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Abstract 
 

In this article, computational analysis and field measurement evaluation in 

studying the Specific Absorption Rate (SAR) of Electromagnetic  radiation 

on selected biological tissues was carried out. The possible penetrating and 

harmful effects influenced by an electromagnetic radiation into human 

tissues due to mobile phones was critically analysed. In order to effectively 

estimate and analyse the electric field and SAR within the human head, 

mathematical models which combines Green’s function analysis of the 

human head modeled by a double-layered sphere and Electric Field Integral 

Equation (EFIE) was considered. Specifically, the effects at Universal 

Mobile Telecommunication System(UMTS) operating frequency of 2155MHz 

and gap distances of 0.5cm to 4.0cm at an interval of 0.5cm between the 

mobile phone and the human head was the focus. It was observed from the 

results that calculated penetrated electric field transmitted from the mobile 

phone and the corresponding SAR values is decreased by about 90% if the 

mobile phone moves from 0.5cm to 4cm away from the body. Also from the 

results, it is found that the trend of theoretically obtained SAR curve was 

smoothly decaying exponentially as distance increased and that of 

experimental was not smooth but SAR decreased with increase in distance. A 

correlation coefficient of approximately 0.8 was obtained for all three tissues 

in both theory and experimental result of SAR evaluated. From this study, 

this may imply that by increasing the distance between human head and 

mobile phone, the effect of absorbed Radio Frequency-Electromagnetic Field 

radiations can be rendered insignificant. 

 

 Keywords: EFIE, Electric field strength, Green’s function, Human Tissue, Penetration Depth, Radiation, and SAR 

 

1.0     Introduction 
The rate at which radio frequency (RF) hazard which is caused by electromagnetic absorption is becoming very alarming and 

it corresponding effect needs not be overemphasized. Electromagnetism (EM), the force that lights up our cities; Lasers, 

radio, TV, modern electronics, computers, the internet, electricity, magnetism-all are consequences of the electromagnetic 

force. It is perhaps the most useful force harnessed by humans [1]. Extensive usage of mobile phones and other personal 

communication devices are the main sources of electromagnetic radiation and absorption. 

 In chorus with the expanding usage, a question has been raised repeatedly as to whether frequent usage of such a device 

which radiates GHz electromagnetic field on the head is unsafe. The rapid expansion has thus pushed the research towards 

the necessity of analyzing mobile phones for radiation performance to address the safety concern [2].  

The effect of mobile phone radiation on human health is a subject of interest and studied worldwide, as a result of the 

enormous increase in mobile phone usage throughout the world.  

In May 2011, the World Health Organization’s International Agency for Research on Cancer announced electromagnetic 

fields from mobile phones and other sources as "possibly carcinogenic to humans" and advised the public to adopt safety 

measures to reduce exposure, like use of hands-free devices or texting. 
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As of 2016, Sony Ericson mobile Communications Company asserted that there were 7.4 billion subscriptions worldwide 

(but some have more than two, so 4,230 million users in 2014 gives a better picture with about 97 phones per 100 citizens).  

The electromagnetic radiation used by mobile phones operates in the microwave range (450-2100MHz). The method 

generally used to access the radiation of mobile phones is the specific absorption rate (SAR), this is an indication of the 

amount of electromagnetic energy absorbed by biological tissues. The specific absorption rate measured in watts per 

kilogram (W/kg) is the fundamental RF dosimetry parameter and is defined as the rate of energy absorbed per unit mass. The 

SAR is defined by the incident electromagnetic waves and by the electrical and geometrical characteristics of the exposed 

object [3]. 

Electromagnetic radiation is a transversal wave motion propagating at the speed of light. It is created by an accelerating or 

decelerating electrical charge. The radiation is characterized by its frequency f and wavelength
 
λ, which are connected by; 

f = 
𝒄

𝝀
                                    (1) 

where C is the velocity of light in vacuum. In a general case the speed of the wave V is   determined by the properties of the 

medium and it can be calculated by 

V = 
1

√𝜀𝜇
     (2) 

Where 𝜀 and 𝜇 are the permittivity and permeability of the medium, respectively. 

The spectrum of electromagnetic radiation is subdivided into groups depending on frequency and wavelength [4]. Radio 

waves are located at the lower end of the frequency scale, ranging up to about 3 THz as presented in Fig. 1. This Research 

work deals mainly with microwaves from 300 MHz to 3 GHz [5].  

 
Fig. 1; Electromagnetic Spectrum (6) 
The following expressions describe the electric type Green’s function in the three regions of space. The geometry of the 

problem is depicted in Fig.2.  

