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Abstract—Although deep brain stimulation (DBS) has been a
promising alternative for treating several neural disorders, the
mechanisms underlying the DBS remain not fully understood.
As rat models provide the advantage of recording and stimu-
lating different disease-related regions simultaneously, this paper
proposes a battery-less, implantable neuro-electronic interface
suitable for studying DBS mechanisms with a freely-moving rat.
The neuro-electronic interface mainly consists of a microsystem
able to interact with eight different brain regions bi-directionally
and simultaneously. To minimize the size of the implant, the
microsystem receives power and transmits data through a single
coil. In addition, particular attention is paid to the capability
of recording neural activities right after each stimulation, so as
to acquire information on how stimulations modulate neural
activities. The microsystem has been fabricated with the standard
0.18 m CMOS technology. The chip area is 7.74 mm , and the
microsystem is able to operate with a single supply voltage of 1 V.
The wireless interface allows a maximum power of 10 mW to be
transmitted together with either uplink or downlink data at a rate
of 2 Mbps or 100 kbps, respectively. The input referred noise of
recording amplifiers is 1.16 Vrms, and the stimulation voltage
is tunable from 1.5 V to 4.5 V with 5-bit resolution. After the
electrical functionality of the microsystem is tested, the capability
of the microsystem to interface with rat brain is further examined
and compared with conventional instruments. All experimental
results are presented and discussed in this paper.

Index Terms—Deep brain stimulation, implantable neuro-elec-
tronic interface, rat experiments, wireless power and data trans-
mission.
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I. INTRODUCTION

A S neurons encode and transmit information as the poten-
tial changes across their membranes, the well-developed

microelectronic technology has been exploited to interface
with neurons electrically at a high spatial-temporal resolution
for both brain research and neural rehabilitation [1]–[3]. In
addition to the rehabilitation of sensory or motor functions
[4]–[6], stimulating specific brain regions is found useful for
treating several neural disorders, including dystonia, epilepsy,
the Parkinson’s disease (PD), drug addiction, etc. [7]–[10].
However, how electrical stimulation modulates the activities
or even the connections among stimulated neurons remains
not fully understood. For example, the PD is attributed to the
degeneration of dopaminergic neurons in the substantia nigra
pars compacta. As medication becomes less or adversely ef-
fective, applying high-frequency ( Hz) stimulation to the
subthalamic nucleus (STN) has been approved as an alternative
treatment. However, the studies with PD patients indicate that
deep brain stimulation (DBS) could have both excitatory and
inhibitory effects on the stimulated regions [11], [12]. The only
consistent finding is that long-lasting, high-frequency DBS can
cause STN neurons to be silent for a long period [13], [14].
The clinical application is thus limited to applying permanent,
periodic stimulation, but such stimulation has been found to
induce several neuropsychiatric side effects [15]. Therefore,
understanding the mechanisms of DBS is crucial for devel-
oping more effective stimulation paradigms [16], [17]. The
effectiveness here refers to coordinating the stimulation in a
closed-loop (on-demand) manner to minimize the side effects.
To achieve this goal, this paper proposes a battery-less,

implantable neuroelectronic interface suitable for studying the
mechanism of DBS in rat models. Compared to patient studies,
rat models provide the advantage of recording and stimulating
different disease-related regions simultaneously [17]. This
is crucial for probing the effects of DBS more carefully and
thoroughly. Nevertheless, the implantable neuro-electronic
interface needs to exhibit the following features to facilitate
long-term study with a freely-moving rat. First, the neuroelec-
tronic interface should be fully-implantable without any wire
penetrating the skin to avoid infection. Second, the implanted
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Fig. 1. The architecture of the implantable neuro-electronic interface including both the implantable microsystem and the external module.

microsystem should be able to interface with multiple brain
regions bi-directionally and simultaneously. Third, the mi-
crosystem should be able to receive power wirelessly to avoid
the need for battery replacement. Finally, the microsystem
has to support bidirectional data transmission with external
devices. Although various implantable microsystems have been
proposed [1], [18]–[20], most microsystems are dedicated to
recording neural activities at a high spatial-temporal resolution
without supporting neural stimulation. On the contrary, im-
plantable neural stimulators such as the artificial retina do not
incorporate neural recording circuitry. Only the implantable
microsystems proposed in [21]–[29] are able to interface with
neurons bidirectionally. However, the microsystems in [21],
[22] contain only one recording and one stimulating channels
for their specific applications, while those in [28], [29] only
support uni-directional data transmission to external devices.
The microsystems in [23]–[27] fit our application better, but
these microsystems require either a battery implant or two coils
for transmitting power and data separately. The additional coil
or battery inevitably increases the size of the implant and thus
the risk of inflammation. This problem is especially of concern
for small animals like the rat.
Under these concerns, the proposed neuroelectronic interface

