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Abstract: Transdermal optical wireless (TOW) communication links have recently gained particular
research and commercial attention as a viable alternative for establishing high speed and effective
implantable data transmissions, which is vital for a variety of neuroprosthetic and other medical
applications. However, the development of this optical telemetry modality with medical implanted
devices (IMDs) is adversely affected by skin-induced photon absorption, scattering and pointing
errors effects. Thus, in this work a minimum mean-square error (MMSE) criterion is proposed
for the estimation of the optical signal intensity in a typical TOW link of varying path loss
and misalignment-induced fading characteristics. In this context, the stochastic nature of the
transmitter–receiver misalignment has been considered and jointly modeled with transdermal path
loss. Additionally, the link is assumed to employ the suitable On–Off Keying (OOK) with intensity
modulation and direct detection scheme as well as a PIN photodiode at the receiver side for signal
detection. Under these assumptions the results demonstrate that the stochastic amount of pointing
mismatch strongly affects the received irradiance estimation.

Keywords: transdermal optical wireless (TOW) links; medical implanted devices (IMDs); minimum
mean-square error (MMSE) estimation; pointing errors

1. Introduction

Transdermal optical wireless communication refers to the point-to-point data transfer via light
between an in-body and an out-of-body device. As is the case with the well-known fiber-optic and
free-air optical communication systems, the use of modulated light waves as information bit carriers
leads to greatly increased high data rates along with low power consumption and extremely high
immunity to electromagnetic interference (EMI) [1–4]. Consequently, transdermal optical wireless
(TOW) biotelemetry is a very promising alternative to its radiofrequency (RF) and inductive coupling
counterparts which are currently used in most implantable communication systems [5–8]. In this
regard, TOW technology is a prime candidate especially for bandwidth-hungry medical applications
which require high speed and secure transdermal data transfer, including mainly communication with
cochlear implants, visual prostheses, recording of neural signal and cortical signal processing [6–19].
Specifically, authors in [9] proposed a compact photocoupler-like TOW system which makes it possible
to control prostheses by use of biopotentials inside the body. For advanced neuroprosthetic applications
requiring very high speed and real-time data transmissions in order to achieve natural-feeling prosthetic
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control, i.e., complex and precise movement control that involves real-time neural sensing on cortical
tissues or peripheral nerves, authors in [5] established a robust TOW telemetric link capable of
transmitting up to 16 Mb/s through a skin sample of 4 mm while consuming a maximum power of
10 mW. Additionally, for neural cortical signal recording, authors in [6–8] presented a 50-Mbps TOW
link through 4-mm porcine skin tissue where up to 100 channels can be simultaneously recorded and a
TOW telemetric link operating as the interface between an implanted cortical array and an out-of-body
receiver achieving 100 Mb/s through a 2.5-mm-thick perfused tissue in vivo on an anesthetized sheep,
while requiring 4.1 mW and 2.1 mW of electrical power, respectively. In fact, the feasibility of TOW
communication has been experimentally validated in [1,4–8,14]. What these papers have in common is
the operation with appropriate wavelengths within the optical tissue window, i.e., between 600 and
1300 nm, as an attempt to minimize photon absorption inside skin [6,15], as well as the use of On–Off

Keying (OOK) modulation formats, while pointing errors have been considered either as a deterministic
effect or as a negligible one. Lately, authors in [16–19] and more recently authors in [20–22] evaluated
the stochastic nature of pointing errors which arise from the realistic relative motion between the
transmitter and the receiver terminals along with the transdermal path loss. Their results demonstrate
that pointing errors can significantly aggravate the already important TOW performance degradation
due to skin-induced attenuation, even within the optical tissue window [13,14]. Moreover, while OOK
with intensity modulation/direct detection (IM/DD) is the most feasible modulation scheme mainly
due to its simplicity, it requires the detector threshold estimation and adjustment according to each of
the respective varying fading channel states [21,23–25].

