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Abstract—Objective: To develop and verify a CMOS bone-
guided cochlear implant (BGCI) microsystem with elec-
trodes placed on the bone surface of the cochlea and the
outside of round window for treating high-frequency hear-
ing loss. Methods: The BGCI microsystem consists of an
external unit and an implanted unit. The external system-on-
chip is designed to process acoustic signals through an ac-
quisition circuit and an acoustic DSP processor to generate
stimulation patterns and commands that are transmitted to
the implanted unit through a 13.56 MHz wireless power and
bidirectional data telemetry. In the wireless power telemetry,
a voltage doubler/tripler (2X/3X) active rectifier is used to en-
hance the power conversion efficiency and generate 2 and
3 V output voltages. In the wireless data telemetry, phase-
locked loop based binary phase-shift keying and load-shift
keying modulators/demodulators are adopted for the down-
link and uplink data through high-Q coils, respectively. The
implanted chip with four-channel high-voltage-tolerant stim-
ulator generates biphasic stimulation currents up to 800 ;:A.
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Results: Electrical tests on the fabricated BGCI microsys-
tem have been performed to verify the chip functions. The in
vivo animal tests in guinea pigs have shown the evoked third
wave of electrically evoked auditory brainstem response
waveforms. It is verified that auditory nerves can be suc-
cessfully stimulated and acoustic hearing can be partially
preserved. Conclusion and Significance: Different from tra-
ditional cochlear implants, the proposed BGCI microsystem
is less invasive, preserves partially acoustic hearing, and
provides an effective alternative for treating high-frequency
hearing loss.

Index Terms—Active rectifier, bone-guided, cochlear
implant, inductive link power supply, implantable medical
devices.

I. INTRODUCTION

OCHLEAR implants (CIs) or cochlear prostheses have
C successfully provided useful electrical hearing to more
than 120,000 persons worldwide with serious sensorineural
hearing loss [1], [2]. The CIs electrically stimulate the audi-
tory nerves through an array of electrodes inserted into in the
scala tympani of the cochlea. The electrode insertion causes
complete loss of residual hearing and possibly the meningitis
[1].

To eliminate the aforementioned risks, a bone-guided CI
(BGCI) system-on-chip (SOC) microsystem with the electrodes
deployed outside the cochlea is proposed and a preliminary
version of this work has been reported [3]. In the BGCI mi-
crosystem, multiple electrodes are placed on the bone surface
of the cochlea and one is on the outside of round window. The
locations of these electrodes are near the base, which corre-
sponds to the high frequency part of auditory nerve based on
the tonotopic theory. Since the round window is not pierced
and the structure of cochlea is left undamaged during the
surgery, the acoustic hearing is partially preserved while provid-
ing electrical hearing. In order to evoke electrical hearing, the
auditory nerves are stimulated by biphasic constant current
pulses to maintain charge balance. Thus the tissue or electrode
damages due to charge unbalance in monophasic stimulation
can be avoided [4].
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Fig. 1.

As compared with the conventional CIs, the BGCI has the fol-
lowing advantages: 1) It is minimally invasive and the acoustic
hearing can be partially preserved. 2) It can be used to elimi-
nate the symptoms for patients with high-frequency hearing loss
while preserving the residual low-frequency hearing.

The architecture of the BGCI microsystem consists of the
external unit and the implanted unit coupled through a pair of
high-Q coils with ferrite cores [3]. In the external unit realized
by a SOC, the acoustic signals are processed by a microphone
and amplified and digitized by an acoustic signal acquisition
circuit. Then the digitized signal is processed by an acoustic
DSP to obtain the desired stimulation patterns in the frequency
range of hearing loss. The frequency range is adjustable to sup-
port patients with high-frequency hearing loss. The patterns
and the commands are further processed and transmitted with
13.56 MHz carrier signal through the primary coil into the sec-
ondary coil and the implanted unit. In the implanted unit, an
inductive link power supply (ILPS) with forward data decoding
and backward data encoding circuits is implemented to obtain
wireless power and realize bidirectional data telemetry. A 4-
channel high-voltage-tolerant stimulator is designed to generate
biphasic constant current stimulus (CCS).

Under normal surgical operation, four electrodes can be put on
the bone surface of human cochlea. According to psychoacous-
tic experiments in [5], four electrodes can achieve 80% speech

Block diagram of the BGCI microsystem and the conceptual structure diagram of the BGCI microsystem placed in a human ear.

discrimination. Once the frequency range of the high-frequency
hearing loss in a patient is determined, it can be divided by 4
in the logarithmic axis to determine the central frequency of
each electrode. As an example of high-frequency hearing loss
between 4000 Hz and 8000 Hz, the central frequency of each
channel can be 4367 Hz, 5199 Hz, 6182 Hz, and 7343 Hz with
the frequency resolution of 1/4 octave. According to the results
of EM simulation with the Finite Element Model (FEM) model
of the cochlea [6], it is found that the electric field can be local-
ized under the stimulating electrode on the cochlear bone. Thus
acceptable frequency resolution and spatial specificity could be
obtained for patients with high frequency hearing loss.

In this paper, in-vivo animal tests on guinea pigs on the CMOS
BGCI microsystem are performed and the results are analyzed
to verify its functions. It is shown from animal test results that
the BGCI microsystem can successfully evoke the Wave elll of
EABR waveforms to recover the hearing capability of guinea
pigs. Moreover, the acoustic hearing can be partially preserved
when the BGCI microsystem is used.

