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Abstract—Tactile sensing requires form-fitting and dense sensor
arrays over large-areas. Hybrid systems, combining Large-Area
Electronics (LAE) and silicon-CMOS ICs to respectively provide
diverse sensing and high-performance computation/control, enable
a platform for such sensing. A key challenge is that hybrid systems
require a large number of interfaces between the LAE and CMOS
domains, particularly as the number of sensors scales. This paper
presents an architecture that exploits the attribute of signal spar-
sity, commonly exhibited in large-scale tactile-sensing applications,
to reduce the interfacing complexity to a level set by the spar-
sity rather than the number of sensors. This enhances scalability
compared to sequential-scanning and active-matrix approaches.
The architecture implements compressed sensing via thin-film-
transistor (TFT) switches, and is demonstrated in a force-sensing
system with 20 force sensors, a TFT die (with 161 ZnO TFTs) per
sensor, and a custom CMOS IC for system readout and control.
Acquisition error of 0.7 kQ2rys is achieved over a 100 k2-20 k2
sensing range, at energy and rate of 2.46 . J/frame and 31 fps.

Index Terms—Compressed sensing, Hybrid Systems, large-area
electronics (LAE), sensing systems, thin-film transistor (TFT), ZnO
TFTs.

I. INTRODUCTION

ACTILE sensing involves sensing by direct contact or in-
T teraction with embedded signals. It has a wide range of ap-
plications, such as touch sensitive displays [1], high-resolution
structural monitoring [2], and electronic skins for prostheses
and robotics [3]-[6]. As an example, electronic skins emulate
the sensing capabilities of mechanoreceptors in the human so-
matosensory system [7], [8]. Prostheses can be used to mimic
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Fig. 1. Electronic skin demonstrations, including: (a) prosthesis with tactile
sensor feedback, which sends pain and touch signals to user [3]; (b) smart
glove with 548 force sensors for identifying objects handled by robots [6];
(c) sensor array response map when scissors are held as shown in inset. In
these demonstrations only a few sensors in contact with the object are excited.

the mechanical movements of body parts, controlled by elec-
trophysiological signals encoding human movement intentions
(e.g., electromyographic signals [9], [10], peripheral/central
nervous system action/field potentials [11], [12]). In such sys-
tems, closed-loop feedback going beyond just the human visual
system [13], is showing increasing value for dexterous grasp-
ing [14], [15] and elimination of phantom pain following a limb
loss [16]. For instance, electronic skins restore the sense of
touch to users. Fig. 1(a) shows such a system where pressure
signals from a prosthetic hand are converted to neuromorphic
signals and fed back to a transhumeral amputee via transcu-
taneous electrical nerve stimulation [3]. Although only three
pressure sensors were integrated per finger, the user was able to
distinguish objects with different curvature and feel pain when
touching sharp objects.

Fig. 1(b) shows the advancement to a tactile force-sensing
glove, integrating an array of 548 force sensors which enables
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classification of touched objects [6]. An example case of holding
a pair of scissors shows sensors in direct contact with the object
generate large response, thus giving high sensitivity, while sen-
sors even a few millimeters away generate small response, thus
giving high spatial selectivity. This substantially enhances the
ability to discriminate between objects and object types during
touch classification.

We note a general requirement benefiting tactile sensing
systems, namely the need for dense spatial sensing over the
potentially large areas the embedded signals are distributed.
This in turn implies the need for a large number of sensors.
However, we also note a typical attribute of such tactile-sensing
applications. Namely, the data over all the sensors is often
sparse [17]. As seen in Fig. 1(b), a small number of the force
sensors is excited during contact with objects. The sensors are
deployed for spatial resolution and high sensitivity, not because
signals are expected on all sensors at any given time. While a
technology for large-scale sensing is thus required, the attribute
of sparsity can be exploited to address architectural complexity.

For large-scale form-fitting sensing, Large-Area Electron-
ics (LAE) is a distinctive technology. LAE is based on
low-temperature processing (< 200 °C) of thin films, enabling
compatibility with a wide range of materials for forming diverse
transducers and for fabricating such transducers on large and
flexible substrates. LAE is currently driven by display appli-
cations employing 10 m? substrates during fabrication, with
the industry steadily reducing cost per area [18] and moving
to flexible substrates [19].

Recently, there has been interest in expanding to broader
sensing applications [21]-[24], which require control and com-
putation functionality over the many sensor channels. For this,
low-temperature thin-film transistors (TFTs) are possible in
LAE based on various semiconductors, and a range of TFT cir-
cuits for sensing applications have thus been demonstrated [25]—
[29]. However, compared to Si-CMOS transistors, LAE TFTs
exhibit orders-of-magnitude lower performance and energy ef-
ficiency, having much larger feature sizes (channel lengths of
1-10 pm) and much lower cutoff-frequencies (fr and fyax of
1-100 MHz [30]-[34]).

