
11
Experimental EMF Exposure Assessment
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11.1 Objectives and Limitations

Experimental electromagnetic field (EMF) exposure assessments can be divided into two
categories: (1) densitometry, that is, quantification of the incident EMF or the field
characteristics at the location of exposed bodies but without their presence, and (2)
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dosime try, that is, quantif ication of the EMF indu ced in biologic al tissues or bodie s. In
mos t cases of compl iance eva luation , verificati on that the actual exp osure is below a
certain value is par amount to accura te determi nation of the ind ividual exp osure. How-
ever , highly accura te pr ediction s are need ed for som e med ical appli cations, for instan ce,
hype rthermia. The focus of this chapte r is on dosime try for freque ncies ab ove 10 MHz ,
often referre d to as radio freque ncy (RF) dosimetr y. At low er frequ encies, experi menta l
dosime try is usual ly limited to measu rement of the incide nt magn etic fields.
11.1. 1 Dosim etry

Dosi metry is the science of quantif ying the thr ee-dim ensional (3–D ) distri bution of EMF
inside tissue s and org ans of biol ogical bodies. The term is also applie d with me dia havin g
diele ctric charact eristics similar to biol ogical bodie s, for exampl e, ce ll culture s, tissue-
sim ulating liqu ids, et c. The induced field is the only field par ameter that can interac t wi th
biolo gical pro cesses and theref ore is refe rred to as the primary quantity.

Dos imetry usuall y refers to the assessm ent of the indu ced fields on a macr o level , that
is, the averaged induce d fields across cells. Microdos imetry refers to the eva luation of
fields across memb ranes, pro teins, etc. This is a new field facing vario us bas ic problem s
suc h as mater ial mo dels and transi tions bet ween class ical and qua ntum electro dynam ics.
Since the field of microdos imetry has not yet matured and since mi crodosi metry can be
direc tly develop ed from locally ave raged induce d fields in the freque ncy ran ge consid-
ere d (<300 MHz ), the term dosimetr y in this chapter refers to marc odosime try onl y.

The distribut ion of ind uced fields , particul arly at RF, is a comp lex func tion of nume r-
ous parame ters such as freque ncy, incident field strengt h, incide nt angl e, field imped-
ance, inci dent field distrib ution, pola rization, size and shape (postu re) of the biologic al
body, tissue distr ibution, dielectr ic charact eristic s of the tissues, etc. In gen eral, the
dynam ics of the indu ced field strength rang e over sever al orde rs of magn itude. In other
words, the strengt h a nd distribut ions of the fields ind uced by the sa me incide nt exposur e
greatl y vary with anatom y and body orientatio n with respect to the field and postur e.

It is practica lly imposs ible to me asure the fields nonin vasiv ely or in vivo ; thus,
meas urement s can only be obt ained postm ortem. The limita tions [1] ass ociate d with
postm ortem eva luation s inclu de (1) acces sibility to onl y certain tissue s, (2) dielectr ic
chang es (e.g., lower tissue te mperatur e and decrease d blood conten t), (3) field distor tions
by the invasive ly introduce d pro be, and (4) large uncert ainties assoc iated with obt aining
accura te measu rement s near and across tissue bound aries [2,3]. Only the integ rated,
total ly absorb ed power can be determi ned relative ly easily by the calori meter method
(see Se ction 11. 3.2.4).

Pro gress in comp utatio nal electro magnet ics along with the expon ential growt h of
comp utatio nal power and memory have facili tated det ermina tion of the field distri bu-
tions in full anatom ical human bodies with res olutions mu ch smal ler than 1 mm3 (se e
Ch apter 10 on RF modeling by Lin). The lossy and low -resona nce proper ties of comp lex
anat omical struct ures pose no special challenge s for numerica l methods (Figure 11.1).
Limitations are only due to inadequate phantoms providing insufficient spatial reso-
lution, for example, to accurately represent the scull [3].

Nevertheless, experimental dosimetry is often superior to numerical approaches for the
compliance testing of commercial devices. Sources usually consist of highly resonant
structures tightly assembled with other electronic and metallic structures. It is difficult
to predict with reasonable and known uncertainty whether and how distortion of reson-
ances and excitations of secondary structures might occur through simulations, especially
when also considering the scattered fields of biological bodies. Small differences can
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FIGURE 11.1
The latest advances in numerical techniques enable the computation of realistic scenarios without restrictions
regarding spatial resolution and material description. The remaining difficulties are material parameters and
manufacturing tolerances.
easily res ult in deviat ions of more than a fact or of 2 from realit y. Only wh en the structure
is electr omagneti cally wel l-defined can good correspo ndenc e betwee n sim ulation s and
measu rement gene rally be achieve d, that is, with a n unce rtainty smaller than 20% [4]. On
the other han d, exp erimenta l te chniques allow te sting of the phy sical device unde r test
(DUT) and do no t requ ire verificatio n of the computati onal mode l.

The detailed informati on of the field distri bution s inside anatomic al bodi es obt ainabl e
by numerica l me thods is often irre levant, since it cannot be gene ralized. For sa fety
consid erations, the uppe r boun dary of exp osure for the entire popul ation rather than
indiv idual exposur e is releva nt. Hence, worst -case phanto ms are often appli ed to assess
the upp er exp osure boun dary for specif ic exposur e conditio ns, for exa mple, from mo bile
transmitters. Since the degree of freedom for these phantoms is relatively large, they can
be chose n homo genously (see Se ction 11. 4.1). Recen t eva luation of the proce dures
for mobile phone compliance testing has confirmed that conservative assessments are
possible with a simplified experimental technique using homogenous phantoms [4–6].

During the past decade, considerable progress has been achieved in experimental
dosimetric assessment. Since the late 1990s, experimental techniques have been routinely
applied for evaluating transmitters operating in the closest vicinity of the body. They have
proven to be more reliable, cheaper, and faster. A summary of these techniques and
procedures is provided in this chapter. However, dosimetric assessments are limited to
homogenous phantoms or to a few tissues in biological bodies. These assessments are
normally applied for testing compliance with the basic restrictions or for the validation of
results obtained by computational techniques.
11.1.2 Densitometry or Incident Exposure Assessment

Experimental dosimetry requires sophisticated instrumentation, significant expertise, and
time. It is impractical for in situ exposure assessments. Therefore, easy to apply techniques
and methods using a worst-case approach have been developed to determine compliance
� 2006 by Taylor & Francis Group, LLC.



with potential ly hazar dous in duced fields by det erminin g the in cident fields. The worst-
case concept der ives the conditi ons for max imum indu ced fields inside the human body
for an incide nt field strengt h in terms of the polarizat ion, field distr ibution (plane wave) ,
field impedan ce (plane wave) , size, and posture of the human body and its dielectr ic
pro perties. The induced fields are low er than a val ue X if the local maxim um incident
field strengt h of the E field and H field is below the value Y . Att empts to alter
this conse rvative appr oach have yielde d alternat ives with an insu fficient sc ientific and
engi neering basis (see Section 11.5).

