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Abstract

:

In the wireless body area network (WBAN), radio propagations from devices that communicate with the human body are very complex and distinctive compared to other environments. As we know, the human body is a lossy channel that significantly attenuates the propagation of electromagnetic waves (EMW). Therefore, channel models are critical in evaluating the communication link. One of the most predominant models is the path loss channel model, which is used to cover a wide range of communication channels and frequency bands in WBAN. This paper investigates the EMW in a human model irradiated by an incident electromagnetic plane wave. A planar multilayer structure is used for modeling human tissue. Moreover, the steady-state electromagnetic distribution is calculated by solving the differential and integral equations (DIE) by using the method of moments (MoM). The obtained results demonstrate the great use of performing a theoretical analysis for path loss (PL) and power loss density (PLD) estimation. The magnitude of the electric field inside muscle tissue at various depths, and with the most important frequencies in medical applications, is evaluated. This investigation provides evidence that the penetration of EMW in biological tissue strongly depends on the frequency and thickness of the tissue involved. Thus, for different examined conditions, an excellent agreement between recent results that were obtained by an analytical method, finite element (FEM), and the proposed MoM method is verified to be valid in this investigation, and it is found that the distribution of the field, PL, and PLD for different communication scenarios is very promising to determine the quality of communication for WBAN technology.
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1. Introduction


Wireless body area network (WBAN) is a wireless communication designed to operate in close proximity to the human body. They are often used for health monitoring, location tracking, and emergency services, as they allow devices to communicate wirelessly without the need for physical connections [1]. One of the key issues in the development of WBANs is the requirement for antennas [2]. That must strictly comply with the regulatory requirements for the specific absorption rate (SAR). These requirements are essential for these devices to operate safely near the human body for long periods of time [2,3]. To address the issue of WBAN, researchers developed compact and flexible antennas, which can conform to the shape of the body and minimize the losses phenomena [4]. Moreover, there are still challenges to be addressed in the development of WBAN, including power consumption, data rate, and interference with other wireless systems.



There are three communication scenarios for a WBAN channel model: in-body, on-body, and off-body. On-body communication involves sensors on the surface of the body that are connected to a link node, while in-body communication involves linking body implants within the body. Off-body communication involves sensors and coordinators that communicate within 3 m around the human body [5]. The signal propagation in these different communication scenarios varies due to the differing propagation medium [6].



Furthermore, modeling the behavior of WBAN can be challenging due to the complex distinctive of human tissue. When the signal propagates as electromagnetic waves on or near the human body, it can be affected by attenuation and interference, which can degrade the quality of the signal [7]. This is because human tissues behave similar to a high-brightness dielectric, which can alter the radiation pattern, polarization, and coincidence of the signal [7,8].



An accurate channel model for WBAN must choose suitable propagation paths. Among the works, different channel models for WBAN are proposed in [9,10,11]. To overcome excessive power losses due to prospective channel human losses, a path loss model with rigorous estimation must be taken into account to analyze the radio link loss in implant communication. This being the case, the modelling of the physical layer is an essential first step. Industrial, scientific, and medical (ISM, 2.4 GHz) and ultra-wideband (UWB, 3.1–10.6 GHz) technologies are increasing in popularity because of their ability to transmit data at high data rates while consuming a low amount of power, which could improve the standard for wireless communications [12,13]. Analytically solving the equations of heterogeneous human tissues with different geometrical complexity is a very hard problem, which the analytic study provides a more detailed understanding of the propagation mechanisms than the simulation study, especially at the interfaces of the layers. For this reason, several approaches have been reported in the literature to solve the electromagnetic characteristics of a lossy medium numerically in either differential or integral form by solving Maxwell’s equations [14,15]. These techniques are divided into two groups: frequency domain and time domain. The most successful method in the time domain is the FDTD [16,17]. It is an effective tool for modelling a miniature structure for analyzing near-field microscopy for electromagnetic compatibility applications [18]. However, FDTD requires a large computation time and memory, as it uses a uniform mesh to model the entire computational domain, which does not conform to curved surfaces (as a spherical or cylindrical boundary). The frequency domain approaches include the method of moments (MoM) [19]. Compared to MoM, FDTD requires the entire domain analysis to be meshed into small cells, with a size smaller than the smallest wavelength used in the simulation. It also assumes the use of homogenous mesh cells, which can become impractical in complex models involving several different materials. Moreover, MOM operates in the frequency domain, and can accurately be used to analyze the complex behavior of heterogeneous material properties. It is a very powerful method when studying inhomogeneous complex shapes [20,21,22].



