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Abstract—The adoption of chronic implantable peripheral
nerve-based prosthetic devices is currently hampered by the
lack of a highly integrated neural signal acquisition system-
on-chip (SoC). We report a ten-channel peripheral nervous
system (PNS) electroneurogram (ENG) signal acquisition SoC
within an implantable package. Requiring only four off-chip
capacitors, this SoC can be co-encapsulated with flexible nerve
electrodes and a resonant coil antenna to form a 3.4 cm? and
3.9 g implantable device for chronic ENG acquisition. This SoC
is inductively powered and controlled through a resonant coil at
22 MHz and transmits the digitized neural signal through a near-
infrared LED (NIR-LED). Fabricated in 0.18-um CMOS, each
amplifier channel exhibits an input referred noise of 1.9 ©Vyms
and a noise efficiency factor (NEF) of 4.0 within the signal
bandwidth of 5.5 kHz. Each amplifier channel within the SoC is
digitized with 10-bit resolution at 17.5 ksps, and the total power
consumption (SoC and NIR-LED) is 4.4 mW when the NIR-LED
is driven at 3 Mb/s. An electrode impedance measurement circuit
with <10% magnitude and <8° angle error for measuring
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impedances up to 1 M® is also incorporated in this SoC.
This wireless, low noise ENG acquisition SoC package has been
validated in vivo while implanted on a rodent to acquire ENG
from its sciatic nerve.

Index Terms— Amplifier, CMOS, common-mode feedback
(CMFB), common-mode rejection ratio (CMRR), input common-
mode range, low power, low voltage, low-noise amplifier, neural
prosthesis, neural recording amplifier, peripheral nerve, periph-
eral nerve signal, signal acquisition.

I. INTRODUCTION

ERIPHERAL nerve prostheses (PNP) [1], [2] and elec-

tronic medicine (EM) [3], [4] are options that complement
surgical approaches to restore control of paralyzed limbs and
pharmaceutical therapies to restore physiological homeostasis,
respectively. Both approaches require the recording of weak
electroneurogram (ENG) signals from peripheral nerves, fol-
lowing which the acquired signals are used either to assess the
efficacy of EM or to activate downstream prosthetic devices.
To date, many promising applications of peripheral nerve
ENG acquisition, such as that in [1] and [2], have been
demonstrated. However, they remain limited to percutaneous
electrical interfaces tethered to benchtop instrumentation. Such
setups pose higher risks of transdermal infection, are not
portable, and are prone to electrode failure due to cable break-
age, and therefore cannot be translated into a full standalone
implantable PNP/EM system.

To achieve a practical, fully implantable peripheral nerve
ENG acquisition device, the recorded neural signal data needs
to be transmitted to external post-processing devices via an
untethered and transcutaneous interfacing method. Additional
challenging electrical and biomechanical requirements need
to be addressed at the same time. Similar to miniaturized
cortical acquisition systems [5], [6], the electrical requirements
include the need to dissipate the lowest power possible,
while being self-powered and to contain low input-referred
noise levels. Low power consumption allows for a longer
self-powered device run time and reduces heat loss, thereby
minimizing potential damage to the surrounding tissue. Action
potentials acquired in cortical regions can be as high as
1.2 mVpp [7], while peripheral nerve ENG signals acquired
using intraneural electrodes comprise voltage amplitudes only
as high as 400 uVy, [8]. Therefore, peripheral nerve ENG
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amplifiers recording from intraneural electrodes require lower
input-referred noise levels than that of neural amplifiers for
cortical signal acquisition. Furthermore, unlike the cortical
acquisition setups that are mounted on the skull, peripheral
nerve ENG acquisition devices must be implanted in soft
tissue, and would hence require a compact form factor and
compliant surfaces. Hermetic encapsulation using biocompat-
ible and flexible materials is also required to ensure long-term
device reliability.

Several peripheral nerve ENG acquisition systems have
been reported [9], [10]. These devices utilize inductive power
coupling for transcutaneous powering and data telemetry.
However, these proof-of-concept devices still have a relatively
large form factor due to the use of large or multiple off-the-
shelf components. A smaller device was reported in [11], but
it required a two-chip implementation and a long (>5 cm)
external monopole antenna for data telemetry.

To overcome the abovementioned limitations, an implan-
table peripheral nerve ENG acquisition device using a sin-
gle system-on-chip (SoC) with minimal off-chip components
incorporated is preferred. The functions of wireless power
recovery, ENG signal recording, digitization, and data teleme-
try would be incorporated in such an SoC. Although several
SoCs for the central nervous system (CNS) have some of these
functions [12]-[14], they either do not achieve sufficient noise
level performance for peripheral nerve ENG acquisition or do
not contain wireless data and power transfer on a single chip.

In this paper, we report the first peripheral nerve ENG
acquisition SoC that meets the requirements defined earlier.
A peripheral nerve ENG acquisition device only requires this
single chip SoC to compactly integrate nerve electrodes, near-
field power harvesting, and data telemetry. This SoC has
potential clinical applications in which desired recording sites
for decoding movement intent are located separately from
targeted stimulation sites, e.g., recording from proximal nerves
while performing functional electrical stimulation of hand
muscles in paralyzed patients [15].

This paper is organized as follows. The SoC architecture is
introduced in Section II, and its circuit-level implementations
for key sub-blocks are described in Section III. The supporting
external reader unit for this SoC is described in Section IV.
Electrical and in vivo measurements are reported in Section V.

II. SYSTEM OVERVIEW AND DESIGN CONSIDERATIONS

This peripheral nerve ENG acquisition SoC has been
designed with the goal of creating a compact device integrated
with flexible intraneural electrode interfaces such as the thin-
film longitudinal intrafascicular electrode (tf-LIFE). While the
previous work in [16] focuses only on multichannel recording
amplifiers, this work focuses on the integration of several
functions on a single chip. These functions include neural sig-
nal amplification, analog-to-digital conversion, wireless power
and command recovery, on-chip power and clock delivery,
data telemetry, and electrode impedance measurement to meet
the system specifications and minimize off-chip passive com-
ponents. The multi-channel neural amplifier circuit in this
work adopts the same topology as that in [16], but has
been redesigned in a 0.18-gm CMOS process technology and
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Fig. 1.  System block diagram of proposed SoC. Besides the inductive
coil (L1) and 850-nm NIR-LED, only four off-chip capacitors (C;—C4) are
required for full SoC functionality.

optimized for low input referred noise required for peripheral
nerve ENG acquisition. Aside from an inductive coil for
receiving inductive power, only four surface-mount (SMD)
ceramic capacitors are required for full SoC functionality. The
system level block diagram is illustrated in Fig. 1.

The first system level consideration during the design of
the SoC was the choice of output data telemetry. Implantable
acquisition devices either use two-coil near-field proximity
coupling [17], [18] or far-field radio frequency (RF) data
transmission [11], [19]. The two-coil solution removes the
need for a high frequency power carrier to support high-
speed load shift keying (LSK) data telemetry on a single coil.
Instead, the first coil powers the device while the second coil
is energized at a much higher frequency than that of the power
coil, allowing output data telemetry rates of up to 2 Mb/s for
a 20-MHz data carrier frequency [17]. Further increase of the
data rate would lead to a more elaborate design of the carrier
generator to operate at higher frequencies since the fractional
bandwidth is limited by the minimum quality factor needed for
communication at a specific range. Having two separate coils
also increases the form factor of the devices. Furthermore,
based on our experience in [18], the two-coil implementation
is susceptible to inter-coil coupling which affects data and
power reception and demands a minimum physical separation
distance between both coils.

Output data telemetry using RF transmission, such as the
402-405-MHz frequency band [19], [20], has also been used
for implantable devices. Nonetheless, they are confined to
data rates of less than 800 kb/s and require antenna sizes
comparable to the coils for LSK data telemetry. A 433-MHz
system was reported in [11] with 9 Mb/s output data telemetry.
However, its one-way ON-OFF keying RF link lacks a hand-
shake protocol; therefore external electromagnetic interference
would potentially affect data reception.

In this paper, we prioritized the need to obtain high-speed
data reliably transmitted across the skin to an external unit
with a small implant form factor. The received data can then be
transferred for downstream post-processing using either wired
protocols, such as the universal serial bus (USB) or wireless
protocols such as the IEEE 802.11 (WIFI). We observed
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that NIR data transmission has already been demonstrated
for transcutaneous data telemetry at rates of up to 80 Mb/s
over 3-mm skin thickness with low bit-error rates (BER)
of 107'% [21]. NIR data telemetry was also successfully
demonstrated at 13.56 Mb/s in a cortical implant system for
a nonhuman primate [22]. In both studies, only a single NIR
emitter was required for the implant device. Such emitters are
now commonly available as near-infrared LEDs (NIR-LEDs),
with high-power efficiencies at sizes of less than 5 mm? which
is much smaller than the previously mentioned implementa-
tions. The characteristics of transcutaneous NIR transmission
have also been reported in [23]. In view of the small form
factor and proven reliable data communication, we chose NIR
data transmission for our high-speed transcutaneous output
data telemetry. The NIR data transmission can simultaneously
operate with the inductive powering on the same external
receiver.

