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Abstract—Cochlear implants are transformative devices that
restore hearing by bypassing damaged sensory structures in
the inner ear. This report reviews the fundamental anatomy of
the cochlea, key advancements in cochlear implant technology,
challenges in their development, and future directions for
research. A particular focus is placed on microelectronics,
signal conditioning techniques, and their role in improving
hearing outcomes.

I. INTRODUCTION
Scope of this work

Provided that a plethora of comprehensive literature re-
views are already available, this work aims to introduce
cochlear implants concisely within four pages. The following
sections explore technological advancements in the field,
highlighting the challenges faced by each design. Subsystem
components, with a particular focus on microelectronic
circuits and signal conditioning techniques, are discussed.
Finally, contemporary commercial solutions and cutting-
edge research setups are presented, along with remarks on
the future directions of this evolving field.

Historical Review

The journey of cochlear implants (CI) began in the mid-
19th century, when Duchenne demonstrated that electrical
stimulation could evoke auditory stimulation [1]]. However,
we need to wait until the mid-20th century to see attempts
to restore functionality of the auditory system. In 1957,
André Djourno and Charles Eyries were able to restore
partially the hearing in a deaf patient, by directly stimulating
the auditory nerve, using a single-channel electrode. This
breakthrough marked the birth of cochlear implants as a
medical device. In 1978, Clark’s team manufactured the
first multi-channel implant proved the feasibility of restoring
hearing through electrical stimulation, and 4 years later, a
revolutionary work by R. Lyon established the foundation
for neuromorphic cochlea systems. His collaboration with
C. Mead led in 1988 to the first CMOS cochlea chip. Since,
the field of analog CMOS cochlea systems has not stopped
making improvements. Researchers have made tremendous
progress, notably to reduce power consumption (Toumazou,
1994), even achieving ultra-low power CIs (<150 nW) , and
also by engineering adaptive and real-time spiking emulation
devices (2004). Since the first FDA approval for CIs in 1985,
and the first commercializations, the cochlear implant has
provided useful hearing to more than 120 000 deaf persons,
and become a multi-billion-dollar industry.
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Figure 1.  Anatomy and Tonotopy of the Cochlea. (A) Overview of

the human auditory system showing the outer ear, cochlea, and auditory
nerve. (B) Tonotopic organisation of the cochlea, highlighting frequency
sensitivity along its spiral structure, from low frequencies (apex) to high
frequencies (base). (C) Cross-sectional view of the cochlea depicting the
tectorial membrane, cochlear duct, basilar membrane, scala vestibuli, and
scala tympani.

II. BACKGROUND

The cochlea is a vital organ in the auditory system,
responsible for the process of hearing. Encased within
the otic capsule, the cochlea is a spiralling complex of
membranes wound around the modiolus (Figure [[lA). It is
divided into three main compartments, each serving distinct
functions (Figure [ILC). These compartments are filled with
a fluid called perilymph, which facilitates the electro-hydro-
mechanical coupling between the outer, middle, and inner
ear—enabling the detection, processing, and interpretation
of sound. [2]-[4].

In brief, the mechanical vibrations generated in the middle
ear by an external sound, generate a pressure wave in the
cochlear fluid causing the basilar membrane to oscillate,
much like a standing wave. The features of these oscillations
are determined by the features of the external sound and are
the exciting source of the cells responsible for the excitation
of afferent neurons: the sensory hairy cells. These are in
turn “wired” by nerve fibres that lead to the propagation of
afferent neuronal signals when activated. [Sf], [|6]



A notable feature of these standing waves is their fre-
quency. The cochlea’s ability to distinguish different pitches
and frequency bands relies on the varying thickness of the
basilar membrane along its length. This variation corre-
sponds to the rotation angle around the axis of the cochlea’s
central point, known as the apex. Each region of the mem-
brane resonates at a maximum amplitude for a specific
frequency range, a phenomenon referred to as the cochlea’s
tonotopic arrangement (Figure [1}B). This tonotopy is a
fundamental principle underlying the conceptualisation of
cochlear implants. [7]], [8]

Damage sustained in the sensory hair cells or auditory
nerve can result in profound hearing loss. This type of
deafness, termed sensorineural, originates from complica-
tions in the inner ear [9]. As Fitzpatrick explains, “The
cochlear implant effectively bypasses the sensory hair cells
by inserting an electrode array into the inner ear and directly
stimulating the auditory nerve in response to an audio signal
from a microphone placed external to the ear” [2]]. In the
following section, the system architecture and the features
of the basic subsystem components of a typical cochlear
implant are presented.