 
Fig. 2: The geometry of the problem  
The head is modeled by a double-layered sphere with radii 𝑎1 and𝑎2. The two layers are used to simulate different biological 

media; bone and brain (gray matter) tissues. The regions (1) and (2) have dielectric constants 𝜀1 and 𝜀2 respectively. The 

region (3) represents the free space with dielectric constant, 𝜀0. The system is excited by an antenna placed outside the head 

model where the antenna’s axis is considered parallel to z-axis. Green’s function in each region i=1, 2, 3 of space is properly 

expanded to an infinite sum of spherical waves satisfying the appropriate vector wave equation. By virtue of the spherical 

symmetry of the problem, spherical coordinates are used, with unit vectors �̂�, �̂� and �̂�. By the mathematical property of 

spherical symmetry of the problem, spherical co-ordinates are used, with unit vector �̂�, �̂�, �̂�  just as (�̂� , �̂� , �̂�). The following 

expansions describe the electric type Green’s function in the three regions of space. 

Region 1 

𝐺1(𝑟,̃ �̃�′) =  ∑ ∑ [𝑚𝑚𝑛
(1)𝑛

𝑚=−𝑛
∞
𝑛=1 (𝑟,̃ 𝑘1 )𝑎 mn(𝑟 ′̃)+𝑛𝑚𝑛

(1)
 (�̃� , 𝑘1) 𝑎𝑚𝑛

′ (�̃�′)]. 

�̃�  𝑎1
.           (3) 

Region 2  

𝐺2(𝑟,̃ �̃�′) =  ∑ ∑ [(𝑚𝑚𝑛
(1)𝑛

𝑚=−𝑛
∞
𝑛=1 (𝑟,̃ 𝑘2 )𝑏 mn(𝑟 ′̃)+ 𝑛𝑚𝑛

(1)
 (�̃� , 𝑘2) 𝑏𝑚𝑛

′ (�̃�′))+ (𝑚𝑚𝑛 
(2)

(�̃�, 𝑘2) 𝑐𝑚𝑛 (�̃�) + 𝑛𝑚𝑛
(2)

(�̃� , 𝑘2)𝑐𝑚𝑛
, (�̃�,))], 
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�̃�  𝑎2.           (4) 

Where 𝑘𝑖= 𝑘0√𝜀𝑖 , 𝑎 mn (𝑟 ′̃) , 𝑎𝑚𝑛
,

(�̃� ,)…., 𝑐𝑚𝑛
,

(�̃� ,) are unknown coefficients to be determined and 𝑚𝑚𝑛
(𝑗)

(�̃� ,, 𝑘𝑖) , 𝑛𝑚𝑛
(2)

(�̃� ,, 𝑘𝑖) , I 

= 1, 2,3 ; j =1, 2, 3 are the well-known spherical harmonics wave functions. Regarding, the region outside the head and inside 

the ellipsoidal cavity, the electric field consists of the primary excitation 𝐺0(𝑟,̃ �̃�′)  from the unit source located at  �̃� ,  and the 

contribution of the field 𝐺s(𝑟,̃ �̃�′)  , scattered from the double layered sphere. Thus, 

Region 3  

  𝐺3(𝑟,̃ �̃�′) = 𝐺0(𝑟,̃ �̃�′)  +  𝐺s(𝑟,̃ �̃�′)              (5) 

 where  𝐺0(𝑟,̃ �̃�′) is the free space dyadic Green’s function and is defined by an infinite sum spherical waves as  

  𝐺0(𝑟,̃ �̃�′)=∑ ∑ (−1)𝑚𝑛
𝑚=−𝑛

∞
𝑛=1

𝑗𝑘𝑜

4𝜋

2𝑛+1

𝑛(𝑛+1)
  ×{

𝑚−𝑚𝑛
(1)

(�̃� ,, 𝑘0)𝑚𝑚𝑛
(3)

(�̃� ,, 𝑘𝑜) + 𝑛𝑚𝑛
(1)

(�̃� , 𝑘0)𝑛𝑚𝑛
(3)

( �̃�′, 𝑘0), �̃� > �̃� ,

𝑚−𝑚𝑛
(3)

(�̃� ,, 𝑘0)𝑚𝑚𝑛
(1)

(�̃� ,, 𝑘0) + 𝑛𝑚𝑛
(3)

(�̃� , 𝑘0)𝑛𝑚𝑛
(1)

(�̃�′ , 𝑘0), �̃� < �̃� ,
.                (6) 