For low-noise ENG acquisition, it is crucial to incorporate
a low-noise power supply for the neural amplifier system and
the ADC even when the SoC is inductively powered. In this
paper, this is achieved by first decoupling the rectified voltage
with the use of an off-chip 10-nF capacitor, C», while driving
a two-layered network of on-chip capacitor-less low-drop-
out regulators (CL-LDO). Each of the CL-LDOs would not
require any off-chip capacitors to maintain loop stability. Each
CL-LDO only requires 300 pF of decoupling capacitance to
maintain good transient load responses. Such capacitance can
be easily achieved with arrays of MOSFET capacitors that
occupy unused space on the chip. The first 1.8-V CL-LDO
drives dedicated 1.2-V CL-LDOs for the neural amplifier,
ADC and the SoC control unit (SCU). Measurement results in
Section V revealed that the neural amplifiers experienced only
<10 mVy,;, of supply noise when the SoC was inductively pow-
ered. A separate 1.8-V CL-LDO powers the NIR-LED driver,
thereby minimizing the reverse coupling of the NIR-LED
switching noise to the rest of the supply rails.

To perform low-noise ENG acquisition, a ten-channel
peripheral nerve ENG amplifier is included on-chip and its
outputs are time multiplexed to drive an on-chip 10-bit ADC.
The on-chip ADC is a low power, symmetrical switching SAR
ADC that was previously described in [24].

Users of neural acquisition devices need to determine
the integrity of each recording electrode through electrode
impedance measurements. Very high or very low electrode
impedances are telltale signs of a faulty electrode and could
account for non-physiological signals acquired on the cor-
responding channels. An electrode impedance measurement
circuit (EIM) is hence included on-chip to measure impedance
across any selected channel and the reference input (VREF),
with its output digitized by the same on-chip ADC. The EIM
circuit also shares the same 1.2-V supply rail as the neural
amplifiers.

To provide a stable clock for the on-chip ADC, SCU,
and EIM circuit, a 3-MHz relaxation oscillator is integrated
on-chip. Having this on-chip oscillator also gives the SoC
added flexibility to be powered inductively at different car-
rier frequencies without affecting the output data throughput.
This oscillator is digitally tunable over a 5-bit range to
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counter the effect of process variations on the oscillation
frequency.

Clock and command data from an external reader are
recovered on-chip to program the SCU. The SCU provides
control signals to the various on-chip circuits to orchestrate the
digitization and transmission of multi-channel digitized neural
data (or electrode impedance measurements) in the universal
asynchronous receive/transmit (UART) format. Through the
SCU, the number of transmitted amplifier channels could be
scaled from 1 to 10. When all 10 channels are acquired, the
effective sample rate per channel is 17.85 ks/s.

III. VLSI CIrRcUIT DESIGN

Sections III-A-III-D describe the individual circuit blocks
illustrated in Fig. 1 in further detail.

A. Ten-Channel PNS Neural Amplifier

Very low noise peripheral nerve ENG amplifiers were previ-
ously reported in [25] and [26], and were designed to acquire
very low amplitude signals (<10 xVyp) [27] from extraneural
electrodes. These devices feature an input referred noise level
of <300 nVyys across a noise bandwidth of 5 [26] and
10 kHz [25], respectively. However, each of these amplifiers
consumed more than 1 mW to achieve a very low thermal
noise floor and required bipolar transistors (which are not
compatible with mainstream CMOS processes) at their inputs
to obtain low 1/f noise. Although the 1/f noise compo-
nent can be easily removed by chopper stabilization, a high
chopper frequency is required for neural signal bandwidths
of up to 5 kHz, and the amplifier power consumption would
correspondingly be increased.

In this paper, the neural amplifier is designed for record-
ing ENGs from tf-LIFE electrodes. These electrodes can be
secured in close proximity to the nerve fibers which result
in much higher signal amplitudes being recorded compared
to extraneural electrodes as described earlier. The use of
tf-LIFE electrodes relieves the low noise requirement and
power consumption of the neural amplifier. In addition, most
recorded peripheral nerve ENG signal frequency content is
located below 6 kHz [1], [28], hence the neural amplifier
can be band limited to reduce the total in-band thermal noise
contribution. The total input referred noise is targeted at less
than 3 uViys for a signal bandwidth of 6 kHz.

Fig. 2 shows the schematic of the ten-channel neural
amplifier in this work. The neural amplifier was previously
reported in [16] but has been redesigned in this work in
a 0.18-um CMOS process and with reduced input referred
noise for peripheral nervous system (PNS) ENG acquisition.
A single-ended, capacitively coupled LNA (CCLNA) functions
as the front-end amplifier, and is based on the CMOS-inverter-
based OTA (CI_OTA) reported in [16]. The CI_OTA has the
advantage of having most of its supply current dedicated
to maximizing the combined transconductance (gn) of Mp;
and M. For a total bias current of 13 x A, a low thermal noise
floor of 10 nV/,/ Hz was achieved when simulated in Cadence
Spectre. Mp; and M are also optimally sized to minimize
the 1/f noise component [29]. To achieve high open-loop gain
with a sufficient output swing while being powered at 0.65 V
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Fig. 2. Circuit block diagram of the ten-Channel PNS neural amplifier. Circuit topologies for OTA A0-A2 are similar to that described in [16]. Lower-right
inset also shows the circuit schematic of the proposed cross-coupled complimentary pseudo-resistor (Rpl) and its source follower that is represented in the

voltage source, Vydj.

and under 10 pxA bias current through Mp; and My, the
regulated cascode topology is employed. The common-mode
feedback (CMFB) technique described in the next paragraph
supplies the 0.65 V for the CI_OTA.

A replica amplifier topology is employed for the ten-
channel neural amplifier comprising ten CCLNAs and an
additional CCLNA as the reference channel. In the presence
of common-mode interference such as stray electromyogram
(EMG) signals from surrounding muscles or from the ac
mains, the front-end amplifiers in a conventional replica ampli-
fier topology can be easily saturated. Therefore, a CMFB
through the supply rails (LNAVDD and LNAVSS) first pro-
posed in [16] is employed for the multi-channel replica
amplifiers. The circuit for generating the CMFB through the
supply rails is shown in Fig. 2 (right). Similar to the technique
described in [16], a 10-u4A current flows through the master
CI_OTA to effectively generate a fixed dc potential of 0.65 V
between LNAVDD and LNAVSS. Compared to [16], the
CI_OTA in this work required regulated cascodes to enable
high gain operation at 0.65V. Therefore, the CMFB generator
included additional voltage generators (VPCAS and VNCAS)
for setting the drain-source voltages of Mp; and My;. This
replica amplifier topology has two other advantages compared
to the conventional neural amplifier [30], [31]. First, the
impedances of the reference and signal inputs are the same,
providing high total CMRR (TCMRR) [16]. Second, only a
single input capacitor, and hence less area, is required per
channel compared to two input capacitors required in con-
ventional neural recording amplifiers. The additional 100-fF
capacitor per channel (Crer, Ci...Cyo in Fig. 2) for the
CMEB circuit is much smaller than that of the input capacitor
(22.4 pF). Therefore, they do not contribute significantly to the
amplifier area per channel as compared to the input capacitor.

For reliable operation at 1.2 V over simulated process and
temperature corners, the super source follower (SSF) [32]
rather than the flipped voltage follower of [16] is used as
the pre-driver to the second amplifier stage inputs. Forward
bulk bias is incorporated to increase the transconductance
of Mp3, which increases the bandwidth and decreases the
output impedance of the SSF. Similar to [16], the reference
amplifier path also utilizes active/guard SSF switching pairs
to alleviate signal phase related degradation of the intrinsic
CMRR.

The second stage amplifier is a capacitively coupled ampli-
fier with programmable gain. Its ac frequency characteristics
determine the high-side and low-side cutoff frequencies of the
neural amplifier. The OTA for the second stage amplifier shares
the same circuit topology as that in [16]. The combined gain
of each channel is 1200 V/V (61.6 dB), but can be further
increased to 7200 V/V (77.1 dB) by turning on switches
G2 to enable a T-capacitor feedback path [29]. The high gain
setting of 77.1 dB would allow the resolution of the 10-bit
ADC to be fully utilized. The combined gain can also be
reduced to 600 V/V (55.6 dB) for acquiring larger amplitude
signals by turning on switches G1. By varying the Miller
compensation capacitance of the second stage OTA, the high-
side cutoff 3-dB frequency of each amplifier channel can be set
to 5.0, 5.5, and 7.3 kHz for the 77.1, 61.6, and 55.6 dB mid-
band gains, respectively, without affecting the second-stage
amplifier feedback stability.

The amplifier low-side cut-off frequency is adjustable
by varying the pseudo-resistors (Rp1) in the second stage
amplifier. Pseudo-resistors are known to have ultra-high resis-
tance that varies asymmetrically with increased voltage swing
applied. This is the main contribution to the signal distor-
tion [33], especially when the output signal swing is large.
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resistor with four different values of Vugj. (b) R-V characteristics of the
pseudo resistor for Vyq; = 0.2 V over 100 Monte Carlo simulations based on
statistical process variations.

