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An EMG Interface Comprising a Flexible a-IGZO
Active Electrode Matrix and a 65-nm CMOS IC

Enrico Genco, Student Member, IEEE, Carmine Garripoli , Jan-Laurens P. J. van der Steen,
Gerwin H. Gelinck , Sahel Abdinia, Pieter Harpe , Senior Member, IEEE,

and Eugenio Cantatore , Fellow, IEEE

Abstract— In this work, a 4 × 4 active electrode (AE) matrix
integrated on a flexible foil substrate to monitor muscular
contraction is presented. The electrodes and their front ends
(FEs) (i.e., AEs) are implemented on foil in amorphous indium
gallium zinc oxide (a-IGZO) thin-film transistor (TFT) technol-
ogy and interfaced with a custom 65-nm CMOS chip where
analog-to-digital conversion and serial transmission of data from
multiple channels are performed. On-foil frequency multiplexing
and conversion to current domain are used to transmit to the
silicon (Si)-IC, all the signals coming from a column of elec-
trodes via a single output. This strategy enables interfacing the
26-V-supply flexible electronics with the 1.2-V-supply CMOS IC,
while reducing the number of interconnects and Si area devoted
to pads. The a-IGZO FE includes an integrated switched-
capacitor high-pass input filter offering a 25–40-M� impedance
in the band of interest. Each AE on foil occupies 4 × 4 mm,
enabling electromyography (EMG) measurements with millime-
ter (mm)-range resolution. The a-IGZO amplifier in the AE,
with its intrinsic bandpass response, achieves a process and
temperature-insensitive 20-dB in-band gain and a 23-dB dc rejec-
tion. The back-end Si-IC can compensate variable bias currents
and offsets from the flexible FE exploiting an offset-compensated
trans-impedance amplifier (TIA) with 50-dB-dc rejection and
negligible noise contribution. The a-IGZO FE alone achieves
20-µA/V gain, 30-kHz bandwidth (BW), 55-µVrms input-referred
noise, consuming 5 mW. The system has been validated in vivo
extracting the muscle fiber conduction velocity from the tibialis
anterior of a volunteer.

Index Terms— Active-electrode (AE) matrix, amorphous
indium gallium zinc oxide (a-IGZO), biomedical circuits, electro-
hysterography (EHG), electromyography (EMG), flexible matrix.

I. INTRODUCTION

LARGE-AREA electromyography (EMG) with a
millimeter-range spatial resolution provides a powerful

Manuscript received 14 October 2022; revised 31 January 2023 and 6 April
2023; accepted 28 April 2023. Date of publication 23 May 2023; date of
current version 24 October 2023. This article was approved by Associate
Editor Piero Malcovati. This work was supported by the Dutch Technology
Foundation STW, which is part of the Netherlands Organisation for Scientific
Research (NWO) and is partly funded by the Ministry of Economic Affairs,
under Project 13342. (Enrico Genco and Carmine Garripoli contributed
equally to this work.) (Corresponding author: Enrico Genco.)

This work involved human subjects or animals in its research. The authors
confirm that all human/animal subject research procedures and protocols are
exempt from review board approval.

Enrico Genco, Sahel Abdinia, Pieter Harpe, and Eugenio Cantatore are with
the IC Group, Eindhoven University of Technology, 5600 MB Eindhoven,
The Netherlands (e-mail: e.genco@tue.nl).

Carmine Garripoli is with the Holst Centre/IMEC-NL, 5656 AE Eindhoven,
The Netherlands.

Jan-Laurens P. J. van der Steen and Gerwin H. Gelinck are with the Holst
Centre/TNO, 5656 AE Eindhoven, The Netherlands.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JSSC.2023.3274709.

Digital Object Identifier 10.1109/JSSC.2023.3274709

Fig. 1. System concept: a flexible biopotential patch amplifies and multi-
plexes EMG signals using TFTs, and a Si chip processes and transmits them
to a base station using RF. On the arm, an actual photograph of the flexible
AE matrix presented in this article is shown.

tool in medical diagnosis, by enabling the study of the electri-
cal activity of motor units in muscle tissues [1], [2]. For exam-
ple, it has been demonstrated that monitoring muscle fiber
conduction velocity (MFCV) on the skin surface facilitates the
diagnosis of neuro-muscular diseases such as amyotrophic lat-
eral sclerosis (ALS) and epilepsy [2]. Moreover, MFCV analy-
sis can be applied to uterus contractions [electrohysterography
(EHG)] in pregnant women to predict the time to delivery
within hours [3] and can enable prosthetic hand control [4].

Current systems for multi-channel EMG measurement tra-
ditionally include passive electrodes connected to obtrusive
measurement hardware through many shielded cables or a
single, heavy shielded cable with multiple leads. Such sys-
tems are uncomfortable and unfit for ambulatory monitor-
ing. In addition, they are vulnerable to artifacts due to
external interferers and to the temporary deformation of the
skin–electrode interface induced by movements. The artifacts
often fall into the band of interest of EMG and EHG, affecting
signal integrity and signal-to-noise ratio (SNR). Such issues
could be addressed by an autonomous and lightweight active
electrode (AE) patch on a flexible substrate, as depicted in
Fig. 1. The AE approach, which integrates electrode and
front-end (FE) electronics, minimizes the interconnect length
between electrodes and electronics, thus reducing the pickup
of electromagnetic radiation. In addition, being lightweight,
flexible, and conformable to the shape of the muscle under
analysis, the flexible system can be less vulnerable to motion
artifacts and increases comfort during long-term EMG and
EHG monitoring.

AE solutions based solely on silicon (Si) chips incur high
costs that can be incompatible with applications demanding
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home monitoring or single use. For example, having a simple
buffering/amplification Si chip per electrode connected to a
back-end control chip will lead to a large total Si area, a high
number of interconnections, and high costs. Even a system
including passive electrodes in conjunction with a single
Si chip would suffer from cost issues, due to the very large
number of bond pads required to connect the electrodes to the
chip.

In order to preserve multichannel signal integrity at a
reasonable cost, we propose a multiplexed system (Fig. 1) that
integrates thin-film transistor (TFT) electronics and passive
electrodes on a flexible substrate connected to a custom Si-IC
for data conversion. A similar idea for a force-sensing system
was shown in [5]. To reduce the number of connections
and Si area, multiplexing is performed both at the TFT and
Si-IC levels. More in detail, the Si-IC performs multiplexing
between AEs grouped per column by the TFT electronics,
digital conversion, and serial transmission on a single system
output. In this approach, the Si chip interfaced with the flexible
TFT circuitry will need only a few interconnections, and
thus, its cost is limited. Thanks to the low cost per area
of the TFT electronics, the total solution will be very cost-
effective too.

