
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 42, NO. 1, JANUARY 2007 123

A Low-Power Integrated Circuit for a Wireless
100-Electrode Neural Recording System

Reid R. Harrison, Member, IEEE, Paul T. Watkins, Student Member, IEEE, Ryan J. Kier, Student Member, IEEE,
Robert O. Lovejoy, Daniel J. Black, Student Member, IEEE, Bradley Greger, Member, IEEE, and

Florian Solzbacher, Member, IEEE

Abstract—Recent work in field of neuroprosthetics has demon-
strated that by observing the simultaneous activity of many neu-
rons in specific regions of the brain, it is possible to produce con-
trol signals that allow animals or humans to drive cursors or pros-
thetic limbs directly through thoughts. As neuroprosthetic devices
transition from experimental to clinical use, there is a need for
fully-implantable amplification and telemetry electronics in close
proximity to the recording sites. To address these needs, we devel-
oped a prototype integrated circuit for wireless neural recording
from a 100-channel microelectrode array. The design of both the
system-level architecture and the individual circuits were driven by
severe power constraints for small implantable devices; chronically
heating tissue by only a few degrees Celsius leads to cell death. Due
to the high data rate produced by 100 neural signals, the system
must perform data reduction as well. We use a combination of a
low-power ADC and an array of “spike detectors” to reduce the
transmitted data rate while preserving critical information. The
complete system receives power and commands (at 6.5 kb/s) wire-
lessly over a 2.64-MHz inductive link and transmits neural data
back at a data rate of 330 kb/s using a fully-integrated 433-MHz
FSK transmitter. The 4.7 5.9 mm2 chip was fabricated in a
0.5- m 3M2P CMOS process and consumes 13.5 mW of power.
While cross-chip interference limits performance in single-chip op-
eration, a two-chip system was used to record neural signals from
a Utah Electrode Array in cat cortex and transmit the digitized sig-
nals wirelessly to a receiver.

Index Terms—Biomedical electronics, FSK transmitter,
low-power circuit design, neural amplifier, neuroprosthetics.

I. INTRODUCTION

I N THE PAST decade, neuroscientists and clinicians have
begun to use implantable MEMS multielectrode arrays (e.g.,

[1], [2]) to observe the simultaneous activity of many neurons
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in the brain. These silicon-based electrode structures are in-
serted into the cerebral cortex and observe the electrical activity
of nearby nerve cells. Neurons communicate with one another
using stereotyped voltage pulses known as action potentials or
spikes. Each spike has an amplitude of around 100 mV (rela-
tive to the extracellular fluid) and a duration of around 250 s.
When observed using an extracellular microelectrode a few tens
of microns away, a potential of 50–500 V can be detected. (In-
tracellular penetrating electrodes can measure the entire 100 mV
signal, but result in cell death within a few minutes and are
thus not feasible for chronic implants.) A typical neuron gener-
ates 10–100 spikes per second when active. Resting or “sponta-
neous” activity of neurons ranges up to 1–10 spikes per second.

By observing the action potentials of many neurons in partic-
ular regions of the brain responsible for motor planning or con-
trol, it is possible to gather enough information to predict hand
trajectories in real time during reaching tasks in awake behaving
primates [3]–[5]. In a training stage, neural activity is monitored
while an animal performs various reaching tasks or other limb
movements. Hand or limb movements are carefully monitored
and correlated with the simultaneous neural data. Once the cor-
relation between hand movement and neural activity has been
determined, the neural activity can be used to drive a robotic
arm or a cursor on a screen. Recent clinical trials with para-
lyzed human volunteers have shown that it is possible to de-
velop neuroprosthetic devices—machines controlled directly by
thoughts—if the activity of multiple neurons can be observed
[6].