One possible solution involves cascading two or more sym-
metrical pseudo-resistors to increase the output swing [34].
However, this would require at least two inter-N-well spacings
and resulting in an increased silicon area. Having more floating
N-wells also increases the chance of CMOS latch-up. In this
paper, we propose a new pseudo-resistor shown in the lower-
right corner of Fig. 2. First, by cascading two pseudo-resistors
(Mp1—2 and Mp3—4) and having complementary resistance—
voltage characteristics in series as shown in Fig. 3(a), a near
constant pseudo-resistance is obtained, even under a voltage
difference of +/—0.5 V(Vagj = 0.3 V). Second, this circuit
topology only requires two N-wells and one inter-N-well spac-
ing. The lengths of Mp; and Mp4 were sized to be one-third
of Mp2 and M3 to give maximum flatness in resistance across
Vap. Monte Carlo simulations revealed that the proposed
pseudo-resistor maintains its near constant resistance—voltage
characteristics over statistical process corners. This proposed
pseudo-resistor implementation results in the neural amplifier
having a measured total harmonic distortion (THD) of less
than 0.35% for output voltage swings of up to 1 Vy, at
1 kHz. An on-chip 4-bit resistor string-based digital-to-analog
converter (DAC) (not shown in Fig. 2) provides the digitally
adjustable tuning voltage, Viupe, for Rpi.

Through the SCU, any one of the channel’s output can be
selectively multiplexed to the input of the analog output driver.
This analog driver also drives the on-chip 10-bit ADC and has
the same circuit topology as that reported in [16].
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Fig. 4. (a) Electrode impedance measurement circuit. C3 and C4 are off-chip
capacitors. (b) 1 kHz, ten-phase differential excitation current that is generated
on-chip for electrode impedance measurement.

B. Electrode Impedance Measurement Circuit

For neural acquisition applications, it is necessary to
measure the magnitude and phase angle of each elec-
trode impedance to quantify electrode functionality. Electrode
impedance measurement involves supplying a low amplitude
sinusoidal current (<1 wA in vivo) to flow between a set
of signal and reference electrodes. The corresponding voltage
response between these two electrodes is acquired using lock-
in signal processing [35], wherein the real and imaginary
components of the voltage response can be extracted. The
magnitude and phase of the complex impedance between
the two electrodes can then be calculated from the real and
imaginary signal components.

A sufficiently low distortion sinusoidal current stimulus is
important for the lock-in amplifier to obtain accurate readings
of the real and imaginary components of the voltage response.
However, generating a low distortion sine wave is not trivial,
and requires high current consumption or additional processing
overhead. For example, an 8-bit DAC was used in [36] to
generate the sinusoidal current, consumed 120 xA of current,
and required large overhead in its communication channel to
continuously transmit sine wave coefficients to the DAC.

In this paper, we propose using a stepped current generator
that consumes only 12 x«A but has sufficiently low-harmonic
components for lock-in acquisition. As shown in Fig. 4(a),
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the on-chip circuit generates a 1 kHz, ten-phase stepped
differential excitation current to flow between a selected signal
electrode and the reference electrode. At any instance, only
one signal channel can be selected for electrode impedance
measurement via a 10-to-1 CMOS multiplexer. The selected
channel input and reference input are only connected, via
CMOS switches to the EIM circuit when the internal control
signal, iConn, is activated by the SCU. This ensures that the
neural amplifiers are not affected by the EIM circuit when
it is non-operational by default. The stepped waveform is
defined by
ler(o) — Iea(n = 2221

. 2 . 0.072

sin wt — sin Swt — sin 7wt
x ) > 7 (1)

+11 sin 11wt + 3 sin 13wt - - -

where I, is the unit current step of the waveform shown
in Fig. 4(b). It can be observed from (1) that the harmonic
components of the excitation current until the 11th harmonic
is less than —36 dB from the fundamental, closely similar
to a sine excitation function. The low-pass filter in the lock-
in amplifier would filter out the higher order harmonics.
Therefore, the stepped current waveform replaces the need for
a power-hungry circuit to generate a low distortion sinewave.
A current-ladder scaler [37] allows excitation currents in
unit steps of 1, 11, or 111 nA to be generated to target
impedances ranging from 1 kQ to 1 MQ. The differen-
tial outputs of the current generator are weakly biased at
0.6 V¢ through on-chip 5-MQ polysilicon resistors to main-
tain sufficient voltage compliance for the current sources and
sinks.

While the excitation current is flowing between a selected
signal electrode and the reference electrode, an ac-coupled
lock-in amplifier acquires the corresponding voltage response
to extract the in-phase (/) and quadrature-phase (Q) com-
ponents of the voltage response. The first stage of the lock-
in amplifier consists of an ac-coupled low-noise amplifier
(ACLNA) with an ac gain of 20 V/V. To save area and
power, a single signal demodulator is time-multiplexed to
extract the I and Q components at separate instances from the
ACLNA’s differential output. Both the 7/ and O components
are extracted by switching the demodulation clock phase
between 0° and 90°, respectively. A pair of 6.8-Hz low-pass
switched capacitor filters extracts the dc component of the
differential I/ Q signals, and a 4 V/V differential non-inverting
amplifier provides the final amplification and conversion to a
single-ended output. The dc voltages from the //Q measure-
ments correspond to the real and imaginary components of the
measured electrode impedance. These dc voltages will be digi-
tized by the on-chip ADC, and serially transmitted through the
SCU and NIR-LED for calculating the magnitude and phase
angle of the electrode impedance off-chip. The EIM block only
consumes a total supply current of 20 uA, and the clocks
for operating the EIM are derived from the on-chip 3-MHz
oscillator.
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C. Inductive Power, Data, and Clock Recovery Block

The IPDCR recovers a dc voltage for powering the whole
SoC using a self-biased CMOS rectifier [38]. A command
data clock is recovered from one of the coil inputs using the
clock recovery circuit similar to that in [39]. This recovered
clock is divided by 100 times to synchronize the incoming
38.4 kb/s UART data recovered from an ASK demodulator
within the same block. The ASK demodulator is a full-wave
peak detector circuit coupled with a CMOS comparator, and
recovers ASK data with modulation depth of at least 20%.

D. Infrared LED Driver

In this paper, the NIR-LED driver directly receives UART
output from the SCU. The driver is composed of a series
cascade of five progressively scaled CMOS inverters. The
output of the last inverter is connected in series to the first
terminal of an on-chip 2-bit programmable resistor. The other
terminal of the resistor is connected to the output pad to
form a series circuit with the external 850-nm NIR-LED.
The NIR-LED’s photonic output logic is inverted from that
of the SCU’s UART output. This eliminates the static current
consumption when the internal UART data line remains high
due to the SCU remaining in idle mode while awaiting
commands from the IPDCR. The external NIR reader circuit
would perform the logic inversion of the received NIR data
to recover the original output UART data. The programmable
resistance can be digitally adjusted using external commands
to vary the output power of the NIR-LED. The NIR-LED
would be placed subcutaneously (<4 mm depth) [40] when the
device is implanted. The capacity to vary the output power of
the NIR-LED would help overcome the increased NIR signal
attenuation presented by thicker skin tissue and will mitigate
gradual tissue encapsulation surrounding the NIR-LED area.

IV. EXTERNAL INDUCTIVE POWERING
SOURCE AND NIR RECEIVER

When implanted, the SoC needs to be transcutaneously pow-
ered and controlled through the skin via inductive coupling.
At the same time, the digital NIR pulses emitted from the
implanted unit need to be acquired via an NIR receiver without
interference from the inductive power source. As there are no
existing commercial products that can perform both functions
simultaneously, we have custom-designed a printed circuit
board (PCB) level transcutaneous wireless powering and NIR
receiver using commercially available components, as shown
in Fig. 5.

The inductive power source comprises a Class-E ampli-
fier [41] (formed by Q1, Lchokes Cpower> and Lpower) generat-
ing an ac magnetic field on the on-chip planar coil. Lyower
is formed by a 15 mm, 2.4 xH planar coil on the PCB.
A 22-MHz silicon chip oscillator provides the clock for the
Class-E amplifier. A carrier frequency of 22 MHz is chosen to
allow the recovered clock of the IPDCR to correctly synchro-
nize the incoming 38.4 kb/s UART command while providing
sufficient frequency separation from the 7-MHz 3-dB cutoff
presented by the low-pass filter within the NIR receiver. This
frequency separation helps to reduce the coupling of the
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Fig. 5. (a) Circuit schematic of the external powering unit and NIR receiver.
(b) Top side of the external recording device. (c) Bottom side of the external
recording device.

ac magnetic field onto the NIR receiver in addition to the
electromagnetic shielding on the PCB board. Transcutaneous
attenuation of electromagnetic fields remains minimal even at
22 MHz [42]. To transmit UART commands to the SoC, the
incoming UART line digitally modulates the supply voltage
of the Class-E amplifier, creating a 20% ASK modulation
depth on the generated inductive magnetic field. The SoC
IPDCR would then recover the UART commands from the
ASK modulated power carrier.

