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Abstract—In the present work, we introduce a novel cochlear
implant (CI) architecture, namely all-optical CI (AOCI), which
directly converts acoustic to optical signals capable of stimulating
the cochlear neurons. First, we describe the building-blocks (BBs)
of the AOCI, and explain their functionalities as well as their
interconnections. Next, we present a comprehensive system model
that incorporates the technical characteristics and constraints
of each BB, the transdermal-optical-channel particularities,
i.e., optical path-loss and external-implanted device stochastic
pointing-errors, and the cochlear neurons biological properties.
Additionally, in order to prove the feasibility of the AOCI archi-
tecture, we conduct a link-budget analysis that outputs novel
closed-form expressions for the instantaneous and average photon
flux that is emitted on the cochlear neurons. Likewise, we define
three new key-performance-indicators (KPIs), namely probability
of hearing, probability of false-hearing, and probability of neural
damage. The proposed theoretical framework is verified through
respective simulations, which not only quantify the efficiency of
the proposed architecture, but also reveal an equilibrium between
the optical transmission power and the patient’s safety, as well
as the AOCI BBs specifications. Finally, it is highlighted that the
AOCI approach is greener and safer than the conventional CIs.

Index Terms—Average photon flux, biomedical communica-
tions, cochlear implants, feasibility study, link-budget, optoge-
netics, transdermal optical communications.

NOMENCLATURE

ABR Auditory brainstem response
AOCI All-optical cochlear implant
CCI Conventional cochlear implant
CI Cochlear implant
CL Coupling lens
DSP Digital signal processing
FBG Fiber Bragg grating
GL Guided lens
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KPI Key performance indicator
LD Laser diode
LED Light emitted diode
LS Light source
MEM Microelectromechanical
MPE Maximum permissible exposure
OF Optical fiber
PDF Probability density function
PMF Probability mass function
RF Radio frequency
SNR Signa-to-noise-ratio
TOL Transdermal optical link.

I. INTRODUCTION

OVER half a million patients worldwide, suffering from
mild-to-severe hearing loss, regain their speech percep-

tion with the aid of cochlear implants (CIs) [1]. Conventional
CIs (CCIs) consist of an external device that converts the
audio into radio frequency (RF) signals and emits them to an
implanted device. The latter processes the received signals in
order to convert them into electrical ones, which stimulate the
acoustic nerve. The main bottlenecks of the CCIs are twofold:
(i) The poor coding of spectral information due to the wide
spread of electric current from each electrode, which results
in broad excitation of the cochlear neurons; and (ii) The band-
width scarcity on the RF spectrum that significantly constraints
the achievable data rate; hence, the faithful reproduction of the
neural stimulus [2]–[5].

A. State Of the Art and Motivation

In order to surpass the electrical stimulation constraints,
a great amount of research effort has been directed toward
alternative neural stimulation mechanics. One of the most
promising concepts is the excitation of the neurons via opti-
cal signals [1], [6]–[10]. This approach is widely known
as optogenetic stimulation and utilizes optical radiation in
the wavelengths from 450 to 600 nm. Optogenetic interfaces
are characterized by increased spatial resolution in compar-
ison with electrical ones, and present higher tolerance for
unwanted stimulation artifacts that interfere with the desir-
able stimulation [11]. Aspired by this, in [6], the authors
experimentally verified that optogenetic cochlear stimulation
achieves increased temporal fidelity with low-light intensities.
This reveals that optogenetics can be used to develop CIs
with improved restorative capabilities. Likewise, in [7]–[9],
the narrow-light-spread in the cochlea was revealed, and it
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was indicated that excitation can be achieved with optogenetic
stimulation with emitter intensities in the order of mW. Note
that, the CCI requires transmission power of approximately
40 mW [3]. Specifically, as reported in [9], optically evoked
auditory responses can be successfully measured with stimu-
lations as low as 1 mW, while higher light-intensity will result
in increased amplitude and decreased latency. In [7] and [9], it
was proven that light in the range of 470 - 640 nm can be trans-
mitted through optical fibers with diameter of some decades
of μm and cause neural stimulation. Moreover, in [10], the
authors explored the fundamental requirements for developing
a light delivery system for the cochlea and provided practi-
cal implementations. Finally, in [1], the state-of-the-art on the
emerging concept of optogenetic stimulation of the auditory
pathway was presented, while the need for engineering novel
multi-channel optical implants was highlighted.

In order to deal with the limitations of the RF band, the
optical wireless CI (OWCI) architecture was introduced and
studied in [12]. In the same contribution, the authors prove that
OWCIs are capable of significantly improving the reliability,
spectral and power efficiency by replacing the transdermal RF
with an optical link. In addition, the OWCI can achieve capac-
ity in the order of Mbps with only few μW, in contrast to the
CCI, which requires at least few mW in order to achieve the
same capacity. Finally, the utilization of the optical frequency
band provides large amounts of unexploited, non-standardized,
almost-interference-free bandwidth with increased safety for
the human organism. This approach relied on several prior
published works that had experimentally proven the feasibility
of the transdermal optical link (TOL) [13]–[15]. In particular,
in [13], TOLs were used to establish transdermal high-data-
rate links. In [14], the key design parameters of transdermal
OWC systems and their interactions were identified, accompa-
nied by several design tradeoffs. In [15], Liu et al. evaluated
the performance of TOLs utilized for clinical neural record-
ing purposes in terms of data-rate and transmission power.
In the same work, the characteristics of the receiver were
investigated with regard to its size minimization and the signal-
to-noise-ratio (SNR) maximization. Despite the excellency in
transmission data-rate that OWCIs provide, they cannot fully
counterbalance the poor coding of spectral information in
the acoustic nerve, since they carry the constraints of the
electrical stimulation units. Likewise, their internal device
has significant energy demands that arise from the exis-
tence of its energy-consuming digital signal processing (DSP)
unit.