The main challenges of WBAN involve the implant’s communication channel, as it solely comprises living tissues with layers exhibiting different electromagnetic properties that should be estimated and incorporated into the channel model. This challenge makes the simulation of the channel, multi frequency modeling, and model’s validation complex. This article presents a comprehensive investigation of the WBAN channel model for the wireless communication pattern, including factors such as PL, PLD or skin texture, as these factors determine the quality of the signal communication. In addition, a mathematical formulation is based on the solution of DIE using the MoM is developed. The choice of MoM is that we can present, in the frequency domain, an efficient electromagnetic solution to deal with large structures with short computation times and sufficient computing resources. The proposed investigation has been validated through FEM computations and comparison with an analytical result [12]. The good agreement of the results confirms the validity of the proposed approach and paves the way for the development of a WBAN communication system.



The rest of the paper is set as follows: Section 2 presents the proposed model, where we discuss the parameters and characteristics of human tissue. Section 3 describes the two proposed mathematical formulations. The results and comparison are explained in Section 4. In Section 5, the paper is finally summarized and concluded.




2. Proposed Model


2.1. Characteristics of Human Tissue


According to previous studies, the electrical properties of human tissues change with frequency. There is a database available for tissue parameters [23]. Table 1 includes information for several tissues and different frequencies. The penetration depth, as defined by the Equation (1), is the distance over which the field decreases to (1/e) of its value just inside the layer boundary. Due to reflection, the field    E i    inside the boundary may already be much smaller than the incident external field. The penetration depth [23] can be determined by applying Equation (1):


      δ =  1 ω        μ ε  2      1 +      σ  ω ε      2    − 1       −  1 2    ,      



(1)




where  δ  is the penetration depth (Pd),  ω  is the 2πf and f is the frequency,  µ  is the electromagnetic permeability, ε is the electromagnetic permittivity, and  σ  is the electric conductivity.



Figure 1 depicts the penetration depth of human tissue as a function of frequency. To penetrate the tissue, the Pd must be greater than the tissue thickness.



According to [24], we can state the decrease in the field strength by Equation (2):


      E  z  =  E i   e  −  z δ    ,        



(2)




where   E  z    is the field at the distance z and    E i    is the field just inside the boundary. As mentioned in Equation (3), the E-field inside the human tissue combines the wave that arrived and the reflected from the next tissue.


      E  z  =  E i     e  −  z δ    − τ  e   z δ      ,        



(3)




 τ  represents the reflection coefficient of the next tissue, because there are multiple reflections within each tissue that attenuate the wave. Therefore, the question is more complicated.



In the next subsection, two configurations that were analyzed through calculations and simulations are discussed.




2.2. Lossy to Lossy Medium: Fat to Muscle Human Tissue


First, a simple layer approach is considered here, transmitting antenna Tx placed in a lossy medium, on the muscle tissue medium, which has a thickness of 20 mm. This configuration is illustrated in the accompanying Figure 2. We assume the Tx is in a fat layer on the surface of the muscle. The receiving antenna Rx is placed in the lossy medium of human muscle tissue. For this study, various Rx locations are investigated. In order to model the PL using plane wave, the Tx is placed on the surface of the muscle layer to ensure that a plane wave is obtained when the waves reach the muscle tissue layer.




