
Radiofrequency/Microwave 
Radiation 



What Is It? 

• “Long” wavelength photons 

– Millimetre to metre, or 

– MHz – GHz radiation 

• Also keep in mind “VLF/ELF” 
(very/extremely low frequencies, e.g. 60 Hz 
power lines) 

– Same principle as RF/MW but even longer 
wavelengths 



Why Do We Care? 

• Heating (think cooking with microwave 
ovens) 

• Mixed evidence for detrimental effects at 
the cellular/molecular level 

• Public awareness (think wifi in schools, cell 
phone radiation) 



Why Do We Care? 

• Regulatory 

— Safety Code 6, primarily for 
telecommunications 

• Few studies (none recent) examining 
occupational exposure due to implantable 
RF hyperthermia devices 

– Existing data suggest there isn’t a concern 



Physical Principles 



RF/MW Spectrum 

• Radiofrequency (RF) 

– 300 kHz to 300 MHz 

• Microwave (MW) 

– 300 MHz to 300 GHz 



RF/MW Spectrum 



RF/MW Usage 

• Radar 

• Satellite communications 

• Radio and ground communications 

• Microwave ovens 

• Medical devices (diagnostic and 
therapeutic) 



RF/MW Delivery 

• Continuous 

• Amplitude modulated 

• Frequency modulated 

• Pulse modulated 



RF/MW Photons 

• Usually treated as a wave only because 
those properties manifest easily at these 
long wavelengths 

• Propagation is modeled by Maxwell’s 
equations 

• Photons can be scattered, absorbed, 
refracted, reflected, and diffracted 



Characterizing RF/MW 

• Frequency 

• Intensity of electric and magnetic fields 
(transverse EM wave) 

• Direction of travel 

• Polarization 



Power Density and Irradiance 

• One of the most useful quantities for the 
health physicist, the Poynting vector 

 

 

• Irradiance is the time-averaged power 
density 

HE


Irradiance W/m2 

W/m2 



Near vs Far Fields 



Near vs Far Fields 



The Far Field 

• This region occurs at distances far enough 
away from the source that is may be 
treated as a point source 

• RF/MW fields are plane waves in this 
region; inverse square law applies 

• Magnitude of electric and magnetic fields 
are related:  E/H = 377  (impedance of 
free space) 



The Far Field 

• Power density reduces to 

 

 

• Distance from the source to the far field 
can be estimated by 

22L
d far



The Near Field 

• Reactive near field 
– Very close to source (within 1 or 2 ) 

– Wave is being formed in this region 

– Objects placed in this region can have a strong 
affect on the nature of the field 

– Power density very difficult to measure directly here 

– Plane wave approximation cannot be assumed, and 
inverse square does not apply 



The Near Field 

• Radiative (Fresnel) near field 

– Inverse square law still does not apply 

– Antenna design and focusing can still be influencing 
the field in this region 

– Power density can be determined, but E and H must 
be measured separately 



RF/MW Sources 



Ambient Sources 

• Natural background 
– Primarily solar irradiance and terrestrial 

reirradiation 

– Irradiance < 1 W/m2 

• Human made 
– Dominates the urban environment 

– Principle sources radio / TV / telecommunications 

– Irradiance ~ 50 W/m2 (ground level average over 
USA) 



High Power Sources 

• Irradiance > 1 W/m2 at 100 m 

– Radio and TV transmitters 

– Cell phone transmitters 

– Airport beacons for navigation 

– Radars for air traffic control 

– Weather radar systems 

– Satellite communication systems 



Low Power Sources 

• Irradiance < 1 W/m2 at 100 m 

– Cellular phones 

– Traffic radar 

– Microwave ovens 

– Medical devices 

 Therapeutic heating 

 Linear accelerators for radiotherapy 

 MR imagers 



Antennas 

• Small antennas 

– Antenna whose largest dimension is no greater 
than the wavelength 

– Extent of reactive near field region /2

– No general theoretical estimation for field 
strength in the near zone, measurements are 
required in most situations



Antennas 

• Large antennas 

– Largest dimension is larger than the 
wavelength 

– Far field may begin as early as  

– Examples include 

 Parabolic reflectors 

 Large arrays 

 Horn antennas 



Power Density In The Far Field 

• EIRP = Effective Isotropically Radiated Power 
[W] 

• r = distance from antenna [m] 

• PT = net power delivered to the antenna [W] 

• G = antenna gain wrt an isotropic antenna 



Antenna Gain 

• Mainly for directional sources, focusing energy 
into a beam that would otherwise be radiated 
into 4