Under these circumstances, it becomes evident that in order to achieve optimum signal detection,
a priori knowledge of signal intensity is required and hence, the need of signal estimation. Thus, it is
wise to estimate the received signal intensity which attenuates traversing the skin-channel and randomly
fluctuates due to misalignment-induced fading. To the best of the authors’ knowledge, although
signal estimation has been reported in the traditional literature of free-air communication [26–31],
there isnot any relative work for the emerging TOW communications [26]. Motivated by the latter
and the above, the minimum mean-square error (MMSE) principle is proposed for the estimation
of optical signal intensity in typical direct TOW communication links impaired by stochastic
misalignment-induced fading.

2. Estimator and Channel Model

At the transmitter’s side, the out-of-body unit is assumed to consist of a data capturing unit which
converts external stimulations into electrical signals followed by a digital signal processing (DSP) unit
which digitizes and compresses data into OOK-modulated signals through an optical laser source.
After traversing the skin channel, these data modulated with OOK light signals are collected through a
PIN photodiode at the implanted receiver’s side which comprises, in turn, a DSP and a stimulation unit
(STM) which generate the appropriate nerve stimulations [16–21]. Considering thus a direct-detection
receiver along with shot noise-limited conditions, the optimum receiver architecture for detection of
modulated signals is based on photon counting process to render a proper decision concerning the
transmitted data symbols [26]. The block diagram of the whole TOW system appears in Figure 1.
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Figure 1. Block diagram of the investigated transdermal optical wireless (TOW) system.

Under these conditions, a slow-varying skin channel is assumed, where the optical signal intensity
is considered to be constant for a large number of data symbols. Specifically, the observation interval
for estimating the signal intensity is l symbol interval long and consequently, the signal intensity is
considered to remain constant over l symbol intervals.

Additionally, it is well known that MMSE estimation minimizes the MSE which is a common
metric of estimator quality [31]. The MMSE estimator of signal intensity based on random variable
n is the conditional E[K|n] where K is the signal intensity of the field in photons which is directly
proportional to the optical signal intensity arriving at the receiver side and n is the signal photon
count at the receiver side over a symbol interval [26]. In this respect, when n = [n1, n2, . . . , nl] is the
observable vector of signal photon counts, observed over l symbol intervals, the estimator is E[K|n]
with the probability density function (PDF) of the random variable K conditioned on n being [23,26]:

fK(K |n ) =
fn(n|K ) fK(K)

fn(n)
, (1)

where fn(n|K ) =
m∏

i=1
fni(ni|K ) is the product of independent densities which can be expressed as [23,26]:

fni(ni|K ) =
Kni exp(−K)

ni!
, i = 1, 2, . . . , l, (2)

with the above individual densities, fni(ni|K ), being Poisson distributed for deterministic signal
intensity [23,26]:

fn(n|K ) =
K(n1+n2+...+nl) exp(−Kl)

n1! n2! . . . nl!
. (3)

For the TOW link under consideration we obtain [16–21]:

K = KaKp, (4)
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where Ka is the deterministic channel coefficient due to skin-induced attenuation and Kp denotes the
stochastic process that models the geometric spread due to pointing errors [16–21].

With regard to pointing errors, by assuming that the elevation and the horizontal displacement
follow independent and identical Gaussian distributions [32,33], the radial displacement at the receiver
side should follow a Rayleigh distribution. Consequently, the PDF of the random variable Kp can be
expressed as [17,22,34]:

fKp

(
Kp

)
= ψ2A−ψ

2

0 Kψ
2
−1

p , 0 ≤ Kp ≤ A0, (5)

where ψ = weq/2σ describes pointing errors strength with weq denoting the equivalent beam radius
in the internal detector aperture and σ representing the corresponding pointing error displacement,
i.e., spatial jitter. Generally, larger ψ parameter values correspond to stronger misalignment-induced

fading [20,34]. Additionally, weq =
[√
πerf(v)w2

δ/2v exp(−v2)
]1/2

, where erf(.) denotes the error

function (Equation (8.250.1) in Ref. [35]), and v =
√
πr/
√

2wδ with r being the radius of the circular
receiver aperture and A0 = erf2(v) being the fraction of the collected power at r = 0, respectively [20,34].
Moreover, wδ which is obtained as [18]

wδ = δ tan(θ/2), (6)

represents the beam waist on the receiver plane at a propagating transdermal distance δ,
which practically corresponds to skin thickness, considering the transmitter divergence angle θ [16].