2.3. Lossless to Lossy Medium: Air to Layers Equivalent to Human Tissue


This configuration involves creating a structure for human tissue that is similar to the one described in the reference [12], as shown in Figure 3. The Tx antenna is placed on the skin, and the insulated Rx antenna is placed in the layered model. This layered model consists of the skin (1.5 mm), fat tissue (8.5 mm), and ends at the muscle layer (27.5 mm). In this scenario, to better understand the behaviors of deep propagation, two different communication scenarios, OB2IB and IB2OB, are studied.





3. Mathematical Formulation


3.1. Selection Method


The electromagnetic problem should be analyzed with the configuration behavior, and, based on the modelling methods, they can be applied to solve the problem.



	
MoM is most useful for unbounded problems related to radiation elements. It is efficient in terms of performance, precision, and execution time;



	
FEM is based on the large-volume configuration for analysis. It is useful for large problems with complex, inhomogeneous configurations. Nevertheless, it does not support unbounded conditions;



	
FDTD is a time-domain technique and is the most efficient for transient analysis problems. It is effective for complex, unbounded, and inhomogeneous problems. The disadvantage of FDTD is the complexity of the analysis, which requires more execution time.






In this study, we need a method that can be implemented for efficient communication inside the human body. MoM is the quintessential requirement for exploration. The formulation has been validated by using the plane wave propagation formula and the concept of transmission line analogy. MoM is one of the most well-known approaches to electromagnetic problems [20]. This technique is based on reducing the operator equations to a system of linear equations that can be written in matrix form. One of the advantages of employing this approach is that the result is extremely precise, since the equations are almost exact and MoM offers a direct numerical solution to these equations. The incident wave may collide with the tissue, forming certain angles (other than 90°) with it. This is an instance of oblique incidence. There are two main varieties of oblique incidence, depending on whether the electric field is normal to it (perpendicular polarization) or is parallel to the plane of incidence (parallel polarization). In the next section, both kinds are explained.




3.2. MoM Formulation


3.2.1. TE Case


In perpendicular polarization, the y-component is the electric field    E y    that is normal to the plane of incidence. We obtain from Faraday’s law and Ampere’s law the differential equations that describe the problem.


        d  E y    d z   = j ω μ  z   H x  ,        



(4)






    d  H x    d z   =   σ  z  + j ω ε  z  +    k x 2    j ω μ  z       E y  ,    



(5)






   H z  =    k x    μ  z     E y  .  



(6)




where      k x 2   c  sin    θ i     , and c is the velocity.




3.2.2. TM Case


In this case, the plane of incidence can be determined by the axes of the interface, and normal to the interface, which is the xz-plane.


    d  H y    d z   = −   σ  z  + j ω ε  z     E x  ,    



(7)






        d  H x    d z   = −   j ω μ  z  +    k x 2    σ  z  + j ω ε  z       H y  ,        



(8)






       E z  = −   j  k x    σ  z  + j ω ε  z     H y  .      



(9)







Furthermore, there are boundary conditions that enforce the continuity of tangential EM fields at the boundaries (at z = 0 and z = d). According to Figure 2 and Figure 3, we can write:


       E t   0  + η  H t   0  = 2  E i  ,      



(10)






       E t   d  + η  H t   d  = 0 ,      



(11)




where


       E i        2  E 0  ,       2  E 0  cos    θ i    ,                



(12)






       η s             μ 0     ε 0       1  cos    θ i      ,               T E            μ 0     ε 0      cos    θ i    ,         T M            



(13)




and


       η L            j ω  μ 0    σ + j ω ε      1  cos    θ i      ,             T E           j ω  μ 0    σ + j ω ε     cos    θ i    ,         T M                



(14)







Differential equations (DE) do not have an analytical solution in most cases. Therefore, DE must be solved numerically [14,15]. Alternatively, the differential equations can also be converted into integral equations. The efficiency with which the resulting integral equation may be solved makes this technique an interesting way to investigate the effects of the incident wave inside the tissue. To convert Equation (4) to Equation (9), into integral equations, as an example, we integrate Equation (4)


        d  E y    d z   = j ω   ∫  0 z  μ  z   H x  d z + C .        



