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Abstract

This paper presents a fast impedance-measurement IC for large-scale piezo-resistive sensor
arrays. It features a unified differential time-to-digital demodulation architecture that reads
out impedance directly through the excitation circuit. A pre-saturation adaptive bias

Frailty increases sharply with age and is the major cause of falls, leading to severe injury
and fatality. While fall risks can be effectively predicted using gait analysis, it is often limited
in laboratory settings. Piezo-resistive crosshar sensor arrays (Fig. 36.11.1 (top)) can be
used towards lab-grade, yet wearable insoles. However, several challenges remain: 1) high
sensor density (>250 per insole); 2) high temporal resolution required (50 to 100 frames
per second (fps)); 3) wide piezo-resistive range from tens of Q to hundreds of kQ, while
ohm-level sensitivity is required; 4) ultra-low power operation that lasts days [1]. These
 pose great challenges for hardware design. Voltage-domain methods using dc current
@ sources [2] or Wheatstone bridges [3] get easily slowed by parasitic capacitances from
& large arrays and have limited sensitivity to small resistance due to their ADC-like structures,
Ewhile oscillator-based methods [4], though faster, are sensitive to parasitic capacitances
gand PVT variations. The time-to-digital (T-D) impedance readout method (Fig. 36.11.1
S (bottom left)) based on the cross-over point detection of V,, and V, offer high-speed
o acquisition with almost constant sensitivity across a wide load range and is intrinsically
L robust against parasitic capacitances [5-6]. However, this prior art is power-demanding
§compared to other approaches [2-4]. Its major limitation in power (Fig. 36.11.1 (bottom
A left)) lies in the current driver’s large bias current to provide high linear and accurate
S excitation across wide load ranges. Merely delivering 2 pA,, demands >4 times (8.7pA) the
S consumption as reported in [7]. Besides, static current is required in the recording amplifier
;to provide sufficient bandwidth, dynamic range, and noise performance (a static current of
o 130pA was reported in [5]). Lastly, prior art T-D methods were single-ended, making them
Q susceptible to interference and noise.

E To address these limitations, this paper proposes a T-D method (Fig. 36.11.1 (bottom right))
éthat features: 1) a unified excitation/readout structure that allows directly recording from
Qthe voltage excitation circuit, hence replacing the current driver and eliminating the need
© for static-current-consuming recording amplifiers; 2) a transconductance (TC) voltage driver
8 for the unified excitation/readout structure employs a pre-saturation adaptive biasing, which
= dynamically adjusts the driver’s current driving capability to adapt various load ranges,
ﬁimproving power efficiency without sacrificing performance; 3) a differential T-D
gdemodulation method that further reduces power and circuit complexity. The IC scans 253
& piezo-resistive sensors embedded in a single insole, via time-multiplexing at a rate of
§ 12.2ms/frame, resulting in 82 fps. It consumes 158uW in total, achieving a power usage of
w, 0.62pW/sensor (7.5nd/sensor). It has an average measurement error of 0.5% and a
camaximum 71.1dB SNR with load resistances from 20Q) to 500kQ).
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R The simplified overall block diagram of the IC is shown in Fig. 36.11.2. It comprises four
2 main modules. (1) A unified front-end comprising the TC voltage driver and the T-D readout.
gThe TC voltage driver excites the load with a sinusoidal voltage while mirroring the load
A current to the dynamic current comparator of the T-D readout. Note that this unified front-
end, unlike conventional impedance-readout ICs [4-7] uses fixed-current excitation and
évoltage-recording architectures; it eliminates the need for additional recording amplifier
k3 circuits, reducing both power and hardware complexity. With a programmable dc current
§ offset added, the following T-D readout converts the differential analog current signal into
© time-coded pulses; (2) a time-to-digital converter (TDC), which includes a pulse counter
Sand a 6-phase 64MHz phase-locked loop (PLL), translates the time-coded pulses into the
5d|g|tal impedance data; (3) a sinusoidal signal generator for generating the required
g excitation waveform; and (4) a digital module for control and communication. Connected
g to the prototype insole, the IC addresses 253 piezo-resistive sensors arranged in a crossbar
s array. Each sensor is measured individually via time-multiplexing. The TC voltage driver
Qroutes the sinewave to the target sensor one by one by selecting the row and column
Tcuthrough the multiplexer (MUX), thereby capturing the whole foot plantar pressure map.
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The sinusoidal signal generator employs the direct digital synthesis, clocked by the PLL. It
provides a programmable output amplitude from 15.6mVpp to 1Vpp in 64 steps at a
< frequency from 125kHz to 1MHz. It also contains a look-up table (LUT), a co-prime current
& DAC (I-DAC) with dynamic element matching (DEM), and a transimpedance (TI) filter, which
é removes the offset and harmonics. The co-prime I-DAC, which is based on the co-prime
< segmentation concept [6] (Fig. 36.11.3 (bottom left)), achieves a total quantization step by
16 times 17 (equivalent to an 8b DAC) with lower hardware cost compared to conventional
thermal coding DACs.

E

technique further improves power efficiency. The chip scans 253 sensors in 12.2ms (82fps)
at 125kHz, consuming 158pW (7.5nd/sensor). With loads from 20Q to 500k, it achieves
0.5% error and up to 71.1dB SNR.