The NIR receiver is based on the circuit described in [23].
It comprises a transimpedance amplifier, gain amplifier, and a
window comparator. The transimpedance amplifier converts
the NIR data-induced photocurrents into a voltage signal,
which is amplified by a second stage amplifier. The second
stage amplifier also provided bandpass filtering to reduce ther-
mal noise, and interference from the power carrier. The win-
dow comparator derives the full logic level based on the output
of the second stage amplifier. As shown in Fig. 5(b) and (c),
the NIR receiver circuit is also electromagnetically shielded
to significantly reduce interference from the power carrier
signal. Two magnets are attached to the top side of the
PCB to facilitate alignment with the implant device described
in Section V-B.

The data output from the NIR receiver can be acquired
by the Intel Edison module, and streamed via WIFI to a
computing device for downstream processing and storage. The
same module would also issue commands via a separate UART
line to the Class-E amplifier for ASK modulation.

V. MEASUREMENT RESULTS

The peripheral nerve ENG acquisition SoC was fabricated
in a standard CMOS 0.18-um 1P6M process and measured
7.82 mm?. The die microphotograph is shown in Fig. 6.
For electrical characterization, the SoC was packaged in
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Microphotograph of the SoC die. CL-LDOs are indicated by solid

a QFN40 package. Another SoC was assembled onto a flexible
polyimide PCB substrate, along with polyimide-based tf-LIFE
electrodes with gold active sites fabricated by SMANIA S.r.l.,
Pisa, Italy, for in vivo PNS experiments. The electrical perfor-
mance of this SoC and in vivo acquisition results are described
in Sections V-A and V-B.

A. Electrical Characterization of the SoC

Fig. 7 shows the ac frequency response of the neural ampli-
fier for various gain and low-side cutoff frequency settings.
The mid-band gain is approximately 2 dB lower than the
designed gain, especially for the 61.6 and 77.1 dB gain set-
tings. This is attributed to the parasitic capacitances introduced
by the inputs of the OTAs and interconnects. The high-side
cutoff frequencies are measured to be 5.0, 5.5, and 7.4 kHz
for the 55.6, 61.6, and 77.1 dB gain settings, respectively,
while the low side cutoff frequencies can be digitally tuned
from 0.1 to 400 Hz.

Fig. 7 also shows the input referred noise power spectral
density (PSD) of the neural amplifier. Even though the neural
amplifier noise level is determined primarily by 1/f noise,
the integrated input referred noise level, for signal bandwidth
of 10 Hz-5.5 kHz still measures 1.9 x4 Vims (12.5 uVy, for
+3.3 ), meeting the requirements for peripheral nerve ENG
acquisition. With an effective current consumption of 16.3 ¢ A
for each neural amplifier channel (including CCLNA, SVF
and second stage amplifier), the noise efficiency factor (NEF)
and power efficiency factor (PEF) for the neural amplifier is
4.0 and 19.2, respectively. The measured tuning range of the
low-side 3-dB cutoff frequency is shown in Fig. 8 for four
different chips. A worst-case variation of +/—24% variation in
cutoff frequency originating from transistor process variation
was observed across the tuning range.

The intrinsic common mode rejection ratio (ICMRR) was
characterized using a 100 mVp, common mode test signal and
measured at least 75 dB up to 1 kHz.

The ADC was characterized while clocked by the on-chip
oscillator and powered by its on-chip LDO. The ADC’s 10-bit
output was serialized by the SCU along with start and end
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frame markers for a ten-channel multiplexing operation, giving
an effective sampling frequency of 17.85 ks/s. For an input
swing of 1.11 Vp,, at 1 kHz, the ADC has an ENOB of 8.1 bits.

The EIM circuit was characterized using complex
impedances, each formed by a resistor in series with a capaci-
tor. Summarized in Table I, the measured impedances using the
EIM circuit were benchmarked against those obtained with an
Agilent 4294A precision impedance analyzer. The electrode
impedance circuit exhibited less than 10% magnitude error,
and less than 8° phase angle error when measuring complex
impedances from 1 kQ to 1 MQ.
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TABLE I

IMPEDANCE MEASURED BY A PRECISION IMPEDANCE ANALYZER
VERSUS THOSE MEASURED BY THE SOC

Agilent 4294A This work
Precision Impedance Analyser
Magnitude(Q) Angle(Degrees) Mag(;nz El:goer()m ! AES_L?,((B(Z%?ZZ?) /
934 -72.5 906 /-3.0 -66.7/+5.7
1052 -48.4 968 /-7.9 -41.6/+6.8
997 -23.9 932/-6.5 -26.5/-2.6
9852 -74.8 9884/ +0.3 -78.7/-3.9
10187 -46.9 9813 /-3.7 -46.0 / +0.9
9680 -22.3 9601 /-0.8 -21.2/+1.1
101813 -72.0 102878/ +1.1 -749/-29
100335 -45.9 103793/ +3.5 -46.1/-01
101143 -27.8 105660 / +4.5 -26.6/+1.2
917600 -76.1 850269 /-7.3 -78.8/-2.7
1015500 -46.5 918388/-9.6 -52.2/-57
1012800 -28.8 945377/-6.7 -36.7/-79
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[Extt_ama.l l_.lnit]

Active Rectifier's ouf

put
e b e
when SoC Is wirelesaly powsred

;

Digitised amplifier

channel outputs
\(nllage gt input‘ of NIRITED Driyer

-5.77500V
DC BW 10.0:1

Fig. 9. SoC operating node voltages when it was inductively powered while
a command to probe the on-chip analog power supply rail was issued.

Fig. 9 illustrates the operation of the peripheral nerve ENG
acquisition SoC while it was inductively powered by the
external unit described in Section III. A PCB planar coil of
the same dimension and inductance as that of the external
unit was connected to the antenna inputs of the SoC. A 22-pF
capacitance was connected in parallel with the PCB coil to
ensure resonance power coupling with the primary coil. An air
gap of 2.4 mm was maintained for this and subsequent mea-
surements of this section. In this setup, a UART command was
sent to the external unit, which produced a corresponding ASK
modulation on the 22-MHz magnetic field. The IPDCR circuit
within the SoC successfully decoded the ASK modulated
data on the power carrier and activated serial digitization of
each output of the neural amplifier. The serialized neural data
stream was then sent to the NIR-LED driver.

For a rectified input voltage of 2 V, the SoC consumed
2.3 mW, while ten channels of digitized data were serially
transmitted to the NIR-LED at 3 Mb/s. The NIR-LED dis-
sipates 2.1 mW. Therefore, the total power consumption of
both the SoC and NIR-LED is 4.4 mW. Fig. 10 shows the
power breakdown of the SoC. We have also established that
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was inductively powered. All oscilloscope channels are ac-coupled (high-pass
filtered at 3.5 Hz by the oscilloscope).

only 30 mW needs to be supplied to the Class-E amplifier
to inductively power, through a piece of 2.4 mm thick saline
soaked paper, the implantable SoC for successful NIR data
transmission.

Fig. 11 shows the peak-to-peak voltage levels of some nodes
on the SoC, while it was inductively powered. One of the
neural amplifier channel’s output is also included. The neural
amplifier’s gain and low-side 3-dB cutoff frequency were
configured to 61.6 dB and 10 Hz, respectively. Therefore, the
peak-to-peak input referred noise level of the neural amplifier
was calculated to be 18.4 uVy,. The 5.9 uVy, increase in
input referred noise level above that measured in static dc
condition (12.5 uVpp) was attributed to inductively coupled
noise while the SoC was wirelessly powered.

The on-chip 3-MHz oscillator had a period jitter of 5.53 nspp
as measured using a real-time digital oscilloscope. The same
clock signal was transmitted via NIR-LED to the external
unit, and the received clock period jitter measured 6.21 nspp.
The received clock’s period jitter was only 1.9 % of the
3-MHz clock period. This was lower than the £2 % frequency
error required for reliable UART data communication. Further
investigation revealed that the reference voltage node of the
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Fig. 12. UART data streaming into the NIR-LED driver (top) and corre-
sponding UART data received at the external receiver (bottom).

relaxation oscillator is unable to sufficiently reject supply
voltage ripples originating from the SCU. Circuit simulations
revealed that the clock jitter can be further reduced to 1.9 nsy,
by adding an 8 pF decoupling capacitance to the reference
voltage node and introducing local decoupling capacitors to
the oscillator bias generators in the next chip revision.

A Picoscope 3406D was utilized to decode the UART data
input and the data received from the external unit to the
NIR-LED driver. As shown in Fig. 12, the measured UART
data at the output of the NIR receiver matched that of the
transmitted UART data. We observed that for a run time of 51 s
(corresponding to 7232472 bits of received NIR data), there
were no received bit errors. Hence, the BER was <4 x 1077
at the 95% confidence level.

The performance parameters of this SoC are summarized in
Table II and are comparable to other state-of-the-art CNS and
PNS SoC implementations.

B. In Vivo Experimental Results

An in vivo transcutaneous acute peripheral nerve ENG
acquisition was performed with the SoC on a Sprague-Dawley
rat. The experiment was performed in accordance with the
protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of the National University of Singapore.

