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Abstract

In-vivo sensing, diagnosis and treatment of diseases is having a great attention lately. With advanced 
computational systems, the processing of the biological data as well as the prediction of diagnosis is 
becoming more promising. However, the implementation of these systems inside the human body has 
a major challenge: Modeling the communication channel. To overcome this problem, researchers are 
investigating the main factors that define the characteristics of the communication channel between 
nano-devices. In this work, a study of the impact of nano-antenna directivity on the electromagnetic 
propagating wave in the communication channel inside the human body is conducted. Then, these 
results are compared to the other contributors in the path loss in-vivo that are discussed earlier in 
literature: Frequency and propagation distance. The simulation results show that the nano-antenna 
directivity seems to have minor contributions (5-7 dB) on the total path loss inside the human body 
compared to the communication distance (20-30 dB) and the operating frequency (10-15 dB).
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time operational capability of nano-sensors inside 
the human body [2].

Even though the research on nano-devices is 
having good advancements, the communication 
between nano-sensors within an in-vivo Wireless 
Body Area Network (iWBAN) still a big problem. 
On one hand, the researchers are investigating 
the communication model limitations [3-5]. On 
the other hand, they are working on the design of 

Introduction
Nowadays, in-vivo nano-biosensing is becoming 

the driver of the biomedical engineering applica-
tions. Nano-sensors and nano-devices play a signifi-
cant role in this evolution. Thanks to these technol-
ogies, various tools are developed to control mul-
tiple entities at the atomic as well as the molecular 
levels [1]. Fast and accurate disease diagnosis as 
well as treatment is now possible thanks to the real 
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new materials and technologies to be implement-
ed inside the human body [6,7]. Essentially, three 
models are utilized to undergo the communica-
tion process inside the human body: Ultrasound 
(US) communication [8], molecular communication 
[9] and electromagnetic communication [10]. The 
scope of this paper is to evaluate the contribution 
of nano-antenna directivity in the electromagnet-
ic communication channel operating in-vivo at THz 
frequencies. Then, this contribution is compared 
to that of the communication distance and the op-
erating frequency. This evaluation is based on the 
state-of-the art models discussed in literature and 
mainly, it is an extension of the work presented in 
[11].

In Section II, we summarize the main elements 
that contributes in the total path loss encountered 
in THz band as well as their relation and dependen-
cies to the operating frequency, to the distance 
traveled by the electromagnetic wave or in other 
words, the tissue penetration depth and finally, to 
the nano-antenna directivity. In Section III, we ap-
ply the propagation losses models discussed in sec-
tion II to a simplified human model made of three 
layers: Water, skin and epidermis. The simulation 
results for the communication losses in these three 
layers are shown. In Section IV, an interpretation 
of the results is performed in order to assess the 
impact factor of each loss element with respect to 
the total path loss. Finally, we draw our conclusions 
and we present our future work and perspectives 
in Section V.

Propagation Losses
The main factors that affect an electromagnetic 

wave traveling inside the human body at the THz 
frequencies are: The spreading of the propagating 
wave (PLSpr), the molecular absorption from the hu-
man tissues (PLAbs), and the scattering of the signal 
from the biological particles (PLSca). Therefore, the 
total path loss (PLt) is given by

 =  +  +  t Spr Abs ScaPL PL PL PL           (1)

Spreading loss
As the electromagnetic wave travels through 

the medium for a certain distance, the spreading 
of the signal occurs. It still diminishes as it spreads 
out. Assuming a spherical propagation model and 
taking into account the nano-antenna gain effect, 
the spreading of the electromagnetic wave is given 
by the inverse-squared distance function as

2
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4
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−   

   

λ
          (2)

Where d is the distance traveled by the electro-
magnetic wave, λg is the medium wavelength and D 
is the nano-antenna directivity. On the other hand, 
the medium wavelength, λg, is the ratio of the free 
space wavelength λ0 to the real part of the refrac-
tive index of the material nʹ, such that

0 = 'g nl l                          (3)

From [12], the antenna directivity D, is the ra-
tio of the maximum power density in W/m2 to its 
average value over a sphere. Considering the ob-
servation in the far field along with a source with a 
Gaussian beam, the antenna directivity, D, is hence 
computed as

2 3

8 = 
8 1 - cos  + cos  + cos
3 3

D
θ θ θ  ∆ ∆ ∆    

      (4)

Where Δθ is the Guassian beam width of the na-
no-antenna.