aims to interact with eight different brain regions bi-direction-
ally and simultaneously. To minimize the size of the implant,
the microsystem receives power and transmission data wire-
lessly through a single coil. A digital core is further embedded
to configure the recording and stimulation circuits according to
the instructions received from the wireless interface. Moreover,
to facilitate the study on how stimulation modulates neural ac-
tivities, particular attention is paid to the microsystem’s ability
to record neural activities right after each stimulating pulse.
The proposed microsystem has been fabricated with the stan-
dard 0.18 m CMOS technology provided by the Taiwan Semi-
conductor Manufacturing Company (TSMC). While the system
design and its pilot electrical testing results are presented in

[30], this paper not only provides more design details but also
presents the complete electrical characterization and biological
experiments of the microsystem.
Following the introduction, Sections II and III describe the

system architecture and circuit design, respectively. Afterwards,
Section IV presents the electrical characterization of all com-
ponent circuits in the system. Section V then presents and dis-
cusses the experimental results with rats. Finally, Section VI
concludes the contribution and future works.

II. SYSTEM DESCRIPTION

Fig. 1 shows the architecture of the full system, consisting
of the implantable microsystem and the external module which
transmits power into and communicates with the microsystem
wirelessly through a single coil. Fig. 2 illustrates the corre-
sponding setup for the rat experiment. The microsystem is
mounted on a flexible PCB, one end of which is connected
to microelectrodes and the other end to the coil patterned on
the PCB. To maximize the efficiency of wireless transmission,
the microsystem only needs to transmit data transcutaneously
to the external module. The external module carried on the
clothes further relays the data to a computer or a portable device
through the bluetooth interface.
The system is operated by the following steps 1) Users set

neural recording and stimulation parameters in a computer,
and the configuration commands are transmitted to the external
module by the bluetooth interface. 2) The external module
encodes the commands by the amplitude-shift-keying (ASK)
protocol and transmits both ASK commands and power at
a carrier frequency of 10 MHz. 3) In the microsystem, the
power module rectifies its input to supply 1 V with a maximum
current of 10 mA to all circuits. At the same time, the ASK
receiver decodes the commands and extracts the system clock
(10 MHz) from the carrier signal. 4) The information hub
then configures the analog front-end circuits accordingly and
triggers neural recording and stimulation circuits. The analog
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front-end includes eight recording amplifiers, an 8-bit succes-
sive-approximation-register (SAR) analog-to-digital converter
(ADC), and a stimulation circuit whose differential output
can be applied to any two neighboring channels. 5) All neural
recordings are converted into binary data and transmitted by
the load-shift-keying (LSK) module. To utilize the same coil
for both data and power transmission, the LSK module is
integrated with the wireless power receiver. In addition, the
time-division-multiple-access (TDMA) technique is employed
to avoid transmitting ASK commands and LSK data at the
same time. 6) Finally, the external module decodes the LSK
data and transmits the data to the computer for further analysis.