Therefore, this work focuses on a hybrid-systems ap-
proach [35], wherein LAE, for large-area form-fitting sensing,
is combined with Si-CMOS ICs, for centralized control and
computation. As shown in Fig. 2, the key challenge that emerges
with hybrid systems is the large number of interfaces required
between the LAE and CMOS domains, especially as the number
of sensors scales. Thus, TFTs are used selectively to address
the interfacing. This has also been the approach in today’s
displays [36], where a TFT-based active matrix is used for pixel
accessing.

In this paper, which is an extended version of [37], the attribute
of signal sparsity in tactile sensing is exploited to efficiently
achieve much greater reduction in the interface complexity.
Section II overviews the approach, based on compressed sens-
ing. Section I1I describes the system architecture, design of sens-
ing, compression, and readout sub-blocks. Section IV presents
the tactile-sensing system prototype for a force-sensing appli-
cation, consisting of 20 array elements, in-house fabricated
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Fig. 2. Illustration of hybrid-system approach, showing: (a) primary integra-
tion challenge due to large number of LAE-CMOS interfaces; and (b) use of
LAE TFTs to mitigate interfacing challenge.

TFT-based compression blocks, and a custom CMOS IC for
readout and control. Finally Section V concludes.

II. SYSTEM OVERVIEW AND RATIONALE

Fig. 3 illustrates previous and the proposed interface-
reduction approaches, and compares their scaling behaviour
with respect to the number of sensors N and each sensor’s
bandwidth B, based on the following critical system metrics
of interest. The number of access cycles required determines
the latency to readout the sensor array, or, relatedly, sets the re-
quired cycle speed to accommodate the sensors’ bandwidth. The
number of interfaces between LAE and CMOS domains sets the
hybrid-system complexity. The dynamic range of each interface
sets the CMOS-readout complexity. Finally, the number of TFTs
required per sensor sets the LAE complexity. The following
subsections analyze the previous and proposed approaches, with
respect to the number of sensors V.

A. Previous Interface-Reduction Approaches

The simplest previous approach is a sequential scanner, where
each sensor is selected one at a time via access-TFTs and a TFT-
based scan chain [20]. This reduces the interface complexity
to a single output and a few input control signals. However, the
number of cycles required to readout all sensors is on the order of
the number of sensors N. The most common previous approach
is an active matrix, typically used in displays, where row (gate)
control lines are enabled one at a time, and thus /N sensors are
accessed at once on parallel vertical (data) lines. This reduces
LAE complexity to just the access-TFTs and reduces the number
of access cycles by a square-root factor. But, it requires 2v/N
row and column interfaces.

Recently, an interface-reduction architecture was demon-
strated [38] that uses TFT-based digitally-controlled oscillators
(DCOs), where each sensor modulates the amplitude of a DCO
in the selected frequency channel and each DCO follows a
unique frequency-channel hopping sequence set by an input
code from CMOS. From this, the individual sensor outputs
can be separated, and the number of accessible sensors (i.e.
unique hopping patterns) exhibits combinatorial scaling with the
number of interfaces. Thus, compared to an active matrix, the
number of interfaces and access cycles is significantly reduced.
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Fig. 3.
active matrix, and compressed sensing (this work).

While superposition of sensors within the frequency channels
increases the dynamic range, the increased CMOS complexity
is a preferred trade-off, given the relative efficiency of processing
in the CMOS domain. Rather, the primary challenge is that the
frequency channels required within the TFT DCOs raise the
need for specialized TFT design and processing to achieve high
frequency [38].

Importantly, none of the previous interface-reduction ap-
proaches exploits sparsity in tactile sensing data. While previ-
ously, compressed sensing has been leveraged in a hybrid system
to meet signal sampling-rate requirements [25], the proposed
approach described next aims to more broadly address the set of
hybrid-system metrics outlined.

B. Interface Reduction Based on Compressed Sensing

Consider a tactile sensor array with N elements and K-sparse
data, meaning that only K sensors have non-zero values (K <
N). Under specific conditions, the theory of compressed sensing
says it is possible to determine the K values by taking M mea-
surements, where M is O(K log N/K) [39], scaling primarily
with sparsity K and only weakly with the number of sensors, N.
This means the sparse sensor data to the CMOS domain can be
significantly compressed. A particularly important advantage is
that these M measurements can be obtained by taking random
binary superpositions. As shown in Fig. 4(a), this simply requires
matrix multiplication of sensor data represented as a vector
Z by a measurement matrix ¢, where the matrix entries are
Bernoulli random variables. Such matrix multiplication can be
implemented using simple TFT switches, readily within the
performance limitations of the technology.

Fig. 4(b) shows a block-level diagram of such an imple-
mentation. Each sensor is connected via an access TFT to a
common node, yielding the output y[m]. When on, the access-
TFTs superimpose their sensor currents, yielding an element
ym Of the vector y. Acquisition of all vector elements, then
simply requires M measurement cycles, turning each access
TFT ON/OFF according to the M matrix-column entries ¢,,
for the corresponding sensor x,,. For example, during the first
measurement cycle (m = 1), p1[1] = 0 and py[1] = 1, so the

Consideration of system metrics, with respect to number of sensors N, for different interface-reduction architectures, including sequential scanner [20],
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Fig. 4. Compressed-sensing-based interface-reduction approach, involving:
(a) simple measurement matrix ¢ to take random superpositions from sensor
data & to reduce data size from dimensionality of N to M (M < N); and (b)
implementation of measurement matrix in LAE domain, simply by switching
access-TFTs on/off, depending on corresponding column of & to superimpose
sensor currents at output node to CMOS domain.

corresponding access-TFTs are turned off and on, respectively.
Repeating this for all m measurement cycles, implementing ®
simply requires controlling each access-TFT according to the
corresponding columns of ¢,, (implementation of this control
circuit will be described in Section III-B).