Based on the aforementioned research works and in com-
bination with opto-electronic advances, several optical fiber
(OF) designs were developed in order to output light in pre-
determined locations along the fiber body [16]–[20]. In more
detail, in [17], Nguyen et al. presented a multi-point, side-
firing OF capable of emitting light at multiple locations with
power up to 25% of the total coupled light. Furthermore,
in [18], Pisanello et al. developed a single OF capable of
delivering light to the target area through multiple target win-
dows, while, in [19], [20], the influence of several design
parameters (i.e., input angle of light, numerical aperture)
on the OF output light were investigated. These OFs were

proposed for neural stimulation in several biomedical appli-
cations, including cochlear stimulation (see, e.g., [1] and
references therein).

B. Contribution

To sum up, the hitherto proposed architectures either coun-
terbalance the nerve stimulation limitation or the RF scarcity
issue, but, none of them solves the combined problem. An
architecture that would convert the audio into optical signal
in the external device and transmit it directly to the cochlear
nerve, would not only counterbalance the aforementioned chal-
lenges, but, it would also eliminate the necessity for an energy
consuming implanted DSP device. Aspired by this, in this
contribution, we propose an innovative architecture, termed
as all-optical CI (AOCI), which not only exploits the char-
acteristics of its predecessors but also is able to break their
barriers. While the proposed architecture takes advantage of
the beneficial particularities of the OWCI, it introduces sig-
nificant modifications. The most important one is that, the
AOCI is comprised only by passive components. As a result,
the internal device has no power demands, thus, the proposed
system is characterized by higher energy efficiency and elim-
inates the need of designing sophisticated power transfer
approaches. Additionally, the utilization of light for the exci-
tation of the neuron of the cochlea provides higher fidelity
compared to electrical stimulations, due to the fact that light
is characterized by lower spread through the human tissue. In
more detail, the contribution is outlined below:

• We introduce the AOCI architecture and explain its
building blocks (BBs) as well as their usage and func-
tionalities.

• We present a novel system model that accomodates the
particularities of each BB, such as the light source (LS)
divergence angle, the dimensions of the optical compo-
nents, the channel characteristics, such as its path-gain,
and the pointing errors, as well as the biological pecu-
liarities of the human body, like the existence of neural
noise.

• We study the AOCI feasibility and efficiency by providing
the theoretical framework that quantifies its performance
in terms of the average stimulation photon flux, with
regard to the LS emitted optical power as well as each
BBs specifications.

• Finally, a side, yet important, contribution of this work
is that we extract a novel closed-form expression for
the instantaneous coupling efficiency in the presence of
stochastic pointing errors.

C. Structure

The remainder of this paper is organized as follows:
Section II presents the architecture of the AOCI, followed by
the system model of the AOCI that is described in Section III.
In Section IV, we provide the analytic framework for accessing
the feasibility and efficiency of the AOCI. Respective numeri-
cal and simulation results, which illustrate the performance of
the AOCI and validate the theoretical framework, alongside
useful related discussions are provided in Section V. Finally,
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closing remarks and a summary of the main findings of this
contribution are presented in Section VI.

D. Notations

Unless stated otherwise, | · | denotes absolute value, exp(·)
represents the exponential function, while log10(·) stands
for the decadic logarithm. In addition, Pr (A) denotes the
probability of the event A, whereas erf(·) denotes the error
function. Also, Jν(·) represents the Bessel function of the
first kind and the ν-th order, while Iν(·) represents the mod-
ified Bessel function of the first kind and the ν-th order.
Finally, Γ(·) is the Gamma function and Ψ2(·) represents
the fifth Humbert hypergeometric series [21, eq. (7.2.4/10)].

Finally, F (4)
[· ·:·:·:· ·;·;·;·:·;·;·; ·;·;·:·;·;·;·;
·:·:·:· ·;·;·;·:·;·;·;·;·;·:·;·;·;· ·,·,·,·

]
is the general-

ized quadruple hypergeometric function [22, eq. (16)].

II. THE AOCI ARCHITECTURE

As illustrated in Fig. 1, the AOCI architecture consists of
two devices; the external and the implanted. Much like the
conventional cochlear implant, the external device is fixed
on the outer surface of the skin, while the implanted one is
attached on the bone of the skull, right under the skin. As a
result, the total distance of the communication link is the skin
thickness, which is proven to be in the range of 2-4 mm for
the area of the skull [23]. However, in our analysis we have
considered a more pessimistic approach by considering skin
thickness values between 4 and 10 mm. The role of the exter-
nal device is to capture the acoustic signal with a microphone,
perform the necessary digital signal processing and convert it
into an optical one, which is suitable for the stimulation of the
acoustic nerve. Afterwards, it transmits the optical signal to
the implanted device. Notice that, the main difference of the
external unit of the AOCI with the corresponding CCI is that
the RF front-end is replaced with a LS connected to its driver.
This LS can be a light emitting diode (LED) or a laser diode
(LD). The implanted unit consists of a guiding lens (GL), a
microelectromechanical (MEM) device, a coupling lens (CL)
and an OF. The GL is used in order to maximize the optical
power captured by the implanted device via guiding the light
toward the MEM, which in turn couples it into the OF via the
CL. Finally, the coupled light propagates through the OF and
is emitted on the photosensitive neurons of the cochlea. Next,
we present in more detail the functionalities of the main BBs
of the implanted device.