Currently, data is recorded from implanted multielectrode
arrays using bundles of fine wires that tether the array to a
skull-mounted connector; all electronics for amplification and
recording is external to the body. This presents three major
barriers to the development of practical neuroprosthetic de-
vices: 1) the transcutaneous connector provides a path for
infection; 2) external noise and interfering signals easily couple
to the wires conveying weak neural signals 500 V from
high-impedance electrodes ( k at 1 kHz); and 3) the
connector and external electronics are typically large and bulky
compared to the 5 mm electrode arrays. To eliminate these
problems, data from the implanted electrodes should be trans-
mitted out of the body wirelessly. Wireless neural recording
systems from the 1990s were built from discrete modules [7],
while more recent wireless systems have utilized an integrated
circuit for amplification and several off-chip components for
power rectification [8]. Recently, a battery-powered system
utilizing an IC with an off-chip inductor was used to record
and transmit neural signals from an animal using analog FM
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Fig. 1. Complete Integrated Neural Interface (INI) assembly concept. Inset
shows Utah Microelectrode Array.

modulation [9]. (Also see [9] for a thorough review of previous
wireless biopotential recording systems.)

Wireless neural recording requires electronics at the
recording site to amplify, condition, and digitize the neural
signals from each electrode. Ideally, these circuits should
be powered wirelessly since rechargeable batteries are rela-
tively large and have limited lifetimes. Low power operation
( 10 mW) is essential for any small implanted electronics as
elevated temperatures can easily kill the neurons one is trying
to observe.

We are developing a wireless, fully-implantable neural
recording system to facilitate neuroscience research and neuro-
prosthetic applications (see Fig. 1). The system is based on the
Utah Electrode Array (UEA), a 10 10 array of platinum-tipped
silicon extracellular electrodes [2]. This paper describes the de-
velopment of a mixed-signal integrated circuit (first presented
in [10]) that will be flip-chip bonded to the back of the Utah
Array. This chip will directly connect to all 100 electrodes,
amplify the neural signals from each electrode, digitize spikes
and a selected waveform, and transmit the information over an
RF link. Power will be delivered to a 5-mm coil mounted on
the back of the chip using an inductive link. The entire device
will be coated in parylene and silicon carbide to protect it from
internal body fluids.

II. SYSTEM DESIGN

A. Strategies for On-Chip Data Reduction
The description of our chosen system architecture must be

prefaced by a discussion of a dominant technical challenge
inherent in a multi-channel neural recording system: data rate.
Any neural recording device to be used in neuroprosthetic
applications will generate data at tremendous rates. To enable
prosthetic control in a natural manner, data must be continu-
ously streamed off the implanted device in real time and with
little latency. When amplifying neural signals, a bandwidth of
5–10 kHz is typically used to observe the individual spikes.

If we assume an ADC sampling rate of 15 kSamples/s and a
resolution of 10 bits, each neural signal generates data at a rate
of 150 kb/s. A 100-electrode recording device would therefore
need to transmit data at a rate of 15 Mb/s. This presents a
significant technical hurdle given that extremely low power
dissipation ( 10 mW for the entire system) is necessary to
avoid heating the surrounding tissue, small size requirements
( 1 cm) prevent the use of an efficient transmitting antenna,
and increased tissue absorption at high frequencies greatly
favors telemetry operation below 1 GHz. (It should be noted
that optical transcutaneous data transmission using an infrared
emitter was demonstrated at data rates of 40 Mb/s, although the
power dissipation of 120 mW would prevent it from being used
in close proximity to brain tissue [11].)

Given these constraints, we have concluded that data reduc-
tion at the level of the implanted device is essential. We chose
a simple, power-efficient method for reducing data rate while
preserving spike timing information. We perform spike detec-
tion by detecting threshold crossings with a comparator and a
user-programmable threshold voltage. If the electrode voltage
exceeds the threshold, the comparator latches into a logic high
state. The comparators are polled and reset roughly once per
millisecond, which provides sufficient temporal resolution and
results in a total data rate of 100 kb/s for all 100 channels. Of
course, the user needs to be able to monitor the analog wave-
form at any electrode to set the spike detection thresholds ap-
propriately. (Automatic spike-detection circuits have been de-
veloped, but were not included on this chip [12], [13].) Thus,
we also include an ADC with a 15 kSamples/s sample rate that
can digitize one user-selected channel at a time and relay this
information (at 150 kb/s) along with all 100 channels of spike
detector data over the wireless telemetry link. An analog multi-
plexer (MUX) connects the selected electrode amplifier output
to the ADC. (An alternate approach to neural data reduction is
presented in [14].)

