All-MOS self-referenced temperature sensor
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This Letter presents an all-MOS self-referenced temperature sensor,
intended for thermal compensation of dark current in CMOS image
sensors (CIS). Its thermal sensing front-end is based on a self-biased
nMOS pair working in the subthreshold region. Biased with ratiometric
currents, the differential voltage output of the nMOS pair is pro-
portional to the absolute temperature. The thermal sensing voltage is
quantised by a self-referenced first-order incremental delta—sigma
ADC, which obtains its reference voltage from the thermal sensing
front-end. This reference voltage has been virtually attenuated,
through switch capacitor charge sampling, to improve the resolution
of the temperature sensor. Measured between —20 and 80°C, the pro-
posed temperature sensor achieves an inaccuracy within +0.55°C.

Introduction: A CMOS image sensor (CIS’s) dark current correlates
with the electron-hole pair generations, which, in turn, are functions
of intrinsic carrier concentration, n;, which doubles with every 11°C
of temperature rise. Therefore, the dark current could be compensated
using on-chip temperature sensors [1]. For this purpose, the temperature
sensors have to meet the following requirements: (1) incurring no
penalty to the image sensing quality; (2) having an accuracy better
than 1°C, as dark current increases by ~15% for every 1°C of tempera-
ture rise [2]; (3) Their calibration effort as well as power and area con-
sumptions should be kept to a minimum, as they are auxiliary, instead of
main functioning blocks on a CIS chip. To meet (1), a MOS-based
temperature sensor is better than a BJT-based alternative, which,
when forward biased, incurs electro-luminescence to the nearby image
sensors implemented on the same chip [3]. Compared an earlier
all-MOS approach [4], this Letter presents a sensor design with the
following features: (i) The thermal sensing devices are nMOS, rather
than the dynamic threshold pMOS devices whose body and drain are
grounded [4]. (ii) Our delta—sigma ADC’s reference voltage has been
virtually attenuated from Vgs; to 1/5 Vs, through a slight modification
of'its charge sampling method, to improve its resolution, by a factor of 5,
rather than, e.g. using a zoom ADC to improve its resolution [4]. In
addition, our temperature sensor can be calibrated at one temperature
point, while maintaining its accuracy for the target application.

Operating principle and circuit implementation: The BJT-free thermal
sensing front-end is shown in Fig. 1. The op amp forms a negative feed-
back loop with Mp; and Mp,, ensuring V, = Vgs; when its offset can be
neglected. The differential output voltage AVgg can be expressed as

kT
AVgs = (), (1)
q
where N =38 is the current density ratio between My, and My, (realised

by their area ratio). & is the Boltzman constant; ¢ is electron charge while
n is a process dependent factor.
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Fig. 1 Schematic diagram of the thermal sensing front-end

Non-ideal factors and one-point calibration: The first non-ideal factor
is the op amp’s offset. Rather than adding a voltage offset to the
sensor output, it changes the currents in both sensing devices. By
elaborate design, e.g. smaller Vgs—Vry of the op amp input pair,
which is in the subthreshold region, Vg can be kept low enough for
the target accuracy (e.g. 1°C). To investigate the process variations in
AVgs caused by aforementioned non-idealities, Monte Carlo simulations
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have been performed for the circuit shown in Fig. 1. The simulation
results between — 20 and 80°C, are plotted in Fig. 2. The untrimmed
3 sigma (30) process variations are £0.9% (Fig. 2a). This can be
reduced to within +0.8°C, by calibrating at one temperature point,
e.g. 30°C (Fig. 2b). The one-point calibration procedures are as
follows. First of all, the simulated AVgg from 100 Monte Carlo
simulations are stored (e.g. in MATLAB). Secondly, each temperature
sensor’s output at 30°C is trimmed to the same value (e.g. 52 mV in
Fig. 2) when assigned an individual gain correction factor N¢ [1].
After applying the correction factor N to each sensor over the
temperature range, a second-order master curve fitting is applied to all
the sensors.