To build the flexible electronics of this system, we use
a low-temperature amorphous indium gallium zinc oxide
(a-IGZO) TFT technology [6]. Compared to Si-CMOS tech-
nologies, low-temperature TFTs processed on flexible plastic
substrates represent a far better choice in terms of cost/unit
area and, as additional feature relevant for MFCV analysis,
a-IGZO TFTs can be bent without altering their functional-
ity [6]. In terms of performance, a-IGZO TFTs have better
mobility, lower noise, and superior uniformity compared to
their organic counterparts [7]. However, standard electronics
based on crystalline Si transistors outperforms a-IGZO TFTs
both in terms of power efficiency and speed. For this reason,
the design of analog FEs capable of amplifying EMG signals
with good SNR and yield using a-IGZO is challenging.
In addition, to balance the low output current caused by
the considerable thickness of their gate oxides, TFT circuits
normally run at tens of volts power supply. In contrast, for
recent technology nodes, the power supply of Si circuits is
typically limited to about one volt. Therefore, considering
the interconnection between flexible TFTs and Si-ICs, another
challenge is set by their different supply voltages.

This article is further organized as follows. In Section II,
we provide a brief overview of the a-IGZO technology, dis-
cussing its interface with the skin for biomedical measure-
ments and its integration with Si chips. Section III describes
the system architecture and the multiplexing technique chosen,
which directly influences the design of the biomedical FE in
the flexible part. The circuit topologies used in both flexible FE
and Si back-end IC are presented in Section IV. In this section,
the interface between flexible electronics and the Si chip is
discussed too. The detailed design procedure and simulation
results are presented in Section V. The experimental charac-
terization of all blocks alone and together in the full system
is reported in Section VI, which also includes electrical and
in vivo EMG measurements. Finally, the main advancements
of this work are discussed in the conclusion.

Fig. 2. a-IGZO technology layer stack and photograph of a sample realized
with the proposed technology.

II. TECHNOLOGY OVERVIEW

The a-IGZO TFTs used in this work are bottom-gate top-
contact n-type only transistors [6]. All process steps are
performed at a maximum temperature of 200 ◦C, com-
patible with the flexible substrate. The process starts on
a 15-µm flexible polyimide (PI) substrate on which a first
metal layer (ML1), SiO2, and a-IGZO films are processed.
They will form, respectively, the TFT gate, gate insulator (GI),
and semiconductor. An etch-stop layer (ESL) on top of the
semiconductor protects the a-IGZO during the next steps,
including the processing of source/drain on metal (ML2). ML2
can also be used as a second (top) gate, thus providing a
means for modulating the TFTs threshold voltage and ON-
current [8]. Finally, an interlayer insulator (IL) and a third
metal layer (ML3) are deposited on top of the stack (Fig. 2).
While ML1 and ML2 are used inside the TFT structure and
for circuit interconnections, the ML3 function is to connect
sensors processed on top of the stack or, used as bare metal,
to create biomedical electrodes directly interfaced to the skin.
In the latter case, to ensure good electrochemical contact
between ML3 and the skin, a layer of Ag/AgCl can be screen
printed on top of ML3. The large thickness of IL provides
a capacitance per unit area of 0.2 nF/cm2 between ML3 and
ML2, which is about 100 times smaller than the ESL and GI
capacitance/area. Therefore, the capacitive coupling between
the metal electrode and the circuit processed underneath can
be considered negligible.

In terms of performance, the TFT mobility is on average
15 cm2/V · s and the onset voltage −1 V, with a spread of 1 V.
Flicker noise is the main noise contribution in the EMG band,
with a Hooge’s parameter of about 0.025 [8]. Although its
higher mobility and lower noise make the a-IGZO technology
better than other flexible technologies, in biomedical FEs, the
use of offset canceling and 1/ f noise reduction techniques
remains indispensable [9].

Electrodes and electronics integrated on a thin flexible
PI substrate are relatively fragile. To avoid damage during
movements, the TFT foil can be embedded in a flexible encap-
sulation, leaving openings for the metal electrodes. Before the
application of the flexible patch to the body, these electrode
openings could be filled with standard electrode gel, thus
enabling a low-resistivity electrode/skin contact.

A back-end Si chip (Fig. 1) can be mechanically and
electrically connected to the flexible circuits using chip-on-
flex techniques [10]. The naked die is oriented with the
bonding pads toward the flexible substrate (flip chip), and
the connections are realized by means of an anisotropic
conductive film applied on top of the MT3. This will offer
strong adhesion to the plastic support, and low connection
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Fig. 3. System level block diagram of the flexible biopotential patch. At the
bottom, the expanded diagrams of each AE implemented with TFTs and of
the Si chip are shown. Single-ended connections between TFT and Si are
shown for the sake of simplicity.

resistance between the Si bond pads and the flexible a-IGZO
electronics. An alternative to this approach is represented by
suitable bonding using metals, which can provide an even
higher conductivity contact [11].

III. SYSTEM ARCHITECTURE

Fig. 3 shows the system architecture of the proposed
biopotential measurement patch [12]. The sensing element
is a matrix of 4 × 4 electrodes (EMGi, j ) on plastic foil,
each directly connected to its own a-IGZO FE integrated
on the same foil. Each FE (left inset of Fig. 3) includes a
chopper that is used to decrease 1/ f noise and implement
frequency-division multiplexing (FDM). This technique allows
grouping the AE signals in a column on a single output. The
electrode together with its FE form an AE. In our system,
each column is composed of four AEs, each having a different
chopping frequency. After high-pass filter (HPF), chopping,
buffering, and band-pass amplifier (BPA), the AE outputs in
the same column are summed together in the current domain.
The BPA makes it possible to suppress the high dc offset that
is typically observed in TFT amplifiers and is caused by the
large TFT mismatch. The conversion of the EMG signals from
voltage to current is performed through a transconductor on
foil (gmeff). All column current outputs (four in our complete
patch) are then connected to a Si chip (right inset of Fig. 3),
which converts the signals back to the voltage domain with
an offset-compensated trans-impedance amplifier (OC-TIA).
In this way, the current-based signaling enables interfacing
different voltage domains of a-IGZO and Si technologies. The
custom Si-IC then filters and multiplexes different columns,
digitalizes the signals, and transmits serial data to a base
station.