III. CIRCUIT DESIGN

A. The Chopper-Stabilized Recording Amplifier

Fig. 3(a) shows the architecture of the neural recording
circuitry that contains eight low-noise amplifiers (LNAs).
Fig. 3(b) shows the low-noise amplifier (LNA) adopting the
fully differential architecture and the chopper technique. To
record miniature changes of field potentials within the band-
width of 0.5–300 Hz, the input-referred noise is expected to be
lower than 1 Vrms. According to [31], a large input capacitor
( pF) is required to reduce the switching noise at the
input to be below 1 Vrms. However, embedding 16 large ca-
pacitors (for eight channels) in the chip is too area consuming,
while connecting 16 external capacitors inevitably increases
the form factor of the implant. Under this concern, only the
first two channels have input capacitors embedded1 [ in
Fig. 3(a)], while for Ch.3–Ch.8, the architecture in Fig. 3(a)
is designed to explore the feasibility of (i) sharing the same
external capacitors [ in Fig. 3(a)] and the LNA3 (ii) or at
least sharing the same external capacitor among the reference
inputs of the LNAs. For the first case, the multiplexer MUX1
enables Ch.3–Ch.8 to share the same input capacitors and
LNA3 in 3(a). To stand high stimulating voltages (5 V), MUX1
is implemented with thick-oxide transistors, and level shifters
with a local charge pump (using the architecture in [32]) are
used to drive the inputs of MUX1. For the second case, MUX1
selects Ch.3 consistently, while the inputs of LNA4–LNA8 are
connected to individual input capacitors through the pads of
Ch.4–Ch.8. This case requires only seven external capacitors
in total. The LNA shown in Fig. 3(b) is modified from that pro-
posed in [31]. In addition to the DC-servo loop for eliminating
the input offset induced by the mismatch between C1 (or C1s)
[31], the ripple-reduction loop proposed in [33] is incorporated
to reduce the output ripples caused by transistor mismatches
within the main amplifier. The architecture of the main am-
plifier is the same as that in [31]. The integrators of both the
DC-servo loop and the ripple-reduction loop employ the differ-
ential transconductance amplifier reported in [34]. Moreover,
to reduce the time required for the chopper modulation to reach
equilibrium, both DC-servo loop and the ripple-reduction loop
are disconnected during stimulation.

1All embedded capacitors in the microsystem are Metal-insulator-Metal
(MiM) capacitors.

Fig. 2. The experimental setup of using the implantable neuroelectronic
interface in rat models.

Fig. 3. (a) The architecture of the multi-channel neural recording circuit. The
cross squares represent the IO pads for connecting with external capacitors.
(b) The chopper-stabilized low-noise amplifier.
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The frequency response of the LNA is given by

(1)

where and
determine the lower corner frequency, while
determines the higher corner frequency. is the feedback re-
sistance of the chopper amplifier, and is adaptable for tuning

and . On the other hand, and are the transcon-
ductance and the output loading capacitance, respectively.
is thus adjustable by tuning the biasing current of the LNA. The
switches in parallel with are closed during stimulation to pre-
vent stimulation signals from saturating the output of the LNA.
Each LNA provides a voltage gain of 100 V/V. The outputs
of the LNAs are multiplexed by MUX2 and connected to the
second-stage amplifier whose gain equals and
is programmable to be either 50 or 10 V/V. The large gain is
used to amplify miniature changes of field potentials ( V),
while the small gain is sufficient for amplifying neural spikes
(100 V–1 mV) without causing the amplifier’s output to satu-
rate.

B. The Analog-to-Digital Converter
Fig. 4 shows the architecture of the SAR ADC in our design,

which employs a charge-sharing DAC to reduce the power con-
sumption of the successive-approximation process [35]. In ad-
dition, an asynchronous controller with optimized power effi-
ciency is embedded to avoid the need for a high-speed clock,
as well as to allow the speed of the ADC to vary over a wide
range [36]. At each sampling clock, is closed and is
opened for sampling the differential input onto the capacitor

. At the same time, the binary-weighted capacitors
are pre-charged to . Afterwards, is opened and

is closed. The comparator resolves the most-significant bit
(MSB), and its output determines how binary-weighted charges
are added one by one to the nodes and . If , for
example, the positive terminal of is connected to and
vice versa. After the charge is redistributed between and

is compared with to resolve the second MSB, which
further determines how the charge on will be added. The
same charge-sharing process is repeated till all bits (capacitors)
are resolved (connected to and ). The design of the SAR
ADC is detailed in [36]. The resolution of the SAR ADC is
designed to be eight bits. As the input dynamic range is 1 V,
one LSB is only 3.9 mV at the ADC input. If we further di-
vide 3.9 mV by the voltage gain (5000) of the LNA, one LSB
merely corresponds to 0.8 V at the LNA input. As this value is
smaller than the input referred noise of the LNA, 8-bit resolu-
tion is enough for our system design. Moreover, the flicker and
thermal noise is lower than the quantization noise by more than
one order. The default speed of the ADC is set to be 80 kS/s to
fit the maximum data rate (2 Mbps) of the LSK telemetry and
the bluetooth interface.2

C. The Multi-Channel Stimulation Circuit
Fig. 5(a) shows the architecture of the stimulation circuit

based on the charge pump proposed in [32], and Fig. 5(b)

Fig. 4. The architecture of 8-bit SAR ADC.