MEM: Due to the unique nature of each human body (i.e.,
different skin thickness and color, etc.), the need arises of
designing a flexible externally-operated light direction control-
ling system that is able to adjust AOCI to the human bodies
particularities. Any failure to align the optical beam properly
will result to loss of communication and, therefore, hearing
loss. The solution is provided through the utilization of the
MEM system, which have been greatly analyzed over the past
couple of decades, due to its reduced size, light-weight and
low-cost [24]–[26]. This system can be configured in order to
not only mitigate any imperfections during the implantation

Fig. 1. The AOCI architecture.

process, but also customize its operation to the patient partic-
ularities. In the proposed architecture, the MEM is vital for
the functionality of the system, since it enables the appropriate
steering of the light beam toward the CL. In more detail, the
MEM is able to adjust its optical properties by applying the
appropriate electrical charge. The adjustment procedure can be
performed once during the implantation process, while under
stable operating state there is no need for any adjustment per-
formed by the MEM and thus, since no energy is required, the
MEM operates in a passive manner [27], [28].

CL: Light incident on the OF end with an angle greater than
the acceptance angle will not be coupled. To prevent this, the
CL is placed between the OF and the MEM to focus the signal
beam in the center of the OF. Thus, the CL plays a decisive
role in achieving the maximum achievable coupling efficiency.
The characteristics of the CL determine the optical power that
can be successfully coupled inside the OF. Note that, according
to [17], the maximum achievable coupling efficiency cannot
surpass 80%.

OF: Each region of the acoustic nerve is responsible for
the interpretation of a specific sound frequency in the audi-
ble spectrum. Consequently, the optical stimulations must be
guided toward specific photosensitive acoustic nerve regions.
This task can be accomplished by utilizing the OF architec-
ture that was proposed in [16]. The light propagates through
the single-mode OF and the optical beam output from the
OF behaves as a Gaussian beam [29]. It should be high-
lighted that, modern conventional cochlear implants house
up to 22 electrodes. However, due to the low spatial res-
olution of the stimulation most patients perceive sound as
if only 8 electrodes are functioning [30]. In that respect, it
has been proven that at least 20 functional electrodes are
needed for the patient to successfully perceive speech in a
noisy environment [31], while this number rises to 32 in order
to recognize music [32]. Since the objective of the AOCI is
to achieve superior sound perception, the number of output
sites must exceed 32. To satisfy the demand of emitting the
optical signal inserted in the OF in different locations, based
on its wavelength, we employ fiber Bragg gratings (FBGs),
which are optical components with a periodic variation of the
refractive index along the propagation direction in the core
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of the OF [33], [34]. FBGs are low-complexity structures,
have low-insertion-loss, high-wavelength-selectivity and are
fully compatible with single-mode OFs. Moreover, recent tech-
nological advances enabled the construction of tilted FBGs,
which filter the incident light and allow only certain wave-
lengths to pass through, while changing the direction of the
light beam according to its tilted nature [35], [36].

III. SYSTEM MODEL

Let us assume that the optical signal, x, is emitted through
a transdermal wireless channel. Thus, the received signal at
the implanted device can be expressed as

y1 = htx , (1)

where ht represents the optical channel coefficient [12]

ht = hlhp . (2)

In (2), hl and hp denote the deterministic channel coefficient,
due to the propagation and the stochastic process that models
the geometric spread, due to pointing error, respectively. The
deterministic term of ht can be expressed as

hl = exp(−(μα + μs)δ), (3)

where μα represents the attenuation coefficient, μs is the
scattering coefficient and δ is the total skin thickness. The
skin attenuation and scattering coefficients can be derived
from [37]–[43] and they depends on the wavelength of the
optical beam. We highlight that the external device is in con-
tact with the outer side of the skin, while the internal device is
implanted on the bone of the skull. Thus, the distance between
external and the internal device of the system can be approx-
imated by δ. Also, it can be observed from (3) that the signal
attenuation due to scattering increases with the skin thickness.
However, the pointing requirement is not affected substantially
due to the limited thickness of the skin, i.e., 4 − 10 mm, and
the necessary directivity of the optical beam captured by the
implanted device.

Next, by assuming spatial intensity of beam waist, wδ , on
the implant’s plane at distance δ from the LS with divergence
angle, θ, and circular aperture of radius β, the stochastic term
of the channel coefficient can be approximated as

hp ≈ A0 exp
(
− 2r2

w2
eq

)
, (4)

where

w2
eq = w2

δ

√
π erf(υ)

2υ exp(−υ2)
, (5)

υ =
√
πβ√
2wδ

, (6)

wδ = δ tan
(
θ
2

)
, (7)

A0 = [erf(υ)]2. (8)

Notice that hp represents the fraction of the collected power
due to geometric spread with radial displacement, r, from the
origin of the detector. Likewise, this is a well-known approx-
imation that has been used in several reported contributions
(see, e.g., [44], [45], and references therein).