Multiplexing the electrodes on foil before the connection
to the Si-IC provides numerous advantages. It reduces the
number of interconnects needed to bring signals from the
electrodes to the Si-IC, improving the reliability of the final
system, and it decreases the Si-IC area (and cost) needed to
implement the interface circuitry with the electrodes, while
exploiting inexpensive TFT electronics for the multiplexing.
These advantages become more and more evident for a
large number of electrodes: indeed, for a matrix of N × N
elements, the number of interconnects and interface circuits

needed is N 2, while with multiplexing1 before the Si-IC,
the interconnects are 2N and the interfaces are only N .
Our approach enables scaling the system to a very large
number of electrodes, such as some 64 EMG electrodes arrays
available commercially [13], and makes the final solution more
reliable, less expensive, and easier to implement. It should be
observed that the on-foil functions must be realized with as
few TFTs as possible to limit hard faults, which, compared
to Si, are frequent in a-IGZO technologies developed now in
research facilities. As aforementioned, in our flexible patch,
multiplexing is realized using FDM, which requires the input
signal coming from each FE to be modulated at different
carrier frequencies and then summed together. FDM can be
easily implemented via the input chopper, already used to
reduce the 1/ f noise, choosing different chopping frequencies
fchop for each row. These carriers can be generated on foil, e.g.,
dividing two base clocks with simple counters [14] or using
four temperature-insensitive oscillators as reported in [15].
In this work, to further simplify the TFT electronics, the
chopping frequencies are generated outside the foil. In terms
of power consumption, FDM can also give a benefit if the
FEs bandwidth (BW) is designed to be scalable with fchop.
Compared to time-division multiplexing (TDM), where every
FE should be identical to the others, in FDM, the FE BW
can be variable and adapted to fchop to reduce the power
consumption. FDM also offers a hardware minimalistic way to
implement multiplexing, as the choppers are already present
in each channel, while TDM would need additional circuitry:
if de-chopping is performed before multiplexing, de-choppers
and filters must be added on foil; if de-chopping is performed
later in the conditioning chain, a multiplexer running at high
switching speed is needed, which can be challenging to
implement with TFTs. In conclusion, the use of FDM enables
a minimalistic hardware multiplexing on foil, simplicity of
interface with the Si chip, and minimal pad count on the Si
chip. Besides simple FDM, approaches involving frequency
hopping can be used to reduce even more the number of
interconnections between the sensor array and the CMOS
FE [16]. Although very promising, the implementation of this
technique presented in [16] requires an inductor-based digitally
controlled oscillator per sensor that is too large for the spatial
resolution targeted in this work.

Compared to other solutions involving FDM for biopoten-
tials recording such as [17], we designed an EMG recording
system that is very cost-effective, thanks to the low cost
per area of the TFT electronics used to implement the mul-
tiplexing. Due to the reduced number of CMOS interface
circuits needed, with 1 mm2 of Si, we can acquire EMG
signals coming from up to 32 electrodes. Moreover, compared
to [17], the use of flexible electronics enables a higher spatial
resolution with a pitch of 8 mm between adjacent pixels
and a potentially better adhesion (our solution is thin and
flexible instead of being based on rigid AEs 20 × 16 mm
each [17]). A clear drawback of the proposed hybrid system
is its performance. Compared to [17], we achieve a lower
SNR with a higher power consumption, due to the high

1For this simple example, we assume that N interconnects are needed to
carry the data, and N to drive the multiplexer.
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Fig. 4. (a) Schematic of the FE of an AE. (b) BPA half circuit model and its (c) low-frequency and (d) high-frequency equivalents. ML and MD represent
the load and drive TFTs of the main amplifier, respectively. The auxiliary amplifier A is modeled by gm and r0 or by a buffer.

supply voltage, low mobility, and large 1/ f noise of a-IGZO.
Moreover, the work in [17] can process E × G signals, while
ours is optimized only for EMG.

Regarding noise performance in the case of FDM, a degra-
dation occurs, due to the superimposition at the output node
of the noise coming from all the AEs in a column. If N is
the number of channels summed together, this degradation is
proportional to

√
N and must be taken into account at the

design phase. Also, out-of-band interferers may invade the
frequency space allotted to other channels. Both effects could
be alleviated by tailoring the BPA after the chopper to the
actual chopping frequency used in each channel.

IV. CIRCUIT BUILDING BLOCKS

The block diagrams of both the flexible and Si chips in our
system are shown in the insets of Fig. 3. Further details on the
important blocks in both parts are provided in this section.

A. a-IGZO FE
The schematic of the a-IGZO FE for an AE is shown in

Fig. 4(a). The FE consists of an input stage, followed by a BPA
and an output transconductor. VIN,E is the electrode signal,
while VIN,dc is a common reference voltage. This represents
a monopolar configuration, chosen for the good accuracy it
provides for MFCV extraction [1], [2], [3]. The drawback
of using monopolar electrodes is the lack of common mode
rejection, which will eventually require the implementation
of an active common mode rejection circuit such as active
right-leg driving [18].

The input stage in Fig. 4(a) consists of an HPF, a chopper
MA−D, and a buffer stage M1−4. The HPF rejects all low
frequencies(LFs) outside of the EMG signal BW, including
the dc offset created by the electrode–skin contact. It is
composed of CIN plus the switched capacitor (SC) resistor
created by the chopper and the parasitic capacitances (Cgd1,2)

of the buffer stage. The source-follower buffers are used to
increase the input impedance, isolating the input from the
parasitic capacitances of the gain stage Cgd5,6, which are large
due to the Miller effect. Source followers offer the lowest
input parasitic capacitances among the single-stage amplifier
circuits; however, they add noise and power consumption that
must be considered in the FE design.

Compared to standard amplifier topologies [19], [20], here,
we present, as main FE block (M5–M20), a single-stage BPA,
designed to reduce the large dc output offset typical of dif-
ferential amplifiers built using low-temperature TFT technolo-
gies. This offset could lead to gain compression, distortion,
and thus large random errors in a matrix of AEs. The basic
structure is inspired to [21], where a feedback amplifier drives
the load TFTs of a differential pair, boosting their output
impedance and, consequently, the overall dc gain [8].

Although the noise and gain performance of [21] were
enough to collect EMG signals, the output dc offset due to the
intrinsically large TFT mismatch in the differential topology
was still a concern. The large value measured (−1.3 V) and
the high standard deviation (2 V, more details are provided
in Section VI-A) drastically reduced the swing available for
the signal; thus, the amplifier could fail, e.g., in the presence
of motion artifacts. The novel BPA, described in this work,
solves this issue, offering an effective suppression of the dc
offset.