Hereupon, the unknown expansion coefficients of the infinite sum of spherical waves are determined by the boundary 

conditions on the interfaces  �̃� = 𝑎1 , 𝑎2  . In order to satisfy the continuity of the tangential electric and magnetic field 

components, the boundary conditions on the interfaces  �̃� = 𝑎1, 𝑎2 are then imposed by implementing the expressions: 

 �̂̃�   𝐺
𝑖+1

(�̃�, �̃�′)  =  �̂̃� × 𝐺
𝑖+1

(�̃�, �̃�′).  �̃�=𝑎𝑖
.                                                               (7) 

 I= 1, 2                                           

�̂̃� × (∇ × 𝐺
𝑖
(�̃�, �̃�′) ) = �̂̃� × (∇ × 𝐺

𝑖+1
(�̃�, �̃�′) ).      (8) 

�̃�=𝑎𝑖   I =1, 2          

Where �̂̃� denotes the unit vector along the radial direction of the local coordinate system. By implementing the orthogonality 

properties of the spherical harmonics wave functions, two independent 4 X 4 linear sets of equations are obtained for the 

unknown expansion coefficients stated above [7]. 

 

2.0 Electric-field Integral Equation 
The electric-field integral equation (EFIE) is a relationship that allows the calculation of an electric field (E) generated by an 

electric current (J). 

When all quantities in the frequency domain are considered, a time dependency 𝑒+𝑗𝜔𝑡 that is suppressed throughout is 

assumed. Beginning with the Maxwell equations relating the electric and magnetic field an assuming linear, homogeneous 

media with permeability  𝜇 and permittivity 𝜖 : 
∇ × 𝐸 = −𝑗𝜔𝜇𝐻.                                    (9) 

∇ × 𝐻 = 𝑗𝜔𝜖 + 𝐽.                                               (10) 

Following the third equation involving the divergence of 𝐻   

∇.𝐻 = 0.                                                          (11) 

by vector calculus, we can write any divergence less vector as the curl of another vector,  

Hence  

∇ × 𝐴 = 𝐻.                   (12) 

Where 𝐴 is called the magnetic vector potential. Substituting this into the above we get  

∇ × (𝐸 + 𝑗𝜔𝜇𝐴) = 0 .                                             (13) 

And any curl-free vector can be written as the gradient of a scalar, hence  

𝐸 + 𝑗𝜔𝜇𝐴 = −∇ϕ.                                   (14) 

where 𝜙 is the electric scalar potential; these relationships now allow us to write:  

∇ × ∇ × 𝐴 − 𝑘2𝐴 = 𝐽 − 𝑗𝜔𝜀∇ϕ.                          (15) 

where 𝑘 =  𝜔√𝜇𝜀 , which can be re-written by vector identity as  

∇ × (∇. A) − ∇2A − k2A = J − jωε∇ϕ.                                  (16) 

As we have only specified the curl of A, we’re free to define the divergence, and choose the following:  

∇. 𝐴 + 𝑘2𝐴 =  −𝐽.                                    (17) 

which is the vector Helmholtz equation. The solution of this equation for A is 

𝐴(𝑟) =  
1

4𝜋
∭𝐽(𝑟 ,)𝐺(𝑟, 𝑟′) 𝑑𝑟,.                                   (18) 

Where     𝐺(𝑟, 𝑟′) =  
𝑒(−𝑗𝑘)|𝑟−𝑟,|

|𝑟−𝑟′|
 .                      (19) 

We can now write what is called the electric field integral equation (EFIE), relating the electric field 𝐸 to the vector potential 

𝐴  

𝐸 =  −𝑗𝜔𝜇𝐴 + 
1

𝑗𝜔𝜀
∇(∇. 𝐴) .                                   (20) 
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We can now further represent the EFIE in the dyadic form as  

𝐸 =  −𝑗𝜔𝜇 ∭𝑑𝑟,𝐺(𝑟, 𝑟′) 𝐽(𝑟,).                          (21) 

Where 𝐺(𝑟, 𝑟′) here is the dyadic homogenous Green’s function given by:     

𝐺(𝑟, 𝑟′) =
1

4𝜋
[Ι + 

∇∇

k2]  𝐺(𝑟, 𝑟′).                                               (22) 

The EFIE describes a radiated field �⃗�  given a set of sources 𝐽, and as such it is the fundamental equation used in antenna 

analysis and design. It is a very general relationship that can be used to compute the radiated field of any sort of antenna once 

the current distribution on it is known.  

The most important aspect of the EFIE is that it allows us to solve the radiation/scattering problem in an unbounded region, 

or one whose boundary is located at infinity. In scattering problems, it is desirable to determine an unknown scattered field 𝐸𝑠 

that is due to a known incident field  𝐸𝑖 . 

