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ABSTRACT

This study examined the propagation characteristics of partially coherent pin-like optical (PCPO) vortex beams
carrying orbital angular momentum (OAM) within turbulent biological tissues. The objective of this study was to
assess the potential of these nanoparticles for deep-tissue optical communication and imaging. By incorporating
the biological tissue turbulence spectrum into the analytical framework, we extended the established analytical
expressions that describe the evolution of the OAM mode spectrum, spiral spectrum, and channel capacity of
PCPO beams in inhomogeneous biological media, which were modeled using fractal-based turbulence power
spectra. Numerical simulations were conducted for several representative tissues, including the upper dermis,
deep dermis, liver parenchyma, and intestinal epithelium, to assess the impact of tissue heterogeneity parame-
ters, spatial coherence length, and topological charge on beam stability. The findings indicate that the probability
of OAM detection diminishes with propagation distance and increasing topological charge, whereas a greater
spatial coherence length and larger characteristic heterogeneity length enhance the channel capacity. Biological
tissues with higher fractal dimensions and lower correlation lengths exhibit more pronounced turbulence-induced
degradation. When the coherence length exceeds approximately 10 um, the detection probability becomes nearly
invariant with distance, suggesting a regime of enhanced robustness. These results provide quantitative insights
into the feasibility and limitations of employing partially coherent OAM beams for optical information transfer in
biological tissues and offer theoretical guidance for designing OAM-based biomedical photonic systems.
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1. INTRODUCTION

refractive-index fluctuations[8—10]. Concurrently, biologi-
cal tissues are increasingly recognized as highly inhomo-

Optical vortex beams, distinguished by their helical wave-
fronts and well-defined orbital angular momentum (OAM),
have garnered increasing interest for applications in op-
tical communication, imaging, micromanipulation, and
information encoding [1-5]. Their distinctive phase struc-
ture facilitates the multiplexing of OAM modes, thereby
offering high-capacity communication channels and en-
hanced spatial resolution in optical systems[1, 6, 7]. Re-
cently, the propagation of vortex beams in complex scat-
tering environments, such as atmospheric turbulence
and random media, has become a focal point of re-
search owing to the significant distortions caused by

geneous, weakly turbulent optical media, where internal
microstructures, including variations in the refractive in-
dex, heterogeneity, and fractal geometry, substantially
disrupt coherent beams[11-13]. These refractive-index
fluctuations originate from cellular organization, extra-
cellular structures, and dynamic biological processes,
rendering biological tissues a challenging yet pertinent
environment for optical beam propagation studies[14].

Understanding the performance of structured light in
such media is crucial for advancing deep-tissue imaging,
optical sensing, and biomedical photonic communica-
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tion systems[15, 16]. Previous studies have explored
the behavior of vortex and partially coherent beams in
random or turbulent media, including oceanic turbulence,
atmospheric channels, and weak biological scattering
models[1, 17-19].

However, most prior research has focused either on fully
coherent vortex beams or on classical partially coherent
sources. Moreover, biological tissues exhibit unique tur-
bulence characteristics, such as short correlation lengths,
strong scattering coefficients, and fractal heterogene-
ity, which differ significantly from the atmospheric or
oceanic turbulence models typically employed in OAM
research[20]. This gap is even more pronounced given
the growing interest in OAM-enabled biomedical imag-
ing, deep-tissue communication, and optical diagnostic
systems. Research on the propagation characteristics
of partially coherent pin-like vortex beams has primarily
focused on atmospheric and oceanic turbulence, with
limited studies on their behavior in biological tissues. Bi-
ological tissues have unique refractive index fluctuations
and scattering mechanisms that can affect coherence,
beam confinement, and stability. This study aims to ex-
tend the analysis of these beams to turbulent biological
environments, offering insights into their behavior under
conditions relevant to biological optics by theoretically
examining how tissue-induced fluctuations impact their
spatial and coherence properties. To the best of our
knowledge, no prior study has systematically analyzed
the propagation characteristics, OAM mode evolution,
and channel capacity of partially coherent pin-like optical
(PCPO) vortex beams in turbulent biological tissue. This
represents a critical gap in the literature, and address-
ing it is essential for advancing OAM-based photonic
techniques in clinical and biological environments. In
this study, we extended the established analytical for-
mulations for the channel capacity, detection probability,
and spatial spectrum to investigate the OAM probabil-
ity density and propagation characteristics of partially
coherent pin-like vortex beams in turbulent biological tis-
sues. The focus is on applying these formulations to
a biological-tissue turbulence model. By employing the
OAM probability density diffraction integral and incorpo-
rating a realistic refractive index fluctuation model for
biological media, we investigated how spatial coherence,
topological charge, tissue fractal dimension, heterogene-
ity length, and turbulence strength influence beam sta-
bility. Numerical simulations of several representative
tissues, including the upper dermis, deep dermis, liver
parenchyma, and intestinal epithelium, provide new phys-
ical insights into the feasibility and limitations of using
OAM beams for optical communication and sensing in
biological environments.

