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Tom Ely (1996): when developing the first US RF 
exposure limits (USAS C95.1; 1966] ) he wrote that he “was 
trying to come up with a number with as few 
significant figures as I could, considering the 
precision of what we were dealing with. A minute was 
too short — an hour was too long” .  

His committee settled on an averaging time of 0.1 hours. 
This became the 6 minutes in later standards. 

Foster, Kenneth R., et al. "Heating of tissues by microwaves: A model analysis." Bioelectromagnetics: Journal of the 
Bioelectromagnetics Society, The Society for Physical Regulation in Biology and Medicine, The European 
Bioelectromagnetics Association 19.7 (1998): 420-428.
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Current Situation
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Averaging Time Needs Reexamination 
because

1. Presently revising/refining exposure limits > 
6 GHz; new communications signals

2.Advent of technology for producing high peak 
power MM wave pulses
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Averaging Time Should Correspond to 
Thermal Response Time of Tissue

1. If it is too long, then limits will conceivably 
allow high fluence pulses will that will cause 
excessive temperature increases

2.If it is too short, then the limits become 
excessively conservative by excluding 
thermally innocuous fluctuations in power.

Considering thermal hazards only! 
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Approach

1. Simple baseline model (Pennes’ BHTE, 1D 
planar model) – uniform plane exposed to 
plane waves

also surface heating approximation
2 D model (finite exposure area)

2. Find step response to heat input then 
impulse and frequency responses

3. Compare with more precise image-based 
models

4. Relevance to standards



Pennes’ Bioheat Equation



Tsur is surface temperature
L is the energy penetration depth in tissue
IoTtr is the absorbed power density at the surface
mb is blood perfusion, ρ tissue density

Solution in Laplace Domain

Calculate Step Response of Surface Temperature



Solution in Laplace Domain

Calculate Impulse Response



Solution in Laplace Domain

Calculate Frequency Response



Surface Heating Approximation

Step response

Frequency 
response



Impulse Response - Baseline model



Frequency response – Baseline model

Surface heating approx. 

Note very low amplitude of 
response above 0.02 Hz. 
Due mostly to thermal 
conduction (not blood 
perfusion) 
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Step Response – 2D model



Impulse and Step Responses –
Image-Based Model (Taro)

(From Morimoto et al 2017)
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Big Bang Pulses
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Response to Communications Waveform (GSM)



Conclusions
• BHTE is a very lowpass filter
• Responses of “baseline” 1D model agree well with more 

detailed models
• Modulation at typical communications waveforms is 

completely irrelevant to thermal response – the DC 
component of the waveform is essentially all that counts

• At mm wave frequencies, intense brief pulses might cause 
objectionable heating but still comply with 6 min averaging 
time
– We suggest several alternative ways to extend present 

guidelines to improve suggested temporal averaging. Probably 
not important for communications signals and for any signals 
below mm range.