shows the timing diagram of the control signals. As the output
voltage of the charge pump depends on the duration of the
pumping clock, the digital-to-analog converter (DAC), the
voltage divider, and the comparator constitute a feedback loop
that controls the output voltage automatically. By comparing
the output voltage with the target voltage, this negative feed-
back controls the pumping duration and leads the charge pump
to generate a desired voltage ranging from from 1.5 V to 4.5 V
automatically with a resolution of five bits.
Most stimulating circuits in the literature only use a charge

pump to supply a constant voltage for an H-bridge, through
which predefined current-stimulating waveforms are applied
to neurons [37], [38]. However, the H-bridge not only requires
high-voltage transistors but also dissipates extra power due
to the non-negligible turn-on resistance of these transistors.
The charge pump in our design employs a modified Cock-
craft-Walton architecture [32] that requires no high-voltage
transistors. Moreover, each charge pump’s output is connected
directly to one microelectrode selected by the multiplexer
[MUX in Fig. 5(a)], such that all pumped-up charges are used
to stimulate neurons. The control signals then enable the charge
pumps one after the other, as shown by Fig. 5(b), to generate
biphasic stimulating pulses across a pair of selected electrodes.
This design generates a voltage rather than current stimulation,
and the stimulating voltage simply equals the output voltage
of the charge pump. Unlike the H-bridge using transistors
to switch stimulation directions, the biphasic stimulation is
achieved by pumping up the voltage of one microelectrode
after the other with different pumps. The need for high-voltage
transistors to disconnect output electrode from the ground is
thus avoided. In addition, the charge pumps operate only when
the Sti_Enable input is high to maximize the power efficiency.
The pulse width and frequency are controlled by the Sti_Enable
signals generated by the information hub. According to the
need of biological experiments [39], the pulse width is tunable

2Themaximum datarate of the bluetooth interface is around 1Mbps. An ADC
sampling rate of 80 kS/s with 8-bit resolution demands a data rate of 640 Kbps.
The rest of bandwidth is preserved for handshaking and parity check
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Fig. 5. (a) The architecture of the multi-channel stimulation circuit. (b) The
timing diagram of stimulation program.

from 40 s to 440 s, and the pulse frequency from 60 Hz to
220 Hz.

D. The Programmable Information Hub
The digital core of the proposed microsystem is called the

information hub, which controls the bi-directional interaction
with neurons and mediates wireless data transmission [40]. As
Fig. 6 illustrates, the information hub consisting of an amelio-
rated 8051 core and auxiliary circuits for reducing its compu-
tational load. The information hub allows both recording and
stimulating circuits to be configured by an external computer
through the ASK interface. On the other hand, recorded neural
activities are buffered and compressed by the Lampel-ziv en-
coding for wireless transmission. To avoid the LSK modulator
from interfering with power transmission too much, Manchester
encoding is further adopted to avoid the binary data from being
1 all the time. The design of the information hub is detailed in
[40]. By the merit of customized design, the information hub
requires only 117.2k logic gates and consumes only 557 W at
an operation frequency of 2 MHz.

E. Forward Telemetry Circuits
Fig. 7 shows the proposed circuit architecture for the mi-

crosystem to receive power and data wirelessly. While the full-
wave rectifier and low-dropout regulator (LDO) generate a con-
stant voltage for the whole microsystem, the ASK receiver de-
codes the instructions for programming the information hub.
Fig. 8 shows the schematics of the LDO. is the regulating
transistor whose source and drain are connected to and

Fig. 6. The architecture of the information hub.

Fig. 7. The block diagram of the circuits for wireless power transmission and
forward data telemetry.

Fig. 8. The schematic diagram of the low-dropout regulator.

, respectively. The error amplifier (EA) compares
with a bandgap-reference voltage and controls the gate voltage
of through the two-way amplifier consisting of – . To
ensure the two branches of the two-way amplifier have the same
biasing current, the EA’s output is connected to directly and
is shifted up by 0.5 V for . The EA together with the two-way
amplifier provides a high feedback gain to minimize the error
between and the reference voltage. In addition, and

are actually two common-gate amplifiers in cascade, con-
stituting a second feedback loop (highlighted in red in Fig. 8)
with a higher bandwidth for eliminating fast loading transients
[41]–[44]. Moreover, the high-frequency compensator is incor-
porated to improve the high-frequency response by controlling
the biasing current of the two-way amplifier [44], [45].
Fig. 9 shows the schematics of the ASK receiver. The ASK

inputs are rectified and converted into preliminary data by the
envelope detector. The preliminary data are then converted into
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Fig. 9. The schematic diagram of the ASK receiver.

