 5 Circuit schematic of current-to-frequency converter combined with
proposed current generator.

0 °C and 120 °C. The ¢ are 42 ppm/°C and 22 ppm/°C, respectively.
The worst +3c is expected to be 0.66 °C.

B. FLL-based Current-to-Frequency Converter

In Fig. 1, the CFCs convert /1 and > into fi and f2, respectively. A
relaxation oscillator utilizing a comparator is a typical CFC used in
many types of sensors [3]. However, the comparator has a temperature-
dependent propagation delay which decreases the linearity of f2/fi. As
a result, the power consumption of the comparator must be increased
to improve temperature stability by reducing the propagation delay. To
improve the power consumption of the CFCs, the proposed
temperature sensor utilizes an FLL [4] that do not require power-
consuming comparators. At the same time, temperature and supply
voltage independent current-to-frequency conversion is also achieved.

Fig. 5 shows the block diagram of the proposed temperature-to-
digital converter for fi. The current generator shown in Fig. 3 (c) is
combined with the FLL [4]. > can be obtained similarly by simply
replacing /1 into . In the FLL, SW1, SW2, and Csc (=120fF)
configure a switched capacitor resistor. /1 generated in the current
generator is copied by a current mirror composed of Mp1 and Mp1* and
flows through Csw. The closed-loop system composed of a sub-
threshold op-amp, a VCO, and the switched capacitor composes
negative feedback and forces Vin-to be matched to Vin+. As long as the
loop gain is sufficiently large, the output frequencies of the FLLs are
expressed as fi = [1/CscVin+ in CFC1 and f2 = L/CscVin+ in CFC2,
respectively. The ratio of f2/fi shows the same PTAT characteristic as
/11 and is irrelevant to Vpp. In this design, Vrer is reused as Vin+. Cout
works as a loop filter to ensure the stability of the loop and remove the
ripple on Vour. Cour of 100 pF is implemented to reduce the cutoff
frequency to ~ Hz. Moreover, Cix. of 6.3 pF is implemented to
attenuate the ripple on Vour to less than 10 puV. At room temperature,
the lock frequencies are 2.7 kHz for CFC1 and 10 kHz for CFC2. The
gains of the VCOs are 73 k/Hz and 263 k/Hz, respectively. The gain
of the amplifier is 60 dB.
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Fig. 6 Prototype of proposed temperature sensor.
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Fig. 7 (a) Measured f»/f; and (b) inaccuracy of temperature sensor after 2-point
calibration when external Vggr =320 mV is applied.
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Fig. 8 (a) Measured f»/f; and (b) inaccuracy of temperature sensor after 2-point
calibration when on-chip Vggr is used.

Since the finite output impedances of Mp1 and Mp1’ in the current
mirror increase the Vpp-dependence of the sensor, a cascode current
mirror is applied by stacking an additional current mirror. The
simulated output impedances are over 330 GQ. The current variations
of I1 and I2 due to the Vop variation from 0.75V to 1.05V are less than
0.2 %. The size of Mp1 and Mp1’ are increased to L = 0.4 pym and W =
240 pm to reduce the effect of the mismatches in the current mirrors.
When there are mismatches in the current mirrors, the worst spread of
the inaccuracy is 6 = 24mK after 2-point calibration in a Monte-Carlo
simulation in the temperature range of 0 to 120 °C.

Thanks to the FLL-based CFC topology, power-consuming
comparators are removed from the CFCs and the tradeoff between the
power consumption and the temperature stability is relaxed.