This paper is organized as follows. Section II describes the
system architecture and circuits of the BGCI microsystem for
animal tests. Its experimental results of system electrical func-
tions are also presented. Analyses and verifications of in-vivo
animal tests on the BGCI microsystem are shown in Section III.
Finally, the conclusion is drawn in Section IV.
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Il. SYSTEM ARCHITECTURE AND ELECTRICAL
MEASUREMENT RESULTS

Fig. I shows the overall architecture of the BGCI microsystem
and the conceptual structure diagram of the BGCI microsystem
placed in human ear, where the external unit and the implanted
unit are coupled through a pair of high-Q coils with ferrite
cores. The external unit includes acoustic signal acquisition cir-
cuit and acoustic DSP whereas the implanted unit includes a
4-channel high-voltage-tolerant stimulator. An ILPS with bidi-
rectional data transceiver is also designed in both units. The
detailed circuits and functions of all components in the BGCI
microsystem are described in the following [3].

A. Acoustic Signal Acquisition Circuit

The acoustic signal acquisition circuit in the BGCI microsys-
tem is used to capture the acoustic signal from the microphone
which plays a role as the connection between the nature voice
and the electrical circuit. The acquisition circuit consists of a
pre-amplifier and an analog-to-digital converter (ADC) [3]. The
small acoustic signals from microphone are amplified and fil-
tered by the pre-amplifier and then digitalized by the ADC for
further digital processing.

The bandwidth is designed from 40 Hz to 200 kHz with
the consideration of suppressing group delay. Its effective au-
dio bandwidth is 40 Hz to 20 kHz. The gain of pre-amplifier
can be adjusted in 0 dB, 3.5 dB, 6 dB, and 15.6 dB by the
programmable feedback capacitor. The 40 Hz high-pass corner
frequency can be implemented by the pseudo-resistors (PRs)
connected in parallel with the programmable feedback capaci-
tor. The pseudo-resistor can achieve 16 G2 with the transistor
size of channel width/length = 25.6 um/0.8 pum. There is a flat
region in the characteristics of impedance versus signal ampli-
tude of the PR, where the impedance is almost constant like a
normal resistor [7].

The amplified acoustic signals are directly sent to a
successive-approximation-register (SAR) ADC with 10-bit res-
olution. The full-scale reference voltage V.. rs of SAR ADC
is 0.9 V. The operational principle of the SAR ADC is the bi-
nary search to find the closest binary digital output to represent
the analog input. The SAR ADC utilizes a monotonic capacitor
switching procedure.

B. Acoustic DSP Processor

Fig. 2 shows the architecture of the acoustic DSP proces-
sor. The acoustic DSP processor consists of a reduced instruc-
tion set computer (RISC) core [8], hardware accelerators, a
data en/decoder for wireless transmission, and peripherals. A
spectral-change enhancement (SCE) algorithm [9], [10] is re-
alized to improve speech intelligibility. According to the test
results of [11], a significant improvement in speech reception
threshold is achieved for the SCE algorithm. The RISC core is
fully programmable and the hardware accelerators are added to
improve the energy efficiency for realizing the SCE algorithm.
The hardware accelerators include a 64-point real-valued fast
Fourier transform (RFFT) unit and a data control unit (DCU).

Processor
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16KB Data 16KB Instruction
Memory gr Memory
=
=5
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Unit
Data Buffer UART » Debug

Fig. 2.  Architecture of the acoustic DSP processor [3].

The RISC core contains a five-stage pipelined Harvard micro-
architecture. It can connect with several modules through the
wishbone bus. Each module is connected to a wrapper to estab-
lish a standard data exchange interface. The wrappers then com-
municate to each other by arbiters. In addition, a single design
can feature multiple busses. Hardware accelerators are linked by
the wishbone bus. IO interfaces, such as a joint test action group
(JTAG), universal asynchronous receiver/transmitter (UART),
and general-purpose input/output (GPIO), are also embedded.
The JTAG is connected to a computer through a debugger mod-
ule and is used to load the firmware onto the RISC core. The
UART is mainly for debugging.

The acoustic signals are first sent to a RFFT unit to extract the
spectrum. The magnitude of the frequency spectrum is reshaped
based on the auditory excitation pattern [12] through a series of
filtering to simulate band-pass filters in a normal auditory sys-
tem. The outputs are then fed into a spectral change function
to calculate the temporal difference. This function behaves as
a temporal sharpening module on the spectrum. The difference
of the spectra of interest is then amplified by a Difference-
of-Gaussian (DoG) function, which mimics lateral inhibition of
the auditory nerve to produce a spectral-contrast enhanced spec-
trum. The result is denoted as the enhancement function (ENF),
which is the spectral and temporal enhanced spectrum. A tem-
poral weighting function is then used to smooth the ENF by
considering influences from preceding frames to finally gener-
ate the desired frequency spectrum for the stimulation channels.
According to previous studies, the spectral contrast enhance-
ment algorithms can improve speech intelligibility of hearing-
impaired patients [9], [11], including CI user [13], under noisy
conditions.

A RFFT unit is included to accelerate the computations for
spectrum extraction. By leveraging the following properties,
the proposed RFFT unit requires only half of the complexity of
the complex-valued FFT one. Firstly, the redundant complex-
valued operations can be removed before the real-valued signals
encounter complex-valued twiddle factors. Secondly, multipli-
cations with the same twiddle factors can be shared. Thirdly,
half of the calculations related to the primary outputs can be
omitted owing to the conjugate-symmetric feature. Folding and
pipelining techniques have been proposed in [14], [15] to re-
duce area and power of realization of RFFT. A realized 64-point
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Fig. 3. The data codec and packet design in the BGCI with (a) downlink
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RFFT unit, which is included in this work, achieves 44% power
savings as compared to the complex-valued FFT counterpart.
For more details, the advantages of RFFT over complex-valued
FFT have been discussed in the previous work [16].