While in [8] and [21], the FE has a flat frequency response
up to the cutoff frequency; here, the amplifier has an intrinsic
bandpass response thanks to the feedback network formed
by the auxiliary amplifier (M10–M20) and the capacitors CL
and CF. The auxiliary amplifier consists of two networks
in parallel: an LF differential gain stage (M10–M16) loaded
by the capacitors CL and an high-frequency (HF) pseudo-
differential follower (M17–M20) loaded by the series CF–CL.
The former network has a very LF pole, due to the large
loading capacitor and high small-signal resistance r0 at the
nodes VG7/VG8: thus, it is only effective at very LFs. The
latter network remains effective at higher frequencies. The LF
and HF half circuit equivalents of the BPA for differential
inputs are shown in Fig. 4(c) and (d), respectively. In these
pictures, ML and MD represent the load and driver TFTs of
the main amplifier M5−9, respectively. Both half-circuit equiv-
alents can be analyzed using the circuit shown in Fig. 4(b),
which provides the closed-loop gain Go as a function of the
transfer A from output to the gate of the load transistor:
Go = (−gmD/gmL(1 − A)). From inspection at dc of the LF
feedback network in Fig. 4(c), one can write the factor A as
AL = −gmro, where gm is the transconductance of M10 or M11
and r0 is the small-signal resistance at the nodes VG7/VG8.
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Fig. 5. (a) Block diagram of one channel of the Si back-end interface to the
a-IGZO foil. (b) Schematic of the OC-TIA.

In the HF network of Fig. 4(d), the factor A can be found
to be AH = (CF/CF + CL) < 1. It should be noted that at
LF, the transfer through the HF network is negligible, as AH
is much smaller than gmro. Thus, for LFs, the closed-loop
gain GL of the BPA can be calculated from Fig. 4(b) and (c)
using A = AL. This gives GL = (−gmD/gmL(1 + gmro)),
which is small by design. At the signal frequency, which
is much higher than the BW of the LF network, only the
HF network is effective and the closed-loop gain GH can be
calculated from Fig. 4(b) and (d) using A = AH, resulting
in GH = −(gm,d/gm,l) × (CF + CL/CL). This in-band gain of
the BPA is larger than the gain that would be provided by a
diode-connected load alone (−(gm,d/gm,l)). As the driver and
load TFT are biased in the same operating region and share
the same bias current, the in-band gain of the BPA is set by
capacitor ratios and transistor aspect ratios, thus offering a
process and temperature-insensitive solution. The overall BPA
transfer function can finally be written as

G(s) = −
gm,d

gm,l
×

1
1 − AL

×
1 + sro(CF + CL)

1 + sr0CL/(1 − AL)
. (1)

The high pass pole is equal to gm/2πCL: it must be low
enough compared to the lowest chopping frequency used.

At the output of the BPA, the level shifter M21−24 adjusts
the dc levels to match the following transconductor stage
M25−29. The transconductor converts the BPA output into a
differential current that can be summed to the signals coming
from the other AEs. This transconductor is implemented by a
simple differential pair with source degeneration, for improved
linearity. The degeneration resistor is implemented by a TFT
(M27) biased in linear region. The gate bias of M27 can be
tuned externally to adjust the total output transconductance.
The outputs of all transconductors in a column are then
connected together and to the input of the Si chip using a
single differential connection.

B. Si Back-End
The block diagram of one channel of the Si electronics

interface to the a-IGZO foil is shown in Fig. 5(a), where Ii+/−

are connected to the differential output of an AE column, i.e.,
the open-drain transconductors. This interface is designed to
safely connect the high-voltage (tens of volts) FE electronics
to a 1.2-V Si chip, ensuring robustness against the large
variability that affects the TFTs. Two pseudo-differential OC-
TIAs set the voltage of Ii+/− to the safe value Vb. In each
TIA, a dc servo loop compensates the dc current of the AE
transconductors. A servo-loop has been chosen to supply a
stable dc current to the a-IGZO transconductor. Moreover, the

servo loop suppresses the irrelevant dc part from the incoming
signal enabling a higher TIA gain and relaxing the Si-IC noise
requirements.

The detailed schematic of the OC-TIA used in each branch
is shown in Fig. 5(b). The current-to-voltage conversion is per-
formed through the TIA formed by A1 and RF in the feedback
loop. The dc servo loop in the feedback path highlighted by the
red arrow in Fig. 5 includes an integrator, formed by A2, C1−2,
and R1−2, followed by a source degenerated transconductor
(MS1 and Rs). The integrator in the feedback loop creates a
very LF zero in the OC-TIA transfer function

vout

iin
=

Rf

Adc Rfgmeff + 1
×

1 + sτ(Adc + 1)

1 + s τ(Adc+1)

Adc Rfgmeff+1

(2)

where Adc and τ represent the dc gain and the time constant
of the integrator, respectively; gmeff is the transconductance of
the source degenerated stage including MS1, which provides
the necessary dc current for Ii+/−, accommodating LF current
variations. The dc current range that the TIA can cope with is
determined by the output swing of the integrator and by gmeff.
This current is determined by the output transconductor of
each AE [Fig. 4(a)] and, in nominal conditions, is about 1 µA
per branch, per AE. Simulations with double the expected
current will be shown in Section V, demonstrating that our
design can cope also with eight electrodes per column.

Connected to MS1, a high-threshold NMOS pull-down tran-
sistor (MS2) helps the system startup, preventing the output of
A2 from saturating to VDD. MS2 is in OFF-state during normal
operation.

In addition, reverse-biased protection diodes are included at
the input pad to safely clamp the input node during the startup
phase, before the OC-TIA loop is fully functional.

The OC-TIAs are followed by a fully differential anti-
aliasing filter (AAF) to prevent noise folding [Fig. 4(a)] caused
by the sampling performed for data conversion. A multiplexer
to switch between the four columns in the matrix (Fig. 3)
and finally a 12-bit successive approximation register (SAR)
analog-to-digital conversion (ADC) with serial output [22]
complete the system.

V. CIRCUIT DESIGN AND SIMULATIONS

We designed a matrix of 4 × 4 electrodes (N = 4, Fig. 1),
each composed of a biopotential metal electrode and with
the FE fabricated underneath in the a-IGZO technology. The
electrodes are grouped in arrays of four electrodes each;
therefore, we use four differential outputs to read the full
matrix. The Si readout circuit is designed in the Taiwan
semiconductor (TSMC) 65-nm technology.