Fig. 13(a) shows a pre-encapsulated device with an SoC
assembled along with four 0402-sized capacitors onto the
right section of a 0.1 mm flexible polyimide PCB substrate.
A planar coil of the same design as that of the external receiver
and an NIR-LED was fabricated on the left section of the
PCB substrate. Two magnets were also attached underneath
the PCB to ensure good coil and optical alignment with the
external unit. Each magnet weighs 0.39 g and has a diameter
of 6.4 mm and thickness of 1.6 mm. Both sections of the
PCB are interconnected with a flexible PCB bridge. The right
section of the PCB can be further miniaturized by replacing the
QFN package with direct chip-on-board packaging techniques
in the future.

Prior to the experiment, a tf-LIFE electrode was soldered
onto the input pads of the PCB assembly. To prevent the
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TABLE II

. [30] [31] [17] [11]
Parameters This work JSSC’14 TBCAS’16 TBCAS’17 Nat.SR’18
s Peripheral ENG Cortical ENG + Cortical ENG . Peripheral ENG +
Application Only Stim. + Stim. i Stim.
Process Technology(nm) 180 180 180 180(HV) 130
s s 2 7.29 N
Die Size(mm?) 7.82 (include /O pads) 7.74 25.08 20.0
Die Size(mm?) without Stimulator and
with up to 10-amplifier channels 7.82 7.02 6.69 17.2 1645
Implant Device Size(cm®), Weight (g) 34,39 - - 0.5",0.7" 2.25,2.8
In vivo test Implanted - Non-implant Implanted Implanted
. 22 MHz 915 Mhz 10 MHz . 13.56 MHz
Powering scheme Inductive Far-field Inductive 2 MHz Inductive Inductive
Output telemetry Near Infrared Back-scattering RFID-LSK* RFID-LSK* RF 433Mhz
Output Data rate (Mbps) 3 0.8 2 2 9
Telemetry BER <4x107* - - <1073 -
No. of recording channels 10 4 8 16 32
Mid-band gain (dB) 54.6/60.3/75 54 60/74 40-62 51.6/76
Low side 3-dB cutoffs(Hz) 0.1-300 0.64 0.06 -0.5 5-500 20
High side 3-dB cutoff(Hz) 5.5k 6k 500 -3k 500 -7k 15k
Input referred noise (UVrms) 1.9 6.3 1.97 7.68 3.0
NEF, PEF 4,192 3.76,254 29,841 7.64, — 2.95, 8.68
Sample rate (Ksps/Channel) 17.85" 25 80 4 25
ADC Resolution , ENOB (bits) 10, 8.1° 8, 5.6 8, 6.5 10, 8.5 10, -
Electrode Impedance Measurement Yes No No Yes No

#Before Encapsulation. #Load-Shift Keying. *With 95% Confidence level. **For 10 channels.
~For 17.85 ksps on 10 channels. Signal frequency at 1 kHz. 42 Die solution

ingress of body fluid, the assembled PCB was first encap-
sulated with the Smooth-On Body Double fast-set silicone,
followed by biocompatible Kwik-Sil silicone. To provide an
opening for NIR transmission, the NIR-LED was encapsulated
only with the Kwik-Sil silicone. The final encapsulated device
shown in Fig. 13(b) weighed 3.9 g. The bulk of the device
weight comes from the silicone encapsulation. The encap-
sulated device package consists of the coil on one end and
the electrode pads reaching toward the sciatic nerve on the
other end. The former would be implanted in the subcutaneous
region (below the skin) to ensure that the power and acquired
data are harvested efficiently from and transmitted reliably to
the external unit. The latter would also be situated close to the
sciatic nerve region to ensure that the ENG signals would be
acquired while minimizing electrical artifacts and electromag-
netic interference. As such, while the PCB consisting of both
aforementioned sections post-encapsulation spans a total of
5.9 cm in length and the coil measures 2 cm, the overall device
package takes up only 3.4 cm® in volume with a maximum
thickness of 1 cm. The total device power dissipation per
unit volume would be 1.3 mW/cm?, which is well below the
40 mW/cm? limit, so as to prevent a catastrophic increase in
2 °C for most body tissues [43].

During the experiment, the rat was anesthetized with a
mixture (0.2 ml/100 g) of ketamine (75 mg/kg) and xylazine
(10 mg/kg) injected intraperitoneally (IP), and subsequently
maintained with hourly IP injections (0.1 ml/100 g). Body
temperature was maintained at 37 °C using a heating pad, and
surgical procedures were carried out to expose the left sciatic
nerve. The encapsulated device was placed subcutaneously
(with rat skin thickness of 2 mm) over the left back area

and the tf-LIFE electrode was implanted in the left sciatic
nerve [Fig. 13(c)]. The implant device was then transcuta-
neously powered using the external unit. An Intel Edison
module was used to issue UART commands to the implant
through the external unit, and to forward the received NIR
data via WI-FI wireless interface to a laptop computer for
storage and post processing using MATLAB (by MathWorks).
The gain and low-side 3-dB cutoff frequency of all amplifier
channels was set to 77.1 dB and 10 Hz, respectively. The left
hind foot of the rat was then flexed manually toward the rat’s
belly 11 times per recording to evoke action potentials (AP)
associated with proprioceptive feedback during flexion. The
acquired APs correlated with limb flexion, as shown in the
signal presented for the first trial in Fig. 13(e). Some artifacts
arising from micro-movements in the wire connection between
the tf-LIFE electrode and the acquisition device were observed
between 3.3 and 3.8 s [indicated by the vertical arrows
in Fig. 13(e)]. The baseline noise level was less than 25 1 Vpp,
and was close to the electrically characterized peak-to-peak
noise level.

Fig. 14(a) shows the ENG waveforms for all the 11 trials
performed during the same acquisition session as Fig. 13(e).
The signals were band limited between 300 Hz to 3 kHz
for better observation of the evoked APs. The baseline noise
level was less than 25 uVpp, while the evoked APs had
amplitudes up to 90 uVp, when the rat’s hind foot was
maximally flexed. A magnified view is provided in Fig. 14(b)
to show the presence of individual spikes for channels 7 and 8.
Using SpikeTrain from Neurasmus B.V, the time-averaged
spikes from channel 8 are summarized in Fig. 14(c). Two
distinct AP clusters were observed in Fig. 14(c). This in vivo
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Fig. 13. (a) Polyimide PCB populated with the SoC and other components

prior to electrode attachment and encapsulation. (b) Encapsulated device
prior to acute implant (with magnified view of the electrode mapping to the
SoC input channels). (c) Device placed subcutaneously and tf-LIFE electrode
secured on the sciatic nerve during the acute animal experiment. (d) Sequence
of one trial involving the rodent hind foot being flexed and then released. (e)
Corresponding evoked APs acquired by the SoC. The arrows indicate the
occurrence of wire movement artifacts.

experiment demonstrated the sensitivity of the peripheral nerve
ENG acquisition SoC and its low noise acquisition capability
when used with intraneural electrodes while being inductively
powered and performing transcutaneous NIR data telemetry.
Using the on-chip EIM circuit, the measured impedance
(at 1 kHz) between the signal electrodes and reference elec-
trode ranged from 180 kQ (channel 10) to 350 kQ (channel 8).
The phase angles were at most —70°, which confirmed the
near-polarizable characteristic (strong capacitive effect) [44]
of the gold metal used as active sites in the tf-LIFE electrode.
It was also found that channel 9 exhibited high impedance
(>1 MQ) and high input referred noise levels (>100 uVpp),
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Fig. 14. (a) ENG signals from channels 7 and 8 over 11 trials. (b) Zoomed-in
view of the waveforms. (c) Averaged APs for channel 8 over all 11 trials with
95% confidence interval.

indicating poor electrode contact to the nerve tissue. This
channel was excluded from subsequent analysis.

VI. CONCLUSION

A wirelessly powered, ten-channel peripheral nerve ENG
acquisition SoC has been validated. Fabricated on CMOS
0.18-um technology, this 7.82 mm? SoC-integrated induc-
tive power, command and clock recovery circuits along with
neural amplifiers, 10-bit ADC, digital control engine, and NIR
telemetry on a single die. This SoC also features ad hoc elec-
trode impedance measurement function for each channel. Each
neural amplifier channel exhibited 1.9 x4V input referred
noise and therefore an NEF (PEF) of 4 (19.2) for a signal
bandwidth of 10 Hz-5.5 kHz. While transcutaneously powered
using inductive coupling, all digitized neural data can be sent
wirelessly to an external receiver via NIR telemetry at a rate
of 3 Mb/s (17.85 ks/s/channel) while consuming 4.4 mW. This
SoC was assembled along with only four SMD capacitors, one
power coil and one NIR-LED in a fully wireless implantable
peripheral nerve ENG acquisition device. This device was
successfully implanted and validated in vivo for the acquisition
of evoked proprioceptive APs from the sciatic nerve of an
anesthetized rat.

ACKNOWLEDGMENT

The authors would like to thank L. J. Ong from SINAPSE,
NUS, N. B. Annuar and K. S. Goh from A*STAR IME for
assisting in IC mask layout design for this SoC, D. Q. P. Oh
from A*STAR IMCB for assisting in device implant and
intraoperative rat care, and J. M. R. Yap of ECE, NUS for
manuscript editing.