A data control unit (DCU) is used to offload the data ac-
cess for digitized inputs from the ADC, as shown in Fig. 2.
The interrupt signal in DCU is triggered conditionally, rather
than periodically, thereby reducing the time overhead caused by
interrupt in this design.

The outputs of the SCE algorithm are stimulation patterns for
4 stimulation channels. In each channel, 3 bits (AMP[2:0]) are
used to indicate the magnitude of stimulation currents and 1 bit
(SIGN) is used for the polarity, as shown in Fig. 3(a). Additional
6 bits are included to identify the stimulation duration. There is
a data encoder to transform it into a data packet for the wire-
less transmitter. As shown in Fig. 3(a), the downlink data packet
contains a pseudo-random noise (PN) sequence for synchroniza-
tion, a command (including magnitude, polarity, and duration)
for the 4-channel high-voltage-tolerant stimulators, and an ap-
pended cyclic redundancy check (CRC) for error check. At the
wireless receiver, there is also a decoder that receives and de-
codes the data packet in order to drive the high-voltage-tolerant
stimulators. If areceived data packet cannot pass the error check,
it will be discarded and no electrical simulations are triggered.

In the BGCI microsystem, the continuous-interleaved-
sampling (CIS) signal processing strategy is adopted, which has
been implemented by many manufacturers in their latest devices
[17], [18]. Using the CIS strategy to stimulate nerves with non-
simultaneous and interleaved pulses in the BGCI microsystem
is to avoid interaction between channels caused by the summa-
tion of electric fields from individual electrodes. The CIS strat-
egy extracts multi-channel temporal envelopes and produces
non-simultaneous interleaved stimuli across channels. Balanced

Data

BPSK
Demodulator|  Decoder
3v Power Detection Encoder

[ ILPS

Data Decoder

LSK
Demodulator

Control Sig.
(From DSP)

Programmable

Encoder

=

g' 2 2V]|

Olﬁi’"u;;mer § 1 2X/3X IoeE rov| = 5

g r : 2
13.56 = (POPA) ;T 2 Actl_v_e ALDO | = =
MHz 5 H Rectifier ">

Encoder

Fig. 4. Wireless power and bidirectional data telemetry circuit.

biphasic pulse trains are delivered to electrodes with proper tem-
poral offsets that eliminate any overlap across channels [19].

Vocoders are often used to simulate electrical hearing of CI
patients. To simulate the hearing perception of the patient wear-
ing the proposed BGCI microsystem, a vocoder was combined
with the patient’s personalized hearing model [20], which simu-
lates the preserved acoustic hearing of the patient. To determine
the proper settings for the BGCI microsystem, psycho-acoustic
experiments were conducted on the hearing-model combined
4-channel vocoder to test the different frequency settings of the
band-pass filters [5]. In the experiments, the cutoff frequency
of the low-pass filter for envelope extraction was set to 400 Hz
and the overall frequency range of the four band-pass filters was
set to 4000-8000 Hz to provide high-frequency electrical hear-
ing while preserving low-frequency acoustic hearing. Results of
psycho-acoustic experiments reveal the four constant-Q band-
pass filters distributing logarithmically with center frequencies
of 4367 Hz, 5199 Hz, 6182 Hz, and 7343 Hz and the bandwidth
of 1/4 octave provide benefits in enhancing Mandarin intelligi-
bility scores of CI patients. A boost of 8%~10% of intelligi-
bility scores were observed in two simulated hearing-impaired
patients and most of the improvement comes from consonants
[5]. The consonants have high frequency energy above 4000 Hz,
thus are presumably made clearer by the high frequency electric
hearing provided by the 4-channel BGCI system. Details of the
psycho-acoustic experiments can be accessed in [5]. These de-
sired parameters of the filters are adopted by the acoustic DSP
processor, which uses FFT magnitudes to encode the envelopes
of the simulated vocoder and produces non-simultaneous in-
terleaved stimuli to the 4 stimulation channels of BGCI
microsystem.

C. Wireless Power and Bidirectional Data Telemetry
Circuit

To avoid extra surgery for battery replacement, the power of
implanted unit is supplied by the ILPS and the communica-
tion is realized by wireless bidirectional data transmission with
13.56 MHz as the carrier frequency. Fig. 4 shows the wireless
power and bidirectional data telemetry circuit which consists of
a programmable output power amplifier (POPA), a pair of high-
Q coils, a 2X/3X active rectifier with LDOs, a BPSK forward
data modulator/demodulator, and a LSK backward data modu-
lator/demodulator. The high-Q coils with ferrite core is used to
enhance the transfer efficiency of power and data telemetry in
the proposed BGCI microsystem. The coil with ferrite core for
the implant side can be wrapped and sealed with biocompati-
ble material as in the conventional CIs. The BPSK demodulator
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is adopted to demodulate the data from the external unit with-
out much degrading the high power transfer efficiency through
the high-Q of near-field coil. However, the high-Q coils cause
the decrease in data channel capacity. When a downlink BPSK
data transition occurs, the secondary coil requires a few cycles
to invert its phase. Thus the conventional edge-detector BPSK
demodulator [21] cannot work properly because of the longer
data transition time. Thus the PLL-based BPSK demodulator is
adopted [22]. The LSK demodulator consists of an envelope de-
tector, a band-pass filter, a Schmitt-trigger, and a data recovery
unit to demodulate the data from the output node of the POPA
as shown in Fig. 5(a).