Fig. 10. The simplified schematics of the LSK modulator.

binary outputs by the comparator. To ensure the ASK receiver
is stable over a wide dynamic range, a simple dynamic tracking
circuit ( and ) is adopted to trace the common-mode
voltage of the envelope detector in real time.

F. Reverse Telemetry Circuits

To transmit neural recordings through the same coil without
interfering with power transmission too much, the LSK mod-
ulator based on network matching is adopted [46]–[49]. As
shown in Fig. 10, the signal Mod controls the switches and
determines whether the capacitors are connected to the
secondary coil. As is connected, the resonant frequency
of the coil changes from to , causing the power
transmission to reduce, as illustrated by Fig. 11(a). The re-
duction is attributed to the fact that the impedance change of
the secondary coil is reflected to the primary coil, changing
(modulating) the effective loading for the power amplifier on
the primary site. This allows the signal Mod to be detected
(demodulated) by sensing the changes at the output of the
power amplifier [Fig. 11(b)]. To minimize the interference with
power transmission, the resonant frequency equals the carrier
frequency of the power transmitter as Mod is low,
and only differs from slightly asMod is high. The
latter reduces the recovery time from to , such
that the LSK data rate is 2 Mbps in maximum. Compared to
[46]–[49], the proposed circuit achieves a higher bandwidth
efficiency which is defined as the ratio of the data rate over the
carrier frequency.

Fig. 11. The operation principles of the LSK modulation. (a) The power
transmitted for matched and mismatched networks. (b) The voltage signal
across the primary coil during LSK modulation.

Fig. 12. The photo and floor plan of the fabricated microsystem.

IV. ELECTRICAL MEASUREMENT

The proposed microsystem is fabricated with the standard
0.18 mCMOS technology provided by the TSMC, as shown in
Fig. 12. The chip area is 3.0 2.5mm and themaximum power
deliverable through the wireless interface is 10 mW. Before the
microsystem is packaged for biological experiments, the elec-
trical functionality of all circuits are tested and presented in the
following subsections.

A. The Neural Recording Circuit
Fig. 13 shows the measured frequency responses of one

output end of the recording amplifier. With a mid-band gain
of 52 dB, the lower corner frequency is tunable from 0.06 to
0.5 Hz, and the upper corner from 500 to 3 kHz. Each neural
recording amplifier only consumes 8.6 W. Fig. 14 shows the
measured noise spectrum as the chopping frequency is 500 Hz.
The noise becomes negligible above 50 Hz, and the residual
noise below 50 Hz is mainly attributed to the switching noise
at the amplifier’s input. The input-referred noise integrated
from 0.5 to 100 Hz and 3 kHz amounts to only 1.16 Vrms
and 1.97 Vrms, respectively. Moreover, the noise-efficiency
factor (NEF) calculated according to [50] is 2.9, compatible
with the state-of-the-art designs in [26]–[29].
As two sinusoidal signals with different frequencies (10 Hz

and 20 Hz) are applied to the inputs of the first two recording
channels, the amplified outputs are measured and shown in
Fig. 15. The signals are amplified by 500 times with negligible
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Fig. 13. The measured gain responses of the recording amplifier with tunable
lower and higher corner frequencies.

Fig. 14. The measured input-referred noise of the chopper-stabilized LNA.

distortion or ripples, and no obvious clock feedthrough is ob-
served as the multiplexer switch from one channel to the other.
To examine the feasibility of sharing the input capacitance
among other channels, recording with Ch.1–Ch.4 simultane-
ously is further tested. While Ch.1 and Ch.2 still record signals
reliably, Ch.3 and Ch.4 exhibit significant DC wandering. The
wandering is caused by the fact that the DC-servo loops of
LNA3 and LNA4 feedback different signals, causing their
common reference input to wander around continuously. To
solve this problem, the DC servo loop of each amplifier should
be disconnected whenever the amplifier is not in use.
As the ADC samples a 33.2 kHz, rail-to-rail, sinusoidal signal

at 1 MHz, the ADC consumes 72 W and the measured SNDR
equals 41 dB, corresponding to an ENOB of 6.5 bits. The resolu-
tion is slightly degraded because the ADC in our microsystem
shares a single with all other circuits. The performance
could be improved by incorporating an independent regulator
to charge the capacitor array.

