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Abstract— This paper presents the design of a fully flexible
temperature sensor for wearable applications. The sensor is im-
plemented using the newly available flexible integrated electronic
circuit (Flex-IC) technology from Pragmatic Semiconductor [1].
To address the design challenges due to the limited set of thin film
components available in this non-CMOS technology, a counter-
based time-to-digital conversion (TDC) technique has been devel-
oped, where the pulses provided by a temperature-dependent ring
oscillator are gated and counted by a temperature-independent
delay cell. The operation of the delay cell relies on the tem-
perature coefficient cancellation of resistive components by a
cross-coupled pair. A tunable calibration mechanism is also
incorporated in the design to handle the process corners in
a temperature range of 32°C - 42°C suitable for biological
sensing. The presented sensor design exhibits a low time-jitter
induced measurement error, with a 0.81 % probability of toggling
the least significant bit (LSB) per sample, maintaining 0.1 °C
precision and a zero-error range of 6.8 °C, while dissipating
a power of 2.5mW with an acquisition time of 3 ms. The
chip layout measures 3.0 mm X 3.0 mm with a die thickness of
30 um. Compared to existing rigid and hybrid systems, the Flex-
IC technology opens up opportunities for advancing conformal
electronics, particularly for applications requiring continuous
monitoring on dynamic body surfaces.

I. INTRODUCTION

The form factors of bioelectronics are constantly evolving
to create devices that are thinner, lighter, and more compact,
with the common goal of providing intimate contact with
biological tissue to improve signal quality. While significant
advances have been made, ultrathin systems often face limita-
tions in functionality and robustness, presenting challenges in
manufacturing, handling, and real-world deployment [2], [3],
[4]. Flexible hybrid electronic systems are promising, offering
a balance between flexibility and electronic capabilities [5],
[6]. However, current flexible hybrid systems often fail to
achieve the thinness and conformability necessary for intimate
integration with biological systems. This paper explores a
novel approach to address these challenges for temperature
monitoring by focusing on the combination of innovative
materials and Flex-IC technologies that could broadly impact
the fields of wearable electronics, soft robotics, and building
integrated electronics.
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Biological temperature monitoring is essential in various
applications, including medical diagnostics, wearable devices,
and animal health monitoring. There is significant demand for
temperature sensing solutions that target flexible and mechan-
ically compliant applications. Existing approaches employ a
hybrid combination of flexible/stretchable substrates and rigid
temperature-sensing electronic circuit components that limit
their ability to conform to three-dimensional shapes [6], [7],
[8]. These systems rely on commercial off-the-shelf (COTS)
components, such as silicon-based sensors and rigid discrete
components, which can be inflexible and uncomfortable for
long-term use on dynamic body surfaces. These limitations
hinder their effectiveness in applications requiring confor-
mal contact due to low thermal coupling. Recent work also
explores creating temperature sensor components based on
novel materials, fabrics, and printed electronics. However, this
category of sensors are passive in nature and require additional
peripheral electronics for full functionality [9], [10], [11].

This paper presents a completely flexible, mechanically
compliant, and highly integrated temperature sensor design
by implementing a custom temperature sensor with digital
readout in a Flex-IC design that can be integrated with an
elastomeric substrate. The sensor is realized through the newly
available Flex-IC technology from Pragmatic Semiconductor
[1], featuring a minimum bend radius of 5 mm, a minimum
transistor channel length of 600 nm, and a die thickness of
30 um. Hence, the sensor avoids the constraints of traditional
integrated electronic circuits and systems, providing a high
level of mechanical conformity to biological surfaces. The
thin and flexible architecture of the sensor will facilitate rapid
temperature equilibration, allowing for precise and dynamic
skin temperature measurement. Furthermore, the integration
of Flex-IC components in elastomeric substrates opens up
possibilities for monitoring a wide range of physical and
physiological parameters, paving the way for next-generation
wearable health monitoring devices.