Absorption loss
In the THz band, the biological molecules are 

excited by the electromagnetic waves at specific 
frequencies, this fact causes the vibration of these 
molecules [13]. Therefore, some of the propagat-
ing wave energy is transformed to kinetic energy 
and hence to heat. Hence, absorption loss can be 
defined as the fraction of the incident electromag-
netic waves which are not able to pass within the 
human tissue at a given frequency.

For an electromagnetic wave traveling a dis-
tance d and referring to Beer-Lambert law [14], the 
loss due to the molecular absorption is given by

-
10  -10 log ( )Absd

AbsPL e µ=           (5)

Where μAbs is the molecular absorption coeffi-
cient which depends on the medium composition 
and it is given as

0

4 '' = Abs
nπµ

l
            (6)

Where nʹʹ is the imaginary part of the tissue re-
fractive index.

Since we are dealing with a very large number 
of water molecules for frequencies up to 1 THz, it is 
recommended to calculate the complex permittivi-
ty of the human tissues using the Debye Relaxation 
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And
2 = g rσ π             (15)

Where k is the volume fraction of the particle 
[19] and r is the radius of the particle.

The absorption coefficient for small particles 
Qsmall depends on the scattering efficiency of small 
particle assuming a spherical absorbing particle 
modeled by Rayleigh scattering as

22
4

2
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3 2small
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And

 = 2 grπy l           (17)

Which is the dimensionless size of the particle.

On the other hand, the absorption coefficient 
for large particles Qlarge depends on the scatter-
ing efficiency of large particles modeled using the 
anomalous diffraction approximation as

( ) ( )( )arg 2

4 4 = 2 - sin  + 1 - cos  - abs
l e

d

Q p p
p p

σ
σ

      (18)

And

( ) = 4 r  - 1p nπ l           (19)

Which is the phase delay of the wave passing 
through the center of the particle and σabs is the 
molecular absorption cross section.

Simulation Results
In this section, we numerically evaluate the an-

alytical models presented in Section II. However, 
we exclude the scattering loss since it is negligible 
compared to the absorption and spreading losses. 
Moreover, we take into account realistic param-
eters of the intra-body properties [15-17]. In this 
work, we conduct our analysis for water, skin and 
epidermis medium which is a simple representa-
tion of the human layers that the electromagnetic 
wave will pass through inside the human body.

Path loss and frequency
Figure 1 and Figure 2 illustrate the total path 

loss in dB with respect to the medium wavelength 
for water, skin and epidermis respectively for two 
different distances, 1 mm and 2 mm.

Similar to conventional communication models 

Model [15-17] as
 = '  ''- j               (7)

Where ϵʹ and ϵʹʹ are the real and imaginary parts 
of the complex permittivity given by
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The values of ϵ∞, ϵ1, ϵ2, t1 and t2 for the lower 
THz band are given in [10] and [12]. Consequently, 
ϵʹ and ϵʹʹ can be evaluated. On the other hand, the 
imaginary part of the refractive index, is given by

2 2'  + '' - '''  = 
2

n             (10)

Thus, μAbs and PLAbs can be calculated.