Fig. 15. The measurement result of using Ch1 and Ch2 to record two different
sinusoidal signals (Ch.1: 10 Hz, 400 V Ch.2: 20 Hz, 800 V) simultaneously.

Fig. 16. The measured outputs of the stimulation circuit.

B. The Neural Stimulation Circuit
The stimulation circuit is tested with a loading capacitor of

100 pF in series with a loading resistor of 20 k . The capacitor
emulate the interface impedance of a microelectrode, while
the resistor emulates the tissue resistance. By enabling the two
charge pumps one after another, the bipolar outputs across
the loading resistor are measured and shown in Fig. 16. The
stimulator generates two consecutive pulses with an amplitude
of 3.7 V and a pulse width of 230 s. Although each charge
pump is activated at the rising edge of the pulse, both charge
pumps generate target outputs with negligible latency. Fur-
thermore, Fig. 17 plots the measured pulse amplitudes and
corresponding power efficiencies for 32 digital codes. The
output voltage ranges from 4.5 V to 1.5 V with a minimum
stepsize of 93 mV. The highest efficiency (35%) corresponds
to the highest output voltage because high stimulating voltages
are normally required for overcoming the voltage drop across
the electrode impedance in real applications.

C. The Information Hub
As the information hub is operating, the digital signals sent

into and transmitted out from the information hub are moni-
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Fig. 17. The measured stimulation voltages and power efficiencies for
32 digital codes.

Fig. 18. The measurement result of the information hub.

tored by a logic analyzer and shown in Fig. 18. In the begin-
ning, the information hub uses the ASK_in and LSK_out ports
to complete the handshaking process. The information hub then
selects the operation mode according to the ASK commands.
As the stimulation-and-recording mode is selected, the enabling
signals (Sti_en1 and Sti_en2) are generated, so is the clock for
ADC at the ADC_clk port. Finally, the Lample-Ziv compression
is enabled by the LZ_en signal soon after recording data are re-
ceived, and the compressed data are transmitted to the LSK_out
port.

D. Wireless Power and Data Transmission

According to our pilot animal test, the maximum tolerable
size of an implanted coil is only 20 mm for the rat. Therefore,
the diameters of the primary and secondary coils are 30 mm
and 20 mm, respectively, in our experiments. The distance be-
tween the two coils is set to be 6 mm to emulate the condition
in real biological experiments. As the power amplifier is acti-
vated, the rectifier generates a voltage of 1.5 V with a ripple of
around 100mV. As long as the voltage is greater than 1.05 V, the
LDO outputs a constant voltage of 0.925 V with an efficiency
of 95.6%. Fig. 19 shows a snapshot of the oscilloscope moni-
toring the LDO output during LSK data transmission. The LDO

Fig. 19. The measurement result of backward data telemetry based on LSK
modulation. The traces from top to bottom are the data recovered by the LSK
demodulator, the transmitted data, the LDO output, and the voltage across the
primary coil.

Fig. 20. The measurement result of forward data telemetry based on ASK
modulation. The top trace is the voltage across the secondary coil, and the
bottom is the data recovered by the ASK demodulator.

output remains constant by the merit of incorporating multiple
feedback paths (Section III.E). In addition, the LSK demodu-
lator recovers the binary data stream faithfully at a data rate of
2 Mbps. Fig. 20 further shows a snapshot of the oscilloscope
monitoring the ASK data transmission.With amodulation index
of only 7%, the ASK data is decoded correctly at 100 kbps.
Under safety concern, the temperature increase of any im-

plant should be less than 1 C to avoid irreversible damage
to neurons or tissues [51]. By placing temperature sensors
(CHY-802U, CHY Firemate Co.) on the surfaces of both the
microsystem and the secondary coil, the temperature changes
are measured and shown in Fig. 21. As the received power is
10 mW, the temperature increases by only 0.3 C and 0.95 C
for the coil and the microsystem, respectively.

V. BIOLOGICAL EXPERIMENTS

The ability of the microsystem to record and stimulate neural
activities is further tested with rat models in vivo. To ease com-
parison with conventional physiological instruments, the mi-
crosystem is only implanted for testing wireless power and data
transmission.
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Fig. 21. Measured temperature changes as the received power increases from
1.5 mW to 12 mW.