Asse ssment of the inci dent exposur e is sim ple for plan e wave or far-fie ld condi tions.
Und er these co nditio ns, the E field vecto r is perpen dicular to the H field vector, and both
are orthogon al to the direc tion of propa gation. The ratio of the E and H fi elds is equal to
the wave impedan ce Z at any location :

Z ¼ E

H 
(11 :1)

and in free spac e

Z0 ¼ 377 V (11 :2)

Further more, the ampl itude is constan t over the en tire volume of the absent ex posed
body. In thes e cases, it is neces sary to measu re only one component ( E or H field) at one
locat ion in space. Unfort unately, far-fiel d condi tions rar ely occur. Howev er, far-fiel d
condi tions are appro ximately met locally by chan ging the amplit ude in spac e at dista nces
large r than the extensio n of the reactive near-fie ld zone :

r >
2D2

l
, D � l

2 
(11 :3)

r >
l

2p 
, D � l

2 
(11 :4)

wh ere r is the radi us or dista nce from the tran smitting anten na=stru cture, l the wave-
len gth, and D the larges t anten na dim ension.

In other wo rds, for dista nces meetin g the re quireme nts of Eq uation 11.3 and Equa tion
11.4, only the max imum of the field co mponent s mu st be det ermined to dem onstra te
comp liance.

For any dista nce sma ller than the require ments of Equati on 11.3 and Equa tion 11.4, the
max imum of bot h compo nents must be spatially scanne d to reliably predic t that the
max imal indu ced fields are below a ce rtain limit. Fin e volume sc anning of transmitter
anten nas in the ver y near field yield s greater un certainty and is more time -consuming
than dosime tric me asurement in homoge nous phant oms. Since such near-fie ld assess-
ments are more conservative than specific absorption rate (SAR) evaluations, they are
rarely conducted in the context of exposure assessments.
11.2 Fundamental Q uantit ies o f EMF

The bas ic qua ntities necessary for electromagnetic exposure assessm ent are sum marized
in Table 11.1.
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TABLE 11.1

Quantities, Symbols, and Units Used in Experimental Exposure Assessment

Symbol Quantity Unit

~EE E field (vector) V=m
~HH E field (vector) A=m
S Power density (scalar) W=m2

~SS Pointing vector, ~SS ¼ ~EE � ~HH W=m2

W Energy density W=m3

SAR Specific absorption rate W=kg
DT Temperature increase K
J Current density A=m2

�«« Complex permittivity, �«« ¼ «0 � �««r F=m
«0 Permittivity of free space, «0 ¼ 8.854 � 10�12 F=m
«r Complex relative permittivity, «r ¼ «r

0 � j«r
0 0

s Conductivity S=m
m Permeability, m ¼ mr � m0 H=m
m0 Permeability of free space, m0 ¼ 4p � 10�7 H=m
mr Relative permeability
c Specific heat capacity J=(kg K)
r Mass density kg=m3
11.2. 1 Primary Quant ities: Basic Restr ictions

Restri ctions on exposur e to time -varyin g electr ic fields, magn etic fields , and EMF that are
based directl y on establish ed he alth effects are te rmed basic restrict ion s (see Ch apter 8 on
standards by Van Deventer et al. [68]). Depending on the frequency of the field, the
physical quantities used to specify these restrictions are either the current density (J) or
the SAR. The dosimetric quantities used in current guidelines [7–10] are J for frequencies
up to 10 MHz and the SAR for the frequency range from 100 kHz to 10 GHz. J is related to
the internal electric field by Ohm’s law:

J ¼ sE (11:5)

E is the internal electric field, and s is the complex conductivity of the tissue.
SAR is the ratio of the average rate of the absorbed power to the absorbing mass. It is

defined as follows:

SAR ¼ d

dt

dW

dm

� �
¼ d

dt

dW

rdV

� �
(11:6)

where dW is the incremental energy dissipated in an incremental mass dm included in an
incremental volume dV and r is the mass density. SAR can also be calculated directly
from the electrical loss, which is proportional to the mean square of the locally induced
electric field strength E:

SAR ¼ sE2

r
¼ J2

sr
(11:7)

and to a temperature increase by:

SAR ¼ c
dT

dt
(11:8)
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wh ere c is the local specif ic heat capacity of the tissue. Equa tion 11.8 is v alid on ly if the
exp osed body is in therm al equi librium or in a stea dy therm al state at the beginn ing of the
exp osure, and eith er heat ex change pro cesses can be neglec ted duri ng the me asurement
interva l or the pro cesses are known to correc t d T co rrespondi ngly. Current safety stand-
ards [7–10] for limitin g EM F exp osure pro vide max imum limits for bas ic res triction s for
the unco ntrolled =general public a s well as for controlle d=occup ational exposur e over the
wh ole conside red freque ncy range. The standar ds are amb ivalent with resp ect to the
qua ntity SAR. The debate among exp erts is whether SAR is a dosimetr ic quantity onl y
releva nt as a surrogate for therm ally ba sed mo dels of EMF interac tion or whet her it can
desc ribe effects in ad dition to those relate d to temperatur e. SAR is dir ectly related to the
indu ced internal E fields as well as to the curren t dens ity (Equ ation 11.7) but onl y direc tly
rela ted to the ind uced H fields for special cases .
11.2. 2 Der ived Quant ities: Reference Level s or Maximum Permiss ible Exposure

The derived quantitie s are the electr ic field strengt h ( E), magn etic field strengt h ( H),
magnetic flux density (B), and power density (S). As discussed in the previous sections,
these quantities were derived from the basic restrictions using experimental or computa-
tional methods and represent conservative limits for worst-case exposure scenarios. Derived
limits are called reference [7] or maximum permissible exposure levels [8,9]. Compliance
with these quantiti es implies compl iance with the basic restrict ions. However , if the
referen ce qua ntities exce ed the derived limits, the releva nt basic restriction s are not
neces sarily exce eded. In such cas es, compl iance can be dem onstra ted by dosimetr ic means.

In summary, reference levels are easy to assess if the plane wave or far-field conditions are
met (see Section 11.1.2) and the resulting SAR and induced current densities are below
the corresponding basic restrictions under all circumstances. Typical reference limits for
occupational=controlled and general public=uncontrolled exposure are given in Refs. [7–10].
11.3 Expe rimental Techniques

11.3. 1 Field Prob es

E fi eld probes have been used for microw ave me asurement since the early 1 970s. The first
pow er meters were develo ped by Aslan [11] and Rudge [12] . Aslan used a thermo cou-
pling mode l co nsisting of two pairs of thin-fil m, vacuu m-evapora ted electr otherm ic
eleme nts that func tione d as both an anten na and a detecto r. Rudge employed two smal l
diode -loaded dipol es as sens or elemen ts. The first prototyp e of an isotro pic, mi niature
field prob e was introduced by Bassen et al. [13] in 1975. Additio nally, fib er optic field
pro bes had alread y been propose d in the 1970s [14] . Compr ehensi ve over views of field
pro bes are reporte d in Ref s. [2,15].
11.3. 1.1 Broadb and E Fiel d Pr obes

Dio de-base d field prob es are we ll esta blished and commo nly used for dosimetr ic ass ess-
ment. The se probes co nsist of an appr opriate field sensor, a detec tor, trans mission lines,
and read-ou t electr onics (Fig ure 11.2). Three mutually orthogon al diode -loaded dipoles
with an isotropic receiving pattern constitute the probe. To achieve good spatial reso-
lution and broadband performance, electrically short dipoles are employed:
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 11.2
Simplified schematic of a broadband field probe.
bh ¼ 2ph

l
� 1 (11:9)

where h is the length of a dipole arm, b the propagation constant, and l the wavelength
[15]. A flat frequency dependence cannot be achieved if the length of the probe is larger
than a fraction of the wavelength (< 0.05l). However, this limitation can be overcome by
gradually resistive dipoles [16].

