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A 406.08pW CMOS Temperature Sensor with Sensing Range of -20°C to 100°C
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Department of Electronics and Communication Engineering, Birla Institute of Technology, Mesra, Ranchi, India

ABSTRACT

This proposed article introduces a design for a low-energy temperature sensor that removes the need for
bipolar junction transistors (BJTs). As an alternative, the sensor leverages the temperature dependence
of MOSFETS' threshold voltage, simplifying the circuit layout and decreasing power consumption. The
proposed sensor structure uses five transistors running inside the subthreshold region, ensuring ultra-
low energy operation. The design has been extensively simulated and demonstrated using the Cadence
simulation environment with the gpdk 90nm CMOS generation library. The circuit operates with an
ultra-low supply voltage of +0.1V, making it especially suitable for low-strength applications. The
sensor is specially optimized for on-chip thermal sensing inside a temperature variety of -20°C to
+100°C, protecting a broad spectrum of operating situations. one of the key features of this design is its
remarkably low power intake, that is measured to be only 406.08 pW, and only inaccuracy of £0.1°C,
making it a remarkable desire for strength-restrained environments consisting of wearable electronics,
implantable medical devices, and 10T sensors. The simplicity of the layout, blended with its electricity
performance, underscores its potential for integration into cutting-edge low-electricity ICs, wherein
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thermal monitoring is essential for overall performance optimization and reliability assurance.

l. INTRODUCTION

Smart temperature sensors that are fully integrated and
cost-effective are widely used in many different
applications, including office or home electronics,
automotive systems, and thermal management in
portable consumer electronics. They are also
necessary for many safeties systems' heat detection
[1]. The temperature could be a very essential
physical quantity in our daily life. It is implemented in
various  fields, including clinical,  space,
semiconductor, wearable devices, biomedical, and
automobile industries etc. In semiconductor devices,
temperature tracking plays an essential role in
preventing heating issues and thermal management of
devices. Nowadays, it’s a heavy call. The use of
CMOS-based temperature sensors is advantageous for
thermal management, as they help in accurately
tracking device heat [2].

Numerous CMOS temperature sensors with
varying temperature ranges and accuracy levels have
been suggested and constructed. When designing
temperature sensors with CMOS technology, one of
three main approaches is typically used: bipolar
junction transistor (BJT), threshold voltage, or inverter

delay [3]. Most CMOS temperature sensors have
different accuracies and temperature ranges in their
designs. Because of the limitations of MOSFET
operating characteristics, the range of operating
temperature is usually restricted to 20°C to 130°C.
Because of their greater precision, BJT-based CMOS
temperature sensors are especially well-liked among
these sensors. These sensors depend on the forward-
bias base-emitter junction of the BJT's CTAT or PTAT
behavior. But as CMOS process technology advances,
BJT performance declines, frequently necessitating
external curvature correction.

Furthermore, the idea of inverter delay, which is
also temperature-dependent, has served as the
foundation for the development of numerous CMOS
temperature sensors. One benefit of this design
technique is that it is entirely digital. However, it needs
a clock signal that is independent of temperature,
which poses a serious challenge for implementation
[4]. Since its creation, the suggested temperature
sensor has experienced substantial advancements.
With a power consumption of only 406.08pW, it was
made to function in the temperature range of -20°C to
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100°C [5,6,7].

Recent developments in CMOS temperature
sensors have placed a high priority on improving the
sensors' overall performance, paying particular
attention to crucial elements including durability,
linearity, and precision. Considerable attention is
being paid to reducing the impact of temperature,
voltage, and process fluctuations [8], which can
significantly affect the accuracy and dependability of
the sensors. Ultra-low-power temperature sensors are
also becoming more and more popular, which makes
them perfect for Internet of Things applications and
battery-operated devices.