Authorized licensed use limited to: National University of Singapore. Downloaded on May 25,2020 at 01:53:28 UTC from IEEE Xplore. Restrictions apply.



NG et al.: WIRELESS MULTI-CHANNEL PERIPHERAL NERVE SIGNAL ACQUISITION SoC

[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

S. Micera et al., “Decoding of grasping information from neural sig-
nals recorded using peripheral intrafascicular interfaces,” J. Neuroeng.
Rehabil., vol. 8, no. 1, p. 53, 2011.

P. P. Vu et al, “Closed-loop continuous hand control via chronic
recording of regenerative peripheral nerve interfaces,” IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 26, no. 2, pp. 515-526, Feb. 2018.

K. Birmingham et al., “Bioelectronic medicines: A research roadmap,”
Nature Rev. Drug Discovery, vol. 13, no. 6, pp. 399-400, 2014.

P. Afshar et al., “A translational platform for prototyping closed-loop
neuromodulation systems,” Frontiers Neural Circuits, vol. 6, p. 117,
Jan. 2013.

K. Abdelhalim, L. Kokarovtseva, J. L. Velazquez, and R. Genov,
“915-MHz FSK/OOK wireless neural recording SoC with 64 mixed-
signal FIR filters,” IEEE J. Solid-State Circuits, vol. 48, no. 10,
pp. 2478-2493, Oct. 2013.

R. R. Harrison et al., “Wireless neural recording with single low-power
integrated circuit.,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 17,
no. 4, pp. 322-329, Aug. 2009.

T. J. Blanche, M. A. Spacek, J. F. Hetke, and N. V. Swindale,
“Polytrodes: High-density silicon electrode arrays for large-scale multi-
unit recording,” J. Neurophys., vol. 93, no. 5, pp. 2987-3000,
2005.

K. Yoshida, D. Farina, M. Akay, and W. Jensen, “Multichannel
intraneural and intramuscular techniques for multiunit recording and
use in active prostheses,” Proc. IEEE, vol. 98, no. 3, pp. 432449,
Mar. 2010.

P. Schonle et al., “A wireless system with stimulation and recording
capabilities for interfacing peripheral nerves in rodents,” in Proc. 38th
Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. (EMBC), Aug. 2016,
pp. 44394442,

J. R. Lachapelle et al., “An implantable, designed-for-human-use periph-
eral nerve stimulation and recording system for advanced prosthetics,”
in Proc. 38th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. (EMBC),
Aug. 2016, pp. 1794-1797.

B. Lee et al., “An implantable peripheral nerve recording and stimulation
system for experiments on freely moving animal subjects,” Sci. Rep.,
vol. 8, no. 1, p. 6115, 2018.

A. Borna and K. Najafi, “A low power light weight wireless multichannel
microsystem for reliable neural recording,” IEEE J. Solid-State Circuits,
vol. 49, no. 2, pp. 439-451, Feb. 2014.

R. Shulyzki et al., “320-channel active probe for high-resolution neu-
romonitoring and responsive neurostimulation,” IEEE Trans. Biomed.
Circuits Syst., vol. 9, no. 1, pp. 34-49, Feb. 2015.

P. Schonle, F. Glaser, T. Burger, G. Rovere, L. Benini, and Q. Huang,
“A multi-sensor and parallel processing SoC for miniaturized med-
ical instrumentation,” IEEE J. Solid-State Circuits, vol. 53, no. 7,
pp. 20762087, Jul. 2018.

C. E. Bouton et al., “Restoring cortical control of functional movement
in a human with quadriplegia,” Nature, vol. 533, p. 247, May 2016.
K. A. Ng and Y. P. Xu, “A low-power, high CMRR neural amplifier
system employing CMOS inverter-based OTAs with CMFB through
supply rails,” IEEE J. Solid-State Circuits, vol. 51, no. 3, pp. 724-737,
Mar. 2016.

Y.-K. Lo et al., “A fully integrated wireless SoC for motor function
recovery after spinal cord injury,” IEEE Trans. Biomed. Circuits Syst.,
vol. 11, no. 3, pp. 497-509, Jun. 2017.

M. D. S. Wong et al., “A chronic implantable EMG recording system
with wireless power and data transfer,” in Proc. IEEE Biomed. Circuits
Syst. Conf. (BioCAS), Oct. 2017, pp. 1-4.

Y. Cho and H. Yoo, “Miniaturised dual-band implantable antenna for
wireless biotelemetry,” Electron. Lett., vol. 52, no. 12, pp. 1005-1007,
May 2016.

L.-J. Xu, Y.-X. Guo, and W. Wu, “Miniaturized dual-band antenna for
implantable wireless communications,” IEEE Antennas Wireless Propag.
Lett., vol. 13, pp. 1160-1163, 2014.

K. Guillory, A. Misener, and A. Pungor, “Hybrid RF/IR transcutaneous
telemetry for power and high-bandwidth data,” in Proc. IEEE 26th Annu.
Int. Conf. Eng. Med. Biol. Soc., Sep. 2004, pp. 4338-4340.

Y.-K. Song et al., “Active microelectronic neurosensor arrays for
implantable brain communication interfaces,” IEEE Trans. Neural Syst.
Rehabil. Eng., vol. 17, no. 4, pp. 339-345, Jun. 2009.

D. Michael Ackermann, “High speed transcutaneous optical telemetry
link,” Case Western Reserve Univ., Cleveland, OH, USA, Tech. Rep.
case1190130271, 2007.

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

2277

C. Yuan, K. A. Ng, Y.-P. Xu, S.-C. Yen, and N. V. Thakor, “A 1-V
9.8-ENOB 100-kS/s single-ended SAR ADC with symmetrical DAC
switching technique for neural signal acquisition,” in Proc. IEEE Asian
Solid-State Circuits Conf., Nov. 2015, pp. 1-4.

R. Rieger, J. Taylor, A. Demosthenous, N. Donaldson, and
P. J. Langlois, “Design of a low-noise preamplifier for nerve cuff
electrode recording,” IEEE J. Solid-State Circuits, vol. 38, no. 8,
pp. 1373-1379, Aug. 2003.

R. Rieger et al., “Very low-noise ENG amplifier system using CMOS
technology,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 14, no. 4,
pp. 427437, Dec. 2006.

Y. M. Dweiri, T. E. Eggers, L. E. Gonzalez-Reyes, J. Drain,
G. A. McCallum, and D. M. Durand, “Stable detection of movement
intent from peripheral nerves: Chronic study in dogs,” Proc. IEEE,
vol. 105, no. 1, pp. 50-65, Jan. 2017.

L. Citi et al., “On the use of wavelet denoising and spike sorting
techniques to process electroneurographic signals recorded using intra-
neural electrodes,” J. Neurosci. Methods, vol. 172, no. 2, pp. 294-302,
2008.

K. A. Ng and Y. P. Xu, “A compact, low input capacitance neural
recording amplifier,” IEEE Trans. Biomed. Circuits Syst., vol. 7, no. 5,
pp. 610-620, Oct. 2013.

H.-G. Rhew, J. Jeong, J. A. Fredenburg, S. Dodani, P. G. Patil, and
M. P. Flynn, “A fully self-contained logarithmic closed-loop deep brain
stimulation SoC with wireless telemetry and wireless power manage-
ment,” I[EEE J. Solid-State Circuits, vol. 49, no. 10, pp. 2213-2227,
Oct. 2014.

Y. P. Lin et al., “A battery-less, implantable neuro-electronic interface
for studying the mechanisms of deep brain stimulation in rat mod-
els,” IEEE Trans. Biomed. Circuits Syst., vol. 10, no. 1, pp. 98-112,
Feb. 2016.

S. D. Willingham, K. W. Martin, and A. Ganesan, “A BiCMOS low-
distortion 8-MHz low-pass filter,” IEEE J. Solid-State Circuits, vol. 28,
no. 12, pp. 1234-1245, Dec. 1993.

X. Zou, X. Xu, L. Yao, and Y. Lian, “A 1-V 450-nW fully integrated
programmable biomedical sensor interface chip,” IEEE J. Solid-State
Circuits, vol. 44, no. 4, pp. 1067-1077, Apr. 2009.

M.-T. Shive, K.-W. Yao, and C.-S. Gong, “Tunable high resis-
tance voltage-controlled pseudo-resistor with wide input voltage
swing capability,” Electron. Lett., vol. 47, no. 6, pp. 377-378,
Mar. 2011.

S. Rodriguez, S. Ollmar, M. Waqar, and A. Rusu, “A batteryless sensor
ASIC for implantable bio-impedance applications,” /[EEE Trans. Biomed.
Circuits Syst., vol. 10, no. 3, pp. 533-544, Jun. 2016.

Intan Technologies. RHD2000 Series Digital Electrophysiology
Interface Chips. Accessed: Apr. 18, 2019. [Online]. Available:
http://www.intantech.com/products_RHD2000.html

B. Linares-Barranco and T. Serrano-Gotarredona, “On the design

and characterization of femtoampere current-mode  circuits,”
IEEE J. Solid-State Circuits, vol. 38, mno. 8, pp. 1353-1363,
Aug. 2003.