Typical isotropic E field probe sensors are shown in Figure 11.3. An RF detector diode
(usually Schottky type) is located in the center of the dipole arms. If the detector diode is
operated in the square-root law region, the diode current is proportional to the RF power
delivered over the dipole to the detector diode. The detector diode is connected with a
highly resistive line to the data acquisition electronics. The transmission lines must be
designed precisely to eliminate distortions, such as parasitic sensor elements and scatter-
ing, which cause degradation of the pattern and unwanted polarization characteristics of
the actual receiving antenna. High-resistive transmission lines are ideal for minimizing
field perturbation and pickup effects. A detailed investigation of transmission line design
(a) (b) (c)

FIGURE 11.3
E field probe configurations: (a) E field probe for meas-
urements in air with one sensor aligned to the probe axis
and two orthogonally, (b) dosimetric probe for E field
measurements in tissue-simulating liquids allowing in-
tegration of an optical proximity sensor in its center, and
(c) miniature dosimetric probe with interleaved dipoles.
(From IT’IS Foundation. With permission.)

� 2006 by Taylor & Francis Group, LLC.



can be found in Smith [17]. Current probe designs apply either thin-film (R � 10 MV=m)
[14] or thick-film (R � 500 MV=m) [18] techniques.

The induced fields are recorded by the read-out electronics. The electronics typically
consist of a measurement amplifier and an analog digital converter. The read-out
field values are then optically forwarded. The optical transmission provides a galvanic
decoupling and reduction of field-perturbing conductive parts near the DUT.

In addition to E field probes, H field probes are also available, the basic theory of which
can be found in Whiteside and King [19]. H field probes and E field probes are basically
similar, except for the field sensor element, that is, H field probes employ a small loop
element instead of a dipole sensor. The disadvantages of loop-based sensors include a
strong frequency dependence and currents induced by both H and E fields. Different
methods for flattening the frequency dependence of loop probes have been proposed in
Refs. [2,20]. The ratio of the voltage induced in a circular loop with diameter d by the E
field and the H field is [19]:

VE

VH
’ �j2p

d

p
(11:10)

Therefore, for electrically small loops only, that is, d=l� 0.01, the current will mainly be
determined by the magnetic field. In Pokovi�cc [2], lossy covers were proposed to suppress
the E field sensitivity of the loop.

In contrast to dipole-based sensors, thermocouple probes are true square-root law
[a1]detectors. Such sensors are, for example, used in free space field probes by Narda
[21]. These sensors are, however, impractical for dosimetric and near-field applications
because of their generally lower sensitivity and dynamic range.

Thermistors are also true square-root law detectors and also small. They can have
higher resolution than thermocouples but need more frequent calibration.

Based on the setup of these isotropic field probes, the measured field magnitude is
yielded from the root sum square of the three orthogonal components:

jXj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jX1j2 þ jX2j2 þ jX3j2

q
X 2 {E,H} (11:11)

This summation is carried out regardless of any phase differences between the respective
components. Hence, if maximum hold peak detectors are applied, the field reading
represents the upper bound of the field magnitude.

The output signal of the probes just described is dependent on the following
parameters:

. Frequency, modulation, and field strength

. Polarization, direction, and field gradients

. Material boundaries near the probe sensors

. Sources of interference (noise, static and low-frequency fields, vibration,
temperature, etc.).

Therefore, it is necessary to quantify the influence of these parameters. Calibration under
well-defined conditions is carried out to characterize the most crucial parameters for each
probe individually. A detailed summary of different calibration methods for field probes
and characterization of the parameters contributing to the measurement uncertainty is
given in Pokovi�cc [2]. All possible influences must be included in the resulting uncertainty
assessment, since the conditions during the actual application of the probes differ
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 11.4
Impact of the constructional details on the probe char-
acteristics.
consid erably from the cal ibration sce nario. Figure 11.4 pro vides an overvi ew of differen t
prob e constru ction parameter s that contri bute to the prob e charact eristics .

Mode rn dosi metric field prob es a re availa ble in the freque ncy range from 10 MHz
up to 6 GHz . They have an isotr opy error low er than + 0.5 dB and sensit ivities in the
rang e of 1–10 mW =g [22] . Mod ern prob es have very sm all sensor tip dim ensions (2.5 mm)
and high spatia l res olution, allowin g meas urement s very close to mater ial bound aries. A
prob e with redu ced size (tip diam eter 1.0 mm) was introdu ced by Pokovi�cc et al. [23] and
enabl es accura te dosime tric measu rement s fo r frequenc ies exce eding 10 GHz. Altho ugh
this probe consi sts of only a single sens or eleme nt, isotropy is obtained by 120 8 rotation
around the prob e axis and an appropr iately aligned sensor eleme nt. Prob es for determin-
ing bot h the ele ctrical and the magn etic field vecto r inform ation a re presente d by Poko vi�cc
et al. [24]. Thi s techni que is ba sed on measureme nts of five or mo re field compo nents in
space and reconst ructio n of the elli pse parame ters by a combi nation of a downhi ll
simplex and a Gi vens updatin g algor ithm.
11.3. 1.2 Electro- Optical Sensors

In contras t to RMS sen sors, it is possibl e to me asure fields over a broad freque ncy band in
the time dom ain by exploiti ng electr o-optic methods. Recen t ad vances in semicond uctor
and photo nic crysta l research have provided the fou ndation for the next gene ration of
near-fie ld meas urement equipmen t based on electr o-optic al methods. The basic co ncept
of electro -optic probes is shown in Figure 11.5.

The mos t impor tant electr o-optic effects for measuring EMF are the Pockels effect and
the qua ntum confine d Stark effect (QCS E). The Pockel s effect desc ribes the refr action
inde x dependen ce on the indu ced E field of anis otropic diele ctric crysta ls such as cad-
mium telluride (CdTe) [25] or lithium nobi at (LiNbO3) [26,27 ]. H field- sensitiv e crysta ls
have also been det ermined, for exampl e, cadmiu m mang anese tellurid e (CdMnTe ) [25] .
The QC SE is bas ed on the chan ge of the ab sorpti on spectrum of a semicond uc-
tor structur e under the influence of the electric field. Sensors exploiti ng the Pockel s
effect a re rep orted in Refs. [25–27 ]. A detailed sum mary of electro -optic phenome na,
mater ials, and applicati ons can be fou nd in Agul lo-Lopez et al. [28] . Altern atively, the
signal from the field sensor can modulate a small laser diode rather than the external
electro-optical modulation.
� 2006 by Taylor & Francis Group, LLC.