The schematic of the TC voltage driver with pre-saturation adaptive bias is shown in Fig.
36.11.3 (top). The differential output, V,,, tracks the sinusoidal input, V;, fed from the
sinusoidal signal generator, while driving the resistor sensor through its flipped-voltage-
follower topology [8]. The load current is supplied by transistors M7 and M2 regulated by
the feedback loop, and is mirrored by M3 and M4 to the input of the current comparator
(Loomp™ and Igg,,,7) for T-D demodulation. To extend dynamic range, the mirror ratios of
M3/M1 and M4/M2 are programmable from 1 to 25 in five steps. The power bottleneck in
this architecture is the static bias current overhead required to maintain linear and accurate
excitation across a wide range of loads. To address this, a pre-saturation adaptive-bias
technique is proposed (Fig. 36.11.3 (top right)). In this bias block, the currents, /, and /,,
provided by M1 and M2 are mirrored to /; and /, via M5 and M6. When either mirrored
current exceeds a threshold set by (/s - 1imir)s the adaptive-bias loop engages and generates
an event-driven additional current, /4, which is added to the TC voltage driver’s constant
bias via V,. This maintains a low quiescent current under light load conditions while
expanding the linear drive capability at heavier load conditions with high power efficiency.
In addition, unlike conventional adaptive bias approaches [9,10], where the bias current
continuously tracks the load and introduces ripple, the bias updates only when the threshold
is crossed, thereby minimizing unnecessary bias modulation. Measured THD versus load
current (Fig. 36.11.3 (bottom right)) shows 3 increase in the linear output-current range
compared to a driver without the pre-saturation adaptive bias. The TC voltage driver
consumes 74pA quiescent current, increasing to an average of 172pA with 200pA,, load
current.

The schematic of the T-D readout of the unified front-end is shown in Fig. 36.11.4 (top). It
includes a dynamic current comparator and two 6b I-DACs, which provide a known
threshold offset (/,,* and /,;") into the differential input, /y,," and Iy, After the
comparator extracts the critical period N1, subsequently, period NO and N2, the phase (6)
and magnitude (/,) of the measured signal can be computed (Fig. 36.11.4 (bottom left)).
Despite similarities in the T-D computing in [6], N1 in this work is extracted with a
differential current. This differential approach also improves robustness and eliminates the
need for differential-to-single-ended conversion, thereby reducing power consumption and
circuit complexity. The dynamic comparator is a modified strong-arm latch [11] clocked
by the on-chip PLL (CLKp,,). The 6 clock phases are interleaved across successive signal
cycles to increase temporal resolution. Six cycles are used per measurement, yielding the
longest conversion time of 48ys (= 6/125kHz) and an array frame rate of 82fps (= 1/12.2ms)
for all 253 sensors. Although the comparator is dynamic, dc conduction paths exist from
the input mirrors and I-DACs to ground when the clock signal, CLK; is high, degrading the
efficiency. Thus, an asynchronous feedback logic is added to address this issue (Fig. 36.11.4
(top-left)). The rising edge of CLK is triggered by the rising edge of CLK,,. After the
comparison, an XOR gate generates a reset signal that immediately pulls CLKto low, which
turns off the dc path and significantly increases power efficiency in turn. This T-D readout
consumes 28uW at 64MHz. Fig. 36.11.4 (bottom right) shows an example of measured
waveforms when the IC drives a 15kQ load. When the excitation V,,, is programmed to be
smaller, the time-coded pulses N1 measured at the comparator’s output become shorter.

The IC was fabricated in a 65nm CMOS process. With a 1.2V supply, it has a power
consumption of 158yW (under /,,,4< 55p1A,, conditions), operating at an excitation frequency
of 125kHz. Total five chips were measured with a group of resistive loads from 20Q to
500kQ at 125 kHz (Fig. 36.11.5 (top)), spanning an 88dB input dynamic range. An average
resistance error (resistance is calculated from the measured phase and amplitude) of 0.5%
was obtained across all different resistance loads and chips (Fig. 36.11.5 (top left)). The
error slightly increases when the loads are greater than 100kQ. SNR was evaluated in the
time domain by repeating each measurement 5,000 times and SNR = 20x10g (Rjyerage/Rsta)»
where R,rge i the average resistance across the 5,000 measurements and Ry is the
standard deviation [5,6]. A maximum SNR of 71.1 dB was achieved. The SNR decreases at
high load resistances due to the reduced current amplitude. Images of the foot plantar
pressure map were obtained using the IC and the prototype insole (Fig. 36.11.5 (bottom)).
A custom reconstruction algorithm, similar to [12], is developed to address the cross-talk
issue in the crossbar sensor arrays. The reconstructed pressure maps clearly distinguish
different gait phases (single-leg neutral, double-leg neutral, forefoot, and rearfoot). A
comparison with prior works is shown in Fig. 36.11.6. This IC achieves the lowest power
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per sensor and a comparable SNR, while providing a superior frame rate of 82fps,
scanning 253 sensors. The Schreier FoM was used to evaluate the performance. This
work achieves the best FoM among entries in the table. Figure 36.11.7 shows the chip
micrograph and a detailed power breakdown pie chart. It has a total die area of 1x1.7mm?,
resulting in a die area of 0.0067mm?#sensor.
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Figure 36.11.7: Chip micrograph and power breakdown.

Figure 36.11.5: Measured error and SNR with resistive loads from 20Q to 500kQ at

Digital 2.8%

aEquivalent from number of measurements per frame

bPre-saturation adaptive bias is not triggered

¢Calculated from the paper through: SNR = 20xlog1o (Input Range/Resolution)
dCalculated through: ENOB=Iogz(Raverage/(2V2%Rst))

eFoM=SNR (dB)+10log1o(Sampling Frequency (kHz) /Total Power (mW)), where Sampling Frequency= Num. of

Sensors/ Max Conversion Time per frame (ms)

Figure 36.11.6: Comparison with prior work.
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