Therefore, by using Equations (4) and (5) and the standard technique of random variables (RV)
transformation [36], the PDF of the signal intensity is obtained:

fK(K) = ψ2A−ψ
2

0 K−ψ
2

a Kψ
2
−1, 0 ≤ K ≤ A0Ka. (7)

Here, it should be recalled that Ka = exp
[
−

1
2α(λ)δ

]
where α(λ) is the wavelength-dependent skin

attenuation coefficient [17,19].
According to MMSE criterion, the above signal intensity can be estimated as below:

E[K |n ] =

∞∫
0

K fK(K |n )dK =

∞∫
0

K fn(n|K )dK

fn(n)
, (8)

where the PDF of random process n is expressed as:

fn(n) =

∞∫
0

fn(n|K ) fK(K) dK. (9)

Therefore, by substituting Equation (9) into (8), the latter can be written as:

E[K |n ] =

∞∫
0

K fn(n|K )dK

∞∫
0

fn(n|K ) fK(K) dK
. (10)
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Next, by substituting (3) and (7) into (10) and after some algebraic manipulations we get:

E[K |n ] =

∞∫
0

Kn1+n2+...+nlKψ
2

exp(−Kl) dK

∞∫
0

Kn1+n2+...+nlKψ2−1 exp(−Kl) dK
. (11)

Assuming one observation, i.e., by setting l = 1, the latter expression (11), reduces to:

E[K|n1 ] =

∞∫
0

Kn1+ψ
2

exp(−K)dK

∞∫
0

Kn1+ψ2−1 exp(−K) dK
. (12)

By expressing the exponential terms in (12) in form of Meijer’s G-function (Equation (8.4.3/1) in

Ref. [37]), i.e.,exp(−z) = G1,0
0,1

[
z

∣∣∣∣∣∣ −0
]
, we get:

E[K|n1 ] =

∞∫
0

Kn1+ψ
2
G1,0

0,1

[
K

∣∣∣∣∣∣ −0
]
dK

∞∫
0

Kn1+ψ2−1G1,0
0,1

[
K

∣∣∣∣∣∣ −0
]

dK

. (13)

Then, by using (Equation (07.34.21.0009.01) in Ref. [38]), in order to calculate the integrals above
and after some algebra, we conclude that:

E[K|n1 ] =
Γ
(
n1 +ψ2 + 1

)
Γ(n1 +ψ2)

, (14)

where Γ(.) denotes the gamma function (Equation (8.310.1) in Ref. [35]).
By extending the approach above, the estimated signal intensity for l observations can be

correspondingly obtained as

E[K |n ] =
l−1 Γ

(
l∑

i=1
ni +ψ2 + 1

)
Γ
(

l∑
i=1

ni +ψ2

) =
l−1 Γ

(
N +ψ2 + 1

)
Γ(N +ψ2)

. (15)

where N = n1 + n2 + . . .+ nN. Note that when l = 1, we observe that (15) reduces to (14) as it should.