FIGURE 11.5
Principle of an electro-optic probe for
EMF measurements.
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The most common modulators are the Mach–Zehnder interferometer (MZI) as well as
the already mentioned method of the direct modulation of the laser-diode current. The
MZI (Figure 11.6) splits the light of a single-mode fiber into two parallel branches of
LiNbO3 waveguides. The feedpoints of the dipole are connected to electrodes that are
located between the parallel branches, resulting in the antipodal modulation of the phase
of the light. For recombined light, the phase modulation results in an intensity modula-
tion. Sensitivities of 1–10 mV=(m Hz) can be reached. The upper cutoff frequency of these
sensors is primarily determined by the length of the branches. For high sensitivity, the
transit time through the interferometer must be much lower than the periodic time of the
signal being measured. In Refs. [26,27], interferometers with a 3-dB bandwidth of 10 GHz
were realized. A possibility to overcome this limitation could be the application of
traveling wave modulation [29].
ElectrodesWaveguide

LiNbO3

Input power Output power

Phase shift

Phase shift

FIGURE 11.6
Schematic of an MZI. The light through the waveguide is modulated antipodally by the electrodes by changing
the refractive index of the LiNbO3 substrate.
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Ano ther appro ach reported in Ref. [25] uses onl y nonc ondu ctive parts in the sen sor tip.
Differe nt ty pes of crysta ls that are sensit ive to electri c and mag netic fields are used. Lin ear
polarize d light passing through the electr o-opt ic crysta l is refl ected on a diel ectric mirr or
and passes through the crystal again, where the polariz ation is chang ed. A beam -split
polarize r trans duces the elli pticity change into a chan ge of the optica l intensi ty. Sensors
with a sens itivity of 10–40 0 V=m and 0.1–0.8 A =m in the frequenc y ran ge from DC to 2
GHz were real ized.

For mo dulation using QCSE, semicon ductors with pn- or pin-junct ion struct ure s are
used. A varying reverse bias over the junctio n mo dulates the electri c field and conse-
quentl y the absorp tion and refle ction spect ra of the sem icondu ctor as well. If the mo du-
lator is opera ted at a constan t frequenc y, differen t refle ction a nd transmi ssion
charact eristic s of the light and an inte nsity modu lation resu lt.

In add ition to passive mo dulation (QCSE ), direc t mod ulation of a vertical cavity surfac e
emitti ng laser (VCS EL) [30–32 ] has recent ly been applie d. The cu rrent thr ough the laser is
directl y modulat ed by the measu rement sign al. The VCSEL is especi ally suitabl e for
modu lation bec ause of its high bandw idth, low thresho ld curren t, and low noi se.

The MZI is the mos t popu lar modu lation method amo ng the thr ee mentio ned, and
sever al comme rcial pro ducts are availab le based on this technology . Disadvan tage s
inclu de the limited ability to red uce its size as well as the bandw idth limita tions. Passive
modu lators are rela tively sim ple to man ufacture as integrat ed circuits . Altho ugh pas-
sive mod ulators are inferio r to MZI regardi ng sensit ivity, the develop ment of minia ture
field probes applying the VSCEL techno logy is currentl y the mos t pro mising appro ach.
11.3. 2 Temper ature Inst rument ations

11.3. 2.1 Temper ature Prob es

The locally ind uced SAR can also be assessed by te mperatur e meas urement s, as sum-
marized in Equa tion 1 1.8. A ty pical temp erature rise curve as applie d for SAR meas ure-
ments is sho wn in Figure 11.7. Two types of tempe rature probes exist: those based on
thermistors and those based on optical effects. The requirements for temperature probes
for SAR assessments are:

. Small size: The probe must be small to resolve high temperature gradients,
without disturbing the temperature distribution as well as the RF field.

. Nonconductive materials: Only electrically nonconductive materials prevent heat-
ing of the probe by induced currents and are transparent to EMF.

. Low noise level: Especially for dynamic temperature measurements, for example,
SAR, small differences must be detected accurately. Therefore, the noise level
should be much smaller than 10 mK.

. Short reaction time: A short reaction time is essential for SAR measurements, since
the temperature rise (dT=dt) is only proportional to the SAR if heat diffusion
does not occur. An appropriate probe must have reaction times much lower than
100 msec [33].

Temperature probes for SAR measurement using thermistors were first described by
Bowman [34]. These probes utilize high-resistance thermistors that are connected through
high-resistance lines to the read-out electronics. In Burkhardt et al. [35], a temperature
probe based on a VITEK thermistor (BSD Medical Devices, U.S.A.) is presented.
This probe has a noise level of 5 mK, a sensitivity of 5 mK=sec, and a tip diameter of
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FIGURE 11.7
Typical temperature rise curve for SAR assessment. The linear part of the rise curve is applied for the calculation
of the SAR. (Acquired using DASY4 from SPEAG, Switzerland.)
1 mm; however, it has a relatively slow response time of 240 msec. In Schuderer et al. [36],
a novel temperature probe design for dosimetric assessments was introduced. The probe
provides a spatial resolution of 0.02 mm3, noise level of 4 mK, a sensitivity of 0.5 mK=sec,
as well as a response time of only 10 msec.

In addition to the thermistor concept, temperature probes based on thermo-optical
effects are also available. These probes are applied in high-voltage transformers, indus-
trial microwave ovens, and hyperthermia treatment. One of the exploited effects is the
decay rate of a phosphorescent layer at the tip of a fiber optic cable [37]. These modern
commercially available probes have a noise level of 0.1 K and reaction times of 250 msec.
Another exploited effect is the interferometric application of a cavity that is filled with
materials that have highly temperature-dependent refraction indices. These probes reach
sensitivities of 2–3 mK=sec [35].
11.3.2.2 Infrared Photography

The measurement of temperature by black body-equivalent radiation (infrared photog-
raphy) is an alternative to invasive measurements using temperature probes. The reso-
lution of infrared thermographs can be very high (<1 mm), and the sensitivity of
affordable systems has continuously improved over the years. This was also one of the
first methods to measure SAR [38], since the surface radiation can be recorded quickly
using infrared cameras without perturbation of the incident field. Infrared cameras were
also used to measure the temperature of Global System for Mobile Communications
(GSM) mobile phones [39]. The technique has several disadvantages:

. It has limited sensitivity compared to temperature or dosimetric probes.

. It is limited to surfaces.
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. The thermal radiation characteristics of the materials must be determined
accurately.

. The background radiation must be homogenous.

. Evaporation and convection can cause substantial errors and must be controlled.

. Different aspect angles of the camera can cause different results.
11.3.2.3 Microcapsulated Thermo-Chromic Liquid Crystals

A novel idea to assess 3-D temperature distributions optically and in quasi real time was
proposed by Suzuki et al. [40]. Microcapsulated thermo-chromic liquid crystals are
suspended uniformly in a gel with the dielectric properties of human muscle tissue.
The temperature of the gel is determined by measuring the light scattered from a laser
beam that scans through the liquid. The technique has a limited dynamic range and
sensitivity.
11.3.2.4 Calorimeters

Calorimetry specifies methods for measuring heat due to biological, chemical, or physical
processes that are endothermic or exothermic. Calorimetric methods are suitable for
determining average whole-body SAR, but they cannot reveal SAR distributions.

Calorimetry can be subdivided into two types:

. Direct calorimetry: The heat is determined directly using calorimeters.

. Indirect calorimetry: The amount of expressed heat is determined indirectly by
measuring the amount of oxygen consumption and relating it to the oxicaloric
equivalent of the reaction.