Fig. 5 compares the scaling behaviours of interface-reduction
approaches for two key system metrics: (1) number of
LAE/CMOS interfaces; and (2) number of access cycles. Points
near the bottom-left are preferred, as the number of sensors NV
scales. For a sequential scanner, the number of access cycles
scales with N. For an active matrix, both the access cycles and
the number of interfaces scale with \/N . On the other hand, with
the compressed-sensing approach, these both scale just with the
sparsity K, which can be very small in applications, leading to
a small number of access cycles and interfaces. In fact, even as
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Fig. 5. The number of LAE-CMOS interfaces and acquisition cycles for
various interface-reduction architectures as the number of sensors N scales from
103 to 107 (shown with different markers). A “good” technology has a low
number of access cycles and a low number of interfaces.

the sparsity increases from 3 to 30, these metrics increase only
very modestly, as shown, remaining small compared with the
previous approaches.

The system metrics are summarized in Fig. 3. The number
of interfaces and acquisition cycles are small, scaling with M
(< N),related to the level of sparsity K, not the potentially large
number of sensors. Further, the reduced number of acquisition
cycles can be leveraged to enable slower cycle speed, based on
Nyquist-sampling considerations for a given sensor bandwidth
B. However, the next two metrics expose challenges. First, taking
superpositions causes the output dynamic range to go up with the
level of sparsity (i.e., non-zero sensor values). In practice, small
K makes this tolerable, and further it pushes readout complexity
to the CMOS domain, which is more efficient and thus preferred.
Second, as will be quantified in Section III-B, a significant
number of TFTs are needed for controlling the access-TFTs,
according to the columns of ®. This raises system-yield con-
cerns. However, as will be shown in Section III-B, the statistical
nature of compressed sensing affords substantial tolerance to
TFT faults, alleviating such concerns in sensing applications.

Two aspects of our proposed system raise power consumption.
One, increasing the number of TFTs increases the switched
capacitance, hence raises power consumption in the LAE do-
main. Two, a higher readout dynamic range requirement leads
to a corresponding increase in the energy per readout operation.
However, prototype measurements (Section IV-D) highlight the
importance of analyzing power consumption at the full system
level, which includes the significant CMOS readout energy.
Because compressed-sensing substantially reduces the number
of readout operations from N in the other approaches to M (deter-
mined by sparsity) in our case. the overall power consumption of
the system will be substantially reduced. Estimates made using
the prototype energy numbers support this expectation.

III. SYSTEM DESIGN

Fig. 6 shows the system architecture, composed of three
blocks: (1) the large-area sensor array, based on 20 off-the-shelf
thin-film force sensors; (2) compressed-sensing block, based on
in-house fabricated zinc-oxide (ZnO) TFTs; (3) readout-and-
control block, based on a custom CMOS IC. The system is
designed for a level of sparsity K = 3, and can support up to
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Fig. 6. System architecture where random binary superpositions of sensor
currents are taken in LAE domain and fed to CMOS domain for readout and
sparse data reconstruction.
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Fig. 7. Sensor analysis, based on (a) architecture wherein currents from
selected sensors are read out by transimpedance amplifier, with Isepsor, N =
VBias/ (Rsensor, N + Ron)- (b) Measured responses from 10 force sensors show
Rsensor.min ~ 20 k2, establishing access-TFT design condition, where TFT on
resistance should be much smaller than the force sensor resistance (Ry, <
Rsensor)- (¢) This is verified by the measured I-V characteristics of ZnO access-
TFTs (W/L = 600/3 pm), showing Ron < 2 k2 < Rsensor, min-

120 sensors by taking 32 measurements over a single output
interface and 5-bit (differential) control interface. We chose
K = 3, avalue sufficient to demonstrate the interface-reduction
benefits of the architecture without overly raising the prototypes
complexity. Next, the details of each block are described.

A. Force Sensing Array

The sensor array consists of commercial thin-film piezo-
resistive force sensors [40]. These have the measured response
shown in Fig. 7 with resistance changing from 20 k{2 to 100 k2
for weights in the range of interest of 24 g to 40 g. For masses
below 22 g, the measured OFF resistance of the force sensors is
>100 MQ. This very high OFF resistance is important for un-
equivocally establishing data sparsity in tactile sensing. Though
significant variation is observed across the different sensors
shown, this is often tolerable thanks to the large responses
expected in tactile sensing due to the proximity of sensors to the
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embedded signals. The system performs readout via a CMOS
transimpedance amplifier (TIA) circuit, whereby sensors are
selected by access-TFTs and their currents are superimposed.
The sensor response sets the access-TFT requirements. The TFT
on-resistance (R,,) should be well below the sensor resistance
(Rsensor), to ensure the sensed current is set by the sensor and not
the TFT. Based on this, ZnO TFTs with channel width/length of
600/3 pm are used, which keeps R, below 2 k{2, as shown in
the measured Ips — Vps curves.

