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Abstract 

In this study, bit error rate (BER) of optical spherical wave is investigated to analyze the performance of spherical wave 
through in soft tissue. Within this scope, average BERs (<BER>) of optical spherical wave are extensively examined 
depends on the different tissue and turbulence parameters that are random changes in the refractive index of the soft 
tissue, the tissue length from source to receiver, and the outer scale of the tissue turbulence. It is observed from the 
outputs that the <BER> increases with increasing value of outer scales, tissue lengths and random changes in the 
refractive index of the soft tissue. Also we investigated <BER> values of the optical spherical wave for the different values 
of the one half of the quantified slope in the range of power-law scaling. It is found that smaller <BER>s of the spherical 
wave are obtained for decreasing values of one half of the quantified slope in the range of power-law scaling. 
Keywords: Optical spherical wave propagation, Bit error rate, Biological tissues, Tissue turbulence  

YUMUŞAK DOKU İÇERİSİNDE YAYILAN KÜRESEL DALGANIN PERFORMANS 
ANALİZİ  

Özet 

Bu çalışmada, yumuşak doku içerisinde yayılan küresel dalganın performansını analiz edebilmek için, optiksel küresel 
dalganın bit-hata-olasılığını (BER) inceledik. Bu kapsamda, optiksel küresel dalganın ortalama BER’i (<BER>), yumuşak 
dokunun kırınım indeksindeki rastgele değişimleri, kaynak ve detektör arasındaki doku uzunluğu, büyük ölçekli doku 
türbülansı gibi değişik doku ve türbülans parametrelerine bağlı olarak ayrıntılı olarak çalışılmıştır. Çalışmanın 
sonucunda doku türbülansının büyük ölçek değeri, doku uzunluğu ve  yumuşak dokunun kırınım indeksindeki rastgele 
değişimleri arttıkça <BER> değeri artmıştır. Ayrıca optiksel küresel dalganın <BER> değerleri üstel ölçek kuralının 
sınırları içinde belirlenen eğimin yarı değerinin farklı büyüklükleri için incelenmiştir. Üstel ölçek kuralının sınırları içinde 
belirlenen eğimin yarı değerinin farklı büyüklüklerinin azalan değerleri için küresel dalganın <BER>’nin düştüğü 
gözlemlenmiştir.   
Anahtar Kelimeler: Optiksel küresel dalya yayılımı, Bit-hata-olasılığı, Biyolojik doku, Doku türbülansı 
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1.  Introduction 

Bio-optical imaging technologies depend on the 
interaction of light with tissues and for those imaging 
modalities the main degradation mechanisms on the 
image quality are absorbance and scattering [1-3]. 
Absorbance is mostly caused by laser wavelength and 
the absorbance ratio of the micro organs that consist of 
tissue. Scattering is generated by the collision of 
photons with molecular structure of the tissue and 
results attenuation of light intensity at the detector 
plane. Thus, both of these factors affect the BER values 
of the images that directly determine the quality of the 
treatment in medicine [1]. Another important criterion 
is tissue turbulence that occurs due to spatial and 

temporal variations of refractive index of the organelles 
[4]. Turbulence results intensity variation at the 
detector plane and increase signal to noise ratio (SNR) 
values related with scintillation [5-7]. To overcome the 
tissue turbulence issues, different methods have been 
proposed such as beam shaping or phase matching at 
the receiver [8]. For the characterization of light in 
biological tissue, various beam types are studied 
depends on the propagation properties in tissue 
turbulence [9-12]. From these results, it is seen that 
refractive index fluctuations distort the laser beam 
intensity due to tissue turbulent so performance of 
medical imaging systems is strongly affected. In our 
previous work, we analyzed the effects of the intensity 
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fluctuations of spherical wave in soft biological tissue 
based on the medium and propagation characteristics 
[13]. Furthermore, our group [14] has analyzed the 
effect of Gaussian beam through in tissue in terms of bit 
error rates and intensity fluctuations. Recently, signal to 
noise ratio is derived to investigate effects of the 
Laguerre-Gaussian beam on the biological tissue [15]. In 
the current paper, we derived BER of optical spherical 
wave that propagates weakly turbulent biological tissue. 
The average BER of optical spherical wave variations 
against the average SNRs are plotted and analyzed for 
tissue and turbulence parameters. These outcomes can 
be used in optical medical imaging modalities for 
evaluations of transmission link in terms of some 
performance parameters such as BER.  

2.  Formulation  

Average bit error rate <BER> is given below based on 
the on-off keying modulation in direct detection systems 
[16],  
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here, mean signal to noise ratio <SNR> is formulated 
below,  
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Here, signal to noise ratio without the tissue turbulence 
is given as 𝑆𝑁𝑅0 [16]. Signal power in biological tissue 
without the turbulence is 𝑃𝑆𝑂  and averaged power at 
detector of the signal that propagates in soft tissue is 
〈𝑃𝑆〉. Normalized signal with unit mean is 𝑢 = 𝑠/〈𝑖𝑠〉, 
complementary error function is erfc(x), 𝑃𝐼(𝑢)  is the 
probability density function depends on the log-normal 
distribution in soft tissue expressed as, 
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where 𝑚2 is the intensity fluctuations of optical 
spherical wave that propagates in soft tissue turbulence 
which is expressed in [13]  
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Here L is the tissue length from source to receiver, Re 
represents the real part, η denotes the distance along 
the transmission axis, |. | is the absolute value, 𝜅 is the 
magnitude of the two dimensional spatial frequency, 
and 