IV. MEASUREMENT RESULTS

The proposed temperature sensor is fabricated in a 65-nm LP CMOS
process that provides low leakage devices. In this work, the digital
backend including an 11-bit counter and 15-bit counter is implemented
externally. The power consumption of the digital block is obtained
from a SPICE simulation. The LSB and the RMS resolution of the
Drrat at 20°C are 43.7 mK and 75.2 mK when CLK1 is counted up to
11-bit by Counterl. Fig. 6 shows a chip photograph of the proposed
temperature sensor. The core area of the sensor is 0.32 mm?. First, to
measure the accuracy of the core of the temperature sensor, a reference
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voltage of 320 mV is applied externally. Fig. 7 (a) and (b) show the
measured f2/fi and the inaccuracy of the temperature sensor for 9
samples. After a 2-point calibration, the peak-to-peak inaccuracy
is -1.0/+0.7 °C in the temperature range of -30 to 70 °C (= 1.7% R-I1A).
For applications that cannot provide the reference voltage, a CMOS
voltage reference [8] is implemented on the same chip. The measured
power consumption of the voltage reference is 2.2 nW. Fig. 8 (a) and
(b) show fo/fi and the inaccuracy for 9 samples when the voltage
reference is applied to the sensor. After a 2-point calibration, the peak-
to-peak inaccuracy is -1.0/+1.1 °C in the temperature range of -20 to
70 °C (= 2.3% R-IA). With the voltage reference, the spread and
temperature dependence of FVrer limit the minimum operating
temperature to -20 °C and deteriorate the R-IA. We think this can be
improved by applying an individual calibration to the voltage reference
[9]. Fig. 9 shows the Vpp-dependence of the temperature sensor at
20 °C among 6 samples. The inaccuracy is 0.85 °C when Vpp varies
from 0.75 to 1.05 V. The calculated line sensitivity is 2.8 °C/V. Fig.
10 shows the breakdown of the power consumption of the temperature
sensor at room temperature of 20 °C. When the power supply is 0.8 V,
the total power consumption is 6.4 nW. VCO1 and VCO2 are the
VCOs in CFC1 and CFC2 whose operating frequencies are 2.7 kHz
and 10 kHz, respectively. The power consumption of the analog part
is 5.4 nW while the simulated power of the digital back-end is 1.0 nW.
The low power operation of the digital part is achieved thanks to its
simple implementation and low voltage, low frequency operation.

Table I summarizes the performance of the proposed and
conventional temperature sensors. We select the state-of-the-art
MOSFET based nW temperature sensors that cover the commercial
temperature range of 0 to 70 °C. The proposed temperature sensor
achieves 1.7 % R-IA without any nonlinearity fitting or post-
fabrication trimming. Furthermore, the line sensitivity is reduced to
2.8 °C/V.

V. CONCLUSIONS

In this work, a 6.4 nW 1.7 % R-IA sub-thermal drain voltage-based
temperature sensor is proposed. The proposed stabilized sub-thermal
drain voltage current generator improves the accuracy of the sensor by
increasing the linearity of the PTAT output. Furthermore, the
combination of the current generator and FLL based current-to-
frequency converter relaxes the tradeoff between the power
consumption and the temperature stability of the sensor, and improves
the tolerance to Vpp variation. The measured results of the fabricated
chip in a 65-nm CMOS process show that the sensor consumes 6.4 nW
while achieving an R-IA of 1.7 % in the temperature range of -30 to
70 °C without any off-chip nonlinearity fitting or post-fabrication
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TABLE I. COMPARISON WITH PREVIOUSLY PUBLISHED NW MOSFET-
BASED TEMPERATURE SENSORS
This work[JSSC'19 [3]USSC19 [6]USSC'14 [5]|CICC'19 [2]
Sensing princiole Stabilized Sub-U 3-transistor | 2-transistor| ~ Gate
9 PINCIpe | sup-u, T | PTAT PTAT | leakage
CMOS process [nm] 65 180 65 180 65
Oﬁ-ch|p_npnl|near|ty No No No No Yes
fitting
Calibration point 2 2 2 2 2
Inaccuracy [°C] -1.0/0.7 -0.9/1.2 -1.5/1.6 -1.4/1.5 -2.7/1.8
(# of samples) (9) (9) (12) (18) (7)
Relative Inaccuracy 17 21 31 29 38
[%]
Temp. range [°C] | -30~70 | -20~80 0~ 100 0~100 | -20~100
Resolution [mK] 75 145 300 300 250
Power [nW] 6.4 11 0.76 71 0.64
E”ergy/ﬁr]“’ers'o" 4.9 8.9 0.23 2.2 0.022
- Y
Resolution FoM 0.027 0.19 0.020 0.19 0.0014
[nJ-K?]
Line sensitivity [°C/V] 2.8 3.8 8.4 14 N/A
(# of samples) (6) (5) (13) 1)
Area [mm?] 0.32 0.074 0.63 0.09 0.013