Y. Yuxiang, Y. Yoshida, and T. Kuroda, “Non-contact 10% effi-
cient 36 mW power delivery using on-chip inductor in 0.18-xm
CMOS,” in Proc. IEEE Asian Solid-State Circuits Conf., Nov. 2007,
pp. 115-118.

J. Zhao, L. Yao, R. F. Xue, L. Peng, M. Je, and Y. P. Xu,
“A wireless power management and data telemetry circuit module
for high compliance voltage electrical stimulation applications,” in
Proc. IEEE Asian Solid-State Circuits Conf. (A-SSCC), Nov. 2013,
pp. 253-256.

M. Valle and M. P. Zamorani, “Skin and subcutaneous tissue,” in
Ultrasound Musculoskeletal System. New York, NY, USA: Springer,
2007, p. 19.

N. O. Sokal and A. D. Sokal, “Class E—A new class of high-efficiency
tuned single-ended switching power amplifiers,” IEEE J. Solid-State
Circuits, vol. 10, no. 3, pp. 168-176, Jun. 1975.

A. S. Y. Poon, S. O’Driscoll, and T. H. Meng, “Optimal fre-
quency for wireless power transmission into dispersive tissue,’
IEEE Trans. Antennas Propag., vol. 58, no. 5, pp. 1739-1750,
May 2010.

P. D. Wolf, “Thermal considerations for the design of an implanted
cortical brain-machine interface (BMI),” in Indwelling Neural Implants,
Ist ed. Boca Raton, FL, USA: CRC Press, 2008, pp. 63-86.

N. Michael, R and J. G. Webster, “Biopotential electrodes,” in Medical
Instrumentation: Application and Design, 4th ed. Hoboken, NJ, USA:
Wiley, 2009, pp. 189-240.

Authorized licensed use limited to: National University of Singapore. Downloaded on May 25,2020 at 01:53:28 UTC from IEEE Xplore. Restrictions apply.



2278

Kian Ann Ng received the B.E. degree in electrical
and electronic engineering and the M.E. degree in
IC design from Nanyang Technological University,
Singapore, in 2000 and 2005, respectively, and the
Ph.D degree from the National University of Singa-
pore, Singapore, in 2015.

From 2000 to 2009, he has held senior tech-
nical positions with STMicroelectronics, Singa-
pore, Chartered Semiconductor Manufacturing, Sin-
gapore, and Oxford Semiconductors, Singapore.

. He has designed EEG/ECG mixed-signal front ends,
switched-capacitor circuits, RF identification circuits, image sensors, ESD/IO
circuits, USB (1.0 to 3.0) SERDES, and Firewire SERDES. He has authored
and coauthored more than 30 technical articles and holds five U.S. patents.
He is currently a Research Fellow with the National University of Singapore.
His main research focuses on analog IC and system design, implantable neural
recording systems, and peripheral nerve prosthesis.

Dr. Ng is an Active Committee Member of the IEEE Solid-State Circuits
Society (Singapore Chapter).

Chao Yuan received the B.E. degree in electrical
and electronic engineering and the Ph.D. degree
from Nanyang Technological University, Singapore,
in 2006 and 2014, respectively.

From 2006 to 2008, he was a Product Engineer
with STMicroelectronics, Singapore. From 2014 to
2015, he was a Research Fellow at the National

= University of Singapore, Singapore. From 2015 to

' 2017, he was with the Huawei Singapore Research

‘ L Centre, Singapore, where he worked on short-range

RF circuit design. In 2018, he joined Synaptics,

Shanghai, China, where he is currently working on audio amplifiers. His

research interests include frequency synthesizers, low-power data converters
and high-performance class-D audio amplifiers.

Astrid Rusly received the B.Eng. degree in elec-
trical and computer engineering from the National
University of Singapore, Singapore, in 2014. From
2014 to 2019, she has been working on several
different projects under Singapore Institute of Neu-
rotechnology which includes building devices for
the generation of pulsed electromagnetic field and
building systems for peripheral nerve prosthesis. She
has coauthored six technical papers.

Anh-Tuan Do (M’11) received the B.S. and Ph.D.
degrees from Nanyang Technological University
(NTU), Singapore, in 2007 and 2010, respectively.

He joined the Digital IC Design Group, Insti-
tute of Microelectronics (IME), AxSTAR, Singa-
pore, in 2015. He was a Research Fellow with
VIRTUS, IC Design Centre of Excellence, NTU,
from 2010 to 2015. His research interests include
neuromorphic computing, low-power, low-leakage,
variation-tolerant digital circuits, emerging memory,
SoC for edge computing and biomedical circuits and
systems. He has authored and coauthored more than 45 journal and conference
papers.

Dr. Do was a recipient of the Best Paper Award at ISOCC2012 and the
Second Prize and Best Presentation Award in the Innovation con-test of
the International PhD Student Workshop 2007 of the National University.
He served as a reviewer for several IEEE journals and conferences including
the IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS I, the IEEE TRANS-
ACTIONS ON CIRCUITS AND SYSTEMS II, and the IEEE TRANSACTIONS ON
VLSISYSTEMS.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 54, NO. 8, AUGUST 2019

Bin Zhao received B.S. degree in microelectronics
from Peking University, Beijing, China, in 1990, the
M.S. degree from the Chinese Academy of Sciences,
Beijing, in 1993, and the M.Eng. degree from the
National University of Singapore (NUS), Singapore,
in 1998.

He was with Trident Technology Pte Ltd., Beijing,
Myson Technology Pte Ltd., Beijing. From 1998 to
2000, he was at Philips Electronics Pte Ltd., Singa-
pore. Since 2000, he has been with IME, A*STAR,
Singapore, where he is currently a Senior Research
Engineer. He was involved in many digital IC design projects, such as WLAN
Baseband, ONFIG ONU unit, RFID tag/reader, EHSII, ZigBee Baseband, and
NVM memory. His current research interest is on high-efficient Al accelerator
architecture design using integrated circuit implementation.

vy

d

Shih-Chiang Liu received the B.E. degree in elec-
trical engineering from the National University of
Singapore, Singapore, in 2016.

From 2016 to 2019, he was a Research Assistant
with the Singapore Institute of Neurotechnology
(SINAPSE), Singapore. He is currently a Senior
Software Safety Engineer with ST Engineering Land
Systems, Singapore. He has designed and devel-
oped the graphical user interface for the neural
recording systems and peripheral nerve prothesis
for SINAPSE. He specializes in system level inte-
grations and designs. He has coauthored two conference papers. His main
role includes defining software safety requirements and designs for various
projects.

Wendy Yen Xian Peh received the Ph.D. degree
from the Department of Neurobiology, Duke Uni-
versity, Durham, NC, USA, in 2014.

She is currently a Research Fellow with the Singa-
pore Institute for Neurotechnology, National Univer-
sity of Singapore, Singapore. Her research focuses
on neuromodulation of peripheral nerves innervating
visceral organs such as bladder for recovery of
physiological function.

Xin Yuan Thow received the B.Eng. degree in
bioengineering from the National University of Sin-
gapore, Singapore, in 2013, where he is currently
pursuing the M.Eng. degree under the supervision
of Prof. Nitish V. Thakor.

From 2013 to 2018, he was a Research Assis-
tant at the Singapore Institute of Neurotechnology
(SINAPSE), Singapore. He was formerly involved
in spinal cord hypothermia research, followed by
functional electrical muscle stimulation and finally
in peripheral nerve research. He was involved in
developing an acute rodent model to improve iteration times in bidirectional
peripheral nerve neuro-prosthesis development.

Kai Voges did his Ph.D. thesis at the Erasmus
Medical Center, Rotterdam, The Netherlands.

He was a Research Fellow at the National Uni-
versity of Singapore (NUS), Singapore, where he
is involved in an interdisciplinary team to create
real world applications with brain—machine inter-
faces. He was awarded a Marie-Curie Fellowship.
He developed a new theoretical framework for the
motor control of eye movements. He developed an
analysis software for data processing of a wide range
of biomedical signals. He was with Shanghai Ocean
University (SHOU), Shanghai, China, where he lead the design and imple-
mentation of a neurophysiological laboratory for aquatic animals. He also
trained the local researchers on the equipment and gave a course in computer
science.

Authorized licensed use limited to: National University of Singapore. Downloaded on May 25,2020 at 01:53:28 UTC from IEEE Xplore. Restrictions apply.



NG et al.: WIRELESS MULTI-CHANNEL PERIPHERAL NERVE SIGNAL ACQUISITION SoC

Sanghoon Lee received the B.S. degree from
the Department of Electronic Material Engineer-
ing, Kwangwoon University, Seoul, South Korea,
in 2009, and the M.S. and Ph.D. degrees from the
Department of Electrical and Computer Engineering
(ECE), National University of Singapore (NUS),
Singapore, in 2013 and 2017, respectively.

He is currently an Assistant Professor with the
Department of Robotics Engineering, Daegu Geong-
buk Institute of Science and Technology (DGIST)
Daegu, South Korea. He is the Director of the
Neuro-Interfaced Robotics Lab, South Korea (www.nirobot.org). His research
interests are in advanced neural interfaces and relevant to neural devices as
well as robotic systems for neuroprosthetics and bioelectronic medicines.