B. Compressed Sensing Circuit

Compressed-sensing acquisition is achieved via the circuit
shown in Fig. 8. In a future product technology, the TFT com-
pression circuit for each sensor would be directly fabricated on
a large-area flexible backplane hosting the sensors. However, in
this research-scale project, the TFT compression circuit for each
sensor was fabricated on a separate glass die (10 mm x 6 mm).
Each LAE die is associated with a sensor, and comprises 32
branches of NMOS pass-transistor-logic TFTs, referred to as
matrix TFTs, which provide a gate bias to an access TFT. A
differential row-select control signal R[4 : 0] from CMOS is
used to sequentially cycle through the 32 branches. In this
way, each LAE die implements a column of & with 32 rows,
invoking the matrix elements one row at a time. Such a Bernoulli
measurement matrix enables over 1000 sensors with the target
sparsity of K = 3.

To implement the different columns required for each sen-
sor, the gate-bias enabled by each row could be configured
accordingly in the LAE die. However, to enhance modularity
and minimize system-assembly complexity, each die is kept
identical and the bias as well as control signals are provided by
distribution and bonding on a PCB. In this case, 32 bonds would
be required for the gate-bias. Instead, an approach is adopted
where the gate-biases are kept fixed between die, and instead the
control-signal R[4 : 0] connections are configured differently
between die. In this case, different branches are selected in
each die for a given control signal R[4 : 0], yielding unique
columns ¢,, of ®. This reduces the need for the 32 individual
gate-bias bonds to 2, ground and V,,,. Both approaches still
require 5 X 2 = 10 row-select signal bonds and 2 bonds for
connecting sensor to CMOS.
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Fig.9. Simulation showing speed of matrix TFTs switching access-TFT’s gate
voltage.

Ilustration of two different column implementations (1 and
o are shown in Fig. 8. For R[4 : 0] = 00000, in die 1 the first
branch is enabled, feeding ground to the access TFT, while in
die N the last branch is enabled, feeding V;,, to the access-TFT.
The measurement matrix ® can in general have many unique
columns and support over 1000 sensors (as observed from
reconstruction algorithms for M = 32 and K = 3). Here, to
ease prototype design and testing, a fixed matrix-TFT die is em-
ployed for all sensors. The unique access-TFT control sequence
required is then achieved by varying the connections between
the bits of the row-control signal R[4 : 0] and the bits of the
die-control signal D[4 : 0]. This fixed-die scheme can support
only 5! = 120 unique connection schemes, corresponding to 120
unique columns, still much greater than the number required for
a conclusive prototype system demonstration.

Next, design details are analyzed, included the acquisition rate
possible with the pass-transistor circuits and the susceptibility
to faults with the larger number of TFTs (160 matrix TFTs and
1 access TFT) per die.

1) Sensor Acquisition Rate: For the implementation de-
scribed, a measurement frame comprises 32 readout cycles, one
for each row of ®. Due to self-compensation of native defects
in ZnO technology [41], it lacks p-type channels, only NMOS-
circuitry can be implemented with ZnO TFTs. The period of
each readout cycle is limited by how fast a branch of NMOS
matrix-TFTs can charge up the gate capacitance of an access
TFT, with the reduced over-drive voltage during charge-up.
For the chosen sizing of the access TFT (600 pm/3 pm, from
the analysis in Fig. 7) and the typical gate-source overlap of
5 pm, the gate capacitance is roughly 7 pF. From the simulation
shown in Fig. 9, the worst-case rise time is specified as 0.5 ms.
This contributes to the eventual acquisition frame rate (62.5
frames/sec.).

2) TFT Faults: The large number of TFTs required for com-
pressed sensing raises a yield concern. However, analysis should
be based on the algorithms for sparse reconstruction used in
compressed sensing, whose statistical nature enables substantial
tolerance to TFT faults. Fig. 10 shows typical TFT faults that oc-
curin fabrication, as well as their effects on ® and our application
metric of interest, namely data-reconstruction signal-to-noise
ratio (RSNR). High RSNR, above 15 dB is often targeted in
tactile-sensing applications.
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Fig. 10.

