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This investigation demonstrates an on-chip temperature sensor with a maximum linear error less than 0.4% and
0.5 °C resolution. The design comprises Current-to-Frequency Converters (CFC), complementary (CTAT), and
proportional (PTAT) to absolute temperature current generator circuits. Most important of all, the proposed
sensor is featured with the ratio of these two currents to enhance the linearity and high resolution. The
proposed sensor was realized using a 180-nm CMOS process. The core area is 0.196 mm?. The measurement
results show 0.3484% maximum linearity error for the PTAT/CTAT ratio. The maximum output frequency of

the temperature detector is 4.817 MHz, with the highest power consumption of 20.13 mW. It was proved to
be used in a —40 °C~100 °C temperature detection range with 0.5 °C resolution.

1. Introduction

Nowadays, security control and temperature detection are critical
aspects in various industries, commercial applications, equipment sys-
tems, biomedical devices, etc., for many reasons. Excessive heat leads to
the performance degradation of components such as integrated circuits,
motors, and other sensitive parts, and increased temperatures often
correlate with higher power consumption. Temperature monitoring
systems with temperature sensors as a critical component play a vital
role in maintaining the reliability, safety, and efficiency of industrial
and commercial equipment and processes [1].

On-chip temperature sensors are becoming increasingly popular due
to advancements in silicon technology. These sensors offer low power
consumption, excellent accuracy, and compact size, and they can be
integrated seamlessly into existing chips for monitoring temperatures.
Most of the temperature sensors provide outputs in the forms of re-
sistance, frequency, current, or voltage which are complementary or
proportional to the measured temperature [2-7]. The signal-processing
circuitry is usually incorporated for post-processing.

The report is divided into the subsequent sections. In Section 2,
a comprehensive explanation of the circuit design is presented, in-
cluding theoretical derivations of the proposed system. Section 3 en-
compasses the practical implementation of the circuit and the cor-
responding measurement outcomes. Lastly, Section 4 concludes the
research.

* Corresponding author.
E-mail address: ccwang@ee.nsysu.edu.tw (C.-C. Wang).

2. Circuit design of the proposed temperature sensor

The proposed sensor consists of the following main parts: Current-
to-Frequency Converters (CFC); a CTAT current generator; a PTAT
current generator; and a Corner Detection Circuit, as shown in Fig. 1.
The temperature of the circuit is first converted into a current and then
into a frequency, respectively. A post-processing circuit, such as FPGAs,
helps to process the signals in the form of frequencies.

Two major types of current generators, PTAT and CTAT, can be
used to enhance the temperature sensor resolution through the process
of division to generate the frequency ratio output, where temperature-
dependent variations from each current partially will be canceled out,
leaving a more stable and temperature-sensitive signal. As a result, the
phase error is minimized in the PTAT/CTAT ratio output, reducing its
impact on temperature readings and making the circuit response more
consistent across temperature ranges. This approach allows the CFC
circuit to more accurately represent the target temperature changes
with better resolution, as small variations in temperature have a more
pronounced effect on the output frequency ratio than if a single current
with only one temperature coefficient were used. This enhancement
ultimately improves the sensor’s sensitivity and precision. In this man-
ner, we may analyze the PTAT and CTAT behaviors to understand
the influence of changes in temperature on the circuit during post-
processing. Prior research usually featured outputs that were only
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Fig. 4. Proposed temperature sensor die photo.

proportional to temperature. In-turns deprived linearity due to leakage
threats and channel length modulation [2-4,8]. An exception was found
in [9], but the temperature range in this report was very limited.

2.1. PTAT current generator

Fig. 2(a) shows the PTAT current generator in Fig. 1. The bandgap
reference circuit takes advantage of the current in bipolar devices,
which varies exponentially with the input voltage. The base-emitter
potential of transistor Q201 is Vp,(T) and Q202 is V;53(T) as shown
in Eq. (1). Eq. (2) shows the relation between the current I, and I,,.
The PTAT current equation is shown in Eq. (3). One more design
decision taken was to use calibrated polysilicon (Ryy;) and N-WELL
(Ry,) resistors to mitigate first-order and second-order variations of

temperatures [4]. Eq. (3) shows that the output current is proportional
to variations in temperature.

1
Vep1(T) = Vg (T) = Vp(T) - ln<1—]>
S

I @
Vigs(T) = Vip(T) - 1n< Q2‘°>
I
I =8 X Igop 2
Vi (T) = Vips(T)
I T= ————" —
prar(T) Rooy (1) + R (T) -

_Ve(D)-In®)  k-T-In(8)
B Rmm[(T) B q- Rmm/ (T)
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Fig. 6. The temperature to frequency measurement waveforms at (a) PTAT_-40 °C; (b) CTAT -40 °C; (c) PTAT_100 °C; (d) CTAT_100 °C.