3. Analytical Results

In this section we evaluate the received signal intensity through the proposed MMSE estimator
via Equations (14) and (15) over a wide area of typical signal photon count values along with
negligible-to-very-strong stochastic pointing errors. Without loss of generality, it is initially assumed
that the estimated signal intensity is extracted for one observation, i.e., l = 1. The photon count values
as well as pointing errors strength are determined by skin channels’ and other links’ characteristics.
Specifically, the divergence angle, θ, is fixed at 20◦, while the link is assumed to operate with optical
wavelength, λ, equal to 1100 nm. It should be noted that this selected wavelength value has been
proven to be in [17,18] the optimal transmission wavelength within the medical optical window,
i.e., between 700 and 1300 nm, where the highest tissue transmittance for the propagating light can be
achieved [5,6]. Thus, the optical wavelength of 1100 nm has been selected on purpose, in an attempt to
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collect the maximum feasible number of transmitted photons at the receiver side. Moreover, transmitter
and receiver apertures, r, are assumed to be equal to 0.5 mm. Additionally, the skin thickness, δ, of the
TOW channel is set to be equal to 4 mm, 5 mm or 6 mm. In both cases, the corresponding beam waist,
wδ, can be calculated through Equation (6). Consequently, pointing errors effects can be evaluated
by assuming varying spatial jitter values. According to ψ = weq/2σ, higher values of σ correspond
to lower values of ψ which, as mentioned above, indicate stronger pointing errors. In this context,
when σ→∞ , pointing error effect can be considered as strong as possible, which implies that the
beam center cannot coincide at all with the center of the implanted PIN receiver aperture.

Figure 2 illustrates the estimated signal intensity evolution via MMSE criterion from negligible to
strong amounts of pointing mismatch between external transmitter and implanted receiver terminals
when the TOW link length is assumed to be equal to 5 mm. It is revealed that stochastic pointing
error strength increments significantly degrade the estimated signal intensity arriving at the receiver
side. Additionally, as it was expected, the estimated signal intensity is enhanced as the number of
propagating photons increases at the receiver side. Specifically, the optimum case in Figure 2 is for
(δ, σ/r,ψ) = (5 mm, 1.0, 3.28), i.e., when jitter variance at the internal receiver is getting its lower
value. Furthermore, since (δ, σ/r,ψ) = (5 mm, 2.5, 1.31) corresponds to a very strong realistic jitter
value, it comes closest to the curve with the maximum theoretical jitter value, i.e., σ→∞ . The latter
demonstrates that the proposed MMSE estimator is suitable for the estimation of the intensity of the
signal arriving at the non-perfectly aligned receiver terminal after traversing the skin channel. In this
respect, MMSE estimator could be useful to estimate and correct misalignment-induced fading in a
typical TOW link.

Figure 2. Estimated signal intensity in case of weak, moderate and strong stochastic pointing errors for
dermis thickness δ = 5 mm.

Figure 3 depicts quantitatively similar behavior to Figure 2, although it provides improved
corresponding signal intensity results compared to Figure 2. This is because, in the case of Figure 3,
the examined TOW link is assumed to be greater than 1mm in length, i.e., equal to 6 mm. Specifically,
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according to Equation (6), by increasing the transdermal propagating distance, δ, we obtain an
increased beam waist on the receiver plane for a fixed transmitter divergence angle, which according to
ψ = weq/2σ, in turn, translates into a weaker amount of pointing mismatch for the same jitter variance
values. Indeed, the optimum case in Figure 3 outperforms its corresponding case in Figure 2 since,
as mentioned above, the latter describes the scenario for (δ, σ/r,ψ) = (5 mm, 2.5, 1.31), while Figure 3
describes the case of (δ, σ/r,ψ) = (6 mm, 1.0, 3.92) where the impact of pointing errors is practically
getting weaker due to the increased geometric spread of the optical beam inside the skin. The latter
behavior of pointing errors for different transdermal distances is consistent with findings in [16–19].
Additionally, it is highlighted that the variation just of 1 mm between TOW link lengths can be a critical
issue for the total TOW performance and availability. This is also consistent with findings in many
previous works including [5,7,12,13]. Therefore, the proposed MMSE estimator seems to be helpful for
the design of typical TOW links.

Figure 3. Estimated signal intensity in case of negligible, weak, moderate and strong stochastic pointing
errors for dermis thickness δ = 6 mm.