The first fault is source/drain open [Fig. 10(a)], which es-
sentially causes failure of a TFT to turn on, resulting in a
high-impedance connection. This is modeled as an element of
® erroneously retaining its value from the previous readout
cycle [Fig. 10(b)]. In this case, we see that high RSNR, above
15 dB, is maintained to very high matrix-element error rates
[Fig. 10(c)]. Two other typical TFT faults are source-drain short
and gate short [Fig. 10(d)], where TFTs cannot be turned off
completely. These are modelled as a corresponding ¢ element
to erroneously take an intermediate value [Fig. 10(e)]. Again we
see that high RSNR is maintained to very high matrix-element
error rates [Fig. 10(f)]. However, it should be noted that gate
shorts with high levels of current can additionally degrade the
logic level of a row-select control-signal bit R[4 : 0], potentially
affecting all LAE dice in the system. Thus, avoiding high-current
gate-stack failures of this type is critical, and forms a focus
of TFT optimization and yield monitoring. These simulations
show that the access-TFT fault requirements, which are the same
as those for typical active matrices, would likely dominate the
overall yield requirements, despite the large number of matrix
TFTs.

The fundamental thermal noise from TFT operation is ex-
pected to be negligible compared to practical noise sources such
as leakage currents, faults, and reconstruction (Section IT1I-B2).
An ON access TFT introduces thermal noise equivalent to a
2 k2 resistor. Assuming low sensor resistance (worst case), the
introduced noise is 26nArms over the TIA bandwidth, which
would cause a 30{2gryms error, much less than that measured from
reconstruction noise (Section IV-D).

C. CMOS Readout and Control

Fig. 11 shows a block diagram of the CMOS readout chan-
nel implemented in this work. There are 8 such channels, to
support system scalability via parallel compressed-sensing sub-
arrays, where each channel can support ~120 sensors. Each
channel includes an opamp-based TIA and 10-bit successive-
approximation-register (SAR) ADC, as well as digital control
to generate the row-select control signal to LAE. In addition,
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Fig. 11. Block diagram of the CMOS readout channel, with 8 parallel channels

supporting 120 sensors each.

there is an offset-cancellation current DAC at the input, to
cancel systematic input currents that would otherwise affect the
assumption of signal sparsity.

1) Transimpedance Amplifier: Fig. 12 shows the 2-stage
opamp design used to implement the TIA. The opamp is a
standard differential pair with single-ended output, followed
by a common-source stage. Series RC-based pole splitting is
employed for opamp stability. Stability of the TIA is a crucial
system-design consideration when it is interfaced with the LAE
subsystem. A large capacitance at the TIA input can potentially
cause it to become unstable by reducing the phase margin,
even though the opamp may be unity-gain feedback stable.
Specifically, Fig. 12 shows that each LAE die interfaces to the
CMOS TIA viaan access TFT. Each access TFT’s gate-to-source
capacitance contributes 7 pF at the TIA input. Since the system
can support up to 120 sensors, this implies a total of 840 pF load
capacitance at the TIA input. In order to ensure TIA stability
when 120 sensors are interfaced, a feedback capacitor, C’y is
employed for compensation. Fig. 12 plots the loop gain and
phase of the TIA with a feedback capacitance of 200 pF and
resistance of 1 k€2 resistor, for varying load capacitance at the
TIA input. An acceptable phase margin above 45° is maintained
for loads up to 840 pF. We note that, as a general design principle
in hybrid systems, it is critical to consider the capacitive loading
from the LAE domain on CMOS readout circuitry. Moreover,
the input-node parasitic capacitance seen by the TIA is relatively
fixed. Itis essentially set by the number of access TFTs (i.e., their
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Fig. 13.  SAR ADC with 200 fF unit capacitance.

gate-source capacitance). Thus, the TIA frequency response can
be optimized for the desired number of sensors in a given system
to ensure stability.

The large input capacitance causes noise gain at the output
of the TIA. The measured input referred noise for the TIA for
an input capacitance range of 140 pF - 840 pF varies from
3.8nAgns to 4.2nAgps over the TIA bandwidth, once again
well below that measured from reconstruction error.

2) SAR ADC: The TIA is followed by a 10-bit SAR ADC,
shown in Fig. 13. This employs a 5-bit main-DAC and 5-bit
sub-DAC, with unit capacitance of 200 fF. ADC unit cap was
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Fig. 14.  Use of 7-bit I-DAC to cancel the offset current as a function of the

row-select code.

chosen to minimize the INL by accounting for the foundry pro-
cess spread in capacitance. The comparator is simply a clocked
Strong-Arm latch.

3) Offset-Cancelling Current-DAC: For accurate sparse re-
construction, the ADC code should be zero except for the
K -sparse sensors on which a force signal is explicitly present.
In practice, readout and sensor-current offsets can cause non-
zero codes, making an offset-cancelling current-DAC (I-DAC)
necessary.

Three possible sources of offset in the system are considered,
two related to non-idealities of the access-TFT characteristics,
and a third related to the sensor characteristics. First, the access
TFTs can have non-negligible gate-leakage currents. This can
be especially problematic for a large sensor array, where the
probability is increased that different numbers of access TFTs
suffer from gate leakage, leading to significant offset current at
the TIA input superimposed on the sensor currents. Note that, in
this case, the offset current depends on the gate biases applied to
the access TFTs, which are set by the row-select code. As aresult,
offset cancellation must be adjusted with the row-select code.
Second, the access TFTs can have significant sub-threshold
leakage current. Even when the access TFT is turned off by the
matrix TFT logic for a particular row-select code, it has sub-Vt
current through it. Though the TFT sub-threshold currents are
generally small compared to their on-currents, this is once again
problematic for a large sensor array due to the aggregate leakage
arising from all the access TFTs, again leading to significant
offset current. As with gate leakage, this source of offset depends
on the gate biases applied to the access TFTs, which are set
by the row-select code. Thus, offset cancellation must once
again be adjusted with the row-select code. Third, the sensors,
especially with the significant variations they exhibit, can have
finite resistance with small or no force applied. Again, even with
large resistances, the resulting offset current can be significant
for a large sensor array. Once again, the offset current at the
TIA input is a function of the access TFT states and thus the
row-select code.