Moreover, it is assumed that the elevation and the hori-
zontal displacement (sway) follow independent and identical
Gaussian distributions. Hence, based on [46], it can be proven
that the radial displacement at the implant follows a Rayleigh
distribution with a probability density function (PDF) that can
be obtained as [47]

fr (r) =
r
σ2
s
exp
(
− r2

2σ2
s

)
, r > 0. (9)

The received signal, described by (1), is collected by the GL
and forwarded toward the MEM. The MEM output can be
expressed as

y2 = Gchlhpx , (10)

where Gc denotes the collimation gain and, according to [48],
can be obtained as

Gc = 1√
(1−din/f )

2+z20 /f
2
, (11)

with din being the distance between the beam waist location
and the MEM surface at the point of incidence. Moreover, f
is the focal length of the MEM and zo is the Rayleigh range
of the incident beam. In addition, the beam-waist ratio has
a maximum value occurring when the input distance and the
focal length are equal and can be evaluated as [48]

G∗
c = f

z0
. (12)

The optical signal reflected by the MEM is captured by the
CL and forwarded inside the OF. The signal coupled into the
OF can be written as

y3 = ηGchlhpx . (13)

where η is the coupling efficiency. The following Theorem
returns a novel closed-form expression for the evaluation of η.

Theorem 1: The coupling efficiency can be evaluated as

η =
(
3.83

√
2Dω0

1.22λF exp
(
− r2

ω2
0

)
Ψ2

(
1; 2, 1;−3.832D2ω2

0
1.222λ2F2 ,

r2

ω2
0

))2
,

(14)

where ρ, D, F and ω0 denote the radial distance on the focal
plane, the focusing lens diameter, focal length and the OF
mode field radius, respectively.

Proof: Please refer to Appendix A.
From (14), we observe that η depends on the diameter

and focal length of the CL, the OF mode field radius, the
transmission wavelength and the pointing errors.

The signal coupled into the OF is subject to bending and
FBG losses. Thus, the optical signal that is emitted on the
acoustic nerve, can be written as

y4 = kηGchlhpx , (15)

where k is the light beam’s propagation efficiency through the
OF. The bending losses of conventional OFs can be calcu-
lated using weakly guiding or adiabatic approximation [49].
However, these approximation are not valid for sharply bent
microfiber, which are usually high-index-contrast waveguides.
In practice, the strong optical confinement ability of the
microfiber limits the power leakage (0.14 dB/90◦) even for
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increased bending radius or index values. Also, the losses gen-
erated by the use of FBGs are proven to be in the order of
10% [50].

The stimulation of the cochlear neurons depends on the
number of photons emitted at the output of the OF [51].
When the received photons surpass a threshold, the neurons
are excited and an auditory brainstem response (ABR) is trig-
gered. In order to determine the amount of photons, we convert
the optical power of the optical signal that is emitted on the
cochlear neurons to the corresponding photon flux, Φ, which
can be expressed as [51]

Φ = λ
hc y4, (16)

where h and c denote the Plank’s constant and the speed of
light, respectively.

As indicated by the above analysis, the AOCI architecture
consists of only passive components; therefore, no-noise is
generated in the signal at the output of the OF. However, given
the photosensitive nature of the cochlear neurons and the fact
that a background fluorescence exists in the human body, a
photon-shot-noise is generated [52]–[56]. In more detail, the
background fluorescence that exists inside the human body is
generated by unlabeled cellular elements, as well as properly
and improperly targeted indicators received by the neurons.
In addition, it is represented by the rate of detected photons,
F0, in the absence of a transmission and combines fluores-
cence excitation, emission, and detection. The shot-noise arises
from the quantum nature of light and follows a Poisson dis-
tribution, since photons arrive at the neuron continuously and
independently. As a result, the additive noise follows a Poisson
distribution with mean B = F0τ , where τ is the neurons time
decay constant. The probability mass function (pmf) of the
photon-shot-noise can be obtained as [56]

pN (n) = B
n

n! e
−B , (17)

where n are the photons generated by the background fluo-
rescence. As a result, the photon flux signal model can be
written as

Y = Φ+ N , (18)

where Y and N represent the photon flux received by the
neurons and the background photon-shot-noise, respectively.

IV. A FEASIBILITY STUDY

In order to validate the feasibility of the AOCI and reveal
the appropriate values of the design parameters, we derive the
average photon flux.

Theorem 2: The average emitted photon flux can be evalu-
ated as in (19), shown at the bottom of this page.

Proof: Please refer to Appendix B.