Using the method described in [3], the MFCV can be
extracted with a good accuracy from EHG signals with an
SNR of 6 dB. However, the method [3] is not tested on EMG
signals, and thus, an SNR specification to extract MFCV from
EMG is not available. For our design, we assumed a target
SNR of 20 dB for the acquired EMG signal.

EMG signals have a BW of 20–500 Hz [23]. In the FDM
approach, an upconverted EMG signal will have two lobes and
a total BW of 1 kHz. Thus, each channel resides in a 1-kHz
band centered at different carrier frequencies. To minimize the
interference between different AEs, the chopping frequencies
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( fchop,i for the i th AE) should be selected so that all the
channel bands fall between fchop,1 and its lowest significant
harmonic. Thus, the minimum chopping frequency that can
be used is BW × N = 4 kHz, with zero channel spacing in
the frequency domain. To provide some additional margins,
we set the fchop values for the AEs in each column to 5, 6, 7,
and 8 kHz.

A. a-IGZO Electronics Design
Starting the analysis from the input stage of the FE chain,

the HPF (Fig. 4) should achieve a low enough first pole
frequency f−3 dB to accommodate the LF biomedical signals.
Given the structure of the HPF described in Section IV-A, its
high-pass corner f−3 dB can be demonstrated to be equal to
fchopCgd1,2/πCIN. Cgd1,2 is proportional to the size of input
buffer TFT, which is set by noise requirements and is equal
to 2.2 pF in our design. The size of the MIM capacitor CIN
integrated on foil is limited by yield considerations. At the
maximum fchop of 8 kHz, a CIN of 1.4 nF enables a first pole
f−3 dB of 4 Hz, which is low enough for EMG signals.

The input buffer following the HPF is sized based on
SNR requirements. Assuming a typical EMG signal of
2.12 mVrms [2], [24], the 20-dB SNR requirement corresponds
to 212-µVrms referred-to-input (RTI) noise of the full array
(vnTOT,RTI). Considering that all the FEs are the same and the
noise from the different channels is uncorrelated, vnTOT,RTI is
the sum of the noise from all FEs in a column. Therefore, the
maximum RTI noise of a single element (vnAE,RTI) should be
limited to vnTOT,RTI/

√
N . In our FE, the noise is predominantly

1/ f even after chopping [21] and is generated by the input
buffers as well as by the BPA. Therefore, the noise level will
determine the size of the input TFTs in the buffer as well as
in the BPA first stage, which contribute equally to vnAE,RTI in
our design.

Based on the maximum value of fchop, the BPA BW
requirement is at least 8 kHz + 500 Hz to work with all four
AEs at the selected frequencies. In this design, we choose to
have the same BPA for all the AEs in a column, spending some
more power for the channels that use lower FDM/chopping
frequency, but ensuring design simplicity. The BPA gain is
set to be 20 dB at all chopping frequencies, high enough
to relax the noise requirements on the following blocks. The
dc rejection, defined as the ratio of the BPA in-band gain
and dc gain, is set to be 20 dB. The high-pass pole of the
BPA (1) is determined by the GBW = gm/2πCL of the LF
feedback network in Fig. 4. Therefore, this network is biased
in subthreshold to have a pole of about hundred Hz, more than
a decade below the smallest chopping frequency.

The simulations in Fig. 6 plot the frequency response of the
BPA, running both process corners and Monte Carlo mismatch
simulations. As shown in Fig. 6(a), at different corners, the
high-pass pole varies between 32 and 135 Hz, in line with the
requirements. In addition, the dc gain, the in-band gain, and
the second pole show negligible variation across the process
corners, being, respectively, 4.4–4.9 dB, 25.5–25.6 dB, and
20 kHz. In Fig. 6(b), 100 Monte Carlo runs of mismatch
simulations on transistors mobility and threshold show an ac
characteristic that is substantially unaffected by mismatch. The
mean dc gain is 4.8 dB, with a σ of 1.3%, the mean in-band

Fig. 6. Simulation of the frequency response of the BPA running: (a) process
corners and (b) 100 Monte Carlo mismatch simulations. The dc rejection is
larger than 20 dB and variations are negligible.

TABLE I
AE TFT SIZES

gain is 25.6 dB with a σ of 0.26%, and the high-pass pole
f−3 dB is 60 Hz with a maximum spread of 7.25 Hz. For
this simulation, the transistor parameter statistics have been
extracted from suitable test structures.

The last element of the on-foil FE is the transconductor. The
TFTs have been sized to achieve a nominal transconductance
of 1 µA/V, at a biasing current of 1 µA per branch. The noise
and distortion targets are set 10 dB better than the SNR of the
BPA, to have minimum impact on the SNR and signal-to-noise
and distortion ratio (SNDR) of the input stage. The sizes of
each TFT in the AE are summarized in Table I.

B. Si Electronics Design
Two pseudo-differential Si OC-TIAs per AE column must

provide the bias current for all the differential transconductors
included in the foil [Figs. 4(a) and 5(a)]. The OC-TIAs are
designed so that they can actually accommodate the dc current
of up to eight AEs grouped together, including the expected
variations (5–11 µA). Since the OC-TIA is the back-end of the
system, its dynamic range must be large enough to ensure that
its noise contribution is negligible compared to that of the FE.
The chopping artifact represents the largest input for the Si
chip: during the chopping cycles, the exchange of charges
between CIN and Cgd1−2 [Fig. 4(a)] results in a square wave at
the chopper output of amplitude (VDD−VIN,E)[Cgd1,2/(Cgd1,2+

CIN)]. Considering the total FE gain designed to be 10 µA/V,
this artifact signal can be estimated to be around 200 nArms
at the input of Si chip. The EMG signal resides about 20 dB
below this value, at 21.2 nArms, and the FE noise at 2.12 nArms.
The Si chip was designed to provide an rms noise 10 dB
below the FE noise, leading to a Si input-referred current noise
spectral density of 30 pA/

√
Hz in the EMG BW, which is

at a −76.5-dBc level assuming the maximum current signal
described above to be 0 dBc.