Scattering loss
The biological elements of the human body are 

of different types of composites, such as molecules 
and cells each having different geometry and dif-
ferent electromagnetic properties. Scattering by 
particles corresponds to the change of the direc-
tion of propagation and phase of the electromag-
netic wave after interaction with the microscopic 
non-uniformities present in the human tissue. 
Scattering depends on the size, refractive index 
and shape of the individual particle as well as on 
the wavelength of the incident beam [18]. In this 
paper, we consider the scattering from small mol-
ecules as well as from large cells compared to the 
wavelength. Hence, the scattering path loss is

( )( )arg + 
10 = 10log small l e d

ScaPL e µ µ−−      (11)

Where μsmall and μlarge are the scattering coeffi-
cients for small and large particles respectively and 
are defined as

 = small small gQυµ ρ σ           (12)

And

arg arg = l e l e gQυµ ρ σ           (13)

These coefficients depend on the particle con-
centration ρυ and the geometric cross section σg 
such that,
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larger than the path loss due to the propagation in 
skin and epidermis. On the other hand, it is clear 
that the propagation losses are very similar in the 
skin and epidermis layers. This finding is expected 
since both the skin and the epidermis have similar 
tissue characteristics.

Path loss and nano-antenna directivity
Figure 4 shows the total path loss with respect 

to the Gaussian Beam Width Δθ for water, skin and 
epidermis respectively.

in the megahertz frequency ranges, the total path 
loss increases with frequency. This finding is ex-
pected since it validates the state of- the art mod-
els discussed in literature.

Path loss and distance
Figure 3 visualize the total path loss with re-

spect to the communication distance d for water, 
skin and epidermis respectively. From the figure, 
we can see that the total path loss increases with 
distance. It can be noticed also that the path loss 
due to the propagation in water molecules is much 

Figure 1: Total path loss (PL), at distance d = 1 mm and angular beam width ∆θ = 0.5 rad.

Figure 2: Total path loss (PL), at distance d = 2 mm and angular beam width ∆θ = 0.5 rad.
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are considerably high at THz frequencies. The rea-
son behind this is the fact that the rotation transi-
tion of water molecules is located in this band.

The scattering loss, on the other hand, depends 
on the radius of the human body particles. The 
size of the scatterers at THz being much smaller 
than the wavelength of the propagating THz wave 
[21,22], negligible scattering loss compared to the 
absorption loss will result. Therefore, the spreading 
and absorption losses are the main contributors to 
the total path loss at THz frequencies.

The relationship between path loss and com-
munication distance is governed by the absorp-
tion loss which is, for water molecules, larger 

From the graph, we can see that the path loss 
increases with large beam width and consequently, 
decreases with higher directivity.

Discussion
From the numerical results shown in Section 

III, it is relevant that the path loss increases with 
frequency and distance. This is expected from the 
early communication system models discussed in 
literature.

As for the different propagation losses impact 
factor, we can see that the absorption loss is gov-
erned by the absorption coefficients of the human 
tissue molecules that is, referring to [15] and [20], 

Figure 3: Total path loss (PL), at medium wavelength λg = 0.3 mm and angular beam width ∆θ = 0.5 rad.

Figure 4: Total path loss (PL), at medium wavelength λg = 0.3 mm and distance d = 1 mm.
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and capacity analysis for electromagnetic wireless 
nanonetworks in the terahertz band. IEEE Transac-
tions on Wireless Communications 10: 3211-3221.

11. S Hussein, Y Ziade, R Shubair (2019) On propagation 
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communication. IEEE International Symposium on 
Antennas and Propagation and USNC-URSI Radio Sci-
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than that for skin and epidermis at larger commu-
nication distance. Thats why we can see approx-
imately same path loss value at lower distances 
(< 0.5 mm). However, when the communication 
distance increases, the curves diverge. The path 
loss in water (80 dB at 2 mm) is much higher than 
that of the skin and epidermis (55 dB at 2 mm).

On the other hand, the nano-antenna directiv-
ity seems to have a big impact on the communi-
cation channel at THz frequencies. From the sim-
ulated values, we can see that the increasing the 
Gaussian beam width from 0 to 1.5 rad increases 
the path loss by 10 dB approximately for water, 
skin and epidermis. However, for a beam width 
between 1.5 and 3 rad, the path loss is approx-
imately constant for each medium. Therefore, 
we can see that the major impact on path loss  
is for the communication distance as well as the 
operating frequency in the human body. These 
two factors are more critical to consider than the 
nano-antenna directivity.

It is important also to mention the difference in 
the path loss between water layer from one side 
and the skin and epidermis layers from the oth-
er side. The water layer exhibited larger path loss 
than the skin and epidermis. This difference is due 
to the larger absorption loss encountered in the 
water layer than in the skin or epidermis.