From (19) it becomes evident that the average emit-
ted photon flux is dependent upon three terms, i.e.,
(xA0e

−(μα+μs)δ/λσ2s ), (Dω0/F )2 and (2/ω2
0 + 2/w2

eq +

1/2σ2s )
−1. The first one models the impact of the LS and the

transdermal channel. We observe the average emitted photon
flux increases with the transmission power, while it decreases
with the wavelength, the skin thickness and the misalignment
standard deviation. The second term contains the transmission
wavelength and the design parameters related to the coupling
of the light, i.e., OF mode field radius, CL focal length and
diameter. This term is proportional to Φ and has a more detri-
mental effect due to the fact that it is raised to the square.
However, it should be noted that the selection of the CL and
OF dimensions is bound by the geometry of the coupling phe-
nomenon. In other words, the selection of a higher diameter
CL does not ensure a higher emitted photon flux. Finally, due
to the last term, Φ increases with the OF mode field radius,
the misalignment standard deviation and the equivalent beam
radius.

However, after the successful excitation of a neuron, it
enters a relaxation period of duration τ . This behavior can
be modeled based on [56] and the received photon flux can
be evaluated as

Y1 = Φexp
(− t

τ

)
+ F0. (20)

In addition, when a signal is transmitted, the average pho-
ton flux of the signal plus the background noise is their time
integral, which can be expressed as

Y1 =

∫ τ

0
Y1dt = Φ

τ(e−1)
e + B . (21)

Notice that (21) is the link budget of the proposed architec-
ture and that the average received photon flux is proportional
to the average emitted photon flux and the neural relaxation
period. This indicates that the link budget is affected by the
characteristics of the optical devices, the transdermal chan-
nel path-loss and pointing errors, as well as the background
photon-shot-noise.

Although, Φ is a widely-accepted feasibility study metric,
due to the stochastic nature of the channel, it is unable to fully
quantify the performance of the AOCI. Motivated by this, we
defined three key-performance-indicators (KPIs), which assess
the successful neural stimulation (probability of hearing), the
unintentional neural stimulation (probability of false-hearing)
and the neural damage (probability of neural damage). To the
best of the authors knowledge, this work is one of the first
that provides an engineering perspective to the important topic
of CIs. As a consequence, there are no previously published
papers that define these KPIs.

Definition 1: The probability of hearing can be defined as

Ph = Pr (Y ≥ Yth), (22)

Φ =
kGchlλxA0

(
3.83

√
2Dω0

1.22λF

)2

2hcσ2
s

(
2
ω2
0
+ 2
w2
eq

+ 1
2σ2

s

) F (4)

⎡

⎣ -:::-; -; -; -:-; 1; -; 1; -; 1:-; -; -; -;
-:::-; -; -; -:-; -; -; -; -; -:2; 2; 1; 1;

-3.83
2D2ω2

0
1.222λ2F2 , -3.83

2D2ω2
0

1.222λ2F2 ,

1
ω2
0

2
ω2
0
+ 2
w2
eq

+ 1
2σ2

s

,

1
ω2
0

2
ω2
0
+ 2
w2
eq

+ 1
2σ2

s

⎤

⎦

(19)
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where Yth is the minimum required photon flux in order to
achieve neural excitation.

Definition 2: The probability of false-hearing is definde as
the probability to excite a neuron in the absence of transmitted
signal and can be evaluated as

Pm = Pr (N ≥ Yth). (23)

The following theorem returns a closed-form expression for
the probability of false-hearing.

Theorem 3: The false-hearing probability can be evalu-
ated as

Pm =
Γ(Yth+1,B)

Yth !
. (24)

Proof: From (23), we can rewrite the false-hearing proba-
bility as

Pm = FN (Yth), (25)

where FN is the cumulative density function (CDF) of N.
Since, N is a Poisson distributed random variable, its CDF
can be obtained as

FN (Yth) =
Γ(Yth+1,B)

Yth !
. (26)

From (25) and (26), we get (24). This concludes the proof.
Definition 3: The probability of neural damage is defined as

Pd = Pr (N ≥ Dth |ξ = 0) + Pr (Y ≥ Dth |ξ = 1), (27)

where Pr (N ≥ Dth |ξ = 0) and Pr (Y ≥ Dth |ξ = 1) are
the conditional probabilities that the instantaneous photon flux
surpasses the the maximum permissible exposure (MPE) for
the cochlear neurons, Dth , in the absence and presence of
optical signal, respectively. Additionally, ξε{0, 1} is a binary
variable that characterizes the absence (ξ = 0) and presence
(ξ = 1) of optical signal.

Notice that, in practice, N � Dth , hence, (27) can be
approximated as

Pd ≈ Pr (Y ≥ Dth). (28)

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we report numerical results, accompanied
by related discussions, which highlight the feasibility and
efficiency of the AOCI. In addition, insightful design guide-
lines for the BBs of the AOCI are extracted. Additionally, we
demonstrate and compare the theoretical results with Monte
Carlo simulations that verify the analytic framework. In the
following figures, the dashed-line specifies the minimum pho-
ton flux required for the excitation of the cochlear neurons [7].
In addition, we point out that based on [7], the highest LS opti-
cal transmission power, 200 mW, corresponds to irradiance
of approximately 12 mW/mm2 on the cochlear neurons and
56 mW/mm2 on the skin, which are below the respective MPE
limits (∼75 mW/mm2 and 500 mW/mm2) [57], [58]. Finally,
the simulation parameters are presented in Table I alongside
the corresponding symbols, values and references.