2. THEORETICAL FRAMEWORK OF

PCPO VORTEX BEAMS IN TURBU-
LENT BIOLOGICAL TISSUES

At a distance z in free space, the complex amplitude of
PO vortex beams can be expressed as[21]

Efree(r,2) = ] % Z[0(2)] Jug [k7 (5727 1)ﬁ}
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x(8yz2) 77 exp {i] kZLZ + k(’Yz’Y ) (52722’7)sz
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where r = (r,6) with the radial position in the source
plane and 0 is the azimuthal angle, k = 27” is the wave
number with wavelength A, J,,(x) denotes the Bessel
function of the first kind of order ng that represents the
topological charge, -y refers to the phase modulation
power, ranging from 0 to 2, ny denotes the orbital angular
momentum (OAM) mode number, {[p(z)] is the initial

1
amplitude modulation function, p(z) = (6z)?" where
o= C—’; and C, is defined as the phase scaling parameter,

w

which is not restricted to a specific value, and w, is the
phase normalization factor. For the steady state, the
analytic peak intensity function I(z) = I.
Consequently, for the steady state, the analytic peak
intensity function I(z) = I. where r represents the radial
position in the source plane, and 6 is the azimuthal angle.
k= 27” is the wave number, where A is the wavelength,
Jn(x) denotes the Bessel function of the first kind of or-
der n.ng denotes the orbital angular momentum (OAM)
mode number, - is the phase modulation power, ranging
from 0 to 2. Since Eq. Eq. (1) governs the radial field
distribution and, in turn, the degree of spatial localization,
it is easy to understand how the beam characteristics de-
pend on the parameter y . A stronger field confinement
and a more localized pin-like intensity profile result from
smaller values of . However, an increase in -y broad-
ens the effective transverse distribution and encourages
propagation characteristics similar to Bessel-type beams,
such as enhanced reconstruction (self-healing) capabil-
ity and improved resistance to diffraction [12]. Further-
more, {[p(z)] is the initial amplitude modulation function,

p(z) = (572)237, 5= % C, is defined as the phase-
scaling parameter, whicﬁq is not restricted to a specific
value, and w, is the phase normalization factor[21].
According to the Rytov approximation, the complex
amplitude of PCPO vortex beams after propagating a
distance z through biological media can be described
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as[17]
E(r,z) = Efree(r,2) explip(r) +9(r,2)],  (3)

where (r) accounts for the stochastic phase modu-
lation from the phase diffuser, and ¢ (r,z) models the
complex random phase perturbation arising from biologi-
cal tissues as the wave propagates. Assuming that the
statistics of the biological tissue medium and the par-
tially coherent source are uncorrelated, the second-order
cross-spectral density function of PCPO vortex beams
can be written as[17]

W(r,v',z) = (E(r,z) E*(v',2)) 15
= Efree(,2) Efyee (1, 2)
x (explig(r,z) +¢*(v',2)] )7
x u(r, 7).

(4)

where ¥ = (r,0’) is the transverse coordinate in polar
form, and u(r,’) denotes the spatial coherence function
(or spectral degree of coherence) at the source plane
given by [18]

p(rr) = (explip(r) —ip(r))s
2 2 !
— exp C2rt—2r ;;)S(QQ) 5

Here, ps characterizes the spatial coherence length of the
partially coherent beam at the source plane. Using the
quadratic approximation of the wave structure function,
the second term on the right-hand side of Eq. (4) is
obtained as[12]

(exply(r,z) +¢"(r,2)])

~ exp| — I 7r/|2
05

2 2 /
_ exp[—2r —2r C;)S(G—G):| . ®)
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where the asterisk (*) denotes complex conjugation.
The parameter p, represents the coherence length of a
spherical wave propagating through biologically turbu-
lence, and it is computed as follows[19]

7.[2 ) -1/2
00 = [? KL /0 K3 q)ﬂ(K)dK:| . (7)

The coherence length p, is obtained based on the tis-
sue’s power spectral density that is given as[22]