Conclusion
Nano-networks are exponentially expanding. 

The electromagnetic communication channel is 
having more attention and is promising to be 
adopted in wireless body area networks. How-
ever, it needs deep study of its characteristics. 
In short, the main factors that affect the elec-
tromagnetic wave traveling at THz frequencies 
inside the human body are the nano-antenna 
directivity, the communication distance and the 
operating frequency. However, the major impact 
is that of distance and frequency. Future work 
involves the design of a more realistic human tis-
sue model to include the blood, the muscles and 
the bones. Moreover, the study of the path loss 
at optical frequencies is one of the perspectives 
due to the different characteristics of the mole-
cules in this band and hence, the effect on the 
absorption loss.

References
1. I Akyildiz (2010) Nanonetworks: A new frontier in 

communications. Proceedings of the 2010 Interna-

https://ieeexplore.ieee.org/document/7353176
https://ieeexplore.ieee.org/document/7353176
https://ieeexplore.ieee.org/document/7353176
https://ieeexplore.ieee.org/document/7353176
https://ieeexplore.ieee.org/document/7955066
https://ieeexplore.ieee.org/document/7955066
https://ieeexplore.ieee.org/document/7955066
https://ieeexplore.ieee.org/document/7955066
https://ieeexplore.ieee.org/document/7381507
https://ieeexplore.ieee.org/document/7381507
https://ieeexplore.ieee.org/document/7381507
https://ieeexplore.ieee.org/document/7381507
https://ieeexplore.ieee.org/document/7381507
https://ieeexplore.ieee.org/document/7366014
https://ieeexplore.ieee.org/document/7366014
https://ieeexplore.ieee.org/document/7366014
https://ieeexplore.ieee.org/document/7366014
https://ieeexplore.ieee.org/document/7803807
https://ieeexplore.ieee.org/document/7803807
https://ieeexplore.ieee.org/document/7803807
https://ieeexplore.ieee.org/document/7803807
https://ieeexplore.ieee.org/document/8608890
https://ieeexplore.ieee.org/document/8608890
https://ieeexplore.ieee.org/document/8608890
https://ieeexplore.ieee.org/document/8608890
https://ieeexplore.ieee.org/document/8608890
https://ieeexplore.ieee.org/document/8608890
https://ieeexplore.ieee.org/document/6590053
https://ieeexplore.ieee.org/document/6590053
https://ieeexplore.ieee.org/document/6590053
http://fekri.ece.gatech.edu/Publications/2012_02.pdf
http://fekri.ece.gatech.edu/Publications/2012_02.pdf
http://fekri.ece.gatech.edu/Publications/2012_02.pdf
http://fekri.ece.gatech.edu/Publications/2012_02.pdf
https://ieeexplore.ieee.org/document/5995306
https://ieeexplore.ieee.org/document/5995306
https://ieeexplore.ieee.org/document/5995306
https://ieeexplore.ieee.org/document/5995306
https://ieeexplore.ieee.org/abstract/document/8889132
https://ieeexplore.ieee.org/abstract/document/8889132
https://ieeexplore.ieee.org/abstract/document/8889132
https://ieeexplore.ieee.org/abstract/document/8889132
https://ieeexplore.ieee.org/abstract/document/8889132
http://www.elcom-hu.com/Electrical/Antennas /Antenna Theory Analysis and Design Cropped fixed Constantine A Balanis 2nd Ed John Will.pdf
http://www.elcom-hu.com/Electrical/Antennas /Antenna Theory Analysis and Design Cropped fixed Constantine A Balanis 2nd Ed John Will.pdf
https://pubs.acs.org/doi/abs/10.1021/ac60201a006


• Page 7 of 7 •Hussein et al. Int J Nanoparticles Nanotech 2019, 5:032 ISSN: 2631-5084 |

Citation: Hussein S, El Falou AR, Sahyoun W, Ziade Y, Shubair RM (2019) Evaluation of Nano-Antenna Directivity Contributions for EM 
Propagation in WBANs. Int J Nanoparticles Nanotech 5:032

19. TI Zohdi, FA Kuypers, WC Lee (2010) Estimation of 
red blood cell volume fraction from overall permit-
tivity measurements. International Journal of Engi-
neering Science 48: 1681-1691.