Basically, calorimetric dosimetry analyzes the heating and cooling processes of an ex-
posed sample. Typical calorimeters used in microwave dosimetry are the Dewer flask
calorimeter and the twin-well calorimeter [41].
11.3.3 Measurement Antennas

Different types of broadband matched antennas are usually applied for the frequency-
selective exposure assessment of external fields. These measurement antennas are
matched to 50 V to be compatible with standard RF measurement equipment. They are
usually applied for far-field measurements of emissions by cellular telephony base
stations, broadcast services, etc. Common broadband RF measurement antennas such as
horn or logarithmic periodic antennas have a certain directivity. For example, for an
antenna with a 458 beam width, more than 18 measurement directions are necessary for
each polarization, since the receiving patterns do not have the shapes of square sectors.
This reduces the applicability of these antennas for complex propagation scenarios, that
is, locations where the received field is not dominated by a direct line of sight propagation
path but by multipath reception. Tuned dipole antennas do not show a directivity in the
radial direction, but they lack broadband operation. Conical [42] and biconical [43]
antennas have the advantage of nondirectiveness in the radial direction and gener-
ally good broadband characteristics. If, for example, the ADD3D method [44] is
applied in combination with a conical dipole antenna, the measurement orientations
for a fully isotropic scan can be reduced to three different directions. In this case, the
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isotr opy is obtained by an anten na align ment sim ilar to near-fie ld pro bes, suc h that the
resu lting field is:

jE j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jE1 j 2 þ jE2 j 2 þ jE3 j2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j U1 j2 þ jU 2 j 2 þ jU3 j2

q
� AF (11 :12)

wh ere AF is the frequ ency-depe ndent antenna factor in linear qua ntities (1 =m) and Ui is
the a ntenna outpu t volta ge at the three differen t anten na orientatio ns. To obtain the
anten na output volta ges, a measureme nt rece iver (see Section 11.5.1) conn ected v ia a
wel l-charact erized cab le is appli ed. The anten na outpu t volta ge is:

Uiantennaj j ¼ Uireceiverj j � ATTcable (11 :13)

wh ere jUirecei ver 
j is the volta ge measu red with the receive r and ATT cable the attenuat ion of

the cable in linear uni ts. Oth er sour ces of attenuat ion, for ex ample, attenuat ors to redu ce
the Vol tage standi ng wave ratio (V SWR) of the measu rement anten na, mu st be similar ly
consi dered.
11.4 Near-Field Scanners

11.4. 1 Scann ers for Dosim etric Compliance Testin g

In dosime tric comp liance tests , exp osures from RF tran smitters opera ting in cl ose pro x-
imity to the body, for example, mobile phones or body-worn wireless devices, are
comp ared to the ba sic restrict ions (see Se ction 11.2.1) . This is a comp lex task, since the
exposure greatly depends on the device design, the position of the device with respect to
the body, the external and internal anatomy, as well as the effect of the backscattered field
on the device (Figure 11.8). In order to obtain a reliable assessment with acceptable effort,
the standards must determine the maximum or 90th percentile exposure for the entire
MTE

Current distribution
on the antenna

and device

SAR

Phantom/head
position of the device

• Design (antenna, housing, and internal details)

• Antenna matching

• H field coupling

• Size/shape

• External objects
  (ear, glasses, etc.)

• Hand

• Position • Shell, shell thickness

• Tissue parameters

• Position

FIGURE 11.8
Overview of impact parameters for dosimetric compliance testing of mobile terminal equipment (MTE).
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popul ation that may be opera ting the DUT. Measu rement standard s have been devel oped
by differen t organizat ions, for example , by the Interna tional Elect rotech nical Comm ission
(IEC), the Inst itute of Elect rical and Electronics Engi neers (IEEE) , the Associ ation of Radio
Industr ies and Busin esses (ARIB), Kor ea Elect romagn etic Enginee ring Socie ty (KEES) ,
and others.

In general, a dosimetr ic eva luation requ ires the measureme nt of several hundr eds of
point s distri buted over a co mplex 3-D phanto m. The task is divide d into (1) search ing for
the locat ion of the max imum absorp tion on a 2-D gri d and (2) det erminin g the peak
spatia l SAR va lue on a fine 3-D gri d. Especiall y at high freque ncies, these poi nts mus t be
determi ned with high accura cy to achie ve low measu rement uncert ainty despite high
attenuat ion a nd lar ge spat ial field va riations. Autom ated dosimetr ic assessm ent system s
are utilized to perform these comp liance tests. A typic al co nfigura tion of a dosimetr ic
assessm ent system is sho wn in Figure 11.9 and Figure 11.10. A compute r-controll ed six-
axis posi tioner with excellen t positio ning repeatabi lity of + 0.2 mm is used to move the
dosimetr ic E field pro be with in the scann ing grid, which can be ad aptive, for example ,
along a surfac e that is bein g detected dur ing the scann ing job. The differen t field
prob e desig ns have already been discusse d in Section 11.3 .1. Phant oms, for example ,
the speci fic anthro pomorp hic man nequi n (SAM ) phant om, elliptic al phanto m, etc., and
tissue-si mulating liqui ds (see Ta ble 11.2) have been develo ped and val idated with resp ect
to the 90th perce ntile requireme nts [45]. A detailed descrip tion is pro vided by Schmi d
et al. [18]. Because of the stro ng curvat ure of the SAM phant om, sufficie nt accura cy can
be obt ained only wh en the meas urement s are taken wi th the pr obes align ed norm al to the
phant om boun dary. The most elabora ted compone nts, proce dures, and algorithm s are
emp loyed (Figure 11.10) , a nd an expande d total uncert ainty ( k ¼ 2) for the compl iance
test of less than 20% can be achieved with even better repeata bility.

It should be noted that this appro ach pro vides reliabl e conse rvative estim ates of the
max imum peak spatial SAR that mig ht occur in the user popul ation but little inform ation
about the exp osure of specif ic tissues.
11.4.2 Fast Dosimetric Scanners

Dosimetric compliance tests of near-field sources are extremely time-consuming, espe-
cially as all configurations with all accessories must be evaluated. SAR patterns provide
Twin SAM phantom
Dosimetric probe

Positioner

2 mm

Tissue-simulating liquid

DUT

FIGURE 11.9
A dosimetric assessment systems consists of a com-
puter-controlled positioner, a dosimetric field probe,
and a phantom (left and right head, flat region for
system validation) filled with tissue-simulating liquid.
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FIGURE 11.10
DASY4 dosimetric assessment system. (From SPEAG, Switzerland.)
further valuable information such as (1) the output power under loaded conditions as
indicated by a different peak spatial SAR if the absorption pattern is not altered and (2)
changes in the internal RF path, for instance, by poor contacts, as indicated by a modified
SAR pattern. Therefore, fast SAR scanners are desirable for precompliance testing as well
as for research and development. Such scanners would also be greatly beneficial for
TABLE 11.2

Electric Parameters of Head and Body Tissue Equivalent Liquids at Various
Frequencies

Head Body

Frequency (MHz) «r s (S=m) «r s (S=m)

150 52.3 0.76 61.9 0.80
300 45.3 0.87 58.2 0.92
450 43.5 0.87 56.7 0.94
835 41.5 0.90 55.2 0.97
900 41.5 0.97 55.0 1.05
915 41.5 0.98 55.0 1.06
1450 40.5 1.20 54.0 1.30
1610 40.3 1.29 53.8 1.40
1800–2000 40.0 1.40 53.3 1.52
2450 39.2 1.80 52.7 1.95
3000 38.5 2.40 52.0 2.73
5800 35.3 5.27 48.2 6.00
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quality assurance purposes, when integrated into production lines (every device tested
for compliance, output power, and RF performance).