SIZT(D¢/2)
73/220-Dr)/2 (1 4 2 12)Dr /2

K2 12
X exp <_8 anZ) , (8)

where S refers to the strength coefficient of the
refractive-index fluctuations, x denotes the spatial fre-
quency, I'(-) is the Gamma function, I, is the correlation
length, Iy denotes the inner (small-scale) length parame-
ter, and Dy corresponds to the fractal dimension charac-

‘Dy(K) =

terizing the tissue structure.
By substituting Eqg. (8) into Eq.(7) and performing
the integration, the coherence length is obtained as fol-

lows[20]:
VT o Dy 5
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where U(-) refers to the confluent hypergeometric
function of the second kind. During propagation through
turbulent biological tissues, beam energy is redistributed
across various OAM modes owing to fluctuations in the
turbulent refractive index, leading to the generation of
OAM crosstalk.

The complex amplitude of the PCPO vortex beams
transmitted through turbulent biological tissues can be
expressed as the superposition of an infinite series of
helical harmonic fundamental modes[12]:

Po =

NI—

1 i
E(r,z) = — a,(r,z) exp(ind), 10
(2) = = ¥ an(nz)exp(ing), (10
where the expression for the superposition coefficient
ay(r,z) is given by

ay(r,z) (¥, z) exp(—ind) db. (11)

7 E

By performing the turbulence ensemble average of
the above equation, the OAM probability density for the
PCPO vortex beams can be derived as

Zn/ZH/ZNErZ r2))Ts

exp [in(6 —0')] d6de’.  (12)

(lan(r,z)

By substituting Eq. (4) into Eqg. (12) and utilizing the
corresponding integral relation

27T
| explimpr + peos(gy — g2)dgn

= 2mrexp(—im¢s) Ln(B), (13)

the final expression for the OAM probability density of
PCPO vortex beams in turbulent biological tissues is
thereby obtained as

(lan(r,2)?) =

k
2l T o)

2
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wherel, () represents the modified Bessel function
of the first kind of order n, and py is the effective spatial
coherence length in turbulent biological tissues that can

2
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be given as
2 -1/2
po=po|1+=3 . (15)
05
The integral of the OAM probability density over the
radial extent of the receiving aperture R is the spiral
harmonic energy at the receiving plane that corresponds
to each OAM mode[12, 20]:
R

On(z) = zn/()7<|an(r,z)\2>rdr. (16)

The ratio of the spiral harmonic energy of OAM mode
n to the total spiral harmonic energy at the receiving
plane defines the spiral phase spectrum of the OAM
mode n of the PCPO vortex beams. This ratio can be
expressed mathematically as[12, 20]

Qu(z)

Plalno) Y Qu(z)
Here, ng indicates the initial OAM mode index of the
pin-like vortex beam, whereas n represents the analyzed
OAM mode after passing through the turbulent biological
tissue. The OAM probability P(n) is calculated from the
normalized modal spectrum, ensuring that each mode’s
contribution is divided by the total intensity for the proba-
bility normalization. The quantity }; Q;(z) is computed
numerically using the analytical model for each propaga-
tion distance z.

When n = ng, P(n | ny) is the probability of correctly
detecting the transmitted OAM mode n, at the receiv-
ing plane. Using the OAM mode transmission model
for PCPO vortex beam transmission through turbulent
biological tissues, the channel capacity of the OAM link
employing PCPO vortex beam transmission can be eval-
uated.

(17)

The channel capacity can be computed as follows
[12]:

c — max [H(n) — H(no|n)]
— maxp(uy) [~ Ly Plg) 10g P(119)

+ L Lo P(n0)P(nlo) log = GHESES | (18)

where H(ny) is the entropy of the information source and
H(ng | n) is the conditional entropy given the received
mode 7. The number of channels is N = n; + 1. P(np),
and the probability of emitting the OAM mode ng is P ().
ng is the topological charge of the signal OAM mode,
which varies from 0 to n;.

