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1.   INTRODUCTION 
      

 The IEEE RF Safety Standard C95.1 [1] is being revised to allow increased peak level SAR from the present 
value of 1.6 W/kg for any 1-g of tissue to a higher limit of 2.0 W/kg for any 10-g of tissue.  While this aspect of the 
revised standard will harmonize the IEEE standard with the SAR limit suggested in the ICNIRP Safety Standard [2], an 
important exception is made in the newly proposed IEEE Safety Standard [3] for the pinna for an increased limit of 4.0 
W/kg for general public and a five times higher limit of 20.0 W/kg for any 10-g of pinna tissue for occupational 
exposures. No such exception for the pinna tissue is made for the ICNIRP Safety Standard where all electro-
magnetically exposed tissues are considered in determining peak 10-g SAR. 

 We have previously considered the implication of allowing a higher limit for the pinna tissue in the proposed 
IEEE Draft Standard [3] on the maximum allowable powers for cellular telephones at 835 and 1900 MHz [4].  Using 
anatomic models of the human head, we show that this relaxation to higher limits for the pinna tissue will result in 
allowing wireless telephone radiated powers using the newly proposed IEEE Safety Standard to be up to two times 
higher than those allowed under ICNIRP Guidelines.  A second factor is that a plastic "pinna" SAM head model is being 
used for pre-market compliance testing of cellular telephone emissions [5].  For this model, the SAR in the plastic 
"pinna" is zero.  If, as in SAM, the SAR in the pinna is ignored and SAR in the head-only tissue is the limiting factor, it 
will result in compliant radiated power levels to be over a factor of five times higher than those allowed under ICNIRP 
Safety Guidelines used in more than 30 countries without violating the newly proposed IEEE RF Safety Standard [3]. 

 For the present research, the bioheat equation is used to solve for the temperature rise of the various tissues 
including the brain for exposure to cellular telephones at 835 and 1900 MHz for radiated power levels allowed under the 
present and proposed IEEE RF Safety Standards [1,3] and the ICNIRP Standard [2].  A result of these calculations is to 
show that while negligible heating of the brain will result for power levels allowed for the present IEEE Guidelines, 
temperature increases in excess of 1.3ºC may result for parts of the brain for the radiated power levels allowed under the 
relaxed RF Safety Standard newly proposed for the IEEE. 
 
2.   MODELS OF THE HEAD 
 

 Two different anatomic models, namely, the Utah model and the "Visible Man" model are used for calculation of 
peak 1- and 10-g SARs needed for compliance with the present IEEE and ICNIRP Safety Guidelines, respectively.  
Both of these models, described in detail in an earlier paper [6] are classified into various tissues e.g., brain, fat, bone, 
cartilage, etc. with voxel resolution of 1 × 1 × 1 mm3.  A visualization of the two anatomic models used for comparison 
studies is given as Fig. 1a and b, respectively.  A point to note is that pinna for the "Visible Man" model is much thinner 
i.e. 6 versus 14 mm for the Utah model.  To understand the role that an electromagnetically-absorptive thicker pinna of 
the Utah model may play on the temperature elevation for the brain, we have reduced the thickness of the voxels 
associated with the pinna of the Utah model by a factor 6/14 and reattached it back to the model of the head.  This 
manipulation allows us to create yet another version of the Utah anatomic model, shown in Fig. 1c, where the thickness 
of the pinna is 6 mm instead of the original 14 mm-thick  pinna  for  this model.  Thus a total of three anatomic models 
shown in Fig. 1 are used both for SAR and for thermal calculations. 

 
Fig. 1.  Visualizations of the three anatomic models with 15º-tilted placement of the cellular telephone.  Also shown are 
the two cross-sectional planes passing through the highest temperature point of the brain for each of the models. (a) The 
Utah model with 14 mm thick ear. (b) The “Visible Man” model. (c) The Utah model with 6 mm thick ear. 
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3.   THE BIOHEAT EQUATION FOR TEMPERATURE CALCULATIONS 
 

The transient bioheat conduction equation has been used by several authors to obtain the thermal response of the 
various tissues of the head for exposure to energy radiated by cellular telephones (see e.g. [7,8]).  A version of this 
equation for the temperature Ti,j,k of voxel (i, j, k) is as follows [7]: 
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As in [8], the bioheat equation incorporates thermal conduction, metabolic heat generation, EM energy deposition 
(SAR), heat exchange through blood flow into various tissues and heat dissipation at the surface by radiative, 
convective, and evaporative losses (due to insensible perspiration) from the voxels at the surface for each of the three  
anatomic models (see Figs. 1a-c). 
 
4.  ORIENTATIONS AND TELEPHONES USED FOR SAR CALCULATIONS 
 

 The method used for calculation of SAR distributions is the well-established FDTD method. To understand the 
thermal implications of the peak local 1- or 10-g SARs for the various tissues recommended in the present IEEE and 
ICNIRP Standards [1, 2] and the newly proposed draft standard for IEEE [3], we have considered a number of 
telephone handset dimensions and monopole antenna lengths given in Table 1 typical of cellular telephones in use 
today.  

 

Table 1.   The cellular telephone handsets and antennas assumed for SAR calculations. 
 