• Ae = effective area of the antenna = A 

 = antenna efficiency (0.5 – 0.75 typical) 

A = physical aperture area of antenna [m²] 

 = wavelength [m] 



Model Of RMS Electric Field 
Strength 



Pulsed Sources 

• Example: radar 



Pulsed Sources 

• Duty factor F=T/Tr 

• Pulse repetition frequency (rate) fp = 1/Tr 

• Average power Pa = Po*F [W] 

• Average power density Wa = Wo*F [W/m²] 



Scanned Sources 

• Think of a rotating radar dish 

• Average power density 

 

 

• Wm,s = power density in Motion and on 
central axis Stationary beams 

• K = rotational reduction factor 



Scanned Sources 

• a = dimension of antenna in rotation plane 
[m] 

• R  = circumference of the antenna scan 
sector at distance r [m], where 
measurements were performed 

 = scan angle [rad] 



Scanned Sources 



Leakage From Sources 

• Quantities must be measured 



Interactions with Tissue 



Mechanisms 

• Tissue is a “lossy dielectric” medium to 
RF/MW exposure 

– Removes energy from the field 

– Fields induce electric and magnetic fields 
within the body 

– Absorption results from charge motion 

• Absorption results in both thermal and 
nonthermal effects 



Dielectric Losses 

• Typically molecular rotations or dipole induction 
leading to frictional losses 

• e.g. flipping water molecules trying to align with 
fields 

• Related to the relative permittivity ( ) of the 
material 
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Conduction Losses 

• Displacement or drift of free electrons and 
ions in the tissue resulting from local 
electric field 

• Energy absorbed from the RF/MW field 
through collisions between free electrons 
and other molecules 



Thermal Processes 

• Primary concern for health physics 

• Heat generated both from oscillating 
molecules and collisional energy 
transferred from free electrons 

• “Dose” for thermal interactions is 
quantified by the Specific Absorption Rate 



SAR for RF/MW 

• For a continuous sinusoidal wave 

 

– : electrical conductivity ( -1 m-1) 

– o: permittivity of free space 

– ”: complex part of relative permittivity 

 A measure of the degree of how easily a medium is 
polarized, and the drift of conduction charges 

 Also a function of frequency (tends to decrease) 



SAR for RF/MW 

• SAR proportional to f, but the relationship 
is not so straightforward 
– ”, induced internal fields have their own 

frequency dependencies 

– SAR may also depend on field orientation 

• To estimate local SAR, knowledge of the 
field strength, and either ” or  must be 
known for the particular tissue at that 
frequency 



Conductivity in Muscle 



What Does it Mean? 

• In practice, the SAR equation above is not 
all that useful 
– It is reasonable, though, for homogeneous 

isotropic media formed into simple shapes 

• Mathematical models and animal studies 
have been used to assess SAR averaged 
over the entire body, arising from an 
external field with fixed power density, as a 
function of frequency 



SAR “Regions” 

Body parts are 

not good 

antennae. 

Body becomes 

good antenna, 

maximum 

absorption. 

 

Strictest 

protection 

standards. 

Body ceases to be a 

good antenna and 

absorption drops to 

~10% maximum. 

Skin 

absorption 

dominates 

above 15 GHz. 



Average SAR by Species 

Frequency of peak 
absorption depends 
on the size of the 
object. 



SAR Field Orientation 
Dependence 

• Previous two figures were generate for the 
electric field vector parallel to the major 
axis of the object’s body 

– Corresponds to maximum SAR per unit power 
density 

• What happens if it is not? 



SAR Field Orientation 
Dependence 

E: electric field parallel 

H: magnetic field parallel 

K: neither parallel 

 

Curves for 10 W/m2 



Nonthermal Interactions 

• Nerve and muscle stimulation (membrane 
excitation) 

– Powers high enough for heating 

– 10’s of MHz 

• Alignment of subcellular components along E-
field (“pearl chain”) 

– Mechanical distortions in strong fields 

• Other documented biological effects that may 
correspond to poorly understood molecular 
interactions (coming up) 



Biological Effects 



Thermal Effects 

• Produced by irradiances > 100 mW/cm2 

• Temperature increases when energy 
absorption > energy dissipation 

• Since SAR is proportional to E-field, 
modeling temperature distribution is 
complicated 

• Internal boundaries/heterogeneities may 
also strongly affect temperature 
distributions 