An algorithm to extrapolate peak spatial SAR values from the 2-D area scan performed
at the phantom surface was presented by Kanda et al. [46]. Another algorithm reducing
the measurement time of an area scan lasting 5–10 min was proposed by Merckel and
Fleury [47].

Two additional approaches have been presented to further accelerate the assessment.
The first approach, using a scanner based on incident H field measurements, is described
in the next section. The second approach is based on a sensor array implanted in a solid
flat phantom (Figure 11.11). The phantom is filled with a broadband tissue-simulating gel
(300 MHz up to 6 GHz), with sensors located 4 mm below the surface. The density of the
sensor array (15 mm) is sufficient to reliably assess the exposure. The measured SAR
values of all sensors are acquired and integrated in parallel, such that the total assessment
time is less than 3 sec, even for TDMA (Time Division Multiple Access) signals with
complicated frame structures.
11.4.3 Incident Near-Field Scanners

In the reactive near field, field gradients are generally very high, and the field impedance
differs greatly from the far-field impedance and rapidly changes over short distances.
Hence, both E and H fields must be assessed, based on requirements regarding spatial
resolution and isotropy that are similar to those of dosimetric scanners. In addition,
distortions by reflections from instrumentation must also be carefully evaluated and
included in the uncertainty budget.

General purpose scanner systems are equal or similar to those used for dosimetric
evaluations, except that E and H field probes optimized for free space are used instead of
Fiberglass
cover (2 ± 0.2mm)

x−y sensors

Metal box
with amplifiers and
data acquisition

Broadband
tissue-simulating
media (gel)

FIGURE 11.11
The concept of a fast dosimetric scanner based on a dense array of sensors completely immersed in a broadband
tissue-simulating medium. In order to provide a quick response, the signals of all sensors must be amplified and
integrated in parallel for the frame structure and to increase the signal-to-noise ratio. The high-resistive sensor
leads are vertical to minimize field distortions.
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dosime tric pro bes. Since the scan pro cedure s do not need to follow compl ex surfaces,
three- axis systems [48] are also suitable . Howeve r, suc h evaluat ion s are rar ely used to test
comp liance with safety limits, since the limits are sign ificant ly more co nservat ive and the
meas urement re sources , time requ ired, and unce rtainty budget are hig her than for dosi-
metric assessm ents. Neverth eless, such measu rements are val uable for the validat ion of
nume rical resu lts [49] or to test compl iance with interf erence limits in the close near field,
for example , fo r hearin g aids [50] .

A special ized near- field scanne r was pro posed and develo ped to test the precomp li-
ance of mobile han dsets with safe ty limits [51] . Its un derlining co ncept is bas ed on the
pri mary inte raction mechanis m of near-field exposur e [52] , that is, the local SAR is
appr oximatel y propor tional to the squa re of the incide nt magn etic field at the surfac e of
the phanto m:

SAR ¼ aH 2s (11 :14)

The magn etic field is scann ed in a referen ce plane abov e the DUT usin g a loop antenna
arr ay. The factor a is det ermined by relating a traditio nal comp liance measu rement inside
the ph antom to the magn etic field scan in free space for a certain DUT. The syst em can
pre dict the SA R within 30 sec. The main disadva ntage of such a syst em is that it does not
sim ulate a real istic load to the anten na of the DUT.
11 .5 Incident Fiel d Evaluations i n the Far Field o f Transmitt ers

Eval uation of the exposur e in the far field of a transmitter is usuall y conducte d for fixed
trans mitters such as radio and TV broad cast antennas, radar sites, or cellular base
statio ns. Expos ure assessm ents are carri ed out in areas that are gene rally acces sible or
restrict ed to qualified worki ng per sonnel . Compli ance is teste d with the referen ce limits
by assum ing free space field impedan ce, that is, by E field eva luation . As desc ribed in
Sectio n 11.1.2, onl y on e me asurement poi nt is req uired unde r real far-field condi tions.
Howeve r, actu al enviro nments usual ly invo lve nearby reflectors, that is, a scann ing
pro cedure or stati stical knowl edge about the field distri bution is need ed to det ermine
the maxim um exposur e.

Bro adband instant measu rement s are often insufficie nt, since the eva luated transmit-
ters do not alway s opera te at max imum power, for examp le, in the case of bas e stations,
the transmitted power is dependent on the traffic. In such cases, information on the
maximum exposure with respect to the measured exposure must be available and
soun dly appli ed to extra polate the wo rst-case exp osure. Ta ble 11.3 lists the parameter s
that are nece ssary to extrapolate the worst -case exposur e and to redu ce the unce rtainty of
the actual measu rement campaign . It is easie r to determine the measure ment me thods
when ad ditiona l parameter s are known. Genera l sour ces of error are:

. Field per turbatio n by measurement personnel, for instance, reflection and ab-
sorption of EMF due to the body of the measurement engineer

. Application of the measurement antenna, for example, nonobservance of
antenna directivity and polarization

. Application of ineffectively decoupled cables, for instance, acting as secondary
antennas
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TABLE 11.3

Important Parameters of RF Transmitter Sites Assessed in the Far Field

Site Parameter Explanation

Location The location of the transmitter with respect to the measurement point
Line of sight=nonline of sight Determines if a prevalent propagation path may be expected
Type of site Single- or multiple-antenna site
Antenna directivity Antenna beam characteristics
Antenna radiation direction The direction the transmitter radiates
Antenna power at measurement The antenna input power at the time the measurement takes place
Maximum antenna input power Maximum permissible antenna input power
Frequency Frequencies at which the site transmits
Communication system Communication system that is used, that is, which signal characteristics

are expected
Other sources of radiation The field at the measurement point if the assessed transmitter is

switched off
. Application of the measurement receiver, for example, incorrect measurement
settings

. Selection of the measurement point, for example, measurement points that are
not feasible to give the maximum EMF exposure, measurement points close to
bodies that influence the measurement antenna’s calibration.

Different methods for assessing EMF exposure in the far field have been proposed. One
approach is the scanning method. This method requires the engineer to slowly move the
measurement antenna with varying polarizations and directions through the volume of
interest [53]. The measurement receiver operates in maximum hold mode during the
assessment, that is, the maximum field value is determined and compared to the reference
values. Another method is based on the examination of several well-defined points in the
area of interest. In this case, the antenna is mounted on a tripod, and the different
directions and polarizations are examined at the considered points [54]. The first method
is conservative but sensitive to the position of the measurement operator with respect to
the antenna. The second method can be performed with the measurement engineer
further away, but the number of measurements in the volume is small. A combination
of both methods is presented in Coray et al. [55], that is, first the region is scanned for the
field maximum in the area of interest, and then an isotropic and frequency-selective
measurement is performed at the location of the maximum.

Far-field techniques are also often employed in the near field of transmitters, for ex-
ample, on transmitter towers. Some standards allow a spatial averaging of E field evalu-
ations [9], the rationale of which is based on the whole-body SAR limit. However, this
constitutes a relaxation of the safety concept, since it does not consider H field coupling as
the dominant mechanism in the near field nor the limits of peak spatial SAR. Based on
current knowledge, such relaxations do not exclude violations of the basic restrictions.