Regarding the frequency response of the total OC-TIA, this
is also bandpass. The high-pass pole f−3 dB is set at 10 Hz
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Fig. 7. Simulation results of the OC-TIA at different process and input dc
bias current (IB) corners.

at the worst process corner, approximately two decades lower
than the smallest fchop used in this system. This margin on the
HPF cutoff is set to avoid overshoots caused by the transient
response of the TIA to the fast-raising edge of the chopper
artifact. The dc servo loop is set to guarantee a rejection
of more than 40 dB compared to the in-band signal gain
at the worst process corner. With this value of dc rejection,
any LF interferer possibly present at the input should be
strongly attenuated, thus minimizing its effect on the system.
The in-band gain is 120 k� (∼100 dB · �), set such that the
maximum input signal, plus a large safety margin to take into
account the TFTs variability, reaches 0.8 VPP, well inside the
ADC full-scale range.

In Fig. 7, the simulated frequency response of the OC-TIA
at different process corners and different dc input currents
IB, namely, 5, 8, and 11 µA, are shown. The worst-case dc
rejection and high-pass pole f−3 dB are 49 dB and 9.6 Hz,
respectively. The in-band gain is rather constant against pro-
cess corners and above 100 dB · �. In addition, the frequency
response of the OC-TIA is not sensitive to the different input
dc currents (different symbols in Fig. 7) in the specified range.
The AAF following the OC-TIA is designed to limit the BW
to 30 kHz.

VI. MEASUREMENT RESULTS

All the circuits described in Section V have been fabricated
and experimentally characterized, both as single blocks and
in the full matrix. Fig. 8(a) shows the layout plot of a single
AE with the electrode on ML3 in foreground. Fig. 8(b) shows
only the a-IGZO FE where all the different blocks (i.e., HPF,
input buffer, chopper, and BPA) can be observed. Fig. 8(c) is
reported a micrograph of a column of four FEs, while Fig. 8(d)
shows the micrograph of a 4 × 4 matrix of AEs. Fig. 8(c)
differs from Fig. 8(d) since, in the last one, the entire AE with
its metal electrode is shown. Finally, in Fig. 8(e), a micrograph
of the Si-IC is provided.

A summary of the system blocks specification together with
the experimental characterization results is given in Table II.

A. Flexible FE Measurements
We first measured the frequency response and noise RTI of

a single a-IGZO BPA. As shown in Fig. 9, the BPA meets
the specifications with an integrated in-band noise of about
29 µVrms, 20-dB in-band gain, −3-dB dc gain, and a BW
from 15 Hz to 17 kHz. Thanks to the high BW achieved,
using FDM, it would actually be possible to fit in the BPA
BW up to eight EMG channels below the second harmonic of

Fig. 8. (a) Layout of the single FE channel, including CINand electrode
on ML3. (b) Detail of the TFT FE with ML3 hidden. (c) Micrograph of an
array of IGZO FEs with four channels (for test purposes). (d) Micrograph of
the full 4 × 4 AE matrix. (e) Si chip micrograph.

TABLE II
SYSTEM SPECIFICATIONS

the lowest chopping frequency (which is non-negligible due to
mismatch). In this case, the lowest chopping frequency would
be fchop,1 = 8 kHz. Moreover, with a dc gain of −3 dB, the
input offset is attenuated at the output, increasing robustness
to mismatch. A common mode rejection ratio (CMRR) and
power supply rejection ratio (PSRR) of 76 and 80 dB were
measured for the BPA. As reported in Fig. 10(a), the output
offset of a conventional a-IGZO amplifier fabricated in the
same technology [21] is as large as −1.3 ± 6 V (±3σ), which
has a large impact on the available signal output swing. Thanks
to the dc suppression provided by the BPA, the situation is
drastically improved in this work. Measurements on 33 BPAs
in Fig. 10(b) show an output offset of 56 ± 350 mV (±3σ)
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Fig. 9. (a) BPA measured gain (left axis) and RTI noise (right axis).
(b) Comparison between the noise of a single BPA, and a single AE in the
BW of interest.

Fig. 10. (a) Output offset of the main voltage amplifier of [21], which has
an in-band gain of ∼23 dB. (b) Output offset of the proposed BPA (in-band
gain is 20 dB).

which corresponds to a 6σ input offset range of ∼1 V, a value
that is not surprising in flexible electronics.

Considering the nominal transconductance of 1 µA/V for
the output AE transconductor, the output offset of the amplifier
in [21] would result in a worst-case scenario of 7-µA offset
at the AE output. With a 1-µA nominal transconductor bias
current, such offset would completely saturate the output
transconductor in Fig. 4. To accommodate for such offset,
a much larger bias current would be needed. Moreover, a max-
imum current of 7 µA per branch means that in the proposed
4 × 4 array, the SI-IC would have to provide a dc current up to
28 µA per column, while the signal is about 200 nArms. This
situation would have drastically increased the Si-IC dynamic
range requirements and the whole system power consumption.

After fabrication of the full flexible FE chain, we charac-
terized its frequency response by measuring the upconverted
output signal amplitude at a selected chopping frequency. The
gain versus baseband frequency at fchop of 5 kHz (conver-
sion gain) is plotted in Fig. 11(a). The AE demonstrates a
maximum in-band gain, including the tunable transconductor,
of 20 µA/V, and a BW of 3 Hz–30 kHz. Compared to the BPA,
here, the first pole of the AE is at lower frequency and it is
determined by the input capacitor CINand the SC resistance
provided by the parasitic Cgd1, switched by the chopper. The
HF AE behavior is also different from the one observed in
the stand-alone BPA, as the capacitive load of the BPA is now
provided by the transconductor instead of by the measurement
system. Thanks to its higher BW, the AE measurements of
the in-band gain at different chopping frequencies show a
transconductance above the target of 10 µA/V up to a fchop
of 40 kHz.

In order to verify that the FE circuit can interface with
the human body without significant SNR degradation due to
voltage partition at the input, we characterized ZIN, its input
impedance. Similar to the AE first pole, this impedance is

Fig. 11. Measurements of a single full-chain AE: (a) conversion gain
measured at fchop of 5 kHz versus baseband input frequency and (b) input
impedance modulus measured versus chopping frequency.

Fig. 12. Measurements of an array of four flexible AEs: (a) output spectrum
with a single 130-Hz 3-mV input signal and (b) AE FE THD and noise
versus input voltage amplitude at different chopping frequencies.

provided by the capacitance CIN and the parasitic capacitance
Cgd1switched by the chopper. Knowing the value of the input
capacitance, ZIN can be calculated from the measured AE first
pole f−3 dB at different values of fchop. The results presented
in Fig. 11(b) show that |ZIN| is above 10 M� for fchop below
20 kHz. In particular, an fchop between 5 and 8 kHz results
in a ZIN between 40 and 25 M�, indicating that the interface
with standard wet electrodes will not degrade the SNR, and
even interfacing with dry electrodes could be possible [25].