Fig. 5(a) also shows the programmable output power ampli-
fier (POPA), which consists of a digital pulse-width modulator
(DPWM), a buck converter, and a class-E power amplifier with

a finite DC-feed inductor. The DPWM is used to produce a con-
trol signal with fixed frequency and variable duty cycle D for
buck converter as shown in Fig. 5(b). The DPWM is controlled
by the demodulated data from LSK back telemetry, which is a
set of pulse signals with 2-bit voltage magnitude information
of 3X active rectifier in the implanted unit. The control signal
with variable duty cycles in the buck converter generates dif-
ferent supply voltages for the class-E power amplifier and thus
different output powers. When the output voltage of 3X active
rectifier is lower (higher) than the preset threshold 3 V (3.2 V),
the duty cycle of buck converter is increased (decreased) and
the energy stored in the inductor increases (decreases) accord-
ingly. Therefore, the POPA can deliver more (less) power by
increasing (decreasing) the duty cycle of control signal in the
buck converter and thus generate higher (lower) output power.

The cascode-transistor configuration in the class-E power am-
plifier (PA) can have a higher reliability without voltage over-
stress as shown in Fig. 5(a). The gate of cascode transistor Mgy 2
is driven by a 3.3 V bias so that the drain voltage Vp of Mgw
can tolerate 6.6 V voltage without device stress. In addition,
using a finite DC-feed inductance instead of an RF-choke in the
class-E PA can generate a larger output power under the same
supply voltage [23], [24]. In this work, the buck converter is de-
signed to share the finite DC-feed inductor of power amplifier
without using an extra inductor.

The circuit structure of the 2X/3X active rectifier of ILPS is
shown in Fig. 6, which consists of a start-up circuit, a NMOS
active diode, two PMOS active diodes, two delay-compensated
comparators (DCMPH and DCMPL) with delay compensation
control, a level shifter, and off-chip filtering capacitors.

In Fig. 6, the comparator DCMPH (DCMPL) controls the
power transistor Mp; (M) by comparing the voltage Vigyer
and Vppo (Vigwer and Vgga ). The two PMOS active diodes of
2X/3X active rectifier only need a single comparator DCMPH
to control both power transistors Mp; and Mps. However, since
the PMOS power transistor Mps is operated in a higher voltage
level than Mp, a level shifter is needed to convert the control
signal from low voltage level to high voltage level for Mp,. In
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Fig. 6, the voltage level of the output voltage V2, of DCMPH
is from O V to Vppso (2 V). Since the I/0 device can handle
3.3 Vin 0.18 um CMOS technology, a simple level shifter can
be designed by using I/O devices to convert the voltage level
from Vpps to Vpps (3 V) without device over-stress issue.
It converts the voltage level and enhance the driving ability to
drive the large input capacitance of power transistor Mps.

In the design of 2X/3X active rectifier in Fig. 6, both over
voltage protection (OVP) and under voltage protection (UVP)
realized by the voltage detection circuit are used to make sure
that the output voltage Vpp3 neither exceed 3.3 V to avoid the
device over-stress issue nor decrease below 3 V to cause the
high-voltage charge pump unable to reach the specified output
pump voltage.

The data packet of LSK back telemetry contains both the Vi,
and Vy as shown in Fig. 3(b). When the LSK back telemetry is
enabled, the external unit gets the backward data packet. After
demodulation and decoding, the voltage amplitude information
of 3X active rectifier of the implanted unit is sent to the POPA.
If Vpps is higher (lower) than 3.2 V (3 V), the POPA can reduce
(increase) the transmitted energy to the primary coil.

The PLL-based BPSK demodulator [22] can demodulate
BPSK signal through the high-Q coil Ly and fully integrated
with the ILPS as shown in Fig. 4. The carrier frequency of coil
L, changes slowly when the phase of carrier frequency of coil
L; changes 180 degrees. Since the transition time of high-Q
coil Ly is longer, a PLL is used to detect the frequency change
during data transition. The block diagram of BPSK demodulator
is shown in Fig. 7 [22] which consists of a PLL, a trigger detector
circuit, and data and clock recovery circuits. The PLL consists
of phase frequency detector (PFD), charge pump (CP), loop
filter, voltage control oscillator (VCO), and frequency divider.

The PFD detects the phase and frequency difference between
input signal and feedback signal and generates short duration
pulses at the output with minimum dead zone when PLL is
locked. During the data transition where the frequency of PFD
input is changed, it generates output control signals for CP to
alter the VCO and change the output frequency to lock the new
frequency. At the same time, the trigger detector uses a pulse
collector circuit to collect these longer duration pulses from
the PFD. The pulse collector circuit is used to combine the
multiple longer duration pulses to form a single wider pulse-
width signal when the pulse width of longer duration pulses
exceeds a preset threshold. After the wider pulse-width signal
has been detected, a trigger signal is produced to invert the
current demodulated data (e.g., high level to low level). In the

clock recovery circuit, a divided-by-64 frequency divider is used
to divide the carrier frequency of 13.56 MHz to generate 211 kHz
clock signal. However, during the data transition, the carrier
frequency changes. So, after a long time, the clock edge is
not synchronized with the demodulated data. Therefore, the
trigger signal is also used to reset the divider after the trigger
signal is raised. And then, the divider is reset and the clock is
synchronized with the output demodulated data. Finally, the data
and clock can be decoded by the decoder. The data is sent to the
stimulators to generate the corresponding stimulation current.