(15)




where C is a constant, which can be determined according to the boundary conditions Equation (11). Thus, the integral equations obtained may be stated in the following general form:


       E t   z        =    η l     η l  +  η s     E i  +    η s     η l  +  η s      ∫  0 d  Z (  z ′  )  H t    z ′   d  z ′  −  η l  Y   z ′    E t    z ′   d  z ′        −   ∫  0 z  Z (  z ′  )  H t    z ′   d  z ′  ,      



(16)






      H t   z      =    E i     η l  +  η s    −  1   η l  +  η s      ∫  0 d  Z   z ′    H t    z ′   d  z ′  −  η l  Y   z ′    E t    z ′   d  z ′      −   ∫  0 z  Y (  z ′  )  E t    z ′   d  z ′  ,     



(17)




where


      Z   z ′   =       j ω μ  z  ,                                                           T E       j ω μ  z  +    k x 2      σ  z  + j ω ε  z      ,           T M         ,                



(18)






        Y   z ′   =       σ  z  + j ω ε  z  +    k x 2    j ω μ  z    ,             T E       σ  z  + j ω ε  z  ,                                           T M       ,        



(19)







To solve Equations (16) and (17), the accuracy of MoM for a time-harmonic incident EM plane wave on a human tissue medium is required. Collocation yields excellent results according to [11]. We expand E and H in a set of pulse functions:


       E t   z  =    ∑   n = 1  N    a n   E n  ,        



(20)






       H t   z  =    ∑   n = 1  N    a n   H n  ,        



(21)




where    a n    is a rectangular pulse function:


       a n  =       1                 (   n − 1   Δ z < z < n Δ z       0 ,                                                     e l s e w h e r e            



(22)




with   Δ z  . This partitions the structure into N regions. Substituting Equations (20) and (21) into Equations (16) and (17) and matching the equation at the points z = (m − 1/2)   Δ z  , for m = 1, 2… N, we obtain:


   E n   δ  n − m   +    η s   η l     η s  +  η l      ∫     n − 1   Δ z   n Δ z   Y   z ′    E n  d  z ′                                +   ∫     n − 1   Δ z     n − 1 +  U  m n     Δ z   Z   z ′    H n  d  z ′       −    η s     η s  +  η l        ∫     n − 1   Δ z   n Δ z   Z   z ′    H n  d  z ′  =    η l   E i     η s  +  η l    ,     



(23)






   H n   δ  n − m   +  1   η s  +  η l      ∫     n − 1   Δ z   n Δ z   Z   z ′    H n  d  z ′                            +   ∫     n − 1   Δ z     n − 1 +  U  m n     Δ z   Y   z ′    E n  d  z ′       −    η l     η s  +  η l        ∫     n − 1   Δ z   n Δ z   Y   z ′    E n  d  z ′       =    E i     η s  +  η l    ,     



(24)







Finally, we can write t Equations (23) and (24) as a matrix form:


         P  m n            E n         H n        =          η l     η l  +  η s           1   η l  +  η s           E i  ,      



(25)




where    δ  n − m     is the Kronecker function,    U  m n     takes as input m and n, it returns 1/2 if they are identical, 1 if m > n, and 0 if m < n, and    P  m n     is defined by the following matrix:


       P  m n   =        p  11          p  13            p  12          p  14         ,        



(26)




with    p  11    ,    p  12    ,    p  13    , and    p  14     are determined, respectively, by the following equations:


       p  11   =  δ  n − m   +    η s   η l     η s  +  η l      ∫     n − 1   Δ z   n Δ z   Y   z ′   d  z ′  ,      



(27)






       p  12   =   ∫     n − 1   Δ z     n − 1 +  U  m n     Δ z   Z   z ′   d  z ′  d  z ′  −    η s     η s  +  η l        ∫     n − 1   Δ z   n Δ z   Z   z ′   d  z ′  ,      



(28)






       p  13   =   ∫     n − 1   Δ z     n − 1 +  U  m n     Δ z   Y   z ′   d  z ′  −    η l     η s  +  η l        ∫     n − 1   Δ z   n Δ z   Y   z ′   d  z ′  ,      



(29)






       p  14   =  δ  n − m   +  1   η s  +  η l      ∫     n − 1   Δ z   n Δ z   Z   z ′   d  z ′  .      