Alongside these developments, scientists are
investigating novel calibration methods to increase
accuracy and reduce error margins. Real-time data
analysis and enhanced sensor capabilities are made
possible by integration with sophisticated signal
processing techniques, which are also becoming more
popular. Additionally, the use of more compact,
smaller designs satisfies the need for electronic
devices that are smaller in size while improving
interoperability with modern integrated circuits. These
innovations collectively pave the way for the next
generation of temperature sensors, catering to a wide
range of applications in healthcare, environmental
monitoring, and industrial automation. [9,10]

. SUB-THRESHOLD REGION
OF MOSFET

In contrast to the linear and saturation areas, the
current flowing through an NMOS transistor at the
subthreshold region is controlled by a different
equation, stating that this current can be written as
follows: [8,9]

W VGs-vip -Vps
ID: /LIOe mVT 1_8 VT
VGs-vp

= W/ le mvr (1)

Where, V; = KBT/q

W and L are representations of the width and length of
the transistor in these equations, while the gate-to-
source and drain-to-source voltages supplied to the
transistor are indicated by VDS and VGS,
respectively. The dependent parameter that is likewise
affected by temperature is 0. Vth is the NMOS
transistor's threshold voltage, m is the technology-
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determined subthreshold slope factor that depends on
fundamental constants, where kB is the Boltzmann
constant, g represents the elementary charge, and T
denotes the absolute temperature [10,11].

Now, V,, can be written as,

N
Vin = Vino - 2Vrln (52) @

Where, V,, is the threshold voltage is, NA is a carrier
concentration, and ni is an intrinsic carrier
concentration

Drain-induced barrier lowering (DIBL) is a crucial
factor to consider while examining the threshold
voltage Vth.[12] At larger drain voltages, this effect
lowers the threshold voltage. The MOSFET's drain-to-
source resistance and transconductance in the
subthreshold region can be written as follows: [13,14]

—O9p _ Ip
m= Vs B mVr ®)
_ 61D ) _ mVT
Ta = (avDs ~ Aplp ®
Where, A, is the DIBL coefficient
1. PROPOSED TEMPERATURE

SENSOR

The proposed temperature sensor comprises five
transistors arranged in a differential configuration, as
depicted in Fig. 1. Transistors M3, M4, and M5 are
configured to function as active resistors. Utilizing a
small-signal model, it can be observed that MOSFETS
operating as active resistors behave like simple
resistors with an equivalent resistance of 1/gm [12]. In
this configuration, transistors M3, M4, and M5 act as
simple resistors. However, since they are operating in
the sub-threshold region, the expression for their
transconductance (gm) is described by Equation 3.
Consequently, the resistance exhibited by M3, M4,
and M5 can be expressed as follows.

1 mVr m KgT

ro=1 =M o Ry fel (5)

9, Ip Ip q



From Equation 5, the resistance of the transistors
shows a direct relationship with the absolute
temperature.
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Fig. 1. Proposed Temperature Sensor Circuit

A current mirror replicates the current flowing through
transistors M1 and M2 into M3, with amplification
determined by the WI/L ratios of M1 and M3.
Likewise, transistors M4 and M5 draw distinct
currents, and the output voltage Vout reflects the
difference between the currents from these two
sections. A pair of transistors is implemented on one
side of the differential configuration design to increase
the output voltage's linearity, which improves the
circuit's accuracy and stability.

Electricity intake is of crucial to attention within the
design of temperature sensors, in particular in low-
power applications. When transistors operate inside
the sub-threshold region, their current will increase
exponentially with temperature. This behavior also
extends to the biasing transistors, making them key
participants in the circuit's usual strength dissipation.
The cutting-edge inside the circuit is regulated by the
biasing transistors, specifically by using their
dimensions, as the dimensions of the biasing transistor
without delay affect its current handling with potential
and energy performance.