D. High-Voltage-Tolerant Stimulator

The high-voltage-tolerant stimulator consists of 4 stimulus
channels, a high-voltage charge pump, a reference voltage gen-
erator, a quick discharge circuit, 4 stimulus channels each con-
taining a pair of stimulus drivers in the H-bridge topology, a
current-mode DAC, and an error detector [25] as shown in
Fig. 1. The maximum output voltage (Vcc) of high-voltage
charge pump is 11 V which is the supply voltage of stimulus
channels. The Voe (11 V) is divided into 3 levels (1xVpp,
2xVpp, and 3xVpp) through a reference voltage generator to
provide the required reference voltages for the self-adaption
bias circuit and level shifter circuits of the stimulus drivers. The
quick discharge circuit can discharge Ve when the QUICK
DISCHARGE signal is received. The stimulus driver delivers
biphasic stimulus current through two electrodes and provides
stimulation on the acoustic nerves between the electrodes. The
error detector in the stimulus driver detects the load impedance
to see whether it is in the normal range for maximum voltage (11
V) and maximum current (0.8 mA) operation. The normal range
of the load impedance is defined as the electrode-tissue double-
layer capacitance [26] larger than 10 nF and the tissue resistance
smaller than 14 k(2. If the impedance of electrode-tissue inter-
face exceeds the normal range, the error detector raises an alert
signal to indicate the possible abnormal operation. This ERROR
signal is also included in the data packet of LSK back telemetry
as can be seen in Fig. 3(b).

To adapt to a wide range of load impedances of the electrode-
cochlea interface, stacked transistors and a self-adaption bias
circuit are used in the stimulus driver which can detect the output
node voltage and adjust the suitable bias for stacked transistors
to prevent overstressed problems [25].

In each stimulation, one electrode on the bone surface is se-
lected and the electrode on the round window is also selected.
The bipolar and biphasic constant current stimulation (CCS) is
realized by sending a constant current to the selected electrode
on the bone surface with the electrode on the round window
grounded first to inject charges to the auditory nerves in the
scala tympani of the cochlea through electric field for stimu-
lation. Then the same constant current is sent to the electrode
on the round window with the electrode on the bone surface
grounded to balance the injected charges and avoid any accu-
mulated charges in tissues or nerves for safety consideration.
Such a biphasic CCS is performed successively for the 4 elec-
trodes on the bone surface.
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In the BGCI microsystem, the CIS signal processing strategy
is adopted. For the four-electrode BGCI system, only one stim-
ulation is performed in each time. Thus only one current source
is used to save power. The current source is shared alternatively
by the four electrodes.

E. Results of Electrical Measurement

The BGCI microsystem was designed and fabricated in
0.18-um CMOS Technology. The SOC chip of the external
(implanted) unit occupies 12.26 mm? (7.26 mm?) including the
ESD pads. Each circuit was tested separately and the function of
the whole system was verified in both electrical tests and animal
test.

The measurement results of the fabricated acoustic signal ac-
quisition circuit are summarized as below. The measured 4 lev-
els of gains of the pre-amplifier with different setting are 0 dB,
3.5 dB, 6 dB, and 15.6 dB with the bandwidth of 40 Hz to 20
kHz. The design of these pre-amplifier gains is based on the
requirement of the whole BGCI microsystem. The 16-dB pro-
grammable gains of the pre-amplifier and the 62-dB dynamic
range of the 10-bit ADC are combined to cover the typical
80-dB input dynamic range. They were designed together with
the considerations of the weighting factors in the acoustic DSP
processor, and the output currents of the stimulator. The system
uses the four tunable gains of the pre-amplifier, weighting fac-
tors in the acoustic DSP processor, and the output currents of
the stimulator to make the output stimulation remaining within
the comfortable listening levels of the patients.

Since the output current from the pre-amplifier is used to drive
the following capacitor array of the SAR ADC, the pre-amplifier
consumes about 501 ¢ W. The measured differential nonlinearity
(DNL) and integral nonlinearity (INL) of the SAR ADC are
both less than 0.24 LSB. The signal-to-noise-and-distortion-
ratio (SNDR) is 60.09 dB with 1 kHz sinusoid input. The power
dissipation is 20.94 uW. The figure of merit (FOM) [27] is
528.4 {J per conversion-step in the audio band where the FOM
is the power dissipation divided by the term of fs - 2E8NOB,

The acoustic DSP dissipates 7.78 mW at 25 MHz froma 1 V
supply. The overall latency of the signal processing of the SCE
algorithm is 1.33 ms. The latency of the signal processing of the
SCE algorithm for a system with more channels would be nearly
the same since only the computations for channel combination,
which accumulates the energy for the required channel bins, in
the last stage need to be changed.

The measured maximum power conversion efficiency (PCE)
of the POPA, which consists of buck converter and class-E power
amplifier, is 62.5%. The measured PCE of the ILPS, composed
of active rectifier and LDOs, is 59% under 25 mW output power
level with the coil separation of 10 mm. If the coil separation
is decreased (increased), the PCE will be increased (decreased).
Fig. 8 shows the measured PCE of 2X/3X active rectifier versus
different output power levels. In the light load condition, the
switching loss dominates and the PCE is decreased. The fab-
ricated 2X/3X active rectifier can provide 3 V and 2 V output
voltages and the maximum power capability is up to 55 mW.
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Fig. 8. The measured power conversion efficiency (PCE) of 2X/3X

active rectifier versus output power.