Finally, we tested the column array composed of four AEs,
by applying a 130-Hz sinewave at the input of each FE and
measuring the single output of the array through a discrete TIA
with a gain of 220 k�. Fig. 12(a) shows the output spectrum,
for an input amplitude of 3 mV. We can observe the signal
upconverted around 5, 6, 7, and 8 kHz and the chopping
artifacts at different fchop values. The remarkable difference
in amplitude of the signal at 6 kHz compared to the others is
due to a manufacturing fault on the input capacitance CIN in
channel 2. Indeed, due to the large area of the capacitor on foil,
the probability of pinholes between its plates is not negligible.
If this happens, the capacitor becomes leaky with a parasitic
resistance in the M� range. In this condition, the effect of
the charge sharing between Cgd1,2 and CIN (Section V-B) is
reduced. A hardware fault on CIN also impacts on the system
performance, increasing the input HPF cutoff frequency. This
is a concern while performing measurements with EMG signal,
as part of the signal could be cut. However, for the specific
measurement in Fig. 12(a), using an 130-Hz tone, the effect
is limited.

The SNR measured in the EMG BW at different fchop values
range between 27 and 31.6 dB, better than specifications. It is
worth noticing that the maximum gain difference between all
the FEs in the array is 3 dB. The measured total harmonic
distortion (THD) and noise is depicted in Fig. 12(b). Its best
value is reached for an input signal of 20 mVPP and equals
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Fig. 13. Measurements of the Si chip: (a) frequency response and (b) nor-
malized output spectrum from two-tone test for the Si chip (DOUT), and its
alignment with the out AE normalized spectrum (IOUT).

−50 dB, or 0.32% THD. In the case of biomedical signal,
typically 1% THD is acceptable [26]. This value is reached at
VIN = 100 mVPP in Fig. 12(b). Up to this input level, a pos-
sible input interferer at known frequency can be removed in
post-processing without introducing excessive distortion to the
EMG signal. As reported in Table II, our flexible FE reaches a
minimum SNR of 27 dB with a 2.12-mVrms amplitude input.
As our system starts to saturate at 40 mVpp [Fig. 12(b)],
a dynamic range of at least 43.5 dB can be extracted. The
Si-IC noise and non-linearities have not been considered in
these calculations since they are negligible compared to the
a-IGZO performance.

B. Si Back-End Measurements
The measured frequency response of the full Si chip,

presented in Fig. 13(a), is in agreement with the specifications,
demonstrating a total in-band gain of 112 dB · �, high-pass
pole f−3 dB of 0.138 Hz, second pole f−3 dB of 30 kHz, and a
power consumption per channel of 93 µW. A dc rejection of
50 dB was also measured by examining the OC-TIA output
at various input dc currents.

In order to verify the dynamic range, first, a two-tone signal
was applied at one input of the Si chip, with an amplitude
of 200 nArms, corresponding to the maximum amplitude
expected from one AE by design (i.e., for 10-µA/V gain). Four
measurements were performed, using the center frequency of
the two-tone signal, respectively, at 5, 6, 7, and 8 kHz and
the two signals at 100-Hz offset from the center frequency.
This approach emulates a 100-Hz sinewave chopped at the
fchop values used in our system. The normalized spectrum
of the ADC-converted signal DOUT is depicted in Fig. 13(b),
superimposed to the normalized spectrum of the output signal
IOUT, coming from the flexible array [Fig. 12(a)] in the current
domain. The 0-dB reference in the graph corresponds to the
maximum input current of the OC-TIA, 200 nArms. The graph
shows a noise floor of −77 dB for the Si chip, providing a
10-dB margin between the FE array and the OC-TIA noise
as discussed in Section V-B, and ensuring that the dynamic
range of the Si back-end will not degrade the FE performance.
In the proposed system, the digital signals generated by the
ADC on the Si-IC are acquired by an external microcontroller
via serial peripheral interface (SPI) protocol. The SPI clock
signal has been directly fed to the ADC as main clock, and
the data transfer was forced to be continuous by software.
The spectral “skirts” visible in Fig. 13(b) are caused by the
jittery sampling frequency of the ADC and could be improved
with a more precise ADC clock. Moreover, Fig. 13(b) shows

Fig. 14. (a) Measurement setup with a recorded chopped signal shown
on the PC. (b) Detail with the passive patch electrode used for the in vivo
measurements. (c) Detail showing a column of four IGZO FEs used for the
system electrical validation: the yellow IGZO foil is contacted using a green
clip connector. (d) Block diagram of the measurement setup.

Fig. 15. (a) Comparison between the EMG reference signal and one acquired
with the proposed FEs. (b) Electrical validation test results, showing a portion
of the reference signal (Ref.EMG) replicated in all the electrode channels with
a time shift, and the acquisition of three channels in one column (Ch1–3).
(c) In vivo test results during several muscle contractions, showing the signal
acquired from one column.

that the spectral skirts fall below the a-IGZO noise floor at
about 20 Hz from the modulating tone. Considering the BW
of the EMG signal (20–500 Hz), the impact on the EMG of
these imperfections should be limited. In summary, the circuit
performance of all blocks is perfectly in agreement with the
specs, enabling EMG measurements.

C. Electrical and In Vivo Full System Tests
The electrical and in vivo measurements of the full system

have been performed using the setup shown in Fig. 14. In this
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proof-of-principle benchtop system, an external PCB supplies
the a-IGZO electronics with the bias and the input dc voltages
needed by the BPA, together with the four clock signals for
the input choppers. A single column of the 4 × 4 array of FEs
is shown in Fig. 14(a) and (c). As visible in Fig. 14(a) and (d),
the flexible FE array is connected using a clip connector to
the Si chip, which is controlled by an advanced RISC machine
(ARM) microcontroller. If a matrix of AEs is connected, two
general purpose input-outputs (GPIOs) of the microcontroller
drive the multiplexer on the Si-IC and switch between different
columns. The microcontroller saves the data coming from the
ADC during the test, sending them afterward to a PC via USB.
If required by the test to be performed, a matrix of passive
electrodes is connected to the flexible FE patch using clip
connectors.

Fig. 15(a) and (b) depicts the results of the electrical experi-
ment on the flexible FE. For this test, a commercial digital-to-
analog converter (DAC) is used to emulate an EMG recording
of a patient affected by neuro-junction disorders, taken from
the Physionet database [27]. The database recording is shown
in Fig. 15(a) on a long-time scale and is compared to the same
signal, played through the DAC and acquired by one of the
proposed FEs.