(30)









3.3. Loss in the Medium


To accommodate the wireless communication link, it is necessary to investigate the propagation loss for OB2IB and IB2OB channels. For that matter, we derived the path loss based on the average power density. In this way, the path loss in decibels for each link can be obtained from:


      P L   d B   = 10 l o g 10      P i     P r      = 10 l o g 10      s i     s  a v       ,      



(31)




where,    P i    is the transmitted signal, and    P r    is the received power which equals to the time-average power density    s  a v    .



The power absorbed in each layer is calculated by subtracting the power leaving the layer from the power entering it. Thus, we can calculate the power loss density (PLD) for all the structure per unit volume by applying:


      P L D =  1 2  σ    E   2  .      



(32)








3.4. Simulation Settings


Two distinct scenarios were taken into consideration regarding the positioning of the antenna: the on-body antenna is in direct contact with the surface of the skin, whereas the implanted antenna is situated in the muscle:




	
In-body to on-body (IB2OB) communication;



	
On-body to in-body (OB2IB) communication.








For the validation, we used COMSOL Multiphysics, which applies the finite element method. The dimensions of the proposed phantom model are 20 mm × 20 mm. The structure of human tissue consists of three layers (skin, fat, and muscle) with the same thickness as those used in the MoM method.    E i  = 1     V / m     is the incident signal perpendicular to the skin layer.





4. Results and Discussion


4.1. Communication Scenarios


4.1.1. Communication inside Muscle Tissue


To compare the results obtained by the two methods, the dimensions and parameters of the tissues must be the same in both cases. The depths in the muscle tissue chosen for comparison were 3, 6, 9, 11, 14, and 17 mm. The magnitude of the E-field at these points has been calculated for different frequencies. For plotting the results, we should take more points, therefore, the magnitude of E-field is calculated at each 3 mm into muscle tissue. When using a plane wave with frequencies of 915 MHz and 2.45 GHz, the penetration depth of each tissue is greater than its thickness. Therefore, the wave penetrates the tissue and reflects from the next tissue, producing fluctuation at different points and forming a standing wave. Figure 4, Figure 5 and Figure 6 show the results. The comparison of the two methods at different depths and frequencies is illustrated in Table 2.



According to Equation (1), the Pd at frequency 5.8 GHz of a plane wave is 7.5413 mm. This means that the depth of penetration is less than the thickness of the muscle. As a result, the wave reflected from the bone is very small, causing exponential attenuation of the wave, especially in the region from the beginning of the muscle to a depth of 12.45 mm, as the wave behaves according to the Equation (2). In Figure 6, we can observe that the transmitted wave is much greater than the reflected wave. The case is totally different for the 12.4587 to 20 mm region, due to the wave’s behavior in Equation (3), where the reflected wave is present. Subsequently, we can conclude that in the region between 12.45 and 20 mm of muscle tissue, the E-field will present a fluctuation phenomenon. In addition, when the thickness of the tissue is smaller than the penetration depth, the wave is reflected and combined with the transmitted wave. As a result, the wave fluctuates slowly and forms a standing wave at different points. The reflected wave from the next tissue is very weak if the penetration depth of the muscle tissue is less than its thickness. This produces an exponential fading of the wave to a certain depth, at which the penetration depth is greater than the thickness. The wave fluctuates at this depth due to the presence of reflected waves.