TABLE |
THE PERFORMANCE SUMMARY OF THE PROPOSED BGCI MICROSYSTEM

Parameter Performance
Bone surface of the
Placement of Electrode Arrays cochlea,

round window

Preservation of Acoustic Hearing
with Cochlear Implantation
Core Voltage Supply (V)

Yes

1.8/3
External: 12.26 mm?
Implanted: 7.26 mm’

Chip Areas

Diameter: 3 cm

External Coil Thickness: 1.91 mm

Near-Field
Coils with

Ferrite Core

Diameter: 2.2 cm

Implanted Coil Thickness: 1.91 mm

Audio Frequency Range (Hz) 40-20k

Lo Gain (dB) 0/3.5/6/15.6

Ac:““‘,‘ ,f,‘g“al SNDR (dB) 60.09
cquisition
Cireuit ENOB 9.69@A48KkS/s
INL/DNL (LSB) 0.24/0.24
FOM (fJ/conversion-step) 528.4
Acoustic DSP Power Dissipation (mW) 7.78 (25 MHz, 1 V)

Processor Overall Latency (ms) 1.33
Carrier Frequency (MHz) 13.56

PCE of ILPS 59%@25mW

Wireless Power

Forward Command Link/ BPSK/
f‘fd D‘i‘:‘y Backward Data Link LSK
339 (Downlink),
Max. Data Rate (kbps) 105 (Uplink)
Number of Electrodes 4

Supply from High-Voltage

Charge Pump (V) 1

High-Voltage-

Tolerant Pulse Width (ps/phase) 24-146@?212kbps
Stimulator Max. Stimulation 08
Current for Rats (mA) i
Max. Stimulation Rate (pps/ch) 750

The overall PCE from buck converter to the high-voltage charge
pump in the stimulator stage is about 15% where the PCEs for
the components in the power system are: buck converter 87%,
class-E power amplifier 72%, coils 76%, ILPS 59%, and high-
voltage charge pump 53%.

In the bidirectional data telemetry, the fabricated BPSK de-
modulator with 332 uW power consumption or 0.98 nJ per bit
has the measured maximum data rate of 339 kbps. The fab-
ricated LSK modulator has the measured maximum data rate
of 105 kbps. The fabricated stimulator can deliver 200 pA to
800 pA (100 pA per step) stimulus current to the electrodes for
animal test. The power consumption of the proposed external
(implanted) SOC is 131.35 mW (41.11 mW). The performance
summary of the proposed BGCI microsystem for animal tests is
shown in Table I.
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Fig. 9. The experimental setup of animal in-vivo tests.

I1l. RESULTS OF ANIMAL TESTS

Besides the electrical test, the proposed BGCI microsystem
was tested in-vivo on guinea pigs to verify its functionality.
Fig. 9 shows the experimental setup of animal in-vivo test
where the BGCI microsystem, an arbitrary waveform gener-
ator, a commercial auditory brainstem response (ABR) system,
and a personal computer (PC) are used. As shown in Fig. 9,
the PC delivers continuous real-time commands to the stim-
ulus part of ABR system, which transmits a trigger signal to
the arbitrary waveform generator. Then the arbitrary waveform
generator sends a set of packet data to the BPSK modulator
in the external part of the BGCI microsystem. The BPSK data
modulate the 13.56 MHz power signal generated by a crystal
oscillator and both power and data are transmitted through the
primary coil to the secondary coil. The implanted unit of BGCI
microsystem receives wireless power and packet data from the
secondary coil to drive the high-voltage-tolerant stimulator and
enable the biphasic current stimulation. After electrical stimula-
tion of the cochlear nerve, the electrically evoked ABR (EABR)
potentials is recorded by the acquisition part of ABR system.
The final recorded data are obtained by calculating the average
values from 200 sets of valid measurement data.

Guinea pigs were anesthetized by initial intraperitoneal in-
jection of sodium pentobarbital (35 mg/kg body weight). The
maintenance dose of 10 milligram per kilogram (10 mg/kg)
body weight was given throughout an experiment whenever the
animal showed signs of increasing arousal, which was assessed
every 30 minutes by a paw withdrawal reflex. Acoustic hear-
ing tests using click sound were performed first. As shown in
Fig. 10, the evoked ABR by acoustic hearing tests shows the
measured peaks of Wave I. II. III. and IV versus sound pres-
sure level (SPL) of click sound. It can be seen that the peaks
become obvious as the SPL is larger than 70 dB. This ensures
that the experimental setup was established correctly and the
initial physiological condition of the cochlea can be obtained.
The measured amplitude and latency of the evoked Wave III on
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Fig. 10. Measurement results of acoustic hearing tests with click

sound, which has duration of 50 s, for the cochlea of guinea pigs. The
measured peaks of Waves |, II, 1, and IV of the evoked ABR become
obvious when sound pressure level (SPL) of click sound is increased
from 70 dB to 120 dB.
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Fig. 11. The measured ABR characteristics under the click sound tests.

Left: The measured amplitude of the evoked Wave Ill on ABR versus
sound pressure level (SPL). Right: The measured latency of the evoked
Wave Il on ABR versus SPL.

ABR versus SPL are recorded and shown in Fig. 11 where the
click-sound durations of 50 us and 200 us were used. Usually,
the evoked ABR can be observed when the SPL is larger than
the threshold of 50-60 dB.

Then a dermal incision was made from the lower right jaw
to the shoulder to expose the right submandibular gland and the
right submandibular gland was partially removed. The muscles
attached to the bulla and the styloid bone were carefully dis-
sected. Next, the bulla was opened to allow the access to the
cochlear bone. Since the size of cochlear bone in guinea pigs
is small, one electrode on the middle part of cochlear bone and
the other electrode on the outside of round window were used in
the animal in-vivo study to verify the functions of the designed
BGCImicrosystem. Two types of electrodes with electrode plate
diameter D and length L were used as Type A (D = 300 pum
and L = 2000 pm, 50 pm in thickness, gold) and Type B (D
=400 pym and L = 1000 pm, 50 pm in thickness, gold). The
anatomy of the ear of guinea pig with the placement of electrode
pairs is shown in Fig. 12 where one electrode was placed on the
surface of the cochlear bone and the other on the outside of
round window.