In Eq. (3), V(T) denotes the thermal voltage, k stands for Boltzmann’s
constant, R,,,(T) represents the series combination of polysilicon re-
sistor (R,;) and N-WELL resistor (R,y,), and g denotes the charge of
an electron.

2.2. CTAT current generator

According to Fig. 2(b), the low dropout (LDO) regulator current
mirror is the basis of the CTAT current generator. To achieve the CTAT
behavior, the design makes use of the temperature coefficient of Ry;.
The CTAT current equation is given in Eq. (4). It is obtained as a
mirror current, that is flowing through the resistor Ryy;, namely, 1,(T),
by the regulated voltage Vz(T), where V5(T) is the voltage drop in
transistor Q210. Eq. (5) illustrates the temperature-induced fluctuation
in the current, which is derived using the chain rule of differentiation

as shown in Eq. (6). If the second term in Eq. (6) is much less than the
first term, the output current will exhibit CTAT behavior.

Vep(T
Herar@™ _ o ( Vep™ o
oT 9T \ Ry(T)
Tl - Zo Dy L 2D ©®
" ) R§°3 o Ryo3 oT

2.3. Current-to-Frequency Converter (CFC)

An all-MOS voltage-to-frequency converter, based on capacitor
charging and discharging cycles, provides a very low frequency dif-
ference per degree and lower stability [10,11]. An oscillator based on
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Fig. 8. The CTAT temperature vs. frequency curves for TT, FF, SS corners.

current-starved delay provides low linearity and insufficient frequency
difference per degree [12]. As a trade-off, a differential ring oscillator is
designed for current-to-frequency conversion to achieve high linearity,
and a high frequency difference per degree. The schematic of the
differential ring oscillator utilized to convert current to frequency is
illustrated in Fig. 3. This oscillator is composed of a startup circuit and
five stages of differential ring oscillators. The currents Ip; 4 (T) and
Ior 47 (T) are given to input terminal I, in PTAT-CFC and CTAT-CFC,
these currents drive the MN301 transistor in the oscillator. To achieve
an optimal balance between linearity and resolution, each stage of the
oscillator employs a differential pair based on symmetrical load cross-
coupling, as emphasized in Fig. 3. The estimated oscillator frequency
is stated in Eq. (7) [13]. The current driving the oscillator (I;,) is the
same as the Ip; 47 (T) and I -7 47 (T) mentioned earlier, thus obtaining a
linear positive and negative temperature coefficient frequency output.
1

flo=—t 7
¢ 2N Tdelay @

In Eq. (7), N denotes the number of stages in the ring oscillator, and
Tyeray denotes the delay per stage.

CL ) szing
Tde]ay = I— ®
n
In Eq. (8), Vi, means Voltage swing (typically Vpp or a fraction of

it) and C; is the load capacitance of each stage. Combining the Egs. (7)
and (8), the oscillator frequency is:
I

_ in
fose = 21 C.-V, ©)

swing

2.4. Corner Detection Circuit (CDC)

The Corner Detection Circuit in Fig. 1 is an autonomous current-
to-frequency converter, with the identical structure the same as Fig. 3,
which is present on the same chip [14]. This additional information
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helps to estimate the corner status of the chip. The frequency output of
the CDC has significant differences, allowing it to be useful for further
process corner predictions.

3. Measurement and analysis

The die photo with the floor plan of the proposed temperature
sensor is shown in Fig. 4. The sensor was designed and fabricated using
a typical 180-nm CMOS technology. Its full chip area and core area are
694 x 984 um? and 368 x 533 pm?, respectively. Fig. 5 depicts the
measurement setup.

Fig. 6 displays the measurement results obtained at temperatures
—40 °C and 100 °C for PTAT and CTAT currents. The current-to-
frequency conversion for PTAT currents yields frequencies of 3.05435
MHz, 3.54649 MHz, 3.9223 MHz, and 4.8187 MHz at —40 °C, 0 °C,
30 °C, and 100 °C, respectively. Similarly, for CTAT currents, the
frequencies attained are 5.2547 MHz, 4.71105 MHz, 4.30293 MHz, and
3.3077 MHz, respectively.

Figs. 7 and 8 show the PTAT and CTAT temperature vs. frequency
curves for TT, FF, and SS corners simulation, and the measurement,
respectively. In the post-layout simulations, as a worst-case scenario,
0.466% @ 37 °C and 0.871% @ 15 °C maximal errors are possessed
by the PTAT and CTAT currents, respectively in the SS corner.
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In Fig. 9, the post-layout simulations of PTAT/CTAT frequency ratio
curve for —40 °C to 100 °C temperature range is depicted. The post-
layout simulation results for three different corners [SS, VDD-10%],
[TT, VDD], and [FF, VDD+10%] demonstrate that the PTAT/CTAT
frequency ratio is predominantly influenced by temperature, exhibit-
ing a PTAT behavior. In the post-layout simulations of PTAT/CTAT
frequency ratio curve, as a worst-case scenario, 0.406% @ 51 °C
maximum linearity error is obtained in the [SS, VDD-10%] corner.