ITII. SYSTEM ARCHITECTURE

Cochlear implants utilize a seamless integration of exter-
nal and internal components to bypass damaged auditory
structures and directly stimulate the auditory nerve. These
systems, comprising an external unit and an internal unit
[8]], work in tandem to process and deliver sound signals, as
illustrated in Figure [2]
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Figure 2.  Signal processing steps in cochlear implants, illustrating the

core stages from sound capture to electrode stimulation. Reproduced from
(2]

A. The External Unit

The external unit, often referred to as the front-end, is
responsible for capturing, preprocessing, and transmitting
sound signals. The process begins with a microphone that
captures acoustic signals and converts them into electrical
signals. These signals are then preprocessed using preampli-
fiers to boost weak inputs and an Automatic Gain Control
(AGC) system to dynamically compress loud sounds while
amplifying softer ones. This preprocessing ensures that the

signal remains within the patient’s dynamic hearing range,
providing clarity and comfort.

Once the signal is conditioned, it undergoes frequency
analysis, where it is divided into discrete frequency bands, or
channels. Bandpass filters or Fast Fourier Transform (FFT)
algorithms are used for this separation, creating a map of
the auditory spectrum. Each frequency band corresponds
to a specific region in the cochlea, following its tonotopic
organization, where high-frequency sounds are processed at
the cochlear base and low-frequency sounds near the apex.
This mapping aligns electrical stimulation with the cochlea’s
natural processing of sound.

To preserve essential temporal cues for speech compre-
hension, spectral analysis extracts the amplitude envelope of
each frequency band. Techniques such as envelope detection
or the Hilbert transform capture variations in amplitude over
time, ensuring the retention of crucial auditory information
like rhythm and intonation.

At the heart of the external unit is the Digital Signal
Processor (DSP), which orchestrates all processing stages.
Beyond frequency band separation and feature extraction,
the DSP encodes the processed signal into a digital bitstream
for transmission and implements patient-specific settings
known as maps. These maps are parameters fine-tuned
during clinical programming sessions with an audiologist,
where the device is calibrated to the user’s specific auditory
profile. This process involves optimizing stimulation param-
eters—such as frequency allocation, electrode sensitivity,
and dynamic range compression—to ensure the cochlear
implant delivers a personalized and effective hearing expe-
rience tailored to the individual’s unique needs.

The processed signal, encoded as a digital bitstream, is
transmitted to the internal unit via a radio frequency (RF)
link. This dual-purpose RF system transmits data while si-
multaneously powering the internal components through in-
ductive coupling, eliminating the need for an internal battery.
Bidirectional communication through the RF link enables the
internal unit to provide feedback to the external processor,
such as neural response measurements, electrode impedance,
or battery status. This allows for real-time adjustments and
monitoring, improving the device’s functionality and user
experience. Advanced shielding techniques further enhance
the reliability of the RF system by preventing electromag-
netic interference from external devices, ensuring consistent
performance even in challenging environments.

B. The Internal Unit

The internal unit, implanted beneath the skin, houses a
receiver and a stimulator in a hermetically sealed casing. The
RF receiver decodes the incoming bitstream and converts
it into electrical currents, which are delivered to an array
of electrodes surgically inserted into the scala tympani,
one of the cochlea’s fluid-filled chambers. These electrodes



stimulate auditory nerve fibres mapped to the frequency
channels processed by the external unit.

The stimulator generates biphasic electrical pulses, al-
ternating between positive and negative phases with an
interphase gap to prevent tissue damage. Pulses are in-
terleaved across electrodes to minimize interference and
ensure precise stimulation. Electrode placement and design,
is critical for optimizing stimulation fidelity and preserving
residual hearing.