Heating in Layered Tissues 



More Thermal Effects 

• Ears: “microwave hearing” 
– Click, buzz, or chirp sounds possibly caused by 

rapid thermal expansions of the skull 

• Eyes: cataracts in animals at irradiances > 100 
mW/cm2 

• Gonads: birth defects and reduced fetal size in 
animals 

• Brain: leakage of blood-brain barrier at 45oC 



Nonthermal Effects 

• Produced by irradiances < 10 mW/cm2 

• All are poorly understood and not consistently 
identified 

• CNS: headaches, eyestrain, fatigue, loss of appetite, 
sleep disturbance 

• Reproductive system: e.g. impaired spermatogenesis 

• Carcinogenesis 

– No conclusive evidence of risk (hotly debated) 

– Often confused with 60 Hz studies 



Indirect Effects 

• Electric shocks or RF burns 

– Person contacts a poorly grounded object charged 
by RF/MW 

– Predominantly at lower frequencies (<100 MHz) 



Medical Applications 



Linear Accelerators 



Linear Accelerators 

f = 2856 MHz (  ~10 cm) 

“S-band” 



Oncology 

• RF or MW sources (27 – 2450 MHz) used to heat 
tumour regions 

• Often done in conjunction with radiotherapy or 
chemotherapy 
– Some evidence of synergy 

• Moderate heating (to ~42oC) may result in 
inactivation of enzymes that repair sub lethal 
radiation damage, or increase chemotherapeutic 
uptake by altering membrane permeability 



Oncology 

• Higher levels of heating (to ~46oC) may 
damage tumour blood vessels 

• Uses: 

– Cutaneous and metastatic melanoma 

– Intraocular tumours 

– Breast, prostate, head & neck cancers 

– Liver, renal cancers 



Oncology 

• For external application, tumour needs to 
be within ~3cm from an accessible surface 

• Interstitial usage, RF energy delivered 
through small needles 
– Alternating current sent to probe, which acts 

as an antenna 

– Great localization, but very invasive 

• Limited to solid tumours 



Tumour Ablation 



RF Needle Delivery Systems 



RF Needle Delivery Systems 



RF Needle Delivery Systems 



Physiotherapy 

• Principally used for muscle relaxation / 
analgesia from low level heating 

• Direct RF/MW into tissues through external 
applicators 

• US dominates this application now due to 
concerns over skin heating and personnel 
protection 



Radiofrequency Neurotomy 

• Procedure to reduce back and neck pain 

• Heat generated by the RF damages 
targeted nerves and temporarily interferes 
with their ability to transmit pain signals 

• RF generated using needles embedded in 
the skin, close to the spine 



Radiofrequency Neurotomy 



Magnetic Resonance Imaging (MRI) 
 

Later… 



Detection and Dosimetry 



Direct Measurement 

• Measure E or H directly using antennae 

– Generates a voltage 

– Signal relayed to a detector (diode or thermal) 

– Output of detector proportional voltage2, so 
output is proportional to irradiance (E2) 

– “Square-law responders” 



Antennae 

E 

H 



Measuring RF/MW 

Antenna 

Diode detector Thermal detector 

Leads 

Signal processing 

Current, I 

Ohmic 

heating 



Indirect Measurement 

• Measure temperature changes 

– Thermocouples (V proportional to 
temperature change) 

– Thermistors (resistance decreases with 
temperature) 

– Resistive temperature devices (resistance 
increases with temperature) 



Dosimetry 

• Dose means: 
– Temperature increase distribution 

– SAR distribution 

– Irradiance (to characterize field rather than 
biological impact) 

• Irradiance does not necessarily correlate to 
biological effect 

• Measuring temperature is more biologically 
relevant, but is more difficult to do in vivo 



Protective Measures 



Electromagnetic Interference 

• RF/MW fields can adversely affect the function 
of devices with electrical conductors 

– Pacemakers 

– Electrocardiographs (ECG’s) 

– Electroencephalographs (EEG’s) 

– Electro-explosive devices (remote detonation) 

– Electrical arcs in gaseous mixtures (e.g. fluorescent 
bulb) 



Protective Measures 

• Similar to other forms of non-ionizing 
radiation 

– Engineering controls 

– Administrative controls 

– Personnel controls 



Engineering Controls 

• Leakage suppression 

– Gaskets and seals to prevent RF from being 
emitted in unintended directions 



Engineering Controls 
Shielding 

• Building materials 

– Attenuate through reflection and absorption 

Material/Construction 

Component 

SHF Range (dB) UHF Range (dB) 