In the measurement results, the temperature sensor also showed
high linear characteristics. The maximum error for the PTAT current
is 0.436% at 50 °C, and the CTAT current is 0.724% at —40 °C. Based
on these findings, our temperature sensor operates between the corners
of SS and TT by post-simulation results [14].

The utilization of PTAT and CTAT currents offers significant ad-
vantages in temperature measurement. These currents inherently com-
pensate for process variations and improve linearity in the CFC by
leveraging their predictable temperature dependence. This synergy
ensures reliable temperature measurements under varying conditions.

We can take advantage of the temperature sensor’s PTAT and CTAT
currents. Correlating these currents increases linearity. The ratio is

proportional to the temperature and possesses the linear property as
shown in Fig. 10 with a 0.3484% maximum linearity error.

The measured temperature error of our sensor is shown in Fig. 11.
The maximum error is 0.305 °C @ 100 °C. The frequency histograms
measured at 100 °C, and —40 °C temperatures can be analyzed to assess
the stability of the frequency distribution, as shown in Fig. 12. The sam-
ple size comprises tens of millions of data points. At each temperature,
the frequencies of PTAT and CTAT fall within three standard deviations,
satisfying the reliability criteria. Fig. 13 displays the eye diagram of the
PTAT output at temperatures of —40 °C and 100 °C. The eye width is
measured at 100.61 ns and 88.47 ns, with corresponding eye heights
of 1.738 V and 1.203 V. The jitter RMS values are recorded as 10.95 ns
and 3.20 ns, respectively. On the other hand, Fig. 14 exhibits the eye
diagram of the CTAT output at the same temperatures. The eye width is
measured at 82.686 ns and 111.4 ns, with corresponding eye heights of
511 mV and 1.593 V. The jitter RMS values are recorded as 2.11 ns and
6.34 ns, respectively. It is evident that as the temperatures increase, the
eye width decreases in PTAT and increases in CTAT. This observation
indicates an inverse relationship between the eye width and the output
frequency.
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The performance of different temperature sensors in previous years
is summarized in Table 1. It can be observed that 0.5 °C is the
best resolution attained by our design. In terms of the linearity, our
design has the highest linearity in both post-layout and measurement
outcomes namely 0.466% and 0.3484%, respectively. The maximum
temperature error observed in the measurement is 0.305 °C @ 100 °C.
Our temperature sensor is compared with previous temperature sensors
using an FOM, which includes the temperature range (°C), tempera-
ture detection error (°C), and the linearity error (%). The technology
roadmap is shown in Fig. 15. Based on this figure, we are assured to
state that our approach is the best so far of all the different temperature
sensors mentioned [3,7,15-17].

4. Conclusion

This investigation presents a temperature sensor developed using
the TSMC 180-nm CMOS process. A —40 °C ~ 100 °C of temperature
range with a 0.5 °C resolution is detected by the sensor. Based on
the measurement results, this sensor demonstrates excellent linearity,
with a maximum linearity error of only 0.3484%. Overall, this on-chip
temperature sensor offers accurate and reliable temperature detection

within a wide range, making it suitable for various applications.
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Table 1
Table of performance comparisons with prior works.
[3] [8] [15] [16] [6] [17] [71 [18] Ours
Year 2013 2015 2017 2018 2019 2020 2021 2023 2024
Process (pm) 0.18 0.25 0.18 0.5 (HV) 0.065 0.065 0.18 0.18 0.18
Verif. Meas. Meas. Meas. Meas. Simu. Meas. Simu. Meas. Meas.
VDD (V) 1.2 5 0.6 5.0 0.8 0.9 3.3 1 3.3
Core area (mm?) 0.09 0.09 0.45 2.39 N/A 0.32 1.64 0.055 0.196
Power (mW) 0.000065 0.384 0.0000297 11 0.0009 0.00000064 48.5 0.00002 20.13
f,,, (kHz) 175~ N/A 29.95 1620~ 60~ N/A 403~ 2.8~ 3054~
275 2270 85 465 560 4817
Temp. range (°C) 0~ —40~ O~ -5~ O~ -30~ —40~ 0~ —40~
100 150 100 40 80 70 80 100 100
Res. (°C) 0.3 N/A 0.1 1 1 N/A 3 0.03 0.5
Temp. error (°C) 1.3 2.06 -1.6 1.01 -1 -1 0.5 0.8 0.305
Lin. error (%) 0.974 N/A 5.5 1.42 N/A 1.7 0.392 N/A 0.3484
FOM 78.98 N/A 11.36 31.38 N/A 58.82 612.24 N/A 840.66

FOM = Temp. Range/(Temp. Error x Lin. Error).
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