Fig. 22. The positions of microelectrodes implanted in a rat brain. The red ones
are recording electrodes and the blue ones are stimulating electrodes.

A. The Rat Model

Adult (2-month-old), male Sprague Dawley rats weighing
250–350 g were used in our experiments. All animal handling,
surgical, and behavior testing procedures were carried out
in accordance with the guidelines on animal ethics. In each
experiment, the rats were first anesthetized with chloral hydrate
(400 g/kg) and urethane (0.5 g/kg). Afterwards, stimulation
bipolar electrodes (Teflon-coated tungsten wires, 50 m in
diameter, A-M Systems, USA) and recording electrodes (stain-
less-steel wires, 50 m in diameter, shielded by a polyimide
tube, California Fine Wire Co., USA) are implanted into the
rat brain. The implanting position is guided by a stereotaxic
instruction. To confirm the target brain region (the subthalamic
nucleus, STN) is reached by our stimulating electrode, neural
activities are recorded from the stimulation electrode and
judged by experienced neuroscientists during implantation.
A reference electrode made of bare Pt wire (127 m in di-
ameter) is also implanted into the brain at a depth of 8 mm.
Afterwards, all electrodes are fixed by dental acrylic and bone
screws. Fig. 22 shows the electrode positions in the brain. The
recording sites include the primary motor cortex (M1), the
striatum-dorsal region, the globus pallidus externa (GPe), the

Fig. 23. The experimental setup neural recording in vivo.

primary somatosensory cortex (S1), and the substantial nigra
pars reticulate (SNr).

B. Neural Recording

Fig. 23 shows the experimental setup. The gain and band-
width of the recording amplifier are set to be 1000 V/V and
2 kHz, respectively. With the first two recording channels con-
nected to the electrodes inM1, the recorded signals are shown in
Fig. 24. The magnified view reveals the difference between the
two recordings, indicating that no serious crosstalk exists be-
tween two neighboring channels. Fig. 25 further compares one
recording with the signal reconstructed from the ADC output
of this recording. The similarity between the two waveforms

demonstrates the resolution
and sampling rate of the ADC are enough for capturing the de-
tail of neural activities. To verify the fidelity of the recording,
one electrode is further connected to both our microsystem and
a conventional neural recording system (Model 1700, A-M Sys-
tems, USA). Fig. 26 compares the signals recorded simultane-
ously by the two systems. The two recordings are obviously sim-
ilar to each other in the time domain

. The main difference is that the large transient at
s has its peak cut off in the recording acquired by our mi-

crosystem. This is because the dynamic range of our amplifier
is limited by its supply voltage (0.92 V). As the amplifier gain
equals 1000 V/V, the input dynamic range is only 0.9 mV. Nev-
ertheless, most large and fast transients in our experiment are
attributed to the motion artifacts of the rat. It is not necessary to
record these artifacts faithfully.

C. Neural Stimulation

The ability of the proposed microsystem to stimulate the
rat brain effectively is examined by comparison with a con-
ventional stimulation instrument (Model 2100, A-M Systems,
USA). Fig. 27 shows the experimental setup, and the video of
experimental results are provided as supplementary materials.
As the STN in the right-half brain is stimulated by a voltage
pulse at 130 Hz, the rat exhibits rotational behavior towards
the contra-lateral side. As our microsystem induces the same
behavior as the conventional instrument, the proposed mi-
crosystem is proved able to stimulate the rat brain effectively.
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Fig. 24. The neural activities of the motor cortex recorded by the proposed
microsystem.

D. Neural Recording Under the Presence of Stimulation
Artifacts

In addition to verifying the recording and stimulation func-
tions, we further investigate whether stimulation artifacts would
impede the amplifier from recording neural activities between
consecutive stimulating pulses. This is crucial for studying the
mechanism of the deep brain stimulation because the neural ac-
tivities between consecutive stimulations could indicate how
the stimulation modulates neural activities. Given the maximum
stimulation frequency is 220 Hz, it is desirable that the stimu-
lation artifact last for less than 2.27 ms (half of the time sepa-
ration between consecutive stimulations). A pilot test indicates
that, although the fast-settling switches prevent the artifact from
driving the LNA’s output to saturation, the artifact is still unit-
gain buffered to the second stage and amplified by 10 or 50
times. If the stimulation voltage is too large, the output of the
second-stage amplifier still saturates and relies on the ampli-
fier’s slew rate to reset to 0.5 V.
Nevertheless, Fig. 28 shows the neural activities recorded by

our microsystem and a conventional instrument (Model 1700,
A-M Systems) as the stimulation is delivered for around six sec-
onds. The magnified views in Fig. 28 reveal that the proposed
microsystem is able to record neural activities between con-
secutive artifacts, while the conventional instrument exhibits