65

= = master curve

60

55

errors, °C

50

output, mV

45

40
—20 0 20 40 60 80
temperature, °C

.8
—20 0 20 40 60 80
temperature, °C

a b

Fig. 2 100 Monte Carlo simulations of the transistor-level thermal sensing
front-end shown in Fig. 1
a Simulated outputs AVgs

b Errors after an individual one-point calibration followed by a second-order
master curve fitting

Delta—sigma ADC: Fig. 3 shows the single-ended schematic diagram of
the proposed self-referenced first-order delta—sigma ADC, in reference
to [5]. In practice, it is a differential circuit. During phase 1, a charge
of 5C'AVgg is sampled on the differential input. During phase 2, the
sampled charge is 5C-Vgs; when Dy, is high, or 4C-Vgg; when Dy
is low. Thus, the output bitstream at Veomp oue Tepresents the ratio
of 5C-AVgs/Vgs1, which should always be less than unity over the
temperature range of interest. This modified delta—sigma modulator
(Fig. 3) improves the resolution of the sensor, by a factor of 5 (when
the resolution is limited by the ADC, as in this Letter), without adjusting
the design parameters (e.g. op amp gain, number of bits) of the delta—
sigma ADC or its decimator filter, compared to its alternative of using
Vs as the voltage reference. The mismatches between 4C and C intro-
duces a gain error, which could be trimmed out by the aforementioned
one-point calibration. In the TT simulation corner, the op amp A1 has a
gain of 84 dB and a unity gain bandwidth (UBW) of 23 MHz, given a
1 pF load.
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Fig. 3 Schematic diagram of the proposed delta—sigma ADC for digitising
the thermal sensing front-end shown in Fig. 1

Measurement results of the delta—sigma ADC: The temperature sensor
is fabricated using a 0.18 pm CIS technology, together with a CIS chip,
as shown in Fig. 4. The active dimensions of the thermal sensing
front-end ‘nMOS pair & bias’ and the ADC are 250 pm x 80 um and
80 um x 120 um, respectively. For flexibility, the decimator filter
(a 13 bit counter) is implemented off-chip. The delta—sigma ADC has
a 2 V., full scale, and is measured at a 2 MHz, with a 100 mV_,
(=26 dB) sine wave input at 349 Hz. The measurement results of the
differential non-linearity (DNL) and the integral non-linearity (INL)
are shown in Fig. 5. Fig. 6 shows the modulator’s Fast Fourier transform
(FFT) under the same sine wave test after filtered by the 13-bit counter.
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Fig. 4 Micrograph of the proposed temperature sensor
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Fig. 5 Measured DNL and INL of the delta—sigma ADC shown in Fig. 3
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Fig. 6 Measured FFT plot of the delta—sigma ADC shown in Fig. 3

Measurement results of the temperature sensor: The proposed tempera-
ture sensors have been measured between — 20 and 80°C on 5 different
chips, and the results are shown in Fig. 7. Their outputs change by ~600
digital numbers over the 100°C temperature range, as shown in Fig. 7a.
It dissipates 40 pW, and achieves a resolution of 0.16°C with a conver-
sion time of 4 ms. The noise of the sensor is measured to be 21 pV, or
equivalently 0.13°C, which is smaller than the resolution, and hence not
limiting its resolution. When the sensors are calibrated at two tempera-
ture points at —10 and 70°C, both their gain and offsets mismatches can
be sufficiently suppressed, resulting in a 3¢ inaccuracy of +1.05°C
(Fig. 7b). With a one-point calibration and a second-order master
curve fitting, the 3o inaccuracy becomes £2.5°C (Fig. 7¢).
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Fig. 7 Measurement results of the temperature sensor

a Digital outputs of the temperature sensors from 5 chips

b Measurement errors, after a two-point calibration at — 10 and 70°C

¢ and after a one-point calibration at 30°C for each sensor. Both b and ¢ are upon
a second-order master curve fitting for all the sensors
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Conclusions: An all-MOS self-referenced temperature sensor, which is
intended for CIS’s dark current compensation, has been fabricated using
a 0.18 pm CIS technology. Based on the measurement results from 5
chips, its 30 inaccuracy is within +1.05°C between —20 and 80°C
after a 2-point calibration. It is compared with the state-of-the-art
works listed in Table 1.