3. NUMERICAL RESULTS AND DISCUS-
SIONS

Based on Egs. Eq. (17) and Eq. (18), numerical calcula-
tions were performed to analyze OAM detection probabil-
ity and channel capacity of the PCPO vortex beam prop-
agated in turbulent biological tissues. The analysis uti-

lizes the Rytov approximation, which is valid under weak
refractive index fluctuations and scattering conditions.
Given that biological tissues display minor refractive in-
dex variations, the selected values adhere to this weak-
fluctuation regime, ensuring limited phase perturbations.
This allows an accurate beam propagation description
through the Rytov approximation, consistent with prior
studies on weakly scattering biological media and the the-
oretical conditions necessary for such analysis [23]. The
parameters were set as follows: A = 0.6328u m, v = 1.5,
wp =1,Cp=>595nm, ny =1, and p; = 10y m, unless
specified otherwise. The chosen tissue samples are the
liver parenchyma (mouse), intestinal epithelium (mouse),
upper dermis (human), and deep dermis (mouse) tissue
types, the values for D are 2.60, 2.67, 2.67, and 2.72,
the values for I, are 10.24, 11.48, 5.24, and 5.29 um, re-
spectively, S =1 x 107%,1p = 1.0 um , and L = z. In our
simulation, upper dermis (human) tissue was used, and
since the values of the phase modulation power parame-
ter v are 0.5, 1, and 1.5, we will suffice with studying the
effect of v with values 0.5 and 1.5, because 1 and 1.5
are close in their effect, but the effects of 0.5 and 1.5 are
different [12].

Fig. 1 shows the spiral spectrum for PCPO vortex
beams through turbulent biological tissues at z = 50 ym
for different values of the OAM mode n with two differ-
ent values of spatial coherence length parameter p; and
different phase modulation power y. From this figure, it
is evident that when v = 1 and 1.5, the behavior of the
spiral spectrum is identical when n = n for two values
of the spatial coherence length parameter p; = 1 and
10, as shown in columns 1 and 2. However, in column
3, we notice the highest value of the spiral spectrum
when n = ny = 0 and the spiral spectrum decreases
as n = ng increases when v = 0.5. Additionally, we
find that as the spiral spectrum maxima when the de-
tected mode index n = ny, decreases for n # ngy. This is
the classic signature of OAM crosstalk caused by scat-
tering effects. The central peak shows the power that
remains in the transmitted mode, while the symmetric
sidebands (n = ng £ 1, nyp £2,...) reveal coupling into
neighboring modes owing to tissue-induced phase per-
turbations. These sidebands directly indicate turbulence
scrambling the helical phase exp(“ingf). The spectrum
width reflects the crosstalk severity: a narrower spread
indicates stronger OAM preservation. Effect of Spatial
Coherence Length po: A larger source coherence length
boosts the peak at ny, showing how intrinsic coherence
interacts with tissue turbulence. A highly coherent beam
(large pp ) maintains a stable phase front, which helps
prevent beam scattering. In this case, the effective co-
herence length gy ~ pg, and turbulence dominated the
degradation. For a low-coherence beam, g, becomes
much smaller, meaning that the beam’s own phase ran-
domness amplifies turbulence effects, broadening the
spectrum and reducing the main peak. Furthermore, it
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Figure 1. The spiral spectrum of PCPO vortex beams propagating through turbulent biological tissues at a depth of z = 50 um
is analyzed for the OAM mode n and three values of : (a, d) v = 1.5, (b, €) v = 1, and (c, f) v = 0.5 at two different spatial
coherence length parameter values: (a, b, ¢) ps = 1 and (d, e, f) ps = 10 um.

can be inferred that, for dependence on the OAM mode
n and the OAM mode number ny, the spiral spectrum
power increases for equal the OAM mode n and the OAM
mode number ny. While ny # n usually spreads more
and suffers greater distortion, pin-like beams behave dif-
ferently. lts tightly localized profile makes ny # n modes
easier to blur by scattering, weakening their phase singu-
larity early. ng = n modes, with steeper phase gradients,
initially resist these fine-scale distortions better, produc-
ing stronger detected power at short propagation (z = 50
um). However, over longer distances, their larger effec-
tive aperture would likely make them more vulnerable.

Fig. 2, shows the distribution of the OAM detection
probability of PCPO vortex beams through turbulent bio-
logical tissues against propagation distance with different
values of the topological charge specifically at two of the
phase modulation power parameter. From Fig. 2(a), We
can see that the detection probability decreases more
quickly for higher topological charges ny when v = 0.5.
This matches the standard image of OAM beams in tur-
bulence. Higher ny modes have steeper phase gradients
and larger ring diameters. In the tightly localized v = 0.5
pin-like beam, a high ng vortex exerts a strong transverse
phase curvature in a small region, making it extremely
sensitive to small-scale perturbations. Tissue scatterers
easily disrupt phase singularity and couple power into
nearby modes. The larger effective diameter of high
vortices also intercepts more inhomogeneities. Conse-
quently, higher charges experience stronger turbulence-