In Fig. 2, the average photon flux is depicted as a func-
tion of the skin thickness and the divergence angle for optical

TABLE I
SIMULATION PARAMETERS

Fig. 2. Average emitted photon flux vs skin thickness and LS divergence
angle, for optical transmission power of 20 mW.

transmission power of 20 mW. From this figure, it is evi-
dent that for a fixed divergence angle, the average emitted
photon flux increases as the skin thickness decreases. For
example, for divergence angle equal to 20◦, the average emit-
ted photon flux increases by approximately 44%, as the skin
thickness decreases from 8 to 6 mm. This is expected because
as the transmission distance increases, the amount of the
optical power captured by the implanted device decreases.
Additionally, a decrease in divergence angle, for the same
skin thickness, results in an increase in the emitted photon
flux. For instance, for a fixed skin thickness equal to 6 mm,
as the divergence angle decreases from 30◦ to 20◦, an 3%
increase of the emitted photons is observed. This increase
is anticipated because, for higher divergence angle values,
the amount of light guided far from the implanted device
increases. Finally, we highlight the fact that the path-loss has a
more detrimental effect on the AOCI performance, compared
to the non-concentration of the optical beam.

In Fig. 3, the average emitted photon flux is presented
as a function of the skin thickness and optical transmission
power. From this figure, it becomes obvious that, for a fixed
skin thickness, as the optical transmission power of the LS
decreases, the average emitted photon flux also decreases. For
instance, for a skin thickness set to 6 mm, as the optical
transmission power decreases from 20 to 10 mW, the average
emitted photon flux decreases approximately 49%. Meanwhile,
for the same optical transmission power as the skin thick-
ness increases, the number of the emitted photons decreases.
Likewise, this figure provides an illustration of the equilibrium
formed between the gain from increasing optical transmis-
sion power and the possible restrictions imposed on the AOCI
from the skin thickness. In other words, it indicates that for
patients with increased skin thickness, the AOCI should use
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Fig. 3. Average emitted photon flux vs skin thickness and optical transmission
power.

Fig. 4. Average emitted photon flux vs misalignment standard deviation, for
different values of skin thickness, and optical transmission power of 40 mW.

a higher power to achieve the same performance, in terms of
the average emitted photon flux.

In Fig. 4, the average emitted photon flux is illustrated
as a function of the misalignment standard deviation, for
different values of skin thickness and optical transmission
power of 40 mW. It is obvious that simulation and analytic
results coincide, which verifies the validity of the theoretical
framework. From this figure, we observe that for a certain
standard deviation of the pointing error, as the skin thick-
ness increases, the average emitted photon flux decreases. This
is expected because the transmission distance of the opti-
cal signal increases; thus, the channel attenuation is higher.
Moreover, for a fixed skin thickness, the average emitted pho-
ton flux is inversely proportional to the pointing error standard
deviation. For instance, for skin thickness equal to 6 mm, as
the pointing error standard deviation varies from 0.1 to 1 mm,
the average emitted photon flux decreases by approximately
98%, i.e., from 7.13×1015 to 1.03×1014 photons. It is impor-
tant to highlight that the misalignment between the LS and the
implanted device is the determining factor.

In Fig. 5, the average emitted photon flux is illustrated as
a function of the optical transmission power, for different val-
ues of the pointing errors standard deviation. As expected, for
a fixed pointing error standard deviation value, an increase
in the optical transmission power, results in increased num-
ber of emitted photons on the cochlear neurons. For example,

Fig. 5. Average emitted photon flux vs optical transmission power, for
different values of misalignment standard deviation.

Fig. 6. Average emitted photon flux vs misalignment standard deviation, for
different OF dimensions, and optical transmission power of 20 mW.

for a pointing errors standard deviation equal to 0.1 mm, as
the optical transmission power increases from 10 to 20 mW,
the average emitted photon flux clearly surpasses the excita-
tion limit of the cochlear neurons. This is of high significance
for the design of the AOCI because, on the one hand, the
effect of the pointing errors can be mitigated by increasing Pt

without surpassing the safe limits, while on the other hand,
the proposed architecture is proven capable of overcoming
the limitations that are entangled with the uniqueness of each
human organism. Additionally, it is worth-noting that, for a
fixed optical transmission power, an increase in the pointing
errors standard deviation results in a decrease of the average
emitted photon flux. For instance, for 20 mW optical transmis-
sion power, as the pointing errors standard deviation decreases
from 0.5 to 0.1 mm, the average emitted photon flux increases
by about 94%. However, for the same optical transmission
power, as the pointing errors standard deviation decreases from
0.05 to 0.01 mm, the average emitted photon flux increases by
45%. This fact highlights once more the detrimental effect of
the pointing errors on the performance of the AOCI and the
importance to mitigate it.

A possible solution for the mitigating the impact of the
pointing errors is provided by altering the characteristics of
the CL and the OF, as depicted in Fig. 6. In particular, in
Fig. 6, the average emitted photon flux is illustrated as a func-
tion of the pointing errors standard deviation, for different
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Fig. 7. Probability of hearing vs misalignment standard deviation and optical
transmission power.

