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Abstract— Today’s implanted neural systems are bound by
tight constraints on power and communication bandwidth. Most
conventional ADC-based approaches fall into two categories.
Either they transmit all of the information at the Nyquist rate
but are ultimately limited to only a handful of channels due
to communication bandwidth constraints. Or they perform spike
detection on the front-end which allows a scale up to 100 or more
channels but prevents the use of spike sorting on the backend.
Spike sorting is an important step that provides a labeling to
multiple neurons on each channel and further improves the
accuracy of spike detection. In this paper we describe the
pulse-based approach used in the FWIRE (Florida Wireless
Implantable Recording Electrodes) project. A hardware spiking
neuron on each channel is configured either to transmit pulses for
full reconstruction on the back-end, or to transmit dramatically
fewer pulses but still allow for spike sorting on the back-end.
Spike sorting results show that the pulse-based spike sorting
accuracy is competitive with conventional methods used in daily
practice.

I. INTRODUCTION

There is a growing demand for wireless, low-power neural
recording systems to amplify and transmit extracellular neural
action potentials for either real-time processing or off-line
analysis outside the body. A very important application that
we are studying is that of brain-machine interfaces (BMIs) [1],
which extracts information from neural recordings in real time
with the goal of creating predictive models for hand movement
and directly controlling a robotic device.

Current instrumentation technology and surgical procedures
allow for recording from hundreds of electrodes at once, but
the bottleneck is how to transfer the large bandwidth data
streams without requiring the subject to be tethered with wires
from the electrodes to a signal processing unit. Each channel
may be sampled at 20 KHz with 12-bit samples leading to
240 Kbits/second bandwidth. Since a low-power, wireless link
can transmit up to about 1Mbits/sec through the skin, only
a handful of channels can be transmitted even if there are
hundreds of channels available. From these considerations it
is clear that signal compression is the key challenge for the
future of these devices.

The difficulty in data reduction arises from the requirements
of small size and low power for implanted circuitry. The size
is constrained due to space on the subject and low power is
necessary because of the difficulty of charging or changing
implanted batteries and power dissipation over 80 mW /cm
has been reported to cause general tissue damage [2]. Many
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research groups are attempting to build neural recording
systems, and the overall power consumption, apart from the
transmission, is manageable for hundreds of channels. Suitable
integrated amplifiers dissipate on the order of 10 uW/channel
when scaled to newer technologies [3] [4]. Successive approx-
imation ADC technology can drop below 1 uW/channel for
these sampling rates [5].

These problems are further compounded by that fact that in
typical extracellular recordings a single electrode can record
3-5 neurons superimposed on the same signal. Thus, neurosci-
entists must rely on software strategies that must first detect
the spikes and second perform spike sorting to classify the
originating neuron for each spike. The sorting or classification
process in the second step also serves to reduce the number
of false spikes that are detected in the first step.

Previous solutions for these problems will be discussed
in section 2. Section 3 then describes a novel pulse-based
approach which allows full resolution of a select number
of channels at an order of magnitude less bandwidth than
conventional approaches. Section 4 describes a pulse-based
feature extraction method which adds further dramatic data
reduction while still allowing off-board spike sorting to be run
on the pulse-based features. Section 5 concludes the paper by
summarizing how the Florida Wireless Integrated Implantable
Recording Electrodes (FWIRE) project [6] [7] is utilizing these
pulse-based mechanisms.

II. CURRENT APPROACHES

The most popular solution to the bandwidth problem is
to select and transmit as many fully sampled channels as
possible (typically only one channel at a time out of the
dozens available). A simplified spike detection algorithm is
concurrently run on the remaining channels and either the
spike times or the binned spike times are transmitted. These
spike-detected channels are extremely low bandwidth since
neurons fire at a maximum of 200 Hz or so, and even 5
superimposed neurons on a channel would provide a worst
case 10 Kbits/sec/channel binary sequence to transmit. There
have been systems of this type built or described by several
groups including Michigan [8] and Utah [9]. Having at least
one high resolution channel allows the user to sequentially
set the spike detection parameters which observing the full
resolution channel output. Binning the spikes, say by summing
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Fig. 1. Block Diagram of biphasic leaky integrate-and-fire neuron

the number of spikes over each 100ms window, further reduces
the bandwidth.