Fig. 25. Neural activities recorded by (a) one low-noise amplifier and (b) the
signal reconstructed from the corresponding ADC output.

long-lasting artifact that impedes the recording of any neural ac-
tivity. The artifact is resolved within 1 ms in our microsystem.
This promising result comes from the fact that the input capac-
itance and output dynamic range of the recording amplifier are
much smaller than those of the conventional instrument. There-
fore, both the amplitude and time constant of the artifact ob-
served by our microsystem are much smaller.

E. Wireless Data and Power Transmission
To verify the microsystem is able to transmit power and

data through the rat skin, the microsystem is wire-bonded to
a printed-circuit board (PCB) and covered by black epoxy, as
shown by Fig. 29. The secondary coil is fabricated directly
with the metal wire on the PCB, and the wire connected to the
PCB is used to monitor the output of the LDO. As the primary
coil is placed above the skin, the power and data transmission
are measured and shown in Fig. 30. Obviously, the LSK data
are received and decoded as reliably as the result in electrical
testing (Fig. 19). As data rate is 2 Mbps, the LDO output
remains stable. Therefore, the wireless interface is proved to be
functional in real biological experiments.

F. The Full System for Long-Term Animal Experiments
Fig. 31 shows the entire setup for rat experiment. The

microsystem is wire-bonded on a flexible PCB. One end of
the PCB contains the coil for the wireless interface, and the
other end is connected to a customized microelectrode array.
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Fig. 26. Neural activities recorded by the conventional instrument (top) and the proposed microsystem (bottom) through the same electrode.

Fig. 27. Experimental setups for neural stimulation with (a) the proposed microsystem and (b) the conventional system.

Fig. 28. Neural activities recorded by (a) the proposed microsystem and (b) the conventional system when the stimulation is activated for around 6 s during
recording. The stimulation frequency is 130 Hz.

The external module contains a Bluetooth module (HOTLIFE
HL-MD08R-C2A), an FPGA, and a battery. The external

module weighs 20 g. As the functionality of the microsystem
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TABLE I
COMPARISON WITH PUBLISHED WORKS

Fig. 29. The photos of the packaged microsystem (top-right), the surgery for
implanting the coil under the rat skin (top-left), and the setup for testing the
wireless data and power transmission (bottom).

has been tested, this setup will be used to study the mechanism
of deep brain stimulation in rat models for a long term.

VI. CONCLUSION

Table I summarizes the specification of the proposed
microsystem and compares it with state-of-the-arts in the lit-
erature. Quantitative comparison reveals that the microsystem
is able to operate with a single supply voltage of only 1 V,
while providing a wide stimulation range. The measured input

Fig. 30. The measured signals as power and LSK data are transmitted
wirelessly through the rat skin. The four traces from top to bottom are the LSK
data transmitted from the microsystem, the data recovered on the primary site,
the output voltage of the rectifier, and the output voltage of the LDO.

referred noise of the LNA is only 1.97 V, lower than those re-
ported in the literatures. In addition, the proposed microsystem
exhibits the following innovative features. The proposed mi-
crosystem first demonstrates the feasibility of transmitting
power and bidirectional data through a single coil with compa-
rable efficiency and data rates. This is achieved by modulating
the network matching of the wireless interface, as well as by
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Fig. 31. The experimental setup for long-term rat experiment.

multiplexing the time for forward and backward telemetry.
This feature is particularly favorable for experiments with
small animals such as the rat. Moreover, by the merit of the low
supply voltage and low input capacitance, stimulation artifacts
are eliminated within 1 ms. This allows the microsystem to
record neural activities between consecutive stimulations, so
as to provide valuable information that is not observable with
conventional instruments. The digital information hub further
allows recording circuits and stimulation signals to be pro-
grammed through the wireless interface. After the microsystem
is implanted, the programmability is particularly crucial for
exploring what stimulation patterns could modulate neural
activities effectively. Therefore, the microsystem will enable
us to study not only the mechanism of deep brain stimulation
but also various neural circuits in rat models.
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