Unfortunately, the EFIE relates the scattered field to J, not the incident field, so we do not know what J is. This sort of 

problem can be solved by imposing the boundary conditions on the incident and scattered field, allowing one to write the 

EFIE in terms of  𝐸𝑖  and J alone. Once this has been done, the integral equation can then be solved by a numerical approach 

using the method of moments [8]. 

The EFIE is a Fredholm integral equation of the first kind, where the current appears inside the integral sign only. Because 

the derivation did not impose any constraint on the shape of the scatterer, the EFIE may be applied to closed surfaces as well 

as open, thin objects. For thin surfaces, the current 𝐽(𝑟)represents the vector sum of the current density on both sides of the 

scatterer [9].  

 

3.0 Cellular Telephone Specific Absorption Rate (SAR) 
SAR is a value that corresponds to the relative amount of RF energy absorbed in the head of a user of a wireless handset. The 

FCC limit for public exposure from cellular telephones is at SAR level of 1.6 watts per kilogram (1.6W/kg) 

European Union: CENELEC specified SAR limits within the EU, following IEC standards. For mobile phones, and other 

such hand-held devices, the SAR limit is 2 W/kg averaged over the 10 g of tissue absorbing the most signal (IEC 62209-1). 

India: switched from the EU limits to the US limits for mobile handsets in 2012. Unlike the US, India will not rely solely on 

SAR measurements provided by manufacturers; random compliance tests are done by a government-run Telecommunication 

Engineering Center (TEC) SAR Laboratory on handsets and 10% of towers. All handsets must have a hands free mode. 

SAR for electromagnetic energy can be calculated from the electric field within the tissue as:      

𝑆𝐴𝑅 = 
𝜎(𝑟)|𝐸(𝑟)|2

2𝜌(𝑟)
.       (23) 

σ is the electrical conductivity, E  is the root mean square electric field, ρ is the density and V  is the volume  

SAR measures exposure to fields between 100 KHz and 10 GHz (known as radio waves) [10]. It is commonly used to 

measure power absorbed from mobile phones and during MRI scans. The value will depend heavily on the geometry of the 

part of the body that is exposed to the RF energy and on the exact location and geometry of the RF source. Thus tests must be 

made with each specific source, such as a mobile phone model, and at the intended position of use. 

Body tissue dielectric parameters: The following tissue dielectric parameters are computed according to the 4-cole-cole 

model [11] described in compilation of the dielectric properties of body tissues at RF and microwave frequencies by Camelia 

Gabriel in the U.S. air force report (Table 1). 

Table 1: Body tissue dielectric properties at 2155 MHz 

Tissue Permittivity(F/m) Density(kg/m3) Conductivity(S/m) 

Avg. Brain 42.970322 1030.0 1.340520 

Avg. Skull 15.227116 1850.0 0.520847 

Avg. Muscle 53.962143 1040.0 1.607689 

 

 

4.0  Method 
An empty room was selected for the electric field measurements to be carried out, at least it was 90% free of other EM 

radiation sources , this was done in other to avoid conflicting values and ambiguity. A mobile phone placed at 0.5cm from the 

broadband metre(Electrosmog, ED 78S model) and the electric field at that point was noted and for subsequent values at 1.0 

cm, 1.5 cm, 2.0 cm…4.0 cm. Electric field values noted at different distances were also obtained through the use of the 

broadband metre and a metre rule for noting various distances. A phantom head model is presented in Fig. 3. 

Referring to Eq. 22 and Table 1 various values of SAR where calculated. Software called “power estimator” was used to 

generate electric field values which was also used to calculate SAR, this values served as the theoretically obtained values for 

SAR. 
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Fig. 3: A phantom model of the human showing 

a quasi-view of the experimental setup. 
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5.0  Result  
Table 2: Theoretically obtained values. 
E (V/m) Distance=L±0.05cm  Brain SAR Skull SAR Muscle SAR 

7889                      0.50                        40499.53          8760.973 

3944                      1.00                        10122.32           2189.688                 12022.9909 

2630                      1.50                        4501.089           973.6883                 5346.26156 

1972                      2.00                        2530.579          547.422                  3005.74772 

1578                      2.50                        1620.392          350.5278                 1924.65416 

1315                      3.00                        1125.272          243.4221                 1336.56539 

1127                      3.50                        826.521           178.7954    981.717511 

986                           4.00                        632.7782           136.8844                751.595457 

Table 3: Experimentally obtained values 
E(V/m) Distance=L±0.05cm  Brain SAR  Skull SAR  Muscle SAR 