Major brick wall (0.7 m) 20 12 

Internal plaster wall (0.15 m) 10-12 2.5 

Wooden board (30 mm) 1-2.5 1-2.5 

Window glass (3 mm) 1-3 --- 

Window with frame 4.5 3 

Window with double frame 7 3.5 



Engineering Controls 
Shielding 

• Thin metal sheets 

– Strong attenuators (0.05 mm > 100 dB) 

• Transparent thin films 

– Allow viewing while strongly attenuating 
RF/MW 



Engineering Controls 
Shielding 

• Screening 

– Most common form of shielding 

– Attenuation in dB expressed as either: 

 

 

• Attenuation by screening: 
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Engineering Controls 
• Safety interlocks 

– De-energize RF/MW emitting system when 
people are in the restricted area 



Administrative Controls 

• Design the equipment/area to comply with 
exposure limits 

• Specification of “controlled” versus 
“uncontrolled” areas 

• Regular monitoring of RF/MW fields 
– Ensures proper operation over time 

• Monitoring of individuals 
– Passive monitoring of locations and duration 



Personnel Controls 

• Personal shielding is NOT recommended 

– Reflections may be a hazard to others 

– Electrical arcing may occur 

• Personal monitors not typically used 

– Unreliable due to calibration problems, 
temporal stability 



Exposure Standards 



Exposure Standards 

• Many 

– World Health Organization 

– ICNIRP 2009 (Europe) 

– FCC, OSHA (USA) 

– Safety Code 6 (Canada) 

• FDA, Health Canada have a say on medical 
devices as well 



Safety Code 6 

• 2009 most current version 

• “Limits of Exposure to Radiofrequency 
Fields at Frequencies from 10 kHz – 300 
GHz” 

• Regulations for E and H field strengths 

– Occupational AND “general population” 

• Maximum SAR levels, contact current limits 



Safety Code 6 

• Specifies maximum levels of human exposure 
over the range 3 kHz to 300 GHz to prevent 
adverse health effects 

• Specifies maximum allowable RF contact and 
induced body currents 

• Provides guidance for evaluating RF exposure 
levels 

• Limited in scope than the original 1999 version 



“Controlled Environments” 

• All conditions must be satisfied, otherwise 
classified as “Uncontrolled” 

1. RF intensities have been adequately 
characterized 

2. Exposure only to persons who are aware of 
the potential for exposure and cognizant of 
the intensity of RF exposure 

3. Exposure only to persons who are aware of 
the potential health risks associated with the 
exposure and whom can control their risk 
using mitigation strategies 



SAR Limits 

• SAR limits take precedence from 100 kHz to 
6 GHz and SHALL NOT be exceeded 

• SAR should be determined if exposure 
occurs less than 20 cm from the source 

• SAR may be estimated through 
measurement or computation 

• Measurements of electric field strength or 
power density are sufficient in the far field 



SAR Limits 

• Recommendation: SAR limit for the eye also 0.4, 
0.2 W/kg in controlled/uncontrolled 



Contact Current Limits 

• No object an individual may come into 
contact with shall be energized by 
electromagnetic radiation to such an extent 
that the maximum current flow through a 
human body exceeds the specified values 
– May cause tingling or warm sensation, but will 

not cause pain or an RF burn (controlled 
environment) 

– Measured using an electric circuit with same 
impedance as the human body 



Contact Current Limits 



Contact Current Limits 



Contact Current Limits 



Field Strength Limits 
• Individuals SHALL NOT be exposed to certain 

levels of either SAR or induced currents in the 
body 
– Recommended limits for power density and E/H 

fields also included so that the regulatory SAR 
limits are not exceeded 

• If multiple frequencies are present then the 
relative contributions are summed 

• Quantities averaged over any 0.1 hour period 
(up to 15 GHz) and spatially averaged over an 
area approx same size as a human body 
(centre is maximum of the field in that area) 



Controlled Environment Field 
Limits 



Uncontrolled Environment Field 
Limits 



Field Limits 



Warning Signs 

Placed on all RF/MW 

devices 

Placed as necessary to 

indicate an irradiance 

between controlled and 

uncontrolled limits 

Placed as necessary to 

indicate an irradiance 

above controlled 

limits 



Emission Standards 

• Radiation Emitting Devices regulations 

– Primarily on microwave ovens 

• < 10 W/m2 at 5 cm from the surface 

• X-ray exposure < 0.5 mR/h at 5 cm from the 
surface 