Table 1: Performances compared with the state-of-the-art works

This work [6] 7 [8]
sensor type MOS MOS MOS MOS
CMOS technology 0.18 um 65 nm 28 nm 0.18 um
area, pm” 29,600 4000 1000 89,000

—20 to 80°C | 0 to 100°C | =5 to 85°C | =20 to 80°C
+1.05°C +2.3°C | =3.3/1.9°C +1°C

temperature range

30 accuracy

calibration Two-point | Two-point | One-point | Two-point
power consumption, uW 40 154 56 0.8
conversion time, ms 4 0.022 0.036 800
resolution, °C 0.16 0.3 0.76 0.09
resolution FOM, nJ-K** 4 304.9 1.2 53
rel.IA, %P 2.1 4.6 5.8 2

“Energy/Conversion x (Resolution)?, in reference to [9].
%36 accuracy/temperature range, in reference to [9].

The advantages of our design are a reasonably low FOM, when
fabricated using a conservative (cost effective) technology.

Acknowledgments: The work reported was part of the SENSATION
project, sponsored by the Dutch Government and the PENTA initiative
of the EC. We thank TowerJazz for their support in the prototype fabri-
cation, Zuyao Chang and Lukasz Pakula for the measurement setup. The
authors thank Sining Pan, all the editors and reviewers for their valuable
comments.

© The Institution of Engineering and Technology 2019

Submitted: 07 June 2019 E-first: 29 July 2019

doi: 10.1049/e1.2019.1784

One or more of the Figures in this Letter are available in colour online.

S. Xie and A. Theuwissen (Delft University of Technology, 2628 CD,
The Netherlands)

=0 E-mail: s.xie@tudelft.nl

A. Theuwissen: Also with Harvest Imaging, Bree, Belgium

References

1 Xie, S., Abarca, A., Markenhof, J., ef al.: ‘Analysis and calibration of
process variations for an array of temperature sensors’. 2017 IEEE
SENSORS, 2017

2 Theuwissen, A.: ‘How to measure the average dark signal’, http:/
harvestimaging.com/blog/?p=795, accessed Nov. 2018

3 Seo, K., Lee, S., Ahn, P., et al.: ‘A study on photon effect to image
plane’. 2017 Int. Image Sensor Workshop, 2017

4 Souri, K., Chae, Y., Thus, F., et al.: “12.7 a 0.85V 600nW all-CMOS
temperature sensor with an inaccuracy of +£0.4°C (30) from —40 to
125°C’. 2014 IEEE Int. Solid-State Circuits Conf. Digest of Technical
Papers (ISSCC), 2014

5 Schreier, R., and Temes, G.C.: ‘Understanding delta-Sigma converters’
(Wiley-IEEE Press, Piscataway, NJ, USA, 2005)

6 Anand, T., Makinwa, K.A.A., and Hanumolu, P.K.: ‘A self-referenced
VCO-based temperature sensor with 0.034°C/mV supply sensitivity in
65 nm CMOS’. 2015 Symp. on VLSI Circuits (VLSI Circuits), 2015

7 Cochet, M., Keller, B., Clerc, S., et al.: ‘A 225 pmz probe single-point
calibration digital temperature sensor using body-bias adjustment in
28 nm FD-SOI CMOS’, Solid-State Circuits Lett., 2018, 1, (1),
pp. 14-17

8 Song, W., Lee, J., Cho, N., ef al.: ‘An ultralow power time-domain
temperature sensor with time-domain delta—Sigma TDC’, Trans.
Circuits Syst. II, Express Briefs, 2017, 64, (10), pp. 1117-1121

9 Makinwa, K.: ‘Smart Temperature Sensor Survey’, https:/ei.tudelft.nl/
smart_temperature/, accessed Sep. 2018

19th September 2019 Vol. 55 No. 19 pp. 1045-1047