induced degradation, and the curves separate rapidly.
Fig. 2(b), for v = 1.5, detection probability is nearly
independent of ng, and all modes decay similarly. This
emphasizes the advantage of the oy = 1.5 beam’s Bessel-
forming behavior. As it propagates, it approaches a
pin-like structure composed of conical plane waves. Its
non-diffracting, self-healing nature [24] provides all OAM
orders with comparable robustness. Although a higher
no still implies a more complex phase, the extended,
non-localized Bessel profile causes degradation to be
dominated by cumulative, large-scale phase errors rather
than mode-specific sensitivity. This causes the decay
curves for different ng to converge and overlap. There-
fore, the overall detection probability is higher for v = 1.5
than for v = 0.5 for all ny. This reinforces the fact that
the pin-like beam propagation state is inherently more
resilient than the localized pin-like state. Its reduced
susceptibility to diffraction and scattering preserves the
integrity of the OAM more effectively, making it a superior
choice for transmitting OAM modes through scattering
tissues.

Fig. 3 shows the effect of the different spatial coher-
ence lengths of partially coherent sources p; on the OAM
detection probability of PCPO vortex beams through tur-
bulent biological tissues against propagation distance
for two specific values for the phase modulation power
parameter: a) v = 0.5 and b) y = 1.5. From this fig-
ure, it can be observed that for low spatial coherence
(ps < 10um), increasing ps strongly improves the OAM
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Figure 2. Detection probability of PCPO vortex beams through turbulent biological tissues against propagation distance for
different values of the OAM mode number ng, specifically at two v values: a) v = 0.5, and b) v = 1.5.
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Figure 3. Detection probability of PCPO vortex beams through turbulent biological tissues against propagation distance for
different values of the spatial coherence length ps, specifically at two « values: a) y = 0.5, and b) v = 1.5.

detection probability. This is because low-coherence
beams have rapid phase fluctuations that partially shield
them from turbulence (“coherence-induced resilience”),
but this same randomness weakens the initial OAM struc-
ture. As ps increases, the phase front becomes more
ordered, allowing the vortex to form cleanly and boost-
ing the detection probability until the beam is coherent
enough to define its helical phase. The improvement
is especially strong for v+ = 1.5, because the Bessel-
forming beam can exploit this growing coherence to es-
tablish its robust, non-diffracting profile. For high co-
herence (ps > 10um), increasing ps gives ng further

benefit, and the detection probability simply decays with
distance. This peak marks the shift to a turbulence-
limited regime in the flow. When pg > 0, the effective
coherence length becomes gy ~ 0, indicating that the
performance is capped by tissue turbulence rather than
source quality. Beyond this threshold, the beam is al-
ready “fully coherent” for the channel, and boosting ps
cannot overcome the turbulence limit. Consequently,
the curves for ps > 10 um overlap and follow the same
decay dictated by the scattering strength. The perfor-
mance gap between v = 0.5 and v = 1.5 is largest at
low—intermediate coherence and shrinks at high ps. At
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Figure 4. The detection probability of PCPO vortex beams propagating through turbulent biological tissues against propagation
distance and different tissue(Dy and Ic) values, specifically at two «y values: a) v = 0.5, and b) v = 1.5.

low coherence, the internal structure of the beam is im-
portant: ¢ = 1.5 organizes partially coherent light into a
more resilient Bessel-like form, outperforming the vulner-
able pin-like 4+ = 0.5 beam. However, once the source
provides a fully coherent wavefront, both beams enter
the turbulence-limited regime, where degradation is gov-
erned mainly by pg. The Bessel beam may retain a slight
advantage, but its performance converges as external
turbulence becomes the dominant constraint.

In Fig. 4 this study describes how the probability of
detecting orbital angular momentum (OAM) in PCPO vor-
tex beams changes as they propagate through turbulent
biological tissues, considering different tissue (D and I.)
values and two specific values for the phase modulation
power parameter: a) v = 0.5, and b) v = 1.5. Fig. 4(a)
and (b) show OAM detection probability decreases with
propagation distance z. The monotonic drop in the de-
tection probability arises from cumulative scattering and
wavefront distortion as the PCPO vortex beam travels
through the tissue. The helical phase exp(“ing6) be-
comes increasingly perturbed, causing OAM crosstalk,
where power leaks from ng into nearby modes. This is
captured by the effective coherence length gy, which de-
creases with the propagation distance L = z. A smaller
Po enlarges the argument of the modified Bessel func-
tion I,,,, broadening the spiral spectrum and reducing
the retained power in mode g, thus lowering the de-
tection probability. The detection probability is higher
and declines more linearly for v = 1.5 than for o = 0.5.
The contrast between the two y-values reflects the im-
pact of the phase modulation strength. For o = 1.5, the
beam rapidly evolved toward a Bessel-like profile, which
is more resistant to diffraction and exhibits self-healing.
This yields a smoother and more linear decline in the