II. SYSTEM ARCHITECTURE

The Flex-IC technology offers a reduced subset of compo-

nents compared to traditional CMOS technologies. Namely,
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Fig. 1. The flexible temperature sensor block diagram showing the oscillators

implementing the TDC architecture.

thin film NMOS transistors, resistors, and capacitors. This
requires creative circuit design approaches to implement the
desired functionality in the technology. The presented sensor
architecture implements a temperature estimation function
based on the ratio of two periods, which serves as the core
temperature sensing mechanism. Similar approaches have been
successfully implemented in previous work [12], [13], [14].
The system functions as a TDC by counting the pulses of
a temperature-dependent oscillator within a fixed observation
window, which is defined by a temperature-independent refer-
ence period, through the structure depicted in Figure 1.

In this figure, the temperature-dependent ring oscillator,
composed of three NMOS inverter stages with resistive loads,
generates a frequency that varies directly with temperature.
The relationship is manifested by Pragmatic Semiconductor’s
native resistor that exhibits a positive temperature coefficient.
The temperature-independent reference oscillator is composed
of seven fully differential amplifiers in a ring formation.
Temperature independence is established by ensuring that the
RC time constant does not vary with temperature, where R
is the amplifier’s output impedance and C is the parasitic
capacitance between stages. To achieve this, the differential
amplifier features an output stage based on the tunable neg-
ative impedance topology [15]. Further design details of the
temperature sensor is provided in Section III.

In the counter-based TDC approach presented, the
temperature-dependent pulse counter is disabled when the
reference pulse counter reaches a digitally programmed count
value, referred here as precision factor N. The time between
initialization and disable is defined as the measurement win-
dow. The final digital output Y approximates the temperature
through the product of the temperature-dependent oscillator
frequency f, and the reference oscillator period P, scaled by
N and shifted by the output reference O,..¢, as described in
Equation 1, effectively translating the temperature information
into an equivalent digital format.

Y = NPy fr — O, (D

III. SENSOR DESIGN AND IMPLEMENTATION
A. Temperature-independent Reference Oscillator

A temperature-independent oscillator provides a stable time
reference for the sensor. The delay cell is composed of a
series of fully differential components in a ring, enabling
oscillation. The differential amplifier’s circuit schematic is
shown in Figure 2 and consists of a differential input pair, Q1
and ()2, cross-coupled pair, 4 and @5, and a programmable
bias current source.

vdd

lel-o + Vin— 0-”:

vdd

:tVout

Fig. 2. The schematic of a single delay element used in the temperature-
independent reference oscillator.

The period of the reference oscillator is established by the
RC time constant of the system. Resistors employed by Flex-
IC technology exhibit a positive temperature coefficient, which
is nulled using the negative coefficient exhibited by the cross-
coupled transistor pair’s small signal resistance .. = —l
where g, is the transconductance of (), and @5 and 1t “is
adjustable via bias current Ig. This enables the output stage
to compensate for the inherent temperature dependence of the
resistors, ensuring the effective resistance is constant and the
complete circuit has stable delay performance across varying
thermal conditions, as discussed later in Section III-B.

The goal of the circuit design is for both R and r.. to scale
by the same factor in opposite directions within a given tem-
perature change, causing the resistance of their parallel com-
bination to be constant. This is achieved through temperature-
dependent current steering. To realize this impedance balance
mechanism, let’s define « as the resistor’s temperature coeffi-
cient, set by the technology, and 3 as temperature coefficient
of rq.. Output impedance at a single output node of the
differential amplifier is the parallel combination of R and -
_Lshown by Equation 2, which gives output impedance as
a function of temperature.

