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Abstract— This work presents a time-domain stress sensor
interface in 180 nm CMOS for energy-constrained IoT systems.
By encoding stress-induced current directly into frequency via a
current-controlled oscillator (CCO), the proposed architecture
overcomes the conventional trade-off between sensitivity and
dynamic range of voltage-domain approaches while enabling
programmable sensitivity through digital accumulation time.
The fabricated sensor achieves a measured power consumption
of 225.6 nW, a resolution of 0.27 MPa (1o) with a 3 ms
conversion time, and a state-of-the-art resolution FoM of 0.05
nJ-MPa2 This corresponds to a 15x improvement in FoM and
more than three orders of magnitude reduction in power
consumption compared to prior art.

Keywords—CMOS stress sensor, piezoresistive, silicon, time-
domain readout, current-controlled oscillator, ultra-low power

[. INTRODUCTION

The proliferation of IoT and edge computing demands
energy-efficient sensor nodes capable of long-term battery or
energy-harvesting operation [1-2]. Silicon piezoresistive
stress sensing, which transduces mechanical deformation into
resistance variation [3], is a critical modality for diverse
applications, ranging from robotic tactile feedback [4] to
biomedical force tracking [5], and structural health monitoring
[6] (Fig. 1). These IoT stress sensors must satisfy three key
requirements: 1) ultra-low power consumption to minimize
battery drain; 2) high sensitivity to detect small deformations;
3) a wide dynamic range for diverse IoT use cases. However,
conventional architectures suffer from inherent trade-offs
between sensitivity and dynamic range, and milliwatt-level
power making them unsuitable for IoT applications.

Conventional stress sensor interfaces primarily rely on
voltage-domain sensing. As shown in Fig. 1, previous designs
include an open-loop integrator structure with a SAR ADC [4],
and a closed-loop implementation with DAC feedback [7].
However, increasing amplifier gain to enhance sensitivity
leads to voltage saturation at either the amplifier output or
ADC input, fundamentally constraining the measurable stress
range. Although adjustable gain and DAC feedback can
alleviate this, they cannot fully eliminate the inherent trade-off
between sensitivity and dynamic range.

This work addresses this trade-off by shifting to time-
domain processing. Instead of converting the stress-induced
current change into a voltage, the proposed design directly
modulates the frequency of a current-controlled oscillator
(CCO) with the sensor current. The stress information is thus
encoded in the time domain, addressing the voltage saturation
issue that limits the dynamic range under high-sensitivity
operation [4,7]. By decoupling sensitivity from dynamic range,
a wide dynamic range is achieved while maintaining high
sensitivity. Sensitivity can be adjusted by controlling the
accumulation time of the digital counter, trading sensitivity for
energy rather than dynamic range. Further, extending the
measurement over time reduces power consumption, enabling
low-power IoT operation.
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Fig. 1. Conceptual illustration of the stress sensing application and
comparison of the state-of-the-art and the proposed stress sensor interface.
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Fig. 2. Top-level architecture of the stress sensor, including CMOS
PMOS/NMOS sensor element array, sensor multiplexer, current mirror
interface, current and voltage references, and digital domain.

II. THE PROPOSED CMOS STRESS SENSOR INTERFACE

A. System Architecture

Fig. 2 shows the system diagram of the proposed stress
sensor interface. One of multiple sensors, distributed across
the chip, is selected using a multiplexer and connected to a
current mirror (CM) interface. An NMOS CM interface with
a PMOS sensor is used for normal stress sensing, and a PMOS
CM interface with an NMOS sensor is used for shear stress
sensing. Then, a current-to-digital converter digitizes the
stress-induced current difference. Additionally, voltage and
current references [8] are supplied for system biasing.

B. Stress Sensing Front-End Interface

Fig. 3 shows the proposed differential readout partitioned
into analog and digital sections. When normal stress is applied,
currents in the PMOS stress element pair (I,/1, and I3/14) vary
in opposite directions. The NMOS CM then replicates this
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Fig. 3. Detailed circuit of the proposed stress sensor interface integrating
PMOS sensors and an NMOS CM interface with sourcing current (Is) into a
current multiplier and a current-to-digital converter.
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Fig. 4. Timing diagram of the conversion process for the stress sensor using
a differential frequency-to-digital converter.

differential current (I;” and 14”), producing twice the stress-
induced current difference (2Ix) at Ip and In. However, a
significant current imbalance due to large stress—e.g., when
I; and I5 are much larger than I, and 14 with large positive [»—
can lower the voltages at nodes V; and V3, degrading NMOS
mirror operation and restricting dynamic range. To mitigate
this, a sourcing current (Is) is injected at V, and V3 to sustain
the node voltages, ensuring proper mirror functionality under

large current differences, thereby extending the dynamic range.

In addition, Is introduces a DC offset that enables
measurement of negative Ix by preventing output clipping at
zero. Is is set to approximately half the base current (Ip) to

ensure the CM functions effectively across the full stress range.

The resulting output currents (Ia, Ig) are digitized through a 3-
stage CCO [9] and asynchronous dual-edge counters. Under
zero-stress conditions (current multiplier factor k = 1), the
CCO operates at a nominal frequency of 54.4 kHz. This circuit
is optimized for ultra-low-power operation, with each current
path (I,—14) biased at o = 10 nA.

Since stress proportionally affects current, significant
stress causes an increase or decrease in current of I;—14. To
guarantee stable operation, four voltage regulators maintain
constant voltage at the Vi4 nodes (Fig. 3), ensuring a fixed
Vps for sensor elements. These regulators employ four
amplifiers with combined power consumption of < 1 nW.
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Fig. 6. (a) Measured results of the sensor interface output current excluding
digital domain (b) Measured layout-dependent oscillator frequency variation.