detection probability. For v+ = 0.5, the beam remains
pin-like for a longer duration. Although this provides
high purity at very short distances, its tightly confined
structure is highly vulnerable to scattering, resulting in
a rapid nonlinear performance drop. Thus, < controls
the trade-off between short-range purity (v =~ 0.5) and
extended-range robustness (y ~ 1.5). In addition, it can
be inferred that the liver tissue yields the lowest detection
probability, whereas the upper and deep dermis performs
better. Tissue-dependent differences follow variations in
the fractal dimension Dy and correlation length I.. The
liver's low Dy (2.60) and large I (10.24 um) create more
sizable correlated scattering structures that strongly dis-
tort the vortex phase front, enhancing OAM crosstalk.
Dermal tissues, with smaller I (=~ 5.3 um) and slightly
higher Dy, contain finer, less correlated scatterers that
behave more like random noise, producing a weaker
coupling between modes. Across the tested parameter
range, [ is more influential than Dy, as the performance
tracks closely with changes in the correlation length.

Fig. 5(a) and (b) show the detection probability of
PCPO vortex beams as they propagate through turbulent
biological tissues, taking into account different strength
coefficients of the refractive-index fluctuations (S values)
and two specific values for the phase modulation power
parameter. From the Fig. 5(a), we can observe that
detection probability decreases with increasing turbu-
lence strength S for both « values. Stronger turbulence
directly amplifies the phase distortions because S scales
the refractive-index fluctuation spectrum @, (x). As S in-
creases, random phase disruptions become stronger and
more frequent, shortening the spherical wave coherence
length pp and therefore the effective coherence length
po. Because py governs the OAM crosstalk, a reduced
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Figure 5. Detection probability of PCPO vortex beams through turbulent biological tissues against propagation distance for the
different strength coefficients of the refractive-index fluctuations S values, specifically at two - values: a) y = 0.5, and b) v = 1.5.

value accelerates the energy transfer from the transmit-
ted mode ng into neighboring modes. Thus, a higher S
intensifies scattering, scrambling the helical phase more
quickly and sharply lowering the detection probability.
Decay is non-linear and irregular for v = 0.5 but more
linear for + = 1.5. The different decay shapes reflect
the interaction of each beam structure with turbulence.
When v = 0.5, the beam remains tightly localized and
pin-like, making it extremely sensitive to individual scat-
tering events. Small-scale perturbations rapidly disrupt
the narrow core and phase singularity, producing a steep
and irregular decay as the vortex transitions abruptly into
a scattered state. When = 1.5, this value drives the
beam toward a Bessel-like profile, whose conical struc-
ture offers self-healing and better resistance to obstruc-
tions. Consequently, the detection probability decreases
more smoothly and linearly as the beam degrades grad-
ually rather than collapsing under the initial turbulence.
Linearity indicates operation in a diffraction-resilient prop-
agation regime. In this figure, it can be inferred that the
highest detection probability for all S occurs at the short-
est distance (z = 10um). This reflects the cumulative
nature of the OAM crosstalk. At z = 10 um, the beam
minimally interacts with the turbulent tissue; thus, scatter-
ing events and integrated phase distortions are still small.
The detection probability is dominated by the initial beam
quality and turbulence strength. The later portions of
each curve reveal how rapidly each beam type (set by )
deteriorates as scattering accumulates with depth.

The influences of small length-scale factor values
lp along the propagation distances and on the detec-
tion probability of PCPO vortex beams through turbu-
lent biological tissues are shown in Fig.6. By observ-
ing Fig. 6(a) and (b), it can be seen that the detection