Gil Gerald Lasam Gammad received the degree
in doctor of veterinary medicine (DVM) from the
University of the Philippines, Los Bafios (UPLB),
Philippines. From 2009 to 2015, he was with Mac-
cine Pte Ltd., Singapore, and Innoheart Pte Ltd., Sin-
gapore, where he had extensive work experience in
the field of laboratory animals. He is currently a Lab-
oratory Technologist with the National University of
Singapore (NUS), Singapore. The assigned duties
include surgeries involving device implantation in
rodent and nonhuman primates, providing surgical
training to Research Staff, assisting Principal Investigator in submission and
amendment of research protocol, and ensuring regulatory compliance.

%

Khay-Wai Leong received the B.Eng. degree in
mechanical engineering from the National Univer-
sity of Singapore (NUS), Singapore, in 2002, and the
M.Sc. degree in aeronautics from the Embry-Riddle
Aeronautical University (ERAU), Daytona Beach,
FL, USA, in 2018.

He was with Honeywell Aerospace, Tempe,
AZ, USA, where he has carried out commercial
airplane pneumatic component design and Weibull
statistical reliability analyses from 2003 to 2007,
photodynamic therapy research (including drug
encapsulation and ex vivo validation) and stent development to address
atherosclerosis as Research Scientist at Abbott Vascular, Santa Clara, CA,
USA, in 2008, system integration and testing on the Wigetworks Lippisch
wing in ground effect vehicle from 2009 to 2010, and research and devel-
opment in electromagnetics for land-based and shipboard water treatment
applications as Project Leader at Ecospec Global Technology, Singapore,
from 2011 to 2014. He is currently a Research Associate with NUS, where
he is managing the project activities (including in vivo testing and lab
safety) and building devices and testing infrastructure across the neural
prostheses, bioelectronics and wireless body area network programs at the
Department of Electrical and Computer Engineering, Singapore Institute for
Neurotechnology (SINAPSE), Singapore, and the Biomedical Institute for
Global Health Research and Technology (BIGHEART) Department. He is
also an aerodynamicist with wind tunnel testing experience at NUS over
2001-2002, and as ERAU alumi, conducts simulations of airplanes flying
under severe wind shear in his spare time.

John S. Ho received the Ph.D. degree in electri-
cal engineering from Stanford University, Stanford,
CA, USA.
= He is currently an Assistant Professor with the
gl Department of Electrical and Computer Engineering
P and the Department of Biomedical Engineering (by
¥ courtesy) at the National University of Singapore,
. Singapore. His current research interests are cen-
/ tered on the development of wireless technologies
for bioelectronic devices and their translation to
medicine.
He was a National Defense Science and Engineering Graduate Fellow at
Stanford University. He was a recipient of the NRF Fellowship and the NUS
Young Investigator Award.

2279

Silvia Bossi received the master’s degree in mechan-
ical engineering from the Sapienza University of
Rome, Rome, Italy, in 2004, the Ph.D. degree
in biorobotics engineering from Sant’Anna School,
Pisa, Italy, in 2008, and the IMT Lucca, Lucca,
Italy. Her Ph.D. thesis was focused on the design,
development and characterization of a smart and
microactuated neural interface.

From 2006 to 2007, she was a Visiting Ph.D.
Student at the Department of Medical Engineering
and Neuroprosthetics, Fraunhofer IBMT, St Ingbert,
Germany, where she optimized microfabrication steps for the development
of a microactuated neural interfaces based on TiNi thin films. From 2008 to
2010, she served as a Post-Doctoral Researcher at the Biorobotics Institute,
Sant’ Anna School, Pisa, Italy, where he focused on design and development of
invasive neural interfaces. In 2011, she obtained a Fulbright BEST fellowship
in Technology Entrepreneurship, Santa Clara University, Santa Clara, CA,
USA. In 2011, she was an Intern at Exploramed, Mountain View, CA, USA,
a Medtech Incubator of Silicon Valley. From 2011 to 2012, she served as
a Senior Post-Doctoral Researcher at the Biorobotics Institute, where she
coordinated the activity of the Invasive Neural Interface group. In 2012, she
joined the Robotics Laboratory, ENEA, Rome, Italy, where he was working
on invasive neural interface design for peripheral and central nervous system.
From 2013 to 2014, she was a Visiting Researcher at the Viventi’s Lab,
Department of Electrical and Computer Engineering, New York University,
(Brooklyn, NY, USA, where she worked on the design of flexible ECoG
neural interfaces. She is the Co-Founder of SMANIA s.r.l, Pisa. She holds
two patents, coauthored two books chapter, and more than 20 technical papers.

Gemma Taverni received the B.Sc. and M.Sc.
degrees (cum laude) in biomedical engineering from
the Universita di Pisa, Pisa, Italy, in 2011 and
2014, respectively. She is currently pursuing the
Ph.D. degree with the Institute of Neuroinformatics,
University of Ziirich and ETH, Zurich, Switzerland.

Her research focuses on neuromorphic vision sen-
sors, on the hardware side, chip design and noise
analysis, and software side, event-based algorithms
for machine vision. She is a Member of SMANIA
S.rl., Pisa, spin-off company of Scuola Superiore
Sant’Anna (SSSA).

Her M.Sc. thesis “microfabrication and chronic in-vivo study of an
intrafascicular electrode for the Peripheral Nervous System” won the GNB
2014 Award for best Bioengineering Master Thesis.

Annarita Cutrone received the B.Eng. and M.Eng.
degrees (Hons.) in biomedical engineering from
the University of Pisa, Pisa, Italy, and the Ph.D.
degree in biorobotics from the Sant’Anna School of
Advanced Studies, Pisa.

She is a Post-Doctoral Fellow with the Biorobotics
Institute, Pisa, and the Co-Founder of SMANIA
S.rl, Pisa. She has over eight years of experience
in the design, development and validation of flex-
ible polymer-based implantable neural interfaces.

: Her primary research interest is the mechanical and
electrical optimization of neural interfaces to solve current issues such as
increase of selectivity and stability over time.

Authorized licensed use limited to: National University of Singapore. Downloaded on May 25,2020 at 01:53:28 UTC from IEEE Xplore. Restrictions apply.



2280

Shih-Cheng Yen received the B.S.E., M.S.E., and
Ph.D. degrees from the Department of Bioengi-
neering, University of Pennsylvania, Philadelphia,
PA, USA.

He was involved in neural network models of the
primary visual cortex. He was with the University of
California, Davis, CA, USA, where he was involved
in single-neuron recordings in the primary visual
cortex of both anesthetized cats and awake, behav-
ing nonhuman primates. He was with Montana State
University, Bozeman, MT, USA. He is currently
with the Department of Electrical and Computer Engineering, National
University of Singapore (NUS), Singapore, where he is with the Singapore
Institute for Neurotechnology. His research interests are in neural coding and
neuroprosthetics.

i

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 54, NO. 8, AUGUST 2019

Yong Ping Xu (S’90-M’92-SM’01) received the
Degree from the Department of Physics, Nanjing
University, Nanjing, China, in 1977, and the Ph.D.
degree from the School of Electrical Engineering,
University of New South Wales (UNSW), Sydney,
NSW, Australia, in 1994.

From 1978 to 1987, he was as an IC Design
Engineer with the Qingdao Semiconductor Research
Institute, Qingdao, China, where he was a Deputy
Research and Development Manager and Director.

’ From 1993 to 1995, he was with UNSW, where
he was involved in industry collaboration project with GEC Marconi Pty
Ltd., Sydney, NSW, Australia. He was a Lecturer at the University of South
Australia, Adelaide, SA, Australia, in 1996. He has been with the Department
of Electrical and Computer Engineering, National University of Singapore,
Singapore, since 1998, where he is currently an Associate Professor. His
main research interests are integrated circuit designs for MEMS, sensors and
biomedical applications. He has authored one book, authored and coauthored
two book chapters and more than 100 technical papers. He is the Inventor or
Co-Inventor of six granted U.S. patents.

Dr Xu is currently a member of the Technical Program Committee of VLSI
Circuits Symposium. He served the Technical Program Committees of the
IEEE International Solid-State Circuits Conference (ISSCC) from 2014 to
2018 and the IEEE Asian Solid-State Circuits Conference (A-SSCC) from
2009 to 2013. He is a member of A-SSCC Steering Committee and was the
Organizing Committee Chair for A-SSCC 2013. He was a co-recipient of
the 2007 DAC/ISSCC Student Design Contest Award and the 2004 Excellent
Teacher Award from National University of Singapore. He also served the
Technical Program Committee Co-Chair of 2007 and 2009 IEEE International
symposium on Radio Frequency Integration Technology (RFIT). He is a
Guest Editor of the IEEE JOURNAL OF SOLID-STATE CIRCUITS (ISSCC
2018 Special Issue), and a Deputy Section Editor of the IET Journal of
Engineering. He was a Distinguished Lecturer of the IEEE Solid-State Circuits
Society from 2017 to 2018.

Authorized licensed use limited to: National University of Singapore. Downloaded on May 25,2020 at 01:53:28 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