With all sources of offset thus requiring adjustment with the
row-select code, the offset-canceling I-DAC is employed to-
gether with a calibration phase. During calibration, it is assumed
that no force is applied to the sensors. Then, the row-select code
is cycled to determine an I-DAC code that yields a zero-valued
ADC output. As shown in Fig. 14, the corresponding I-DAC
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(a) (b) ©

Fig. 15.  System prototype implemented as three broads: (a) force-sensor array
board. (b) TFT compression board, where LAE dice are wire-bonded to row-
select signals. (c) Readout and control board, with custom CMOS IC.

code is then stored in an on-chip look-up table (register file).
The overall bipolar I-DAC is 7 bits. It is composed of NMOS
and PMOS current DACs which are each 6 bits. During sensor
readout, the I-DAC code is fed from the register file for each
row-select code.

D. Reconstruction Algorithm

For sparse reconstruction, the Sparsity Adaptive Matching
Pursuit (SAMP) algorithm [42] is used. SAMP is a greedy
algorithm, and thus has low complexity (O(M N K)) compared
with Basis Pursuit (BP), Basis Pursuit Denoising (BPDN)), etc.
[43] (O(M?2N?)). This makes it suitable for embedded sens-
ing applications. At the same time, compared to other greedy
approaches, such as Stochastic Gradient Pursuit (SGP) [44],
Orthogonal Matching Pursuit (OMP) [45], Compressive Sensing
Sampling Matching Pursuit (CoSaMP) [46], Subspace Pursuit
(SP) [47], and Iterative Hard Thresholding (IHT) [48], SAMP
has the benefit of theoretical guarantee on reconstruction accu-
racy.

The SAMP algorithm also has a number of practical benefits
for tactile-sensing applications. First, it does not depend on
tuning the step-size variables or the prior knowledge about
the signal’s distribution model in order to achieve high RSNR.
Moreover, unlike CoSaMP and SP, which require knowing the
precise sparsity K, SAMP needs only the maximum sparsity,
not the precise sparsity, which is generally unknown in the
tactile-sensing applications envisioned.

IV. SYSTEM PROTOTYPE

To ease testing and characterization, the system prototype is
implemented via three PCBs, as shown in Fig. 15. First, the
force-sensor board has 20 force sensors placed at the center of
each hexagon. Second, the sensor signals are connected to the
TFT-compression board, which comprises wire-bonded LAE
dice. Metal traces on this board distribute and appropriately
connect the row-select control bits, so that each LAE die follows
aunique switching pattern (i.e., a column of ®). Next, the single
output current signal from the TFT compression board is pro-
vided to a CMOS-IC board. Finally, the sparse-reconstruction
algorithm is run on a PC to recover the sensor signals. As
noted earlier, in an ultimate product, sensors and TFTs would
be integrated into a single large-area substrate, onto which the
CMOS IC might be locally bonded.
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Fig. 16. CMOS die photograph and linearity measurements.

A. CMOS IC

Fig. 16 shows measurement results for a single channel of
the CMOS readout IC, fabricated using GF 130 nm process.
The SAR ADC operates at a full-scale voltage of 1.2 V. The
ADC linearity is tested using the histogram method. A linear
ramp input is applied and the resulting code distribution is used
to characterize the DNL and INL. The ADC has a maximum
DNL and INL of 0.85 and 2.0 LSB, respectively. The end-to-end
linearity of a single channel is tested by applying a current ramp
input to the TIA with the I-DAC disabled. The ADC output-code
density yields maximum end-to-end channel DNL and INL of
0.65 and 2.0 LSBs respectively. The ADC SNDR is observed to
be linear with the input voltage, reaching a maximum of 54 dB.
The I-DAC linearity is tested by cycling through the I-DAC
codes and performing readout with no input current applied.
The linearity is measured from the I-DAC code, through the TTA
and ADC. The maximum non-linearity is then measured as the
DNL relative to the 6b I-DAC LSB. The maximum DNL for the
I-DAC is measured to be 1.1 LSBs. Note that [-DAC linearity is
not critical to system performance. What is important is adequate
I-DAC resolution to compensate for the offset current at the TIA
input, required to ensure the sparsity assumption.