probability increases with the inner scale . This re-
sult highlights how the beam interacts with the smallest
refractive-index fluctuations of the tissue. The parameter
Ip sets the turbulence inner scale, cutting off high spatial-
frequency components through the exponential factor
exp(—«%13/81In2). These high-frequency fluctuations
are the most damaging because they cause wide-angle
scattering and rapidly break down the smooth helical
phase of the vortex. As Iy increases, these small-scale
perturbations are suppressed, increasing the turbulence
coherence length po and thereby the effective coherence
length gy ~ 0. A largerpy ~ 0 reduces the OAM crosstalk
and improves the detection probability. Physically, a
larger Iy implies a smoother scattering environment. The
effect of increasing I is stronger for 4+ = 0.5 than for
v = 1.5. This behavior reflects the response of the spa-
tial structure of each beam to small turbulence. The
pin-like beam (y = 0.5) has a tight, Gaussian-like cen-
ter that is extremely sensitive to small-scale scattering
effects; when [y is small, it degrades rapidly. Increasing
Ip removes these damaging high-frequency perturba-
tions and produces a large improvement in stability. The
Pin-Like beam (v = 1.5) is already resilient owing to its
extended self-healing structure. It still benefits from a
larger Iy, but the relative gain is smaller because it is less
dependent on suppressing small-scale turbulence. From
this figure, it can be inferred that at a large Iy (e.g., 4 um),
the detection probabilities for v = 0.5 and v = 1.5 con-
verge. This key result shows that once the small-scale
scatterers are filtered out, the remaining distortions arise
from larger-scale tissue structures that affect both beam
types in a similar manner. In this regime, cumulative
low-frequency phase aberrations dominate, eliminating
the advantages of one beam over the other. Thus, in tis-
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Figure 6. Detection probability of PCPO vortex beams through turbulent biological tissues against propagation distance for the
different small length-scale factor values Iy , specifically at two < values: a) y = 0.5, and b) v = 1.5.

sues with large Iy, the beam choice becomes less critical,
whereas in tissues with small, granular heterogeneity, the
pin-like beam (v = 1.5) provides a significant advantage.

Fig. 7(a) shows the effects of the propagation dis-
tance and strength coefficients of the refractive index
fluctuations S values on channel capacity of PCPO vor-
tex beams in the human upper dermis. From this figure,
we can observe that the channel capacity decreases
with increasing turbulence strength S and propagation
distance z. Stronger turbulence or longer propagation
increases the OAM crosstalk, broadening the conditional
probability distribution P(n | ng). As this distribution be-
comes more uniform, the conditional entropy H(ng | n)
increases, reducing the mutual information and thus the
channel capacity C. Physically, the system shifts from a
regime of well-separated OAM modes to one in which
all modes are mixed, driving the channel capacity to-
ward zero as the distinguishability is lost. From Fig. 7(a)
we can observe that for very strong turbulence (S = 4),
channel capacity exhibits a brief non-monotonic rise be-
fore collapsing. This behavior likely reflects the early
stage redistribution of power among the OAM modes. At
very short distances, even under heavy turbulence, some
power may momentarily concentrate in low-order modes,
especially the robust n = 0 Gaussian-like component,
making P(n | np) slightly less uniform than expected
and producing a small peak in the capacity. With further
propagation, scattering fully randomizes the mode dis-
tribution, yielding an almost uniform P(n | ng). In this
limit, the conditional entropy is maximized, and the chan-
nel capacity drops to zero, indicating the total loss of
usable information. From Fig. 7(b) we can observe that
Channel capacity increases with the small length-scale
factor Iy. A larger inner scale suppresses high-frequency

refractive-index fluctuations, which are the most effective
at generating large-angle scattering and OAM crosstalk.
This raises the turbulence coherence length pg, yielding
a narrower spiral spectrum and a more diagonal condi-
tional probability matrix P(n | ng). Reduced conditional
entropy H(ng | n) leads directly to a higher channel ca-
pacity. Thus, tissues with larger [y, that is, smoother
microscopic structures, provide a fundamentally higher
capacity OAM communication channel.

