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Abstract— Fully-implantable, bi-directional brain-computer
interfaces (BCIs) necessitate simultaneous cortical recording
and stimulation. This is challenging since electrostimulation
of cortical tissue typically causes strong artifacts that may
saturate ultra-low power (ULP) analog front-ends of fully-
implantable BCIs. To address this problem, we propose an
efficient hardware-based method for artifact suppression that
employs an auxiliary stimulator with polarity opposite to that
of the primary stimulator. The feasibility of this method was ex-
plored first in simulations, and then experimentally with brain
phantom tissue and electrocorticogram (ECoG) electrode grids.
We find that the canceling stimulator can reduce stimulation
artifacts below the saturation limit of a typical ULP front-end,
while delivering only ∼10% of the primary stimulator’s voltage.

I. INTRODUCTION

Electrocorticography (ECoG) is a promising brain-

computer interface (BCI) platform for restoring motor func-

tion to individuals with severe paralysis [1], [2]. Normally,

these BCIs exploit visual feedback to achieve closed-loop

operation, which is suboptimal for movement restoration

where persistent somatosensory feedback is crucial. Recent

human studies [3], [4] used subdurally implanted ECoG

grids to elicit somatosensation via cortical electrostimulation,

suggesting that future ECoG-based BCIs should be able

to restore both motor and sensory functions. These “bi-

directional” BCIs will operate in a more biomimetic fashion,

and their performance and ease-of-use would likely improve

upon the present-day BCIs [5]. Additionally, ECoG-based

bi-directional BCIs could be realized as fully-implantable

systems, which would greatly improve their utility [6], [7].

A major technical challenge to developing a fully-

implantable, ECoG-based, bi-directional BCI is the pres-

ence of strong artifacts created by cortical stimulation.

Specifically, a fully-implantable BCI must operate in an

ultra-low-power (ULP) regime, which limits the nominal

supply voltage of its analog front-end [7]. If stimulation

artifacts reach or exceed this voltage—a likely scenario in

bi-directional BCI operation—recording amplifiers will be

saturated, thereby leading to unrecoverable loss of data.
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A simple approach to mitigating amplifier saturation is

blanking [8], wherein recording is turned off during stimula-

tion. This strategy compromises the BCI performance and is

inadequate for applications that require continuous feedback.

Studies [6], [7] have proposed reducing artifacts by placing

the stimulating and recording channels in a specific spatial

configuration, followed by filtering at the front-end. This

approach, however, imposes severe electrode placement con-

straints, which may be difficult to satisfy in a multielectrode

setting. In addition, the spectra of neural signals and artifacts

tend to overlap [9], which limits the effectiveness of filtering.

Mendrela et al. [10] proposed an adaptive filtering approach

that estimates the “transfer function” of the stimulation-

recording path, and in turn the artifact component of the

recorded signal. This component is then subtracted at the

front-end, before the signal is amplified. While encouraging,

this method does not scale favorably with the number of

electrodes and assumes that the artifact transmission path is

a linear time-invariant system.

We propose an alternative artifact suppression method

that is based on auxiliary stimulation applied between the

stimulation and recording sites. This secondary stimulation

is delivered simultaneously and in opposite polarity to the

primary stimulation. Also, it operates at a fraction of the

primary stimulation amplitude. We demonstrate the feasibil-

ity of this method first in simulations, and then in benchtop

experiments with ECoG electrodes and phantom tissue. Our

results indicate that the artifacts can be suppressed below

the potential saturation limit of an ULP amplifier array,

while operating at only ∼10% of the stimulation voltage and

without significant interference with the primary stimulation.

II. METHODS

A. Motivation

To motivate the development of our method, we observe

that the artifact amplitude decays with the distance from

a stimulation point. For simplicity, assume that stimulation

is delivered at a point r = 0 (see Fig. 1), and that the

stimulation voltage is given by: Vstim(r) = 1/(r+ r0), where

r0 > 0 is a constant. Note that this model corresponds to

a monopolar current source [11] with normalized values of

the current amplitude and conductivity. As can be seen, the

artifacts exceed a hypothetical saturation threshold, Vth, in

the assumed recording region. We then introduce a sink

at r = rc with voltage Vcanc(r) = −α/(|r− rc|+ r0), where

α ∈ [0, 1] is a fraction of the original source current. By

simultaneously activating stimulation and cancellation, the
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TABLE I

VOLTAGES DUE TO CANCELLATION, V−
c AND V+

c , MEASURED AT THE

STIMULATION CHANNEL’S SINK AND SOURCE, RESPECTIVELY.