1.425                  0.50            0.001321405  0.00028585            0.001569526 

1.346                   1.00   0.001178952  0.000255034            0.001400325 

0.975                   1.50   0.000618608  0.000133819            0.000734764 

0.964                    2.00   0.000604728  0.000130816            0.000718278 

0.74                    2.50   0.000356344  7.70854E-05            0.000423255 

0.574                    3.00   0.000214403  4.63802E-05            0.000254661 

0.504                    3.50   0.000165298  3.57577E-05            0.000196336 

0.104                    4.00   7.03838E-06                1.52256E-06            8.35998E-06 

 

 
Fig. 4: SAR against Distance from theoretical values obtained. 

 

 
Fig. 6: Correlation plot of theoretical and experiment on muscle SAR versus distance. 
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Fig. 7: Correlation plot of theoretical and experiment on Skull SAR versus distance. 

 

 
Fig. 8: Correlation plot of theoretical and experiment on Brain SAR versus distance. 
 

6.0 Discussion 
From Table 4.0 and Figure 4.0 respectively, the results obtained theoretically shows that as distance increases SAR values 

decreases for all three selected biological tissues which is in consonance with literature [10,11, 12 and 13] At point 0.5cm, 

the mobile phone was very close to the human head, and more energy is absorbed. At this point, muscle had more absorption 

rate than other tissues followed by brain and the least was the skull. SAR values continuously depreciates for all tissues and 

at points 1.0cm, 1.5cm, 2.0cm and 2.5cm though muscle SAR was still higher than that of other tissues. At these four points, 

the trend for skull and brain SAR were approximately the same. From 3.0cm up to 4.0cm for the three biological tissues the 

curves died off exponentially and in unison without any lagging and any leading with any value up to 10%. 

From Figure 4.1 and Table 4.1, muscle has the highest SAR values although there is an exception at a certain point (i.e. 4cm) 

where all the curves converged and the SAR values for all three biological tissues were approximately equal as it dropped to 

almost zero. At point 0.5cm muscle SAR was higher and followed by brain and skull respectively and at point 1.0 cm it 

decreased in the same order up to point 2.5cm. At point 3.0cm, 3.5cm and at 4.0cm there was a decline which occurred 

uniformly in all three tissues. But one thing was obvious in Figure 4.1 which is the fact that the curves were not smoothly 

decaying unlike the case observed in Figure 4.0. This is attributed to possible EM radiation hot spot that could be present. 

Muscle SAR was also far higher in both cases because it is believed that from anatomical/physiological arrangement of the 

human body tissue, the muscle precedes the skull and then the brain comes last. As the field penetrated further, the field 

faded away along the distance 1 𝑥𝑘𝑜⁄   to a value 1/e of the original value. This is in agreement with the concept of 

penetration depth or skin depth, and it is also the reason behind the brain and skull having relatively less values compared to 

muscle. But absorption in skull was less because it has a high density (1850𝐾𝑔 𝑚3⁄ ), so EM field cannot permeate such 

tissue easily. Compared to other biological tissues (i.e. Muscle and brain) skull SAR was less than all and this is consistent 

with concept depicted in the former (i.e. as density increases SAR decreases). 

Figure 4.2, 4.3 and 4.4 explicitly shows a correlation plot of theoretical SAR values and experimental SAR values of each of 

the three biological tissues against distance. From the plot it is seen that experimental values had extremely low values 

compared to theory. The correlation coefficient obtained thereof was approximately 0.8 for each biological tissue, which 

indicates that there is a positive and good relationship between the SAR theory and SAR experimental obtained and the trend 

as seen in all the three correlation plots shows decrease in SAR with distance. 
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7.0 Conclusion  
Calculation was done using theoretical(computational) and experimental approach, values obtained from experiment falls far 

below the exposure limits given by ICNIRP and FCC respectively, and that obtained from theory was large, but there is no 

cause for alarm since theory is actually an ideal case and our goal is actually the trend of the plot. But experimental values are 

preferred because they are more realistic absorption rates for the human body tissues. We found out that as the field 

penetrated further, the field faded away along the distance 1 𝑥𝑘𝑜⁄   to a value 1/e of the original value. This is in agreement 

with the concept of penetration depth or skin depth, and it is also the reason behind the brain and skull having relatively less 

values compared to muscle. We also discovered that absorption in skull was less because it has a high density (1850𝐾𝑔 𝑚3⁄ ), 

so EM field cannot permeate such tissue easily. Compared to other biological tissues (i.e. Muscle and brain) skull SAR was 

less than all  
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