C. Electrode design and placement

The electrode design principles in cochlear implants tend
to follow three major requirements: achieving optimal depth
of insertion, minimizing insertion trauma, and enhancing
coupling efficiency. [8|] First of all, deeper insertion of
the electrode array, achieves higher coupling efficiency by
mapping the tonotopy of the cochlea more accurately, at
the cost however of trauma instantiation during surgery
[10], [[11]. This reduces the power requirement and channel
interference by increasing electrical coupling efficiency as
a result of the reduction in distance between the electrode
and the auditory nerve. In such cases, designs have been
developed that put the electrode array near the auditory
nerve, called perimodiolar, and those that follow the outer
curvature of the cochlea, termed lateral wall arrays.

To overcome the physical limitation of electrodes (typi-
cally 12 to 22), cochlear implants employ current steering
to create virtual channels. By distributing electrical cur-
rent between adjacent electrodes, intermediate regions of
the cochlea are stimulated, enhancing frequency resolution.
This method allows patients to perceive a richer spectrum
of sound, significantly improving speech recognition and
auditory experience.

IV. SPEECH CODING STRATEGIES

While the system architecture provides the physical foun-
dation for capturing and transmitting sound, the effectiveness
of cochlear implants heavily relies on speech coding strate-
gies, which translate acoustic signals into precise electrical
stimulation patterns, bridging the gap between hardware and
auditory perception.

Continuous Interleaved Sampling (CIS) divides the
sound into multiple frequency bands, extracts their en-
velopes, and delivers interleaved biphasic pulses to corre-
sponding electrodes. This minimizes interference and excels
in temporal resolution, making it effective in quiet environ-
ments. However, its lack of focus on spectral peaks reduces
its performance in noisy settings where fine spectral details
are critical.

Multipeak (MPEAK) was an early speech-coding strat-
egy that focused on extracting formant frequencies and key
speech features. While it provided foundational insights, its

limited spectral resolution and poor performance in noisy
environments have rendered it largely obsolete [[12].

Advanced Combination Encoder (ACE) improves upon
CIS by selecting the n most dominant channels from a
total of m bands during each stimulation cycle. This n-of-
m strategy prioritizes spectral components with high energy,
providing a balance between spectral and temporal reso-
lution. While ACE is versatile and performs well in noisy
environments, it may miss secondary spectral cues in rapidly
changing auditory inputs.

Spectral Peak (SPEAK) focuses on stimulating elec-
trodes corresponding to the dominant spectral peaks, offer-
ing precise spectral representation. Its slower stimulation
rate is effective in quiet environments but limits temporal
resolution in dynamic or noisy conditions.

Each strategy has trade-offs: CIS excels in temporal
resolution but sacrifices spectral detail, SPEAK prioritizes
spectral precision but struggles in dynamic environments due
to its slower stimulation rate, and ACE balances both, offer-
ing versatility. Both CIS and SPEAK outperform MPEAK
in noisy settings, with CIS suited for fast-changing sounds
and SPEAK for quiet environments requiring spectral detail
[12].

V. STATE-OF-THE-ART AND NEW HORIZONS

In this part we will briefly go over some on the newest
improvements. We will also introduce some new techniques
and approaches that could lead to a revolution of the Cls.

A. Signal Processing and Speech-Coding Algorithms

State-of-the-art cochlear implants incorporate advanced
speech-coding strategies. We describe there the two main
approaches, that are the Fine Structure Processing (FSP)
and High Definition CIS (HDCIS). Their aim is to preserve
the finest temporal details of speech, in order to improve
the pitch perception of the patient to be able to decode
most complex tonalities. [13]. FSP focuses on preserving
fine temporal details, especially the ones in low-frequency
sounds (typically below 1 kHz), by modulating electrode
stimulation rate, so the final signal seems more natural to
the user. HDCIS, on the other hand, is an improved version
of the standard CIS strategy. For instance, in basic CIS, the
electrodes are stimulated in a fixed sequence, but HDCIS
dynamically adjusts the stimulation sequence, which results
in less interferences between electrodes. We also find in
HDCIS an increased number of channels, and an optimized
stimulation timing, to improve frequency resolution.

B. Integration of Artificial Intelligence

Machine learning and artificial intelligence are increas-
ingly being integrated into cochlear implants. Primarily to
enhance the signal processing capabilities, and to improve
important features, like the noise reduction for example.
But more advanced approached are also explored, as the



one proposed in [14], where ElectrodeNet, a deep learning-
based sound coding strategy for CI’s, has been developed.
Its goal is to emulate and replace block of the CI processing
strategies, like the ACE mentioned before, but with better
performances. In addition, it can also incorporate channel
selection, mimicking the N-of-M strategy used in current
CI, as seen previously. The adaptability of the ML models
opens up possibilities for more personalized stimulations.