B. System Architecture

The overall architecture of the single-chip integrated neural
interface (INI) is shown in Fig. 2. The core of the chip is an array
of amplifiers that connect to the electrodes and boost the weak
extracellular neural signals by 60 dB while isolating frequencies
of interest. Each amplifier cell contains a comparator that acts as
a spike detector. In our first prototype chip, INI1, a global spike
detection threshold was set using one 7-bit DAC. In our second
prototype chip, INI2, individual 6-bit DACs were built into each
amplifier cell so that different spike detection thresholds could
be set for each electrode. An analog MUX is incorporated into
the amplifier array, allowing one selected electrode waveform to
be routed to a 10-bit ADC. (INI1 used a 9-bit ADC.) The digital
data from the ADC and all 100 spike detectors are interleaved
into a serial data stream, and this binary stream is used to drive
a fully-integrated 433-MHz FSK transmitter.

Power is provided to the chip inductively via an off-chip
5-mm gold-on-polyimide coil [15]. The chip contains a
fully-integrated bridge rectifier based on the design by [16],
eliminating the need for off-chip diodes. A bandgap-referenced
linear voltage regulator provides a steady 3.3 V DC supply
for the digital and analog circuits on the chip. Two off-chip
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Fig. 2. Integrated Neural Interface system block diagram.

capacitors are needed: one to resonate with the power coil, and
another large-valued capacitor to smooth out the unregulated
DC supply after rectification. (Small 0402-size surface-mount
capacitors will be used.) Commands are sent to the chip by
amplitude modulating the 2.64-MHz inductive power signal.
On-chip circuits recover this data as well as a system clock from
the ac power signal. Since the chip is primarily used to stream
neural data out of the body, commands are sent infrequently.
Commands may be sent to select which electrode is being
digitized by the ADC, to set spike detection thresholds, and to
power down any amplifiers connected to electrodes that may
not be providing useful neural signals.

The integrated circuits (INI1 and INI2) each measure 4.7
5.9 mm and were fabricated in a commercial 0.5- m 3M2P
CMOS process (see Fig. 3). The center of the chip consists of
a 10 10 array of amplifiers laid out in a 400 m pitch, corre-
sponding to the inter-electrode spacing. A bond pad local to each
amplifier allows direct connection of the chip to the Utah Elec-
trode Array. Twelve of the 100 platinum-tipped electrodes are
used as “ground” or “reference” electrodes; the remaining 88
electrodes are connected to integrated low-noise neural signal
amplifiers. In the final assembly of the device, the chip will be
bonded face-down on the back of the electrode array, and the
5-mm power coil will be attached to the back of the chip (see
Fig. 1). The INI1 chip contains approximately 30 000 transistors
and 5000 passives (resistors, capacitors, and inductors); INI2
contains over 63 000 transistors and 5000 passives.

III. WIRELESS POWER AND COMMAND TRANSMISSION

For wireless power transmission, we chose to implement an
inductive link operating at 2.64 MHz. The choice of frequency
was determined by low tissue absorption in the 1–10 MHz range
[17] and the need for particular clock frequencies on the chip

Fig. 3. Die photo of 4.7 mm�5.9 mm integrated neural interface chip (INI2).

(e.g., a system clock of 330 kHz, which is a factor of eight slower
than the power signal and thus easily generated). A clock re-
covery circuit uses a Schmitt trigger and toggle flip-flop to gen-
erate a square wave with a 50% duty cycle [18]. The on-chip
linear voltage regulator provides a load regulation of 0.15% over
a current draw of 2–10 mA. The measured line regulation is less
than 0.30%/V for unregulated voltages ranging from 3.5–8.0 V.

We built an off-chip class E amplifier to drive a power
transmit coil 2 cm in diameter (31 turns) with an ac current
approximately 500 mA in amplitude, which produces a voltage
of around 80 Vrms on the 13.4 H coil. A microcontroller
modulates the amplitude of the power coil voltage to send
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