C. Readout Operation and Digitization

The timing diagram in Fig. 4 shows the digital operation.
An ENosc signal activates CCOs to generate clocks (CLKa
and CLK3g) proportional to currents (k 15 and k-Ig). Dual-edge
counters, gated by ENcnt and RSTNenr signals, produce
outputs CNTa and CNTsg. The code difference (CNTa - CNTg)
is linearly proportional to the applied stress. The conversion
time, set by the pulse width of the ENcnr, determines the
measurement sensitivity. Consequently, the dynamic range is
less constrained by the readout interface, and sensitivity can
be dynamically tuned via conversion time, providing
programmable sensitivity across the entire stress range to
accommodate diverse application requirements.

D. Stress-Resilient Layout and Front-End Verification

One of the challenges in stress sensor interface design is
ensuring that peripheral circuits remain unaffected by the
mechanical stress being measured. Fig. 5 illustrates the stress
dependence of CMOS devices under different layout
orientations. To mitigate this effect, the peripheral circuits
employ a stress-resilient layout strategy using orthogonal
NMOS and diagonal PMOS devices, applied to all non-
sensing blocks to reduce errors caused by mechanical stress.

Fig. 6 summarizes the silicon verification of both the
sensing front-end and the layout strategy. The normalized
differential outputs In and Iz and their difference show
linearity with R? 0.996, confirming the front-end
performance (Fig. 6 (a)). The stress-resilient layout reduces
CCO frequency variation under applied normal stress by 75.6%
compared to a conventional layout with all MOSFETsS aligned
along the [110] direction (Fig. 6 (b)).
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As shown in Fig. 9(a), the system achieves linearity
comparable to a stand-alone MOSFET sensor, measuredats % ¢  ----- 3o Limit
MPa intervals over a range of 0-375 MPa. Fig. 9(b) shows the 0 50 100 150 200 250 300
measured resolution as a function of the current multiplier Stress (MPa)
factor (k) and conversion time without stress. The sensitivity Fig. 11. Measurement result of inaccuracy across 10 chips from 2 wafers after
can be enhanced by increasing either k or the conversion time. 2-point calibration (50 and 250 MPa).

The resolution converges to approximately 0.2 MPa (1) once

the sensitiyity SUTpasses a threshold,. irrespective of Whicfh under varying temperature and supply conditions. Measured
parameter 1s adjustgzd. In this Wor_k  Kis ﬁqu at 4 to maintain across 0-80°C, the sensor interface exhibits a stable coefficient
10W'P ower operation, as a higher k Increases  current (a) of +0.003/K (Fig. 12(a)). After 2-point calibration, the
multiplication and thus power - consumption, - and _ the temperature-induced error was -0.71 / +0.66 MPa with no
sensitivity is controlled by varying the conversion time. Fig. stress applied. The maximum suppl.y-in duce' d error (Fig. 12(b))
10 illustrates the relationship between sensitivity and is -1.4/+1.4 MPa over 1.4-1.6 V supply range across.0-300
resolution, measured across a sensit@vity range .o.f 8.9-889.6 MPa. witﬁout use of L]jO fegulation, which could further
kPa/'L‘S].B undgr 0-300 M.Pa’ showmg .the ab1'11ty to tune o duce this error. Fig. 12(c) shows the sensor’s stability, with
sensitivity with conversion _time without Ineurring - a consistent measurements under repeated normal stress. Fig. 13
s1gn1ﬁc2}nt t.rade-off with re solutlon. Notably, Wlth. longer details the power distribution across the analog sensing front-
conversion times, the resolution is bounded by a 1/f noise floor end, current-to-digital converter, and reference circuits within
of approximately 0.2 MPa. As shown in Fig. 11, the measured the ’to tal 225.6 nW power consu;nption

inaccuracy across 10 chips from 2 wafers was £0.28 MPa (30) ' ’
after a 2-point calibration (50, 250 MPa) and removing Table I summarizes the performance of this work and
systematic nonlinearity. compares it with prior designs. This work successfully

Fig. 12 shows the stability of the stress sensor interface
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overcomes the trade-off between sensitivity and dynamic
range of conventional interfaces. It operates at an ultra-low
power consumption of 225.6 nW with an energy per
conversion as low as 0.68 nJ, translating to the best Resolution
FoM of 0.05 nJ-MPa2. Notably, even at a sensitivity similar to
the finest region of prior art (11 kPa/LSB), the interface
maintains a state-of-the-art Resolution FoM of 0.48 nJ-MPa?,
demonstrating top-tier performance across all sensitivity
settings. Furthermore, unlike prior works restricted to single-
die verification, the extensive multi-die and multi-wafer
measurements reported herein thoroughly validate the
reliability and robustness of the proposed architecture.

IV. CONCLUSION

Conventional voltage-domain stress sensor interfaces suffer
from an inherent trade-off between sensitivity and dynamic
range, limiting their use in energy-constrained IoT systems.
In this paper, we presented a time-domain sensor interface
that encodes stress-induced currents into frequency via a
CCO, decoupling sensitivity from dynamic range and
enabling programmable sensitivity through digital
accumulation time. Fabricated in a 180 nm CMOS process,
the sensor consumes only 225.6 nW and achieves a resolution
FoM of 0.05 nJ-MPa? These results represent a 15x FoM
improvement and over three orders of magnitude power
reduction compared to state-of-the-art implementations.
Comprehensive multi-die measurements across 10 chips from
two distinct wafers confirm the reliability of the proposed
architecture. The proposed design provides a high-precision,
ultra-low-power stress sensing solution well-suited for
industrial automation and energy-constrained IoT sensor
nodes.
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