20. CB Reid, G Reese, AP Gibson, VP Wallace (2013) Ter-
ahertz time-domain spectroscopy of human blood. 
IEEE Journal of Biomedical and Health Informatics 
17: 774-778.

21. HP Erickson (2009) Size and shape of protein mol-
ecules at the nanometer level determined by sedi-
mentation, gel filtration, and electron microscopy. 
Biol Proced Online 11: 32-51.

22. H Elayan, R Shubair, J Jornet, P Johari, R Mittra 
(2017) Terahertz electromagnetic communication 
for in-vivo wireless nanosensor networks. The 2017 
Progress in Electromagnetics Research Symposium 
(PIERS2017).

atomic absorption spectrometry. The pertinence of 
the beer-lambert law. Analytical Chemistry 35: 942-
946.

15. K Yaws, D Mixon, W Roach (2007) Electromagnetic 
properties of tissue in the optical region. Proc SPIE 
6435, Optical Interactions with Tissue and Cells XVIII 
643507.

16. J Kindt, C Schmuttenmaer (1996) Far-infrared dielec-
tric properties of polar liquids probed by femtosec-
ond terahertz pulse spectroscopy. The Journal of 
Physical Chemistry 100: 10373-10379.

17. J Xu, KW Plaxco, SJ Allen (2006) Probing the collec-
tive vibrational dynamics of a protein in liquid water 
by terahertz absorption spectroscopy. Protein Sci 15: 
1175-1181.

18. B Chu (1974) Laser light scattering. Elsevier.

DOI: 10.35840/2631-5084/5532

https://www.sciencedirect.com/science/article/abs/pii/S0020722510000832
https://www.sciencedirect.com/science/article/abs/pii/S0020722510000832
https://www.sciencedirect.com/science/article/abs/pii/S0020722510000832
https://www.sciencedirect.com/science/article/abs/pii/S0020722510000832
https://ieeexplore.ieee.org/document/6506093
https://ieeexplore.ieee.org/document/6506093
https://ieeexplore.ieee.org/document/6506093
https://ieeexplore.ieee.org/document/6506093
https://www.ncbi.nlm.nih.gov/pubmed/19495910
https://www.ncbi.nlm.nih.gov/pubmed/19495910
https://www.ncbi.nlm.nih.gov/pubmed/19495910
https://www.ncbi.nlm.nih.gov/pubmed/19495910
https://pubs.acs.org/doi/abs/10.1021/ac60201a006
https://pubs.acs.org/doi/abs/10.1021/ac60201a006
https://pubs.acs.org/doi/abs/10.1021/ac60201a006
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6435/643507/Electromagnetic-properties-of-tissue-in-the-optical-region/10.1117/12.715202.short?SSO=1
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6435/643507/Electromagnetic-properties-of-tissue-in-the-optical-region/10.1117/12.715202.short?SSO=1
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6435/643507/Electromagnetic-properties-of-tissue-in-the-optical-region/10.1117/12.715202.short?SSO=1
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6435/643507/Electromagnetic-properties-of-tissue-in-the-optical-region/10.1117/12.715202.short?SSO=1
https://pubs.acs.org/doi/abs/10.1021/jp960141g
https://pubs.acs.org/doi/abs/10.1021/jp960141g
https://pubs.acs.org/doi/abs/10.1021/jp960141g
https://pubs.acs.org/doi/abs/10.1021/jp960141g
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2242499/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2242499/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2242499/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2242499/

	Title
	Abstract
	Keywords
	Introduction
	Propagation Losses 
	Spreading loss 
	Absorption loss 
	Scattering loss 

	Simulation Results 
	Path loss and frequency 
	Path loss and distance 
	Path loss and nano-antenna directivity 

	Discussion
	Conclusion
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	References