However, there are several problems with transmitting spike-
detected channels. First and most importantly, spike sorting
can no longer be used to classify the originating neurons on
each channel-this information is forever lost to the detriment
of the full system performance. Spike sorting can only be run
on the few full resolution channels transmitted. Second, on
the remaining channels, spike detection must be run with low-
power analog circuitry, which is difficult to achieve accurately.
Finally, the spikes detection process is even more unreliable
without spike sorting so there will be even more false detec-
tions and more missed spikes.

The alternative is to perform some sort of data reduction
on all the channels and hope that transmitting the compressed
signal will still allow enough information for spike sorting
to be accurate. This sort of neural signal data reduction
is a classical problem in neuroscience with many proposed
algorithms in the literature. Popular data reduction methods
include spike detection followed by different options to reduce
the data. One option is to wirelessly transmit a clip of the raw
waveform surrounding the spike for spike sorting outside the
subject where power and size constraints are less stringent
[10]. Another option is to extract and send the features
themselves [11], but accurately computing and transmitting
the necessary features at low-power is problematic. Both
options suffer from complex circuitry and prohibitive power
consumption for implantation with 100’s of channels.

III. PULSE-BASED SIGNAL REPRESENTATION

Our lab previously proposed to encode the neural signal
with a biphasic pulse train, which is amenable to low-power
wireless transmission, to be reconstructed on the back-end
and traditional spike sorting applied [12]. After amplification,
a hardware integrate-and-fire neuron is used to convert a
continuous-time signal into an asynchronous pulse train. A
simplified version of the circuit is shown in Fig. 1. If the
output of the integrator, y(t) reaches the positive threshold
of the comparator, 6, the output of the comparator raises and
resets the integrator after a short delay, 7, in the feedback
loop. Similarly, if the output of the integrator y(t), reaches the
negative threshold, —6, the output of the comparator drops and
also resets the integrator. The leak term is some positive value
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Fig. 2. Top plot shows original rat recording sampled at 25 kHz. Next
3 plots show reconstructed signals at 17.8Kpulses/sec, 9.2Kspikes/sec and
6.1Kspikes/sec

to filter out noise. The leak value sets the cutoff frequency for

the low-pass filter formed with the integrator. The timing of

two consecutive pulses must satisfy the following equation:
A—tit

tita
/ x(A)e™FodA =0; (1)
ti+7

where 0; € {—0,6} and C is related to the integration
capacitor and the R is related to the leak value.

Reconstruction algorithms are discussed elsewhere [12]-
[14]. A sufficient condition for theoretically perfect reconstruc-
tion resembles the conventional Nyquist sampling assumption,
namely that the reciprocal of the maximum inter-pulse interval
be less than half the signal bandwidth. This constraint implies
that perfect reconstruction of a 10KHz bandwidth signal
requires at least 20Kpulses/second. Enhancing the neuron
with a suitable refractory period, an adaptive firing rate or
other schemes can reduce the required bandwidth further
[15]. Fig. 2 (top) shows a plot of an original rat recording
sampled at 25 kHz. The next plot shows the reconstructed
signal using a 17.8 KHz pulse rate, creating a signal virtually
indistinguishable from the original.

One of the appealing characteristics of the pulse sampling
method is its ability to distribute more pulses in the areas
where the signal amplitude is larger. Intuitively, this brings
the ability to reduce data rates and impact differently the res-
olution of low and high amplitude signal features. Traditional
sampling, without any further processing will affect equally
the data dynamic range. Fig. 2 also depicts the compression
effects for various IF pulse rates. The bottom three plots
show the reconstructed signal using various rates achieved
by varying the comparator threshold, i.e. the minimal time
between two consecutive pulses. Pulse rates are 17.8KHz,
9.2KHz and 6.1KHz. As the pulse rate decreases, the distortion
in the signal is seen primarily in the noise region and not in the
spike waveform. Fig 3 shows a zoom in of the spike waveform
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Fig. 3.  Zoomed version of the spike for spike rates of 17.8Kpulses/sec,
9.2Kspikes/sec and 6.1Kspikes/sec

to show that the reconstruction is preserved in the neural
spike regions. In this example, the 6.1 Kspikes/sec bandwidth
compares very favorably with the 240 Kbits/sec needed by
conventional systems.