CL and OF dimensions, and optical transmission power of
20 mW. The validity of the theoretical framework is verified
through the coincidence of the simulation and analytic results.
We observe that, for a specific CL and OF pair, as the point-
ing errors standard deviation increases, the emitted average
emitted photon flux decreases. However, for a fixed value of
pointing errors standard deviation, different characteristics of
the CL and OF can achieve different average emitted photon
flux performance. It is highlighted that, the selected values for
CLs and OFs, which are employed in this figure, have been
carefully selected in order to maintain the highest achievable
coupling efficiency, i.e., approximately 80%. In more detail, as
the pointing errors standard deviation increases, the impact of
the characteristics of the CL and the OF on the performance
of the system increases, as well. For instance, for mode field
radius of 0.1 and 1 mm and the corresponding characteris-
tics for the CL, the average emitted photon flux degrades
by approximately 99% and 67%, respectively, as the point-
ing errors standard deviation varies from 0.1 to 1 mm. This
observation reveals that it is possible to mitigate the impact of
the pointing errors on the AOCI’s performance by increasing
the mode field radius of the OF.

In Fig. 7, the probability of hearing is depicted as a func-
tion of the pointing errors standard deviation and the optical
transmission power. As expected, for a given pointing errors
standard deviation, the probability of hearing increases pro-
portionately to the optical transmission power. For example,
for pointing errors standard deviation of 10−1 mm, as the
optical transmission power varies from 20 to 120 mW, the
probability of hearing increased by about 36%. In addition,
for a fixed value of the optical transmission power, as the
pointing errors standard deviation decreases the probability
of hearing increases. For instance, for a optical transmission
power of 100 mW, as the pointing errors standard devia-
tion increases from 0.1 to 0.5 mm, the probability of hearing
decreases by approximately 93%. These observations highlight
the detrimental impact of the pointing errors on the systems
performance, which can me mitigated by altering the optical
components characteristics and increasing the optical trans-
mission power. Finally, from this figure it becomes noticeable
that for realistic values of the pointing errors standard devia-
tion (i.e., σs ≤ 0.05 mm), the AOCI achieves a probability of

Fig. 8. Probability of hearing and probability of neural damage vs optical
transmission power for different values of skin thickness, and misalignment
standard deviation of 0.05 mm.

hearing higher than 90% with an optical transmission power
in the order of 20 mW, while, according to (24), the proba-
bility of false-hearing is approximately zero. Note that CCIs
demand a significantly additional transmission power in order
to cover the needs of the implanted device, while the implanted
device of the AOCI is composed only from passive elements.
This indicates that the AOCI approach is a greener biomedical
device paradigm in comparison with the conventional ones.

Fig. 8 presents the probability of hearing and the probabil-
ity of neural damage as a function of the optical transmission
power for different skin thickness values. The dashed-line
specifies the MPE limit for the optical optical beam irradiance
incident on the skin [58]. Note that, the values of the opti-
cal transmission power on the horizontal axis are presented
in a logarithmic scale. We observe that for a specific skin
thickness, the probability of neural damage increases with the
optical transmission power, which is expected. Moreover, from
this figure it becomes evident that for a specific value of opti-
cal transmission power the acoustic nerve damage probability
is highly influenced by the skin thickness. For instance, for
optical transmission power of 2 W and skin thickness lower
than 7 mm, the damage of acoustic nerve is almost certain.
It is highlighted that the values of the optical transmission
power, for which the probability of neural damage is defined,
i.e., higher than 1 W, are extremely high. Moreover, the MPE
limit for the transdermal link is more strict than the probabil-
ity of neural damage; thus, it defines the safe dynamic range
of the AOCI system. In more detail, the dynamic range of
the AOCI is inversely proportional to the skin thickness, i.e.,
as the skin thickness increases, the dynamic range decreases.
For example, as skin thickness varies from 8 to 4 mm, the
dynamic range increases approximately 2%. Finally, from this
figure it is apparent that the proposed AOCI architecture is
safe for optogenetic applications.

VI. CONCLUSION

This paper was devoted on delivering an innovative AOCI
architecture and describing its BBs. Moreover, a system model
that incorporates its particularities, a link budget analysis that
theoretically verifies its feasibility, as well as the probabilities
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of hearing, false-hearing and neural damage, which quantify
its efficiency and safety for the human body, are presented.
The accuracy of the theoretical analysis was verified through
Monte Carlo simulations, which additionally revealed that the
AOCI outperforms CCIs in terms of energy consumption, and
constitutes a safe solution for a significant number of patients.
Finally, both the system model and theoretical framework are
expected to become the basic design tools of AOCIs.

APPENDIX A

If we assume that a Gaussian optical beam is focused on
a single-mode fiber core, the coupling efficiency is given by
[61, eq. (6)]

η =
|∫∞

0 A(ρ)M (ρ)dρ|2∫∞
0 |A(ρ)|2dρ , (29)

where, A(ρ) and M (ρ) can be expressed as [61, eq. (2)]

A(ρ) = πD2

2λF

J1

(
3.14ρD
λF

)

(
3.14ρD
λF

) , (30)

and

M (ρ) = 2
√
2πρ
ω0

exp
(
−ρ2+r2

ω2
0

)
I0

(
2ρr
ω2
0

)
. (31)

By substituting (30) and (31) into (29), the coupling effi-
ciency can be rewritten as follows

η =
∣
∣
∣2

√
2

ω0

∣
∣
∣
2
∣
∣
∣
∣

∫ ∞

0
J1

(
3.14ρD
λF

)
exp
(
−ρ2+r2

ω2
0

)
I0

(
2ρr
ω2
0

)
dρ

∣
∣
∣
∣
2

.