B. LAE Die

LAE die consists of an access TFT, 160 matrix TFTs, and also
yield-monitoring test structures, as shown in Fig. 17(a). The die
are fabricated in-house on a glass substrate to ease system assem-
bly and wire-bonding, but the processing employed is at 200 °C
and fully flex compatible. 50 nm Cr is deposited and patterned
as gate metal, then Al;03(40 nm)/ZnO(10 nm)/Al;03(35 nm)
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Fig. 17.  Details of the LAE prototyping, including: (a) LAE die photograph;

(b) TFT material stack (final metal interconnect is not shown); (c) I-V curves
for 160 matrix-TFTs from one die; and (d) extracted matrix-TFT parameters.
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Fig. 19. LAE die test setup as well as V(g and Vp measurement results from
32 dice on a single sample, all of which show desired switching behaviour.

is deposited with plasma-enhanced atomic-layer deposi-
tion (PEALD) as gate dielectric, channel and passivation
layer respectively, followed by deposition and patterning of
Ti(50 nm)/Au(30 nm) as S/D, and then Cr(50 nm)/Au(100 nm)
as final metal interconnect [30], [32]. Fig. 17(b). The I-V char-
acteristics of the 160 matrix-TFTs from a single die are shown
[Fig. 17(c)], exhibiting good uniformity and having the extracted
TFT parameters given [Fig. 17(d)].

In order to integrate LAE dice for the system demonstration,
the following procedure is pursued, shown in Fig. 18. First, TFT
circuits are fabricated on 3” by 3” square glass, giving 77 dice.
All dice are then tested via direct probing using a multi-contact
wedge to ensure process control. Next, the sample is diced and
previously working dice are tested again. Finally, working dice
are wire bonded to the bottom side of the compression board.

Fig. 19 shows the die-level test setup. The row-select signal is
provided by a National Instruments Data Acquisition Board (NI
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DAQ). The drain of the access TFT is connected to a 1 V supply
through a 10 k{2 resistor, to emulate a force sensor. The first row-
select code turns on the first branch of TFTs, and connects the
access-TFT gate to ground. This turns the access TFT off, pulling
up the drain voltage to 1 V. The second row-select code turns
on the second branch, this time connecting the access TFT gate
to 5 V. This turns the access TFT on, pulling the drain voltage
near ground, set by the finite on-resistance of the access TFT
and the sensor resistance. Fig. 19 plots 32 LAE dice tested from
one sample for all 32 row-select codes, with the dice following
the intended switching pattern.

C. TFT Yield Analysis and Enhancement

While compressed sensing enhances the system metrics as-
sociated with LAE-CMOS interfacing in hybrid systems, it
requires a large number of TFTs (161 TFTs per sensor in this sys-
tem), making TFT yield a concern. In addition to fault-tolerance
analysis (Fig. 10), fabrication methods are employed, especially
to mitigate problematic gate-short faults, which would affect the
global row-select control signal. To characterize the intrinsic
TFT-limited yield for the LAE die, on-die test structures for yield
monitoring are employed. Most importantly, a MOS capacitor
(stack under test is 40 nm Al;O3/10 nm ZnO), with width of
2220 pm and length of 440 pm is included, having equivalent
gate-dielectric area of 550 matrix TFTs. The yield rate (no short)
of this structure is measured to be 53% across 43 die, suggest-
ing even greater gate-stack yield-rate for TFTs. The adequate
yield achieved is attributed to PEALD deposition, which results
in conformal and continuous deposition with low probability
of pinholes through the deposited layers [49]. In addition to
the MOS-capacitor test structure, a MOS transmission-line test
structure and isolated TFTs are included. These confirmed ade-
quacy and uniformity of saturation mobility, saturation thresh-
old voltage, on/off ratio (~ 107), and contact resistance, while
enabling controlled extraction of TFT parameters and charac-
terization of antenna effects due to interconnects.

Following the yield analysis, as described in [50], TFT yield
and die yield were mainly limited by plasma damage and dic-
ing electrostatic discharge because of the insulating substrate,
plasma processing, and long metal traces. The yield was en-
hanced by preventing gate dielectric breakdown, via a gate
isolation method (isolating TFT-gates from the common long
gate lines for control signals) as well as temporary “shorting
bars”. With the gate isolation, the die yield during fabrication
for representative samples increased from 2/98 to 40/77, while
showing improved uniformity of the transistors performance.

D. System-Level Measurements

The complete system-level reconstruction-performance tests
are conducted by placing three different weights on the sen-
sor array at different positions, and repeating this for multiple
times with the weights at different positions each time. Apply-
ing weights lowers the sensor resistance from high resistance
(>100 M) to a range between 20-100 kS2, as illustrated in
Fig. 20. In addition to system acquisition and reconstruction,
the sensor resistances are measured directly using the NI DAQ.
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Fig.20. Complete system reconstruction results, showing a strong correlation
between measured and expected sensor data. Points are acquired with three
different weights placed at different (random) sensor locations.

Finally, the system-acquired sensor data is reconstructed on a
PC and corrected for the nominal access-TFT on resistance, of
1.5 k2.