The advantages and limitations of different measurement techniques to assess exposure
from unknown transmitters are discussed below.
11.5.1 Broadband Measurements

Broadband measurements are especially applicable for survey measurements. The field is
measured and automatically summed over a broad frequency range. No information on
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Field probe with separate
measurement amplifier and
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Field probe with
integrated amplifier
and field monitor

Sensor head
(with dipole/loop sensor and diode detector)

Transmission lines

Preamplifier

Field monitor

FIGURE 11.12
Schematic of the most common designs of broadband RF survey meters.
the spectral characteristics of the field is available. Therefore, if a broadband meter is used
for compliance testing, the measured field value must comply with the lowest permissible
limit defined in the measurement range of the meter. Broadband survey meters are
relatively inexpensive and easy to apply. Hence, these probes are often used for field
measurements.

Figure 11.12 displays typical broadband field survey meter designs. Figure 11.13
displays the frequency response of two broadband probes. The field value measured
with probe 1 must comply with the lowest limit in the frequency range from 10 MHz to
1 GHz, whereas probe 2 must comply with the lowest limit between 100 MHz and 10 GHz.
The overlapping frequency range is counted twice if the exposure values are added to
cover the entire frequency range. Some broadband probes are designed to reflect the
frequency dependence of the limits. In all cases, it is advised that the off-band response of
1 MHz 10 MHz 100 MHz 1 GHz 10 GHz

0 dB

−3 dB

Probe 2Probe 1

Field strength

FIGURE 11.13
Frequency response of two broadband field survey meters. The fields in the frequency ranges are summed up.
If the fields from probes 1 and 2 are summed again, then the fields in the overlapping frequency range are
accounted for twice.
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these prob e systems be caref ully evaluat ed. If a specif ic transmi tter is the dom inant
sour ce, complian ce te sting is greatly sim plified [56] .

In ad dition to the freque ncy re sponse, broadband pro bes have a ce rtain time -domain
transfer func tion. When pulse d fields are measured , this resp onse mu st be compensate d.
Howeve r, for this compe nsation, informa tion on the tim e-domai n charact erist ics of the
measu red field is nece ssary. In sum mary, the main sour ces of uncert ainty reg arding
broadb and sur vey meters are:

. Calib ration

. Line arity

. Frequ ency res ponse

. Isotropy

. Time-d omain respons e

. Temp erature respon se

In conclusi on, the accura cy of broadband eva luation s is sign ificant ly limited but generall y
conserva tive.
11.5. 2 Frequency -Selective Measur ements

Frequ ency-sele ctive measu rement techni ques can over come the issue of the unknow n
spect ral compo sition of the field. Howeve r, the exe cution of the me asurement is more
compl icated, such that insufficie ntly train ed per sonnel are likely to pro duce erroneou s
results.

Measurements in the frequency domain are performed with a measurement antenna, as
desc ribed in Section 11.3.3, that is conn ected to a spect rum analy zer (Fi gure 11.14) . The
spectrum analyzer mixes the received RF signal down to the base band. A filter is swept
in frequency over the considered sweep bandwidth. The signal after the filter is detected
using user-definable detectors. Most spectrum analyzers provide video filters for add-
itional filtering (smoothing) of the spectral signal. Setting the sweep and filter parameters
can significantly impact the measurement result. Optimal settings for GSM and Universal
Mobile Telecommunications System (UMTS) based on a simulation approach were re-
cently presented by Olivier and Martens [57]. The impact of summing up parts of the
spectrum because of nonideal filters was investigated by Joseph et al. [58]. Modern
analyzers also provide a zero-span mode. The RF signal is mixed down to the base
band, and only the time-domain envelope of the signal is displayed afterward. This
mode may be applied, for example, to investigate the time-domain characteristics of an
unknown communication system. Additionally, it is especially useful to measure pulsed
Measurement
antenna

Measurement
cable

Attenuator
(optional)

Spectrum analyzer

FIGURE 11.14
Schematic of a frequency-selective measurement of EMF.
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sign al form s, as this signal form is often used in co mmunic ation syst ems. In sum mary, the
appli cation of spect rum analyze rs is a compl ex subje ct. Measu rement recomm end ations
dealing with freque ncy-select ive measureme nts shou ld always desc ribe the spect rum
analyz er setting s to pro duce feasi ble and compara ble results. Neve rtheless, the me asure-
ment engi neer shou ld still test the actu al appli cability of these setting s for his parti cular
meas urement equipmen t.

The mai n sour ces of un certainty rega rding frequ ency-sele ctive measu rement s are:

. Cali bration of the spect rum analy zer, cab le, and measu rement anten na

. Line arity of the spect rum analy zer, cable, and measu rement anten na

. Frequ ency respons e of the spect rum anal yzer, cable, and measu rement anten na

. Demod ulation me thod of the spect rum analy zer (de tector ty pe)

. Tem perature respons e of the spect rum analyze r, cable, and meas urement
anten na

. Mis match betwee n measu rement equi pment

Alth ough the frequenc y-select ive measu rement method overcome s mos t of the issue s
regardi ng broadb and survey meters, it is not sufficie nt to sound ly iden tify the exposur e
from dif ferent transmi tters at the same freque ncy. In this case, measu rement recei vers
shou ld be appl ied.
11.5. 3 Code- Selectiv e Measur ement s

Code-selective measurements are especially necessary if the exposure from a specific
transmitter applies code division multiple access (CDMA), for example, if a UMTS is to be
assessed. In the case of UMTS, all base stations usually transmit in a single-frequency band.
With a frequency-selective receiver, it is not possible to discriminate between exposure from
different base stations, since a single-frequency band is used and the channels are multi-
plexed in the code domain. Code-selective receivers decode the signal received from a base
station, that is, the receiver is able to discriminate between a field strength received from the
base station of interest and other noise-like sources. The receiver measures the field received
from the base station of interest only if the particular scrambling code is used for decoding.
Basically, the same sources of uncertainty must be considered for code- and frequency-
selective measurements. However, in contrast to frequency-selective measurements, the
modulation of the signal does not increase the uncertainty but rather the possible nonortho-
gonality of the respective scrambling codes. Many of the typical measurement receivers for
UMTS base station measurements (e.g., Rohde and Schwarz TSMU [59], Anritsu ML8720B
[60]) provide insufficient sampling rates for swept scanning. Others overcome this limita-
tion, for example, Narda-STS SRM-3000 [61].
11.6 Typical Maximum Peak Spatial SAR Exposures

The daily local RF exposure of the general public has increased by several orders of
magnitude with the introduction and proliferation of mobile handsets. This has triggered
concern among health agencies and the public, since the highest exposed tissue is the
brain. Figure 11.15 a nd Figure 11.16 display the frequenc y of worst -case SAR from mobile
phones measured according to Refs. [62,63]. Figure 11.15 represents the typical SAR
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FIGURE 11.15
Statistical distribution of maximum 10-g SAR measured for 668 mobile phones according to EN50361. (From
German Federal Office for Radiation Protection, http:==www.bfs.de=elektro=hff=oekolabel.html, 2005.)
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FIGURE 11.16
Statistical distribution of maximum 1-g SAR measured for 687 mobile phones according to IEEE-1528. (From
Federal Communications Commission, http:==www.fcc.gov=cgb=sar=, 2005.)
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TABLE 11.4

Worst-Case Peak Spatial SAR of a Set of Wireless Indoor Devices

Device Class Frequency Range (MHz) Worst-Case 10-g SAR (W=kg)

Baby surveillance 40–863 0.077
DECT 1880–1900 0.055
WLAN 2400–2484 0.81
Bluetooth 2402–2480 0.49
PC peripherals 27–40 �0.005

Note: An absolute worst case for all commercially available products cannot be estimated based on these data.
val ues for Euro pe (mean 10-g SA R: 0.74) [64] and Figu re 11.1 6 for Nort h Am erica (mean 1-g
SAR: 0.96) [65]. The different averaging masses are due to different legal regulations in
Europe and the United States. These values are a considerable percentage of the limits. A
recent statistical analysis of the Federal Communications Commission (FCC) SAR data-
base found that the SAR values of newer phones are typically lower than of older phones
despite their greatly reduced size.