4.1.2. Communication in Inhomogeneous Human Body


The proposed model of tissue is composed of consecutive layers: skin, fat, and muscle. The MoM calculates the EM fields, Figure 7 and Figure 8 reveal the impact of the gradual alteration of medium characteristics between the layers of the human body. This gradual change in medium between layers causes minor discrimination in both electric and magnetic fields. That increases the propagation loss in the transmission channel. Furthermore, for the scenario OB2IB, the variation in the fields in the two frequencies peaks at the skin and is lowest in the muscle due to their higher electrical properties. Similarly, in the scenario IB2OB, the maximum amount of EM field is produced in the muscle and degrades slowly depending on the muscle thickness. This indicates the overall lower transmission energy at the boundaries and such attenuation is highly influenced by the dielectric properties (permittivity, conductivity) of the different biological tissues, which are frequency-dependent. As a result, we can conclude that human tissue is extremely absorbent for both OB2IB and IB2OB, which identifies the potential loss that can have a negative impact on the communication quality and that we must estimate and integrate into the channel model.



Table 3 includes the comparative results of IB2OB and OB2IB. The result of the EM field is obtained by solving Equation (25). We notice that the variation is almost similar when comparing the MoM, FEM, and [12], which strongly suggests that our results are correct and valid. Currently, all research is centered on various numerical techniques for analyzing the communication body setup. Despite its limitations, the FDTD technique is the most widely used [25]. However, we conclude in this study that MoM in the frequency domain gives good results for EM propagation inside human issues in a relatively short amount of time and with greater accuracy.





4.2. Path Loss Model


To develop a comprehensive channel model for typical implant applications, we considered IB2OB and OB2IB channel links based on different Tx locations. At each Tx location, a small antenna is inside or outside the body to transmit information. Meanwhile, the Rx was assumed on the body surface for IB2OB, and at X locations, the Rx was placed in the body. Table 4 presents an evaluation of the path loss level at different frequencies for two communication links. We can observe that for OB2IB, the PL increases as position depth increases. Likewise, a significant attenuation is visible due to the wide frequency, mainly in IB2OB. In Figure 9, the EM wave has difficulty transmitting when the frequency is higher than 10 GHz. The minimum PL occurs, and, thus, the smallest power budget is required at a frequency of about 1.5 GHz. This can be explained by the fact that the wide frequency influences the propagation channel. It should also be noted that after passing through the muscle, the EM wave decreases significantly. The main reason for this phenomenon is that the thickness and conductivity of muscle tissue are much larger than those of other tissues, and, therefore, much more loss is generated in this region.



In Figure 10 and Figure 11, the pattern of the PLD varying in different exposure cases ranging from 1 GHz to 10 GHz is depicted. The highest value of PLD is observed in the skin layer at 10 GHz. Consequently, in all cases, the maximum values of the E-field and PLD are found in the skin layer. As one moves beyond the skin, the PLD rapidly decreases, and beyond the skin, the power loss density is nearly zero, which increases the PL values in the channel modelling. This outcome aligns with the understanding that high-frequency energy absorption is concentrated on the surface of the skin, which is consistent with the fact that the energy absorbed is superficial. This phenomenon must be taken into consideration when modeling the WBAN channel communication.