Fig. 8 shows the channel capacity of PCPO vortex
beams in human upper dermis tissue along propagation
distances for different values of the spatial coherence
length ps. In Fig. 8 (a) and (b), it is observed that at very
low spatial coherence (ps = 0.1um), channel capacity
is low and stays constant with distance. This plateau
reflects a source-limited regime that is dominated by in-
trinsic incoherence. With such a small ps, the beam is
essentially an incoherent source carrying a vortex mask,
and the OAM structure is already heavily degraded be-
fore entering the tissue. The resulting spiral spectrum
P(n | ng) is broad from the start, and the effective co-
herence length gy ~ ps remains extremely small. Turbu-
lence adds comparatively little degradation; therefore, the
system remains stuck at its minimal coherence-limited
capacity, regardless of the propagation distance. While
for intermediate coherence (os ~ 1-5, um), the capac-
ity rises sharply but now decays with distance. In this
transitional regime, the source coherence is sufficiently
high for a clean OAM mode to form, boosting the initial
capacity. However, p; is still comparable to the turbu-
lence coherence length pg; therefore, both the source
and tissue influence py. As the beam propagates, turbu-
lence increasingly distorts the initially well-defined OAM
mode, causing a distance-dependent decay in the ca-
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pacity. Here, the system reflects a balance between the
OAM order and tissue-induced disorder. For high coher-
ence (ps > 10um), the capacity saturates, and further
increases in ps offer no improvement; the capacity de-
cays with distance. This marks the turbulence-limited
regime of the flow. When ps > pg, the effective coher-
ence becomes py =~ pp, meaning that turbulence, not
the source, sets the performance ceiling. Therefore, the
channel capacity is at its maximum possible value for
that tissue environment, and any remaining decline with
distance stems solely from cumulative scattering that
reduces po, increases crosstalk, and lowers capacity.
Further boosting the source coherence cannot overcome
this turbulence-imposed limit.

Fig. 9(a) and (b) shows the channel capacity in-
creases when the tissue correlation length I, is small.
The correlation length determines the size of the

refractive-index inhomogeneities. A large I. (as in liver
tissue) corresponds to sizable, organized structures that
impose correlated phase distortions across wide regions
of the beam, efficiently couples power between OAM
modes, and creates strong crosstalk. A small I (as in the
upper dermis) corresponds to a finer, more random mi-
crostructure. These uncorrelated perturbations behave
like noise rather than coherent phase screens, produc-
ing a weaker OAM mode mixing. This yields a longer
turbulence coherence length pg, and therefore a higher
channel capacity. The channel capacity increases with a
larger fractal dimension Dy. The fractal dimension mea-
sures the small-scale structural complexity. A higher D
indicates a more irregular and space-filling tissue archi-
tecture. Although intuitively “rougher” tissue might seem
to scatter more, a high D steepens the high-frequency
roll-off in the turbulence spectrum @, (x), suppressing
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the very fine-scale scattering components that are most
harmful to a vortex’s phase singularity. When paired
with a small I, a highDy describes a finely heteroge-
neous but uncorrelated medium that is less damaging
to the OAM integrity than large, smooth, and correlated
structures. However, the combination of a high D, and
low I. (e.g., upper dermis) yields the highest channel
capacity. This provides a biophysical basis for predict-
ing the tissue performance as an OAM communication
channel. Therefore, high-capacity tissues (e.g., upper
dermis) have high disorder and low I., which minimizes
correlated phase distortion and preserves OAM purity.
However, low-capacity tissues (e.g., liver parenchyma)
have lower Dy and larger structures, producing strong,
coherent phase scrambling. These findings show that
capacity depends not only on total scattering but also
on the spatial statistics of the tissue, enabling a priori
predictions for biomedical optical link design.

4. CONCLUSION

This study extensively investigated the spiral spectrum,
detection probability, and channel capacity of a partially
coherent pin-like optical (PCPO) vortex beam through
turbulent biological tissues based on the Rytov approx-
imation. Our study reveals how biological tissue turbu-
lence affects the propagation of partially coherent vortex
beams, highlighting the conditions that preserve their
structural robustness and performance in biological op-
tical environments. Our analysis reveals that optimal
performance is achieved through a strategic triad of tun-
ability: the spatial structure of the beam, its coherence,
and the properties of the tissue. Crucially, we identify
the phase modulation power (y = 1.5) as a key en-
abler, triggering a Bessel-forming transition that confers
"topological charge resilience," allowing high-order OAM
modes to propagate with remarkably similar robustness.

This unlocks the potential for high-capacity mode-division
multiplexing (MDM). Furthermore, we decoded the chan-
nel capacity of the tissue, showing that it is governed
by the spatial correlation of scattering structures, not
just total scattering. Fine-grained, disordered tissues
(high fractal dimension D¢ and low correlation length I¢)
paradoxically form superior channels. We also defined
an optimal spatial coherence length beyond which no
further capacity gains were possible. In conclusion, this
study shifts the paradigm from simply transmitting light
through tissue to intelligently engineering light to coop-
erate with the statistical properties of the tissue. The
PCPO vortex beam emerges not only as a carrier of data
but also as a reconfigurable and resilient information
vector. These results pave the way for advanced opti-
cal technologies in deep-tissue sensing, high-resolution
imaging, and secure communication systems within liv-
ing organisms, where light must navigate the intricate
and dynamic landscapes of biological turbulence.
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