A portion of this source signal, labeled Ref. EMG(t), is plot-
ted in the top graph of Fig. 15(b). The DAC generates four
identical EMG signals, each shifted by a 1t = 2 ms compared
to the previous. The four outputs of the DAC are connected
to four AEs in a column of electrodes, and the single output
of the column is connected to the Si chip for data conversion,
prior to transmission to the base station. In the base station,
the digitized output signal of the column is downconverted at
different AE chopping frequencies and filtered in the EMG
band. Signals Ch1–3 in Fig. 15(b) represent the result of this
acquisition, confirming a time shift of 2 ms at the output of
the full system. The differences between the reference and the
signal coming from the FEs are due to out-of-band interferes
that are modulated by the choppers and fold over the adjacent
channels. Despite these discrepancies, a simple correlation
algorithm can extract biologically correct MFCV values from
the data provided in Fig. 15(b). The Channel 4 output in this
measurement has not been shown since it was faulty.

In order to validate the functionality of the system in a
real environment, an in vivo measurement of multiple muscle
contractions was recorded. An electrode assembly composed
by a matrix of 8 × 8 passive Ag/AgCl electrodes processed on
a flexible substrate was used. Of this matrix, only a subgroup
of electrodes was measured. Instead of using the designed
active patch, the authors used a passive commercial array for
the in vivo measurements (see Fig. 14(a), [13]) equipped with
a gel confinement sticker [white in Fig. 14(a)], together with
the a-IGZO FEs. This was done after noticing that the gel
deposited on the AE array for the measurement was spreading
more than expected, shorting most of the channels. Indeed, our
system still lacks a layer that confines the gel during measure-
ments. A few attempts have already been done to manufacture
confinement geometries on dummy metal structures (Fig. 2),
but this technology has not been implemented on the full
a-IGZO stack yet.

The electrodes have a diameter of 4 mm, with an inter-
electrode distance of 4 mm, and on top of the electrode,

TABLE III
BENCHMARK

a conductive gel is applied to guarantee a low-impedance
electrical contact with the skin.

For safety reasons (IEC 60601-1), a 520 k� resistance in
series with each electrode must be considered for the in vivo
tests. Even in the unlikely event of a fault causing a short
circuit between the power supply and the input of the AE, this
resistance ensures a maximum current of 50 µA to ground
via the body. Thanks to the very high impedance of the
designed AE [Fig. 11(b)], this series resistance does not affect
the input signal. Also, in terms of noise, the 520 k� resistor is
negligible having a thermal noise integrated in 500-Hz BW of
2.12 µVrms, which is 100 times lower than the input-referred
noise requirement for the AEs (Table II).

To record the EMG signals, the patch of passive electrodes
is attached to the tibialis anterior, and a volunteer performs
random contractions. In post-processing, each channel in a
column is demodulated back to baseband and filtered in the
EMG BW. The results of this process are shown in Fig. 15(c).
The measurement shows the four channels, in which the EMG
bursts are clearly identifiable from the noise floor. Applying
cross correlation among different channels, we extract a value
of MFCV that ranges between 2 and 8 m/s, which is perfectly
compatible with physiological values for a multichannel mea-
surement of surface EMG [2].

D. Benchmarking
Table III presents a comparison between the patch presented

in this work and relevant previous art in flexible technologies
for biomedical applications. Considering single AE elements,
the FE presented here achieves a similar performance in terms
of gain, PSRR, area, and power consumption, while offering
a 5.6× larger BW, a 35% higher input impedance, and a
3× better THD than previous works. The most significant
improvements are achieved at system level, where the use of
FDM as multiplexing technique allows reaching the highest
number of AEs per liner array, up to 8, only limited by the
BW of the FE amplifier. As discussed in Section III, the FDM
approach increases the system noise floor by a factor

√
N
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due to the multiple AE connected together. This work also
achieves the smallest number of connections per column, with
only one differential output. This reduces the area needed for
interconnection to the Si chip and thus cost.

Far less power consumption but lower gain and smaller
BW is achieved in a recent work on the a-IGZO active
multielectrode array where no multiplexing has been imple-
mented and no noise performance has been reported [30].
This approach is valuable only if the number of electrodes
and interconnections is limited, and the measurements are
performed in a controlled environment. Indeed, being in [30],
the communication between the a-IGZO FE and the data
acquisition system based on voltage signals, motion artifacts,
and external interferers represents a substantial loss in the
acquisition accuracy.

Several examples of multichannel biomedical readouts fab-
ricated using standard CMOS technology have been reported,
including recent works as [31] and [32]. Chung et al. [31]
present a four-channel readout chip for EMG signals, while
Lopez et al. [32] show a solution capable of reading
1024 channels for action potential measurements. As expected,
the better transconductance and noise performance of Si
transistors allow these systems to electrically outperform the
flexible patch. However, it is worthy noticing that, compared to
the four-channel EMG solution in [31], using our patch to its
full BW, we could readout up to 4 × 8 = 32 EMG channels,
while using a similar Si chip area (0.9 mm2).

VII. CONCLUSION

We demonstrated a fully integrated flexible biomedical
patch containing a 4 × 4 AE matrix made in a-IGZO tech-
nology, interfaced with a custom Si chip performing back-end
functions. The patch enables the measurement of medically
relevant parameters, such an MFCV, while assuring low cost
and potentially low sensitivity to motion artifacts. For the first
time, EMG signals in the time domain are acquired from
a multitude of channels at once using a-IGZO technology
together with a custom Si chip.

The AEs reach mm-size and high input impedance, enabled
by an unconventional input HPF approach. The novel amplifier
topology with intrinsic bandpass response used in the FE
significantly reduces offset, while achieving a large in-band
gain and low in-band noise. The current domain interface
guarantees safe interconnection between the a-IGZO and
Si parts of the system, which use very different power
supply rails. The dc rejection provided by the OC-TIA
ensures the functionality of the full system over the wide
span of bias currents absorbed by the AE transconduc-
tors, which is caused by process variations of the TFTs
on foil.

From the system perspective, the use of FDM allows group-
ing up to eight channels together in a single differential output
to the Si chip, reducing considerably the interconnections
and cost of the Si-IC. Thanks to this approach, the number
of grouped channels can be easily extended as long as the
BW of the FE amplifier is large enough. Hence, a-IGZO-
based flexible electronics proves to be a promising approach to
achieve high density and large-area multi-channel biopotential
measurement systems.
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