Both ABRs and EABRs were measured by the acquisition part
of ABR system. The recording parameters are as follows: stimu-
lation rate of 25 stimulus per second, 100 Hz to 3 kHz band-pass
filters, amplification gain of 100K, and analysis time window of
12 ms. The care and use of the animals in this study were ac-
cordance with National Taiwan University College of Medicine
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Fig. 12.  The anatomy of the ear of guinea pig and the placement of
Type B electrode pairs where a: the surface of cochlear bone; b: the
electrode on the surface of cochlear bone; ¢: round window; d: the
electrode on the round window. The scale bar is 1 mm.
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Fig. 13. Measurement results of ABR and EABR from in-vivo animal

tests on guinea pigs. Left: The measured waveform of the evoked ABR
under the acoustic test with 120 dB of SPL and total duration of 200 ps.
Right: The measured waveform of the evoked EABR under the electrical
stimulation of 400 1A biphasic current and pulse width of 100 us/phase
through Type A electrodes.

and College of Public Health Institutional Animal Care and Use
Committee (IACUC) with approval number 20150008.

Fig. 13 shows the measured ABR and EABR waveforms. The
measured ABR under the SPL of 120 dB has an amplitude of
only several microvolts. But the measured EABR has a shorter
latency and a larger amplitude of several tens microvolts. The
latency of Wave elll in the recorded EABR is at approximately
2 ms as reported in [28], [29].

As shown in the Fig. 14, EABRs were recorded under bipha-
sic current stimulations with a pulse width of 100 us/phase and
different current levels from 200 pA to 600 pnA generated by
a commercial stimulator (red lines) and the BGCI microsystem
(black lines). In using commercial stimulator, the electrode on
the bone was grounded and the electrode on the round win-
dow was stimulated by positive/negative biphasic currents. In
using BGCI microsystem, positive current is applied to the elec-
trode on the round window first and then the electrode on the
bone after 5 ps. It is seen from Fig. 14 that the evoked Wave
elll of EABR waveforms can be recorded when the stimula-
tion currents higher than 300 pA from the BGCI microsystem
or the commercial stimulator. Moreover, the recorded EABR

= Current vaveform
—— EABR waveformicom'l)

—— Current waveform
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Electrode on round window
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Fig. 14. Measurement results of in-vivo animal tests on guinea pigs
with Type A electrodes. The measured Wave elll of EABR waveforms
under different stimulation currents generated by a commercial stimulator
(red lines) and the proposed BGCI microsystem (black lines).
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Fig. 15. The measured amplitude (left) and latency (right) of evoked
Wave elll on EABR versus stimulation currents generated by a commer-
cial stimulator (red lines) and the proposed BGCI microsystem (black
lines). The electrodes are of Type A.

waveforms are similar in both cases under the same level of
stimulation current.

In the BGCI microsystem, electrodes were placed on the
surface of the cochlear bone instead of being inserted through
the round window. Due to the high impedances of cochlear
bones, the threshold stimulation current of 300 A is needed
to evoke Wave elll, which is higher than that of conventional
CIs. The stimulation current of 300 1A of BGCI microsystem
did not damages the cochlea. The measured elll wave responses
are resulted from the auditory nerves because the latencies and
morphology of nerve responses are similar to the previous study
[29], [30]. In addition, nerve responses could not be detected by
transecting auditory nerve in the end of experiments.

Since the electrodes of BGCI are put on bone surface of the
cochlea, the bone of human cochlea will be thinned to reduce
the thickness before electrode implant. But the electrodes are
still not close to the auditory nerve. Thus, it requires a higher
threshold current for activating auditory nerve and the stimula-
tion power efficacy is not as high as the conventional CI. The
higher threshold current has been verified in animal tests as
shown in Fig. 15.

The frequency resolution in stimulation cannot be verified
in current animal tests without opening the skull and using the
microelectrode array to record the brainstem activities. It will
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Case 1: The round window was pierced and
electrodes were placed inside the cochlear after
surgery as the conventional CI.

The electrical stimulation (ES) was not applied.
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Case 1-2: The round window was pierced and
electrodes were placed inside the cochlear after
surgery as the conventional CI.
The electrical stimulation (ES) has been applied.
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Fig. 16.  The measured amplitudes of pre-operative ABR (solid line)
and post-operative ABR (dash line) versus SPL on guinea pigs by tone-
burst sound tests where the round window was pierced and electrodes
were placed inside the cochlea after surgery as in the conventional CI.
The electrical stimulation was not applied (upper) and after the electrical
stimulation has been applied (lower).

be performed to verify the frequency resolution in the future.
The spatial specificity in stimulation cannot be verified in ani-
mal tests. According to the results of EM simulation with the
Finite Element Model (FEM) model of the cochlea [6], it is
found that the electric field can be localized under the stimulat-
ing electrode on the cochlear bone. Thus acceptable frequency
resolution and spatial specificity could be obtained for patients
with high frequency hearing loss.

The measured amplitude and latency of evoked Wave elll on
EABR versus stimulation currents are shown in Fig. 15 where
the stimulation currents were generated by a commercial stim-
ulator (red lines) and the proposed BGCI microsystem (black
lines). The electrodes are of Type A. As shown in the left of
Fig. 15, when the stimulation current is increased, the ampli-
tude of Wave elll is also increased. But the latency of Wave elll
is insensitive to stimulation currents as can be seen in the right
of Fig. 15.