To gain ultimate overall performance, careful sizing of
the biasing transistors is critical because it balances the
alternate-off among electricity intake and the required
sensitivity or dynamic range of the temperature sensor.
Additionally, the usage of advanced layout strategies,
along with using cascade current mirrors or dynamic
biasing schemes, can further minimize energy
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dissipation while retaining high accuracy and linearity
across a wide temperature range. Those considerations
are especially essential for integration in present-day
programs such as wearable devices, 10T structures,
and different  power-limited environments.
Furthermore, sensors with smaller form factors are
being developed because of improvements in
fabrication techniques, which will enable their
seamless integration into small and portable devices.
Designers are also investigating the usage of cutting-
edge materials and creative circuit topologies.

IV. SIMULATION RESULTS

The gpdk90 nm library and a +0.1V supply voltage are
used to simulate the suggested temperature sensor
inside the Cadence Virtuoso analog and digital design
environment. The circuit, as illustrated in Fig. 1,
exhibits a linear voltage response within the
temperature range of -20°C to +100°C. At -20°C, the
output voltage of the sensor is 14.0778 mV; even at a
hundred®C, it increases to 29.9959 mV. The sensor
achieves a sensitivity of 0.132 mV/°C, indicating a
particular voltage variation with temperature. The
output voltage of the sensor throughout one-of-a-kind
temperatures is provided in Fig. 2. As is traditional, a
mild discrepancy exists between the simulated effects
and the best curve, known as errors. Fig. 3 shows the
error of only +0.1°C.

Because the circuit's temperature rises, its strength
intake will also increase. At 100°C, the strength intake
reaches 406.08 pW, while at room temperature (27°C),
its miles notably lower at 80 pW. The connection
between the circuit's power dissipation and
temperature is depicted in Fig. 3, highlighting the
sensor's energy-green overall performance throughout
the range.
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In real-world scenarios, power supply voltages are not |
perfectly constant and often exhibit slight offsets. To |
account for this, the circuit was simulated with a +10 mosra] [}
mV variation across a voltage range from 0V to I
+0.5V. The simulation results, shown in Fig. 4, = o] \
indicate that the temperature curve shifts by +10 mV -

for every +10 mV increase in the power supply
voltage.
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Fig. 5. Transient response of the proposed circuit
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Fig. 7. Layout of Temperature Sensor of Figl.

TABLE I. Performance analysis with existing
Temperature Sensors

Proposed
Parameter [1] [7] [8] Cil%uit
Teenoo9Y 1180 [90 |90 | 90
Power
Temperature {é‘o to‘5o {85 ;21%60
Range (°C) +125 +125 ng
Power
GRAUmPHOn | g5y | 25u | 45n | 406.08p

The contributed work on the temperature sensor has
been benchmarked in contrast to several previously
designed circuits, as provided in Table 1. The contrast
highlights that the proposed sensor famous drastically
low energy dissipation, making it best for energy-
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restricted packages, which include loT devices and
transportable systems. The voltage output not simplest
demonstrates excessive accuracy but also maintains
outstanding linearity across the whole sensing range,
ensuring dependable overall performance for precise
temperature tracking.

Furthermore, among the designs compared, the
proposed sensor's strength performance is unequaled,
placing it apart as a distinctly optimized solution for
low-electricity programs. The temperature range of the
sensor spans over one hundred 50°C, covering a wide
variety from -20°C to +100°C. This versatility makes
it appropriate for each business and commercial
environment.

The sensor’s compact design, leveraging advanced
CMOS technology, allows for seamless integration
into current structures. Its robustness towards
procedure, voltage, and temperature (PVT) versions
further enhances its reliability and ensures consistent
overall performance in diverse running conditions.
These capabilities, blended with its minimal power
requirements and wide sensing variety, make the
proposed sensor a compelling choice for packages
such as wearable devices, semiconductor testing, and
environmental tracking structures.

V. CONCLUSION

The temperature sensor discussed in this newsletter
operates with extremely low power consumption,
measured in the picowatt range, whilst providing
enormously accurate voltage outputs corresponding to
the implemented temperature within its sensing range.
With a sensing variety spanning from -20°C to
+100°C, the sensor is ideal for diffusion of
applications, together with commercial structures,
wearable gadgets, and semiconductor technologies.
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