 

𝑇(𝜂, 𝜅) = 𝑖𝑘exp[−0.5(𝑘𝐿)−1(𝐿 − 𝜂)(𝑖𝜂)𝜅2],            (5) 

 

where 𝑘 = 2𝜋/𝜆 and 𝜆 is the wavelength, 𝑖 = (−1)0.5  
and Φ𝑛(𝜅)  based on the spectrum that is the turbulence 
in a soft tissue whose refractive index variations in a 
random manner is derived by [4] 

 

Φ𝑛(𝜅) =
4𝜋〈𝛿𝑛2〉(𝛼−1)𝐿0

2

(1+𝜅2𝐿0
2)
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where, 𝛿𝑛2  is the random changes in the refractive 
index and it is order of the 0.001–0.005 in most soft 
tissues, α is the one half of the quantified slope in the 
range of power-law scaling and α changes from 1.28 to 
1.41, 〈. 〉  shows the ensemble average, the outer scale of 
the tissue turbulence is  𝐿0 that based on the soft tissue 
characteristics and generally takes values of quite a few 
micro meters. 

3.  Results  

In this section to analyze the effect of optical spherical 
wave that propagates in soft tissue, <BER> values 
against <SNR> are exhibited by evaluating Equation (1) 
numerically. Penetration depth of electromagnetic 
waves in tissue is the main factor that effects the beam 
propagation in terms of system performance thus for all 
the figures, λ is selected as 1064 nm for providing the 
maximum penetration distance in the soft tissue [17]. 
Laser beam, medium and propagation parameters that 
are used in the analyses are given in the inset of the 
Figures. 

 

 
Figure 1.  <BER> of spherical wave against <SNR> for 

various size of 𝑛2 . 

 

In Figs. 1-3, fixed α is selected as 1.34 that is the one half 
of the quantified slope. For all figures it is seen that with 
increasing <SNR> values, <BER> tends to exponentially 
decay. In Fig. 1, we demonstrated <BER> variation 
versus <SNR> at various size of 𝛿𝑛2. It is shown from the 
Fig. 1 that larger  𝛿𝑛2 yields increased <BER> values. As 
it is seen with decreasing  𝛿𝑛2 , sketch approaches to the 
lower <BER> values so it provides better performance in 
terms of reducing the effect of scintillation at detector 
plane. Thus we can conclude that the smaller values of 
random variations in the refractive index provide a 
better contribution to increase link feasibility. 
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Figure 2.  <BER> of spherical wave against <SNR> for 

various size of 𝐿0. 

 

In Fig. 2, we investigated <BER> values variation versus 
<SNR> depends on the various size of outer scale of 
tissue turbulence 𝐿0. We observed from the Fig. 2 that 
<BER>s of optical spherical wave decrease for 
smaller𝐿0. From Fig. 2 we can conclude that for a 
feasible high performance imaging system, 𝐿0 should be 
selected as small as possible to provide lower <BER>. 
Reducing the size of the outer scale of tissue turbulence 
means laser beam experiences relatively lower sized 
perturbation of the wave front interaction with 
turbulence eddies at micro scales. So in this sense the 
SNR boost is reasonable. 

 
Figure 3.  <BER> of spherical wave against <SNR> for 

various size of L. 

 

We observed <BER> values variation versus <SNR> at 
different tissue length L in Fig. 3. According to the Fig. 3, 
<BER> values decrease with smaller tissue length L. 
Since for the smaller tissue lengths spherical wave 
experiences lower attenuation of refractive index 
variations during the propagation, system performance 
improves with decreasing <BER> values. <BER> 
variation with respect to the <SNR> depends on the 
different one half of the quantified slope α is 
demonstrated on Fig. 4. 

 
Figure 4.  <BER> of spherical wave against <SNR> for 

various size of α. 

 

Fig. 4 shows that when α increases, <BER> increases at 
each <SNR>. As it is seen, decreasing α creates better 
performance in terms of enhancement of <BER> values. 
In the spectrum formula since α has an inversely 
proportional effect on the scintillation it is reasonable to 
observe lower <BER> values at higher powers. So we 
can inference that for providing a better link 
performance of a tissue like communication medium it 
is better selecting α as large as possible. 

4.  Conclusion 

In weak tissue turbulence, <BER> of optical spherical 
wave in soft biological tissue are deeply studied. Depend 
on the tissue parameters <BER> values versus <SNR> 
are derived. We observed from the figures that the 
effects of tissue and turbulence characteristics when 
spherical wave transmits the weakly turbulent tissue. 
These are the random changes in the refractive index of 
the soft tissue, the tissue length from source to receiver, 
the one half of the quantified slope and outer measure of 
the soft tissue turbulence. From the graphical outputs, 
we demonstrated that decreasing the one half of the 
quantified slope creates better performance in terms of 
<BER> of optical spherical wave in soft tissue. For the 
smaller tissue lengths, system performance improves 
with decreasing <BER> values. Also depends on the 
outputs, we can improve the system performance 
depends on the <BER> with smallest values of random 
changes of the refractive index of the tissue in weakly 
turbulent medium and outer scale of tissue turbulence. 
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