As seen, the resistance directly measured from the sensors
is well reconstructed by the system, with errors less than 3%
across the three weights for the placement shown. Repeating
the measurement with different weights and placements, always
with a sparsity of K = 3, the high correlation between directly-
measured and reconstructed resistance values is observed, giving
an RMS error of 0.7 k{2grms over the 13 placements measured.
Given the large signals expected in tactile-sensing applications
(due to proximity of sensors with embedded signals), such error
is expected to address a broad range of applications. Table I
reports the overall system performance summary, where the
total readout frame rate (i.e., requiring 32 readout cycles) is 31
frames per second (fps). Each frame consumes 1.28 pJ in LAE
domain and 1.18 pJ in CMOS, for a total of 2.46 pJ/frame, or

LAE (ZnO) Custom IC (GF 130 nm) Full-System (K=3)
No. Sensors 20 Area 4 mm? [ ADC Resolution 10b No. Cycles per frame | 32
Process Temp. <200°C | No. Channels 8 ADC ENOB 8.7 b @50 kHz | Sensor R Range 100k-20kS2
TFTs per Sensor 161 \%5%5) 1.2V TIA+ADC DNL/INL | 0.65/2.0 LSB Reconstruction Error 0.7 kQ2rr s
Matrix TFT Speed | 1 kHz I-DAC Res 7b ADC Energy 212 pl/conv. Frame Rate 31 fps
LAE E/frame 1.28 pl TIA Power/Ch | 37 uW | CMOS E/frame 1.18 E/frame 246 p)
TABLE II
COMPARISON TO THE STATE OF THE ART
Architect This Work Sequential Passive Passive Active Active
rehitecture Compressed Sensing | Scanner [51] | Matrix [52] | Matrix [6] | Matrix [53] Matrix [54]
No. Sensors 20 10 8464 548 400 100
No. Cycles per frame 32 10 8464 548 20 10
No. LAE/CMOS
Data Lines 1 1 92 32 20 10
Cycle Speed 1 kHz 500 Hz 100 Hz 4 kHz 15 Hz -
Frame Rate 31 fps 50 fps 0.01 fps 7.3 fps 0.75 fps -
LAE Energy per cycle 40 nl/cycle 286 nl/cycle - - - -
CMOS Energy per cycle 37 nl/cycle 148 nl/cycle - - - -
Total Energy per cycle 77 nl/cycle 434 nl/cycle
(per frame) (2.46 pJ/frame) (4.34 pJ/frame) } ) ) )
Addressing Technology ZnO TFTs a-Si TFTs - - SWCNT TFTs | Organic TFT
Readout Technology 130 nm CMOS 130 nm CMOS - - - -
Example Case 100 123 nJ/sensor. We noted in Section III-B, that our design could
Measured Resistance g Sensor 3 support up to 120 sensors. With 120 sensors, we expect the LAE
§ 50 Sensor 5 power to scale by a factor of 120/20 = 6, but the CMOS power
§ Sensor9 . - to remain approximately constant. Thus with 120 sensors the
é sl I:::t?&rl:: . - frame energy would be 8.86 p1J and the energy per sensor would
{15-1'- -------------------------- > be 74 nl.
2. g Table IT compares this work with the other recent state of the
© 40 ¢ . . . . . .
2 e art tactile sensing systems. [51] is a scan chain architecture, in
g 2 g which a digital circuit at each sensor enables one sensor at a time
é # [RMS Error = 0.7 kKQms to be read out through a single LAE-to-CMOS data interface,

by turning on an access TFT attached to each sensor. Due to
lower energy per cycle in both the LAE and CMOS domains,
the compressed sensing approach of this paper consumes ~2x
less energy per frame for twice as many sensors. The scan chain
is operating at its maximum cycle speed, thus additional sensors
would reduce its frame rate and increase energy consumption per
frame. [52] and [6] describe passive matrices, in which only one
sensor (one row and one column) can be read out at a time (cycle
time). Cycle speeds are within a factor of 10 slower to 4 faster
than our work, but unfortunately no power data is available. [53]
and [54] use active matrix architectures. [53] has a low cycle
speed due to the slow response time of the sensor used in the
study. No power data for [53] and [54] is available.

V. CONCLUSION

This paper presents an interface-reduction architecture for
LAE-CMOS hybrid systems, which exploits the attribute of spar-
sity exhibited in many tactile-sensing applications. Specifically,
compressed sensing is employed to enable efficient interface
reduction using simple TFT circuits, based on digital switches.
With this, the system metrics associated with interfacing scale
with the level of sparsity, rather than with the large number of
total sensors as typically is required. The challenges include
increased dynamic range for CMOS readout, though this is
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readily tolerated given the higher energy efficiency and per-
formance of transistors in the CMOS domain, and the need
for a large number of TFTs, raising yield concerns. However,
fault-tolerance analysis and yield monitoring show that high
overall system yield is achievable.

The proposed architecture is demonstrated using a force-
sensor array with 20 elements, ZnO-based TFT compressed-
sensing circuits, as well as CMOS-based readout and control
circuitry. The system is designed for a sparsity level of 3, it
takes 32 measurements, uses a total of 11 interfaces, and can
support scaling up to 120 sensors. The end-to-end sensor-data
reconstruction error is 0.7 kQrms, where activated sensor resis-
tance values varied from 20-100 k2.
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