BT (R(1+ aT) (1 + 8T) 5
out( ) ﬁ(l—f—ﬁT)— (1+OKT) ( )

By definition, if the circuit’s
independent of temperature,

output impedance is
it should be constant within
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the desired temperature operation range, [0,77]. With this
condition, /3 is defined by Equation 3, approximated due to
small a.

at o

T R+ali(R - ) ~ Rgm

B 3)

In Figure 2, a temperature-dependent current /g is used to
bias r.. and achieve the desired temperature coefficient .
The temperature dependence of I is dictated by V4. As R
varies with temperature, R,,.,, varies proportionally, causing
Vetrt to vary inversely with Ry, This inverse relationship
allows V. to dynamically adjust r... As Ig increases, 7.
becomes less negative, thereby increasing its contribution to
overall output impedance. This counteracts the temperature-
induced variation in R, as expressed in Equation 2. Since
on-chip resistors exhibit the strongest temperature variation,
B is primarily determined by the variation of Rp.,4. This
mechanism is leveraged to combat the temperature dependence
native to on-chip resistors. A key design feature of this circuit
is the differential variation of I3 and Ig with their sum held
constant. This ensures that the total current steered between
the differential load resistors R remains constant across the
tuning range, maintaining a constant output swing.

B. Calibration

To mitigate process variations inherent to the fabrication,
calibration mechanisms are required. There are three cal-
ibration techniques exercised: Linearization Control R4,
Precision Factor N, and output reference O,..¢. Once all three
calibration techniques are applied, the digital output becomes
linear with programmable slope and offset with respect to
temperature across all process variation extremes.

Linearization control is achieved by setting the 8-bit pro-
grammable resistance R,.,, shown in Figure 2. V. varies
inversely with .4, which in turn changes the bias current to
the differential amplifier, adjusting the gim term in Equation 2.
As a result, the temperature independence of the circuit is
calibrated regardless of the specific process corner at which a
chip sample is fabricated.
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Fig. 3. The Rprog resistance adjusts the duration of the measurement

window. The time duration becomes temperature-independent when calibrated
to the intersection of the family of temperature curves.

Figure 3 displays the reference period in seconds as a
function of R,,,..q. Multiple curves are shown, corresponding
to various body temperatures, which define the input range
for a potential application. The intersection of these curves
represents the optimal bias point because it is here that the
reference period length is constant across temperatures.

The precision factor enables a digitally programmable, user
adjustable measurement window duration N. This sets the
slope of the plots in Figure 4. This form of calibration provides
resilience to process variations by allowing for compensation
of the delay mismatch between chip samples. Additionally, this
enables the option of finer control defined by the application’s
requirements. The output reference O,..¢ sets the initial value
of the temperature-dependent pulse counter. Setting this to a
negative value enables the system to be calibrated for any
offset.
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Fig. 4.  Circuit simulations show a linear sensor response. Calibration

corrects for nonlinearities associated with process corners across the targeted
temperature range used for biological sensing.

Simulation results, shown in Figure 4, demonstrate that
the sensor achieves a precision of 0.1°C and an accuracy
of 0.2°C over a 10°C range. There is a trade-off between
accuracy and precision, and the sensor can be calibrated to
optimize one over the other based on the specific requirements
of the application. Accuracy, defined as the difference between
observed and expected output, can be adjusted to center the
zero-error region around any temperature. At 37 °C, the sensor
exhibits a zero-error range of 6.8 °C, ensuring reliable perfor-
mance within the calibrated region despite process variations.

C. Layout and I/O Interface

The chip layout displayed in Figure 5, measuring
3.0mm X 3.0 mm, integrates both the temperature-dependent
and temperature-independent oscillators along with their as-
sociated logic. The design includes I/O pads for control,
calibration, and testability. A serial interface is implemented
to minimize the number of pads, with data lines handling both
calibration and readout

IV. SIMULATION RESULTS

Extracted simulation results of the chip demonstrate that
it achieves a measurement time of 3ms with a precision of
0.1°C and accuracy of 0.2°C over a 10°C range. During
active operation, the system consumes 2.5mW of power,
necessitated by the resistive loads. However, the power con-
sumption will decrease proportionally with the duty cycle, as
the chip only requires power while sensing. The frequency of
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Fig. 5. Temperature Sensor Chip Layout. The dimensions are 3 mm X 3 mm.

the temperature-dependent oscillator drifts between 550 kHz
and 590kHz over the temperature range of 32°C to 42°C,
while the reference oscillator maintains a stable frequency of
570kHz, enabling efficient and accurate temperature measure-
ments in biological environments.