Peak-to-peak

V−
c

(mV)
V+

c

(mV)

Desensitization
Vd

Vgel

(%)

Cancellation Voltage

Voltage Vd =V−
c −V+

c

(mV) (mV)

10 0.2586 -0.1390 0.3976 1.7
20 0.4562 -0.3477 0.8039 3.4
30 0.6575 -0.5513 1.2088 5.1
40 0.8609 -0.7561 1.6170 6.9
50 1.0623 -0.9571 2.0194 8.6
60 1.2623 -1.1574 2.4197 10.3
70 1.4612 -1.3522 2.8134 11.9
80 1.6590 -1.5486 3.2076 13.6
90 1.8064 -1.7372 3.5436 15.0

100 1.8923 -1.9181 3.8104 16.2

B. Experimental Results

By measuring the voltage and current across the mold

filled with phantom tissue (see Section II-C), the conductivity

of the gel was estimated to be 1.5 S/m, which is consistent

with the conductivity of human CSF [12]. Experimentally

recorded data were then analyzed as outlined in Section II-D.

The 50-Hz stimulation artifacts were clearly visible on all 16

channels, and depending on the electrode location, the phase

shifts were either 0◦ or 180◦. Fig. 4 shows the evolution

of the stimulation artifact spatial maps at varying levels of

cancellation. At 0% (the cancellation channel off), 3 record-

ing electrodes fall within the saturation region. At 10%,

the saturation contour recedes with only a single electrode

remaining in the saturation region. When cancellation is at

20%, all the artifact amplitudes are below the saturation level,

and they continue to decrease up until 40% cancellation level.

From this point, the artifact amplitudes begin to increase,

as the canceling channel becomes the dominant source of

artifacts due to its proximity to the recording grid. This also

leads to the reversal of the field’s polarity. Finally, at 100%

cancellation level, the saturation contour re-emerges with two

channels falling within the saturation region.

The control experiment data were then analyzed as out-

lined in Section II-E. For each cancellation level from 10%

to 100%, the median voltages at the two electrodes corre-

sponding to the stimulation channel were calculated, and the

results are shown in Table I. Note that the voltage measured

at the electrode corresponding to the stimulator sink, V−
c , is

positive. This is expected behavior, given that this electrode

is closer to the source of the cancellation channel (Fig. 2).

Similarly, the voltage V+
c is negative. The desensitization

voltage, Vd , defined as the voltage swing across these elec-

trodes, ranged from 0.4 mV at 10% cancellation to 3.8 mV

at 100% cancellation.

To gauge the likelihood of desensitization, Vd was com-

pared to the stimulation voltage “experienced” by the gel.

This voltage, denoted by Vgel, could not be directly measured,

and had to be estimated. To this end, the electrode-gel

interface was modeled as an RC circuit (see Fig. 5):

|Vgel|, |V1 −V2|=
R

|2Z +R|
|Vs| (3)

where Z is the impedance of the electrode-gel contact, R

is the resistance of the gel current path, and |Vs| = 100

mV. Based on commonly reported values for ECoG elec-

trodes [14], the total impedance of the path is assumed to

be: |2Z +R| = 1000 Ω. The resistance, R, was calculated

based on the gel conductivity, σ , the distance between the

electrodes (10 mm), and assuming a cylindrical current path

with a diameter equal to the depth of the gel (6 mm):

R =
L

σA
=

10×10−3 m

1.5 S
m

π(3×10−3 m)2
= 235.8Ω (4)

After substituting these values into (3), we find: |Vgel| =
23.58 mV. The ratio Vd/Vgel was then calculated (Table I).

At cancellation levels between 10% and 20%, which are

sufficient to prevent saturation, the desensitization voltage

is only a small fraction (< 3.4%) of the gel voltage and is

therefore unlikely to interfere with stimulation.

IV. DISCUSSION

Our simulation and benchtop experiments demonstrate

that it is possible to shield recording electrodes from

excessive artifact contamination by applying an auxiliary

canceling dipole located between the stimulating dipole

and the recording grid. Our method essentially amounts to

quadrupole stimulation, where the two dipoles are asymmet-

ric, though charge-balanced. Unlike competing artifact sup-

pression methods, e.g. [10], our method’s primary objective

is not to eliminate stimulation artifacts, but rather to keep

them below the saturation limit of a ULP analog front-end.

The remaining artifacts can be efficiently removed using a

variety of digital signal processing techniques [16].

Our preliminary results indicate that saturation can be

prevented by the canceling dipole drawing only ∼10% of the

stimulating dipole’s current. Therefore, the power overhead

of this additional dipole is relatively small. Our analysis also

suggests that the canceling dipole does not significantly inter-

fere with the primary stimulation and is therefore unlikely

to cause desensitization. In addition, since it operates at a

fraction of the stimulation dipole’s amplitude, the canceling

dipole by itself is unlikely to cause sensation. These claims,

however, can only be verified empirically by experimenting

with human subjects, and the simple calculations in this study

can provide useful guidelines.

While this study is primarily concerned with ECoG elec-

trodes, our method may be applicable to other record-

ing/stimulation modalities, such as microelectrode arrays [5],

[17]. The main weakness of our method is that it requires

electrodes between the stimulation and recording sites. This

concern is substantially mitigated by employing high-density

ECoG grids [18].

The canceling dipole amplitude and position were cho-

sen to simply demonstrate and experimentally validate our

method. These parameters could be optimized which would
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