C. Optogenetics

Optogenetics is an emerging alternative to the available
cochlear implants. With this technique, the precision reached
with the simulation extremely precise. Using genetic en-
gineering to modify the sequence of specific neurons, in
this case the spiral ganglion neurons (SGN), to let them
become photosensitive. Thus, the obtained stimulation is
extremely precise, and offer a minimal amount of spatial
overlap, enabling improvements in frequency and intensity
resolution. These improvements lead to better speech recog-
nition, music perception, and all other aspects of the quality
of sound. The article from by Hernandez et al. (2014) [15]
shows the ways in which this technology is used. In the
experiment, the authors used mice which were transgenic
and expressed light-sensitive ChR2 in their SGNs. Blue light
was emitted from miniature light-emitting diodes (LED) or
fiber-coupled lasers and these photons initiated the neurons,
such as conventional electrical stimulation, but in this case,
spatial confinement was better.

D. Small study case of an innovative approach

When inserting the electrodes, some risks are inherent
to the surgery, especially since the anatomy of the human
cochlea comes with very large variations in the human
species [16]], [17]. In the worst case, they can lead to the
complete loss of residual hearing, or to meningitis infec-
tion. To eliminate the aforementioned risks, a bone-guided
CI (BGCI) system-on-chip (SOC) microsystem with the
electrodes deployed outside the cochlea is proposed in the
study from Xin-Hong Qian and al. [18]]. In their paper, the
authors present an innovative approach to cochlear implant
design. Unlike traditional ClIs, this system uses a bone-
guided electrode array, that is placed on top of the cochlear
bone surface, thus, avoiding penetration into the cochlea.
This reduces the invasiveness of the surgical procedure, and
so reduces the risk of cochlear damage. Nevertheless, it can
only be used to treat high-frequency hearing loss, as the
electrodes can only be placed at the base of the membrane’s
bone, as we can see on the Figure [3

The architecture of the BGCI is built in a very similar way
referred in the part III. It has nonetheless an interesting extra
feature, worth mentioning, called bidirectional telemetry,
thanks to the inductive link power supply (in the implant)
that process forward data decoding and backward data

Electrode
Array

Figure 3. Structure diagram of the BGCI microsystem placed in a human
ear. Reproduced from [/18].

encoding circuits. Bidirectional telemetry allows the commu-
nication between the implant and the external controller. In
one way, stimulation parameters are sent to the implant, and
in the other way, it sends feedback, such as its battery status,
the electrode impedance, and enables real-time adjustments.
It enhances a personalized treatment, while maintaining the
device reliability, over the period of use. This study has
shown to be successful: in vivo tests were made on guinea
pigs, showing successful auditory nerve stimulation.

VI. CONCLUSION

Cochlear implants represent a remarkable convergence
of medical science and engineering, offering a lifeline to
individuals with severe hearing impairments. This report has
outlined the historical evolution, underlying anatomy, and
technical intricacies of cochlear implant systems, demon-
strating how advances in microelectronics, signal processing,
and innovative materials have driven these devices forward.

Modern speech-coding strategies, including CIS, ACE,
and SPEAK, have been incorporated into cochlear implants
with considerable improvement in auditory perception in
difficult environments. Artificial intelligence and optoge-
netics are a few of the new technologies that promise to
further refine cochlear implants, making them personalized
and efficient. Such innovation could be extended to other
longstanding challenges associated with cochlear implanta-
tion, such as surgical invasiveness and damage to residual
hearing, by bone-guided cochlear implants.

While much progress has been made, some challenges
remain, mainly those related to improving frequency resolu-
tion, reducing power consumption, and making devices uni-
versally accessible. Such barriers will have to be overcome
through collaboration among various disciplines, strong clin-
ical trials, and adherence to user-centered design principles.

Looking ahead, the cochlear implant of the future is
likely to be shaped by breakthroughs in machine learning,
neural interfacing, and biocompatible materials. These might
even allow for a revolution in hearing restoration, even
neuroprosthetics, thus continuing to improve the quality of
life of millions worldwide.
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