5. Conclusions


Understanding the characteristics inside the human body remains a challenge for massive use in the era of WBAN communication. This work demonstrated the characteristics of inhomogeneous planar human tissue exposed to incident plane waves, based on an analytical model, by using the method of moments (MoM). All results are finally validated and compared through finite element method (FEM) computations. A comparison of both proposed methods gives, approximately, the same results. The difference in these results can be overlooked when high values of EM field are used, which confirms the potential of the MOM method for analyzing complex media. Moreover, this model enabled us to make simulations with very high precision, thus, figuring out the EM wave’s effect on planar thin layers in terms of PL and PLD. This result has important implications for practical applications of WBAN, particularly for inter-/intra-body communication links, to evaluate the performance requirements of WBANs and beyond. In future work, more complex simulations will be performed to demonstrate the ability of this method based on the MoM method to predict the specific absorption rate levels, which offer useful insight and simplify physical layer modelling for implant communication systems.
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Figure 1. The relation between frequency (1000 MHz–10 GHz) and the penetration depth for different tissues [23]. 
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Figure 2. Propagation of the wave from lossy-to-lossy medium: fat to muscle. 
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Figure 3. Propagation of the wave from air to layers equivalent to human tissue. 
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Figure 4. E-field inside muscle tissue for both methods at 915 MHz. 
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Figure 5. E-field inside muscle tissue for both methods at 2.45 GHz. 
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Figure 6. E-field inside muscle tissue for both methods at 5.8 GHz. 
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Figure 7. The EM field obtained by the MoM and FEM for OB2IB communication. 
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Figure 8. The EM field obtained by the MoM and FEM for IB2OB communication. 






Figure 8. The EM field obtained by the MoM and FEM for IB2OB communication.



[image: Electronics 12 01282 g008]







[image: Electronics 12 01282 g009 550] 





Figure 9. Path loss for different communication scenarios. 
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Figure 10. Power loss density in skin, fat, and muscle. 
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Figure 11. Power loss density only in skin. 
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Table 1. Electric properties of human tissues at ISM band [23].
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	Frequency
	Tissue

Parameters
	Skin
	Fat
	Muscle





	915 MHz
	ε

  σ     s \ m    

Pd (mm)
	41.33

0.87

39.95
	5.45

0.05

242.3
	54.99

0.94

42.1



	2.45 GHz
	ε

  σ     s \ m    

Pd (mm)
	38

1.46

22.57
	5.28

0.1

117.02
	52.73

1.73

22.33



	5.8 GHz
	ε

  σ     s \ m    

Pd (mm)
	35.11

3.71

8.57
	4.95

0.29

40.48
	48.48

4.96

7.54
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Table 2. Comparison between two methods at different frequencies.
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	Depth (mm)
	3
	6
	9
	11
	14
	17





	
	
	
	915 MHz
	
	
	



	MoM
	0.23
	0.18
	0.20
	0.24
	0.27
	0.28



	FEM
	0.22
	0.17
	0.16
	0.21
	0.23
	0.24



	
	
	
	2.45 GHz
	
	
	



	MoM
	0.27
	0.20
	0.16
	0.20
	0.15
	0.089



	FEM
	0.23
	0.19
	0.15
	0.19
	0.13
	0.1



	
	
	
	5.8 GHz
	
	
	



	MoM
	0.06
	0.043
	0.028
	0.02
	0.016
	0.011



	FEM
	0.058
	0.047
	0.033
	0.02
	0.015
	0.012
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Table 3. Comparative study between calculation and simulation results on different communication scenarios at frequency of 2.45 GHz.
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	Communication

Scenario
	Physics Quantity
	Calculation Result
	Simulation Result
	Reference





	OB2IB
	E (V/m)
	0.6144
	0.5033
	Our work



	
	
	0.59746
	0.59853
	Reference [12]



	
	H (A/m)
	3.3 × 10−3
	3.8× 10−3
	Our work



	
	
	4 × 10−3
	4.02 × 10−3
	Reference [12]



	
	PL (dB)
	47.63
	46.29
	Our work



	IB2OB
	E (V/m)
	0.2495
	0.2105
	Our work



	
	H (A/m)
	4.1 × 10−3
	4.6 × 10−3
	Our work



	
	PL (dB)
	33.01
	33.15
	Our work










[image: Table] 





Table 4. Propagation scenarios.






Table 4. Propagation scenarios.





	Communication Scenario (dB)
	2.45 GHz
	6 GHz





	OB2IB in a different muscle

position 5 mm; 20 mm
	35.29; 41.35
	45.75; 63.87



	IB2OB on the interface of the skin
	47.67
	76.24
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