To measure the partial preservation of acoustic hearing after
the implant of BGCI microsystem on guinea pigs with elec-
trodes put on the cochlear bone and the outside of round window,
the ABR amplitudes versus SPL before implant (pre-operative
ABR) and after implant (post-operative ABR) by tone-burst
sound tests were measured. The same tests were also performed
on guinea pigs where the round window was pierced and elec-
trodes were placed inside the cochlea after surgery as in the
conventional CI. Fig. 16 shows the measured amplitudes ver-
sus SPL of pre-operative ABR and post-operative ABR in the
case of conventional CI (Cases 1 and 1-2). In the upper part of
Fig. 16, since the electrode pairs were inserted into the cochlea

Case 2: The electrodes are put on the cochlear
bone and the outside of round window as in the
BGCI microsystem.

The electrical stimulation (ES) was not applied.
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Case 2-2: The electrodes are put on the cochlear
bone and the outside of round window as in the
BGCI microsystem.
The electrical stimulation (ES) has been applied.
6 Pre-operative ABR  ABR after ES
5 a1 e
. e 2000 Hz ++22+ 2000 HZ
S 4 oot oo sonone
L3
=
32
E | S e
<Y e
ol — — - ,
40 60 80 100 120
SPL (dB)
Fig. 17.  The measured amplitudes of pre-operative ABR (solid line)

and post-operative ABR (dash line) versus SPL on guinea pigs by tone-
burst sound tests where electrodes are put on the cochlear bone and
the outside of round window as in the BGCI microsystem. The electrical
stimulation was not applied (upper) and after the electrical stimulation
has been applied (lower) with Type A electrodes.

through the round window, the attenuation of residual acoustic
hearing is very serious after surgery. After the electrical stim-
ulation, the residual hearing is almost disappeared as shown in
lower part of Fig. 16.

Fig. 17 shows the measured amplitudes versus SPL of pre-
operative ABR and post-operative ABR in the case of BGCI mi-
crosystem (Cases 2 and 2-2). In the upper part of Fig. 17 where
the electrodes were not stimulated, the threshold difference in
SPL between pre-operative ABR and post-operative ABR is due
to the opening the bulla cavity of guinea pig [31]. In lower part
of Fig. 17 where electrical stimulation has been applied through
electrodes, the acoustic hearing is still partially preserved since
the round window is not pierced during the surgery and the
placement of electrodes are on the outside of round window. It
can be seen that the difference between pre-operative ABR and
post-operative ABR was increased after the stimulating current
had been applied. This could be owing to the long stimulating
and the anesthesia status of nerves in guinea pigs. In Fig. 17, the
ABR cannot be detected below about 60 dB SPL. The acoustic
threshold of 60 dB SPL is because the guinea pigs in anesthesia
status. Thus the animal tests on the guinea pigs cannot measure
the responses to quiet sounds.

In-vivo animal tests on guinea pigs were also performed
where the electrical stimulation and acoustic hearing test with
click sound were applied simultaneously and both EABR and
ABR were recorded. In Fig. 18, the evoked Wave elll of EABR
were recorded under the electrical stimulation of 500 ;A bipha-
sic current and pulse width of 100 ps/phase through Type B
electrodes. The evoked Wave IV of ABR were also recorded
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Fig. 18. Measurement results of ABR and EABR from in-vivo animal

tests on guinea pigs. Both EABR and ABR were recorded when the
electrical stimula-tion and acoustic hearing test with click sound were
applied simultaneously. It provides an evidence to show that auditory
nerves can be successfully stim-ulated and acoustic hearing can be
partially preserved.

when the acoustic hearing test with click sound was applied. As
the result, the acoustic hearing is still preserved partially (red
arrow) while the biphasic current stimulation enables electrical
hearing.

From the ABR measurement results of Fig. 16 Fig. 18, it is
verified with experimental evidence that auditory nerves can be
successfully stimulated and acoustic hearing can be partially
preserved when the BGCI microsystem is used.

V. CONCLUSION

The CMOS bone-guided cochlear implant (BGCI) SOC mi-
crosystem has been designed and in-vivo animal tests on guinea
pigs have been performed for function verification. In the BGCI
microsystem, electrodes are placed on the bone surface of the
cochlea and the outside of the round window so that the acous-
tic hearing can be partially preserved after implant. It can be
used to eliminate the symptoms for patients with high-frequency
hearing loss while preserving the residual low-frequency
hearing.

In the external SOC of BGCI microsystem, the acoustic signal
is processed by the acquisition circuit followed by the acoustic
DSP processor which is realized with low power real-value FFT
and spectral-change enhancement algorithm. Then the stimula-
tion patterns and commands are generated and transmitted to
the implanted chip through the 13.56 MHz wireless power and
bidirectional data telemetry using a pair of high-Q coils. A novel
2X/3X active rectifier with 2 V and 3 V output voltages can de-
liver power up to 55 mW. The BPSK downlink and the LSK
uplink data telemetry are designed with the power telemetry.
The PLL-Based BPSK demodulator can achieve the data rate
up to 339 kbps. The 4-channel high-voltage-tolerant stimulator
with biphasic stimulation currents up to 800 pA is designed
in the implanted chip. Electrical tests have been successfully
performed to verify the functions.

Animal in-vivo tests on guinea pigs have been performed.
It is shown that the BGCI microsystem can evoke the audi-
tory nerve in cochlea and generate the Wave elll in the EABR

waveforms while preserving partially the acoustic hearing. Fu-
ture research will be conducted on the proposed BGCI microsys-
tem for human clinical trial.
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