A. Noise Analysis

Electronic noise introduces measurement error through jitter
in the temperature-dependent oscillator and the temperature-
independent reference. The jitter in both circuits is character-
ized by their standard deviations o, (temperature-dependent
oscillator) and o,, (temperature-independent reference). Both
sources of jitter are assumed to be Gaussian distributed with
a mean of zero.

The total system jitter, oyo1q;, can be expressed as the
root-sum-square of the individual jitter components. Jitter
contributions from the temperature-dependent oscillator and
temperature-independent reference are uncorrelated. There-
fore, a closed form expression for the total jitter variance is
defined in Equation 4.

T = Nog, + (Y = Oreg)o} “)

In addition to the jitter contributions, the relative time
difference between the end of the measurement window and
the next oscillator edge serves as the threshold that jitter must
exceed in order to achieve a least significant bit (LSB) toggle.
This time difference can be represented as a uniform random
variable AT with range [-57-, 571

The probability of an LSB toggle error caused by total
jitter can be determined by taking twice the average of the
survival function of a standard Gaussian distribution over the
right half of the uniform distribution of AT, leveraging the
system’s symmetry. This probability is expressed in Equation 5
where ®(z) is the standard Gaussian cumulative distribution
function, and oy, is the total jitter standard deviation [16].

Pr(Error) = 2f, /ﬂ (1 -0 < AT >> d(AT) (5
0 Ototal

Through noise simulations, o,, and o, are measured to be
284 ps and 312 ps with f, of 573kHz. For a typical sample,
0.1°C precision is achieved with an N and Y of about 1.7k
and 1.8k, respectively. Therefore, the probability of a jitter
induced LSB toggle is 0.81 % per sample.

V. CONCLUSION AND FUTURE WORK

The design of a completely flexible temperature sensor for
wearable applications is presented. The sensor is implemented
using the recently available Flex-IC fabrication technology
from Pragmatic Semiconductor, which offers a limited set
of non-CMOS thin film components. To address the design
challenges due to this limitation, a counter-based TDC ap-
proach has been considered by the authors. To that end, the
pulses provided by a temperature-dependent ring oscillator are
gated and counted by a temperature-independent delay cell
producing a linear digital representation of the temperature.

The presented design approach for the delay cell employed
in gating the counts relies on the temperature coefficient
cancellation of resistive components by a cross-coupled pair.
Moreover, the design incorporates a calibration mechanism
in order to handle variations due to process corners across
a 32°C - 42°C temperature range with minimal time jitter
interference. Compared to existing rigid and hybrid systems,
the Flex-IC technology opens up opportunities for advancing
conformal electronics and addressing current challenges in
robustness, functionality, and form factor, particularly for
applications requiring continuous monitoring on dynamic body
surfaces.

Future work involves encapsulation of the fabricated Flex-
IC prototype in an ultralow modulus silicone elastomer,
where various strategies such as spin processing and injection
molding will be considered. These methods will allow for
precise control over the encapsulation thickness. For testing
and characterization, interconnects with a minimum width and
pitch of 100 pum will be created from patterned serpentine
architectures using copper film and room-temperature liquid
metal electrical wiring based on the previous work by the
authors [6], [17], [18]. These methods will provide a highly
robust electrical connectivity between the Flex-IC and external
measurement instruments and power supplies.

Cu interconnects (5 ym wide)

/ \
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LM vias\

~250 pm
overall
package Al pads LM interconnects
thickness Flex-IC —,
(30 pm thick) Elastomer
Fig. 6. Flex-IC Encapsulation Methodology.

The cross-section of the aforementioned encapsulation
methodology is shown in Figure 6, where an overall flexible
package thickness of 250 pm is planned based on the similar
dimensions employed in previous work.
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