*1 Resolution FoM = (Energy/Conversion) x (Resolution)?[7]

trimming. The measured resolution and the line sensitivity are 75 mK
and 2.8 °C/V, respectively.

REFERENCES

[1] K. Yang, Q. Dong, W. Jung, Y. Zhang, M. Choi, D. Blaauw and D.
Sylvester, “A 0.6nJ —0.22/+0.19°C Inaccuracy Temperature Sensor Using
Exponential Subthreshold Oscillation Dependence,” ISSCC Dig. Tech.
Papers, pp. 160-161, Feb. 2017.

[2] D. S. Truesdell and B. H. Calhoun, “A 640 pW 22 plJ/sample Gate
Leakage-Based Digital CMOS Temperature Sensor with 0.25°C
Resolution,” IEEE Custom Integrated Circuits Conference (CICC), pp. 1-
4, April 2019.

[3] T.Someya, A. K. M. M. Islam, T. Sakurai and M. Takamiya, “An 11-nW
CMOS Temperature-to-Digital Converter Utilizing Sub-Threshold
Current at Sub-Thermal Drain Voltage,” in IEEE Journal of Solid-State
Circuits, vol. 54, no. 3, pp. 613-622, March 2019.

[4] M. Choi, T. Jang, S. Bang, Y. Shi, D. Blaauw and D. Sylvester, “A 110
nW Resistive Frequency Locked On-Chip Oscillator with 34.3 ppm/°C
Temperature Stability for System-on-Chip Designs,” in IEEE Journal of
Solid-State Circuits, vol. 51, no. 9, pp. 2106-2118, Sept. 2016.

[5] S.Jeong,Z.Foo,Y.Lee,J.Y.Sim, D. Blaauw and D. Sylvester, “A Fully-
Integrated 71 nW CMOS Temperature Sensor for Low Power Wireless
Sensor Nodes,” in IEEE Journal of Solid-State Circuits, vol. 49, no. 8, pp.
1682-1693, Aug. 2014.

[6] H. Wang and P. P. Mercier, “A 763 pW 230 pJ/Conversion Fully
Integrated ~ CMOS  Temperature-to-Digital ~ Converter =~ With
+0.81 °C/—0.75 °C Inaccuracy,” in IEEE Journal of Solid-State Circuits,
vol. 54, no. 8, pp. 2281-2290, Aug. 2019.

[7] K.A.A. Makinwa, Smart Temperature Sensor Survey. Accessed: July 27,
2020. [Online]. Available: http://ei.ewi.tudelft.nl/docs/TSensor_survey.
xls.

[8] T.Someya, K. K. Matsunaga, H. Morimura, T. Sakurai, and M. Takamiya,
“A 0.90-4.39-V Detection Voltage Range, 56-level Programmable
Voltage Detector Using Fine Voltage-Step Subtraction for Battery
Management,” in /[EEE Transactions on Circuits and Systems I: Regular
Papers, vol. 66, no. 3, pp. 1270-1279, Mar. 2019.

[91 M. Seok, G. Kim, D. Blaauw, and D. Sylvester, “A portable 2-transistor
picowatt temperature-compensated voltage reference operating at 0.5 V,”
in IEEE Journal of Solid-State Circuits, vol. 47, no. 10, pp. 25342545,
Aug. 2012.

2573-9603 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on October 08,2020 at 16:41:45 UTC from IEEE Xplore. Restrictions apply.