Figure 4 illustrates the estimated signal intensity evolution when multiple observations have been
performed over a wide range of pointing-errors effect strengths. The transdermal link distance is equal
to 4 mm, while the operating optical wavelength and the number of photos is fixed at 1100 nm and 60,
respectively. As it was expected, we can observe increased estimated values as the observation interval
is limited to fewer symbols and pointing errors are getting weaker. The latter behavior is quantitatively
in a good agreement with findings in Refs. [26–28] which refer, however, to free-air links.
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Figure 4. Estimated signal intensity in case of weak-to-strong stochastic pointing errors for dermis
thickness δ = 4 mm, N = 60, and l = 5, 10 or 20 symbols.

4. Discussion

TOW communication links for telemetry with medical implants are necessary for numerous
crucial medical applications. However, apart from the deterministic impact of transdermal path
loss, the stochastic misalignment-induced fading can also significantly degrade TOW performance
and availability. Thus, the stochastic impact of pointing errors should be estimated in order to be
counterbalanced. Bearing in mind that although the feasibility of TOW links with OOK has been
demonstrated, (e.g., in [1,6] there is not any kind of TOW signal estimation which has been reported
so far and little attention has been paid to the stochastic pointing error impact) in this work an
estimator based on MMSE principle has been proposed for the estimation of the in-body received
signal intensity for typical TOW link configurations with OOK, PIN-based optical receiver, under the
presence of weak-to-extremely-strong stochastic pointing errors. Our findings demonstrate that the
significant impact of stochastic pointing errors on the received signal intensity can be estimated through
the relatively low computational complexity of the analysis proposed. In this context, the compact
mathematical expressions derived along with the proper analytical results presented, reveal that our
suggestion can be a useful tool for the estimation of stochastic pointing errors impact on the received
signal intensity and thus, for the design and the establishment of typical TOW communication links
for telemetry with medical implants. The analytical results presented demonstrate acceptable signal
intensity estimated values for the proper operation of the examined TOW link configurations over a
wide range of stochastic pointing errors strength. In fact, for typical skin thicknesses, the obtained
analytical results are significantly improved as the number of photons arriving at the receiver side
increases and as pointing error effects are getting weaker. Moreover, the provided analytical results are
consistent with the expected fact that pointing error effects of up to 6mm skin thicknesses dominate
skin-induced attenuation and thus, by increasing the transdermal distance within this typical skin
thickness range, we obtain enhanced signal intensity estimated values since the beam footprint at the
receiver aperture plane is getting larger, i.e., pointing errors are getting weaker. It is important to note,
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however, that the proposed MMSE estimator needs the knowledge of the joint statistical distribution
including pointing errors. Thus, further future studies should focus on more sophisticated criteria.

5. Conclusions

In this work, we have first introduced a signal estimator motivated by MMSE principle for
a PIN-based in-body receiver TOW link configuration operating with an IM/DD OOK signaling
technique along with the presence of transdermal path losses and stochastic pointing errors. Bearing
in mind that for optimal OOK demodulation, which is so far the only commercially viable signaling
technique in the new emerging field of TOW communications mainly due to its simplicity, the receiver
requires the knowledge of the instantaneous channel state; it becomes evident that the estimation
of the corresponding irradiance of the signal arriving at the receiver side is a critical step for the
design and the deployment of TOW communication links. In this context, compact mathematical
expressions have been extracted for the estimation of the received irradiance under weak-to-strong
misalignment-induced fading modeled through the suitable Rayleigh distribution. Their analytical
results mainly demonstrate that the significant impact of stochastic pointing errors can be revealed and
estimated through the proposed MMSE estimator over a wide misalignment-induced fading range
and typical skin-channel thicknesses.

The main advantage of this method is its simplicity in comparison with other methods, such as
quantifying the signal-to-noise ratio (SNR). Thus, especially when the received intensity threshold,
i.e., sensitivity limit, is known, by using the proposed method we do not need to resort to more complex
and cumbersome estimations. Nevertheless, based on the proposed estimator, it is a good idea for the
future work to extend the signal estimation in terms of other significant performance metrics such as
the SNR or the bit error rate (BER).
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