(32)

The coupling efficiency, from (32), can be written as follows

η =
∣
∣
∣2

√
2

ω0
exp
(
− r2

ω2
0

)∣∣
∣
2|I|2, (33)

where

I =

∫ ∞

0
J1

(
3.83×2ρD
1.22λF

)
exp
(
− ρ2

ω2
0

)
I0

(
2ρr
ω2
0

)
dρ. (34)

By employing [62, eq. (8.441/2)] and [62, eq. (8.447/1)], (34)
can be rewritten as

I =

∫ ∞

0

∞∑

m,n=0

exp
(
− ρ2

ω2
0

)

×
3.83ρD(−1)m

(
3.83×2ρD
1.22λF

)2m( ρr
ω2
0

)2n

1.22λF4mm!(m+1)!(n!)2
dρ, (35)

or equivalently

I =

∞∑

m,n=0

3.83D(−1)m
(
3.83×2D
1.22λF

)2m( 2r
ω2
0

)2n

1.22λF4m+nm!(m+1)!(n!)2
I1, (36)

with

I1 =

∫ ∞

0
ρ2m+2n+1 exp

(
− ρ2

ω2
0

)
dρ. (37)

Furthermore, by employing [62, eq. (2.33/10)], (37) can be
expressed as

I1= Γ(m+n+1)

2(ω−2
0 )

m+n+1 . (38)

Next, by substituting (38) into (36), the former can be
equivalently written as

I =
3.83Dω2

0
1.22×2λF

∞∑

m,n=0

(−1)m
(
3.83×2D
1.22λF

)2m( 2r
ω2
0

)2n

Γ(m+n+1)

(4ω−2
0 )

m+n
m!(m+1)!(n!)2

.

(39)

Moreover, by taking into account that Γ(m + n + 1) =
Γ(1)(1)m+n , (m + 1)! = Γ(m + 2) = (2)m , Γ(1) = 1, and
(n!)2 = Γ(1)(1)n , (39) can be expressed as

I =
3.83Dω2

0
1.22×2λF

∞∑

m,n=0

(1)m+n

(
−3.832D2ω2

0
1.222λ2F2

)m(
r2

ω2
0

)n

(1)n (2)mm!n!
. (40)

Notice that (40) is the fifth Humbert hypergeometric series
[21, eq. (7.2.4/10)]. Hence, (40) can be expressed as follows

I =
3.83Dω2

0
1.22×2λFΨ2

(
1; 2, 1;−3.832D2ω2

0
1.222λ2F2 ,

r2

ω2
0

)
. (41)

Finally, by substituting (41) into (33), the coupling effi-
ciency can be equivalently rewritten as in (14). This concludes
the proof.

APPENDIX B

The expected value of the photon flux with respect to the
misalignment fading can be evaluated as

Φ =

∫ ∞

0
Φ(r)fr (r)dr , (42)

or equivalently,

Φ =

∫ ∞

0
kη(r)Gchlhp(r)

λ
hc x

r
σ2
s
exp
(
− r2

2σ2
s

)
dr , (43)

where, only η and hp are affected by the pointing error, r. By
substituting (14) and (4) into (43), the average emitted photon
flux can be rewritten as

Φ = kGchl
λ
hc xA0

1
σ2
s

(
3.83

√
2Dω0

1.22λF

)2

×
∫ ∞

0
r exp

(
−2r2

ω2
0
− 2r2

w2
eq

− r2

2σ2
s

)
K (r)dr , (44)

where

K (r) =

( ∞∑

m=0

Cm

)2

, (45)

Cm =
∞∑

n=0

(1)m+n

(
−3.832D2ω2

0
1.222λ2F2

)m(
r2

ω2
0

)n

(1)n (2)mm!n!
. (46)

Moreover, (45) can be equivalently written as

K (r) =

∞∑

m,k=0

CmCk . (47)

By using (46), (47) can be expressed as

K (r) =

∞∑

m,k ,n,l=0

(1)m+n (1)k+l

(
−3.832D2ω2

0
1.222λ2F2

)m+k(
r2

ω2
0

)n+l

(1)n (2)m (1)l (2)km!n!k !l !
.

(48)
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Λ(r) = 1
2
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2
ω2
0
+ 2

w2
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+ 1
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s
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(51)
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1
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0
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0
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+ 1
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(52)

Next, by using (48), (19) can be rewritten as

Φ = kGchl
λ
hc xA0

1
σ2
s

(
3.83

√
2Dω0

1.22λF

)2
Λ(r), (49)

where

Λ(r) =
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m,k ,n,l=0

(1)m+n (1)k+l

(
−3.832D2ω2

0
1.222λ2F2

)m+k(
1
ω2
0

)n+l

(1)n (2)m (1)l (2)km!n!k !l !

×
∫ ∞

0
exp
(
−2r2

ω2
0
− 2r2

w2
eq

− r2

2σ2
s

)
r2(n+l)+1dr .

(50)

After performing the integration (50), can be equivalently writ-
ten as in (51), shown at the top of this page. Notice that,
according to [22, eq. (16)], (51) can be expressed in terms
of the general quadruple hypergeometric function as in (52),
given at the top of the page. Finally, by substituting (52)
into (49), the average emitted photon flux can be written as
in (19). This concludes the proof.
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