Handset Dimensions mm Antennas 
22 × 36 × 82 
22 × 42 × 82 
22 × 42 × 102 
16 × 42 × 82 

Nominal quarter-wave monopoles  
of length 80 mm at 835 MHz 

and length 40 mm at 1900 MHz 

 
It is recognized that a near-field radiation source such as a cellular telephone may be placed in different 

orientations relative to the head for typical use.  A couple of standardized orientations; namely, the cheek position and 
15º-tilted position have been suggested in the SAR Compliance Standard [5].  For the present calculations, we have 
assumed the four handsets at 835 and 1900 MHz each with respective nominal quarter-wave monopole antennas placed 
against the right ear of the three anatomic models for 15º-tilted positions.  The radiated powers for each of the handsets 
are scaled up or down to obtain the peak 1- or 10-g SARs of tissues suggested in the various safety guidelines as 
follows: 

1. The present IEEE C95.1 limits the peak 1-g SARs to 1.6 and 8.0 W/kg on an all-tissue basis (pinna and non-
pinna tissues) with the tissue volume in the shape of a cube for controlled and uncontrolled environments, 
respectively [1]. 

2. The present ICNIRP Guideline limits the peak 10-g SARs to 2.0 and 10.0 W/kg on an all-tissue basis with the 
tissue volume in the shape of a cube for general public and occupational exposures, respectively [2]. 

3. The newly  proposed  IEEE Standards Coordinating Committee 28.4 [3] draft standard would limit the peak 10-g 
SARs of 2.0 and 10.0 W/kg for non-pinna tissues only and would use more relaxed higher limits of 4.0 and 20.0 
W/kg for pinna tissues for general public and occupational exposures, respectively [3]. 

 
5.  RESULTS 
 

 Using the bioheat equation, (1), the temperatures Ti,j,k are calculated for each of the voxels of the head as a 
function of time for an exposure duration of up to 30 minutes for each of the three anatomic models of Figs. 1a-c for the 
eight handsets of dimensions and antenna lengths given in Table 1.  Used for the calculations are the radiated powers 
that correspond to the SAR limits given as items 1-3 above for the present IEEE and ICNIRP and the proposed Safety 
Guidelines [1-3].  For the non-pinna 10-g SAR of 10 W/kg suggested for the occupational exposure, the temperature 
variations for the most-heated voxels of the brain for each of the three models is given in Fig. 2 for an irradiation 
frequency of 835 MHz.  Fairly similar curves are also obtained for cell phones using 1900 MHz.  Also shown by the 
fine dotted lines are the time durations of about 6-11.5 minutes for which the temperature increase ∆ T is 0.707 times or 
70.7% of the maximum value ∆ Tmax for each of the models. 



           
Fig. 2.    Temperature variations as a function of time for the highest temperature point of the brain for three anatomic 
models of the human head (Fig. 1) at 835 MHz.  The dotted lines correspond to the irradiation time of about 6-11.5 
minutes for which the temperature increase ∆ T is 0.707 times or 70.7% of the maximum value ∆ Tmax. 
 
 

 Using a least-squares regression analysis for the values of ∆ Tmax calculated for the three anatomic models (of 
Fig. 1), and four handsets each at 835 and 1900 MHz, ∆ Tmax can be written in terms of peak 1- or 10-g SARs as 
follows: 
 
 

Frequency  
MHz 

Peak 1-g all-tissue SAR  
as in [1] 

Peak 10-g all-tissue SAR 
 as in [2] 

Peak 10-g non-pinna SAR  
as in [3] 

835 1 g(0.0303 0.01) SAR −± ⋅  10 g(0.0576 0.0168) SAR −± ⋅  10 g(0.1044 0.0192) SAR −± ⋅  

1900 1 g(0.0158 0.0067) SAR −± ⋅  10 g(0.0361 0.0171) SAR −± ⋅  10 g(0.0886 0.0078) SAR −± ⋅  

 
 
6.  THERMAL IMPLICATIONS OF THE NEW PROPOSED IEEE SAR LIMITS 
 

 The draft standard proposed by IEEE Standards Coordinating Committee 28.4 [3] would retain the peak 10-g 
SAR limits of 2.0 and 10.0 W/kg of the ICNIRP standard, but apply it only for the relatively-shielded non-pinna tissues 
of the head and use higher limits of 4.0 and 20.0 W/kg for pinna tissues for general public and occupational exposures, 
respectively [3].  Based on the calculations performed for the three anatomic models and four handsets each, we plot 
∆ Tmax as a function of non-pinna 10-g SARs up to 10 W/kg suggested in the draft IEEE Standard in Fig. 3 for 835 
MHz.  Not shown for lack of space is a fairly similar figure with a slightly lower slope for the values of ∆ Tmax 
calculated at 1900 MHz. 

Brain temperature elevations as high as 1.35ºC and 1.04ºC are calculated for exposure to non-pinna SAR of 10 
W/kg suggested in the IEEE draft standard for controlled (occupational) exposures at 835 and 1900 MHz, respectively.  
Visualizations of the temperature elevations for the exposed parts of the brain for the three anatomic models at 835 
MHz are given in Fig. 4 for the cross-sectional cuts "B" passing through the highest SAR or ∆ Tmax points of the three 
models, respectively. 
 



 
Fig. 3.   The maximum temperature increase ∆ Tmax as a function of peak 10-g non-pinna SAR at 835 MHz. As 
recommended in the newly proposed IEEE Safety Standard, the SAR for the pinna is excluded. 
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Fig. 4.   Visualizations of the calculated temperature increase ∆ T at 835 MHz from the various parts of the brain for the 
cross-sectional cuts "B" of the head models of Fig. 1.  Shown here are temperature elevations of 0.1–1.35ºC. 
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