SAR measurements of devices operated in home and office environments were
reported by Kramer et al. [66]. A summary of the maximum SAR values determined in
this study for several types of transmitters is given in Table 11.4. It should be noted that
under worst-case scenarios, the SAR values measured for WLAN and Bluetooth commu-
nication systems are in the same range as those for mobile phones.
11.7 Typical Far-Field Exposures

A study regarding indoor incident field exposure from cellular base station sites
was conducted by ARCS (Austria) [55] in the city of Salzburg. Table 11.5 shows two
TABLE 11.5

Results from Indoor Incident E Field Measurements Conducted in an Austrian City [55]

Base Station

Distance to Base

Station (m)

Cumulative Incident

E Field (V=m)

Distance to Base

Station (m)

Cumulative Incident E

Field (V=m)

1 196 0.37 374 0.35
2 88 0.51 108 0.89
3 9 0.034 15 0.037
4 16 0.62 8 1.00
5 85 0.94 152 0.75
6 81 1.8 85 1.71
7 4 3.7 25 1.02
8 93 0.19 208 0.19
9 34 0.40 55 0.63

10 39 1.9 76 2.8
11 174 0.59 220 0.45
12 41 0.70 107 0.67
13 2.5 0.67 5.5 0.15

Note: Two cumulative incident field exposure values (sum of incident field exposures from multiple transmitters
at one site) at different distances are shown as exemplary for each base station site.
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TABLE 11.6

Worst-Case E Field of Typical Wireless Indoor Devices at 20-cm and 1-m Distance

Device Class

Frequency

Range (MHz)

Worst-Case E

Field (V=m) (20 cm)

Worst-Case E Field

(V=m) (1 m)

Baby surveillance 40–863 8.5 3.2
DECT 1880–1900 11.5 2.9
WLAN 2400–2484 3.9 1.1
Bluetooth 2402–2480 3.1 1.0
PC peripherals 27–40 �1.5 �1.5
cumulative incident field exposure values (sum of incident field exposures from multiple
transmitters at one site) measured at different distances from the considered base station
sites. The values are within 0.1 to 1 V=m for distances up to several hundreds of meters.
These data also underline that the distance to the base station site has a poor correlation
for the incident exposure.

Similar results were reported by Bornkessel and Schubert [67]. This study also included
outdoor measurement points and addressed the time dependence, that is, traffic depend-
ence of the exposure from cellular base stations. The results showed a significant time
dependence for base stations with multiple traffic channels. In these cases, clearly lower
exposure can be expected at night and on weekends.

The incident field exposures from typical devices used in home and office environ-
ments were assessed by Kramer et al. [66]. The maximum E field exposure values for
different device categories are summarized in Table 11.6. The incident field exposure
from cellular base stations may be exceeded by the exposure from these devices because
of the generally closer distances.

Additionally, an incident exposure of 1 V=m translates to a peak spatial SAR value in
the brain that is approximately a factor 10,000 times lower than the maximum exposure
by a handset. Thus, exposure by handsets is by far the most dominant source of RF
exposure for the general population.
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Mü ller, W. and Georg Neubauer, H.H., ‘‘ADD3D, a new technique for precise power flux
density measurements at mobile communications base stations,’’ http: == www.seibersdorf-rf.
com=docs=pubdl =Pub4_Add3Denglish.pdf, 2000, accessed Dec. 16, 2005.
6 by Taylor & Francis Group, LLC.

http://www.seibersdorf-rf.com/
http://www.seibersdorf-rf.com/
http://www.seibersdorf-rf.com/
http://www.seibersdorf-rf.com/
http://www.seibersdorf-rf.com/
http://www.seibersdorf-rf.com/


45. 
� 200
Drossos, A., Santomaa, V., and Kuster, N., ‘‘The dependence of electromagnetic energy absorp-
tion upon human head tissue composition in the frequency range of 300–3000 MHz,’’ IEEE
Transactions on Microwave Theory and Techniques , Vol. 48, No. 11, Nov. 2000, pp. 1988–1995.
46. 
Kanda, M.Y., Douglas, M.G., Mendivil, E.D., Ballen, M., Gessner, A.V., and Chou, C.-K., ‘‘Faster
determination of mass-averaged SAR from 2-D area scans,’’ IEEE Transactions on Microwave
Theory and Techniques , Vol. 52, No. 8, 2004, pp. 2013–2020.
47. 
Merckel, O. and Fleury, G., ‘‘Rapid SAR measurement of mobile phones,’’ International Sympo-
sium on International Journal of Applied Electromagnetics and Mechanics , Vol. 19, 2004, pp. 183–186.
48. 
TEM Consulting, ‘‘Near field RF scanner,’’ http: == www.temconsulting. com =Products =Scanning
Positioner =RF_Scanner.htm, 2005, accessed Dec. 16, 2005.
49. 
Chavannes, N., Tay, R., Nikoloski, N., and Kuster, N., ‘‘Suitability of FDTD based TCAD tools
for RF design of mobile phones,’’ IEEE Antennas and Propagation Magazine , Vol. 45, Dec. 2003,
pp. 52–66.
50. 
ANSI C63.19, ‘‘American National Standard for Methods of Measurement of Compatibility
between Wireless Communications Devices and Hearing Aids (Revision Draft 3.8),’’ Oct. 2005.
51. 
Ogawa, K., Ozaki, A., Kajiwara, S., Yamamoto, A., Koyanagi, Y., and Saito, Y., ‘‘High-speed SAR
prediction for mass production stages in a factory by H-field measurements,’’ IEEE Antennas and
Propagation Society Symposium, 2004 , Vol. 2, June 2004, pp. 1843–1846.
52. 
Kuster, N. and Balzano, Q., ‘‘Experimental and numerical dosimetry,’’ in Mobile Communications
Safety, Kuster, N., Balzano, Q., and Lin, J.C., Eds. Chapman & Hall, London, 1996, pp. 13–64.
53. 
Abteilung Nichtionisierende Strahlung, Mobilfunk Basisstationen (GSM) Messempfchlung,
Technical report, BUWAL, Switzerland, 2002.
54. 
ANFR, Protocol de measure in situ, Technical Report 2.1, Agence National des Frequences,
France, May 2004.
55. 
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