IV. PULSE-BASED FEATURE EXTRACTION

We exploit the exact same leaky integrate-and-fire circuit
shown in Fig. 1 to perform feature extraction [16]. If the
leaky factor and threshold are appropriately set, then few or
no pulses will fire in between neural spikes. At locations of
neural spikes, many pulses will be generated and act as a
spike “signature.” A template matching type algorithm can
then be run off-board in lieu of conventional spike sorting
to classify each spike. Full details of the pulse-based spike
sorting algorithm are given elsewhere [16].

Instead of transmitting the raw neural waveform, the pulse-
based feature extraction circuit encodes information about
each spike in a biphasic pulse train. This greatly reduces
the bandwidth required to transmit the spike trains especially
because spike occurrences are sparse within neural data, while
the pulse communication offers lower power transmission
options. The encoding scheme uses pulses based on the area
per time threshold of the waveform to represent the spike
while the noise is mostly disregarded. Only the spikes and
their time within the spike train contain information so not
transmitting information about the noise saves power without
any drop in system performance. Fig. 4 shows sorting error
(described fully in [16]) versus minimum bandwidth at three
different SNRs. This plots show the inverse relationship be-
tween bandwidth and sorting error.

The pulse-based feature extractor algorithm was tested with
neural recordings from Bionic’s 128-channel hardware neural
signal simulator. The use of a neural signal simulator allows
the ground truths, the time of each spike and which neuron
it came from, to be known. The neural simulator outputs a
repeated 11 s pattern of spikes from three different action
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Fig. 4. Spike sorting error as a function of bandwidth for three SNRs.

potentials with amplitudes of 100 1V - 150 £V and a width of
1 ms. The interspike interval is 1s for 10s and then reduces to
10 ms for 1 s of burst firing. To increase the number of neurons
on one channel the reference was chosen as another channel
instead of ground. The referenced channel was carefully
chosen to be a 5 ms delayed version of the first channel. In
this manner, the simulated neural signal contains spikes from
six different neurons with no superimposed spikes which are
not addressed in this work since they are problematic for all
spike sorting algorithms.

The UF bioamplifier [4], with a gain of 100, was used to
amplify the neural simulator output. The amplified signal was
then passed through our hardware leaky integrate and fire chip
[16] and finally digitized at 24.4 KHz and 34.6 s were captured
with a digital logic analyzer. The average spike firing rate for
the data set is 19 Hz. The signal’s SNR is 14.8dB; a portion of
the signal during bursting with all six neural spikes is shown
in Fig. 5(A).

Spike2, a popular commercial program, which can spike
sort offline, is used as a comparison to the feature extractor’s
spike sorting performance. Spike2 first performs general event
selection by capturing windows around events that cross user
defined thresholds. Then, spike sorting is performed with a
combination of template matching and a PCA based cluster
cutting. This process requires the user to select many parame-
ters during the template setup such as the number of templates
and allowable variation within the template. Spike2 provides
the user with an interactive visual display to assist in setting
the spike sorting parameters. The parameters were set by an
expert in the field with the same procedures used in typical
experiments.

Matlab was also used to simulate the pulse-based feature
extractor and its spike sorter. The LIF was set with a thresh-
old and leakage value such that its spike sorting error was
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Fig. 5. (A) Neural simulator signal, after amplification, with all six neural spikes, one through six from left to right. The second row is the biphasic pulse
train output from the LIF circuit with the bandwidth at 455 pulses/s. (B) Zoomed in spike three. (C) Zoomed in spike four.
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