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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)

© 2006 by Taylor & Francis Group, LLC.
y lay’ P,



dosimetry, that is, quantification of the EMF induced in biological tissues or bodies. In
most cases of compliance evaluation, verification that the actual exposure is below a
certain value is paramount to accurate determination of the individual exposure. How-
ever, highly accurate predictions are needed for some medical applications, for instance,
hyperthermia. The focus of this chapter is on dosimetry for frequencies above 10 MHz,
often referred to as radio frequency (RF) dosimetry. At lower frequencies, experimental
dosimetry is usually limited to measurement of the incident magnetic fields.

11.1.1 Dosimetry

Dosimetry is the science of quantifying the three-dimensional (3-D) distribution of EMF
inside tissues and organs of biological bodies. The term is also applied with media having
dielectric characteristics similar to biological bodies, for example, cell cultures, tissue-
simulating liquids, etc. The induced field is the only field parameter that can interact with
biological processes and therefore is referred to as the primary quantity.

Dosimetry usually refers to the assessment of the induced fields on a macro level, that
is, the averaged induced fields across cells. Microdosimetry refers to the evaluation of
fields across membranes, proteins, etc. This is a new field facing various basic problems
such as material models and transitions between classical and quantum electrodynamics.
Since the field of microdosimetry has not yet matured and since microdosimetry can be
directly developed from locally averaged induced fields in the frequency range consid-
ered (<300 MHz), the term dosimetry in this chapter refers to marcodosimetry only.

The distribution of induced fields, particularly at RF, is a complex function of numer-
ous parameters such as frequency, incident field strength, incident angle, field imped-
ance, incident field distribution, polarization, size and shape (posture) of the biological
body, tissue distribution, dielectric characteristics of the tissues, etc. In general, the
dynamics of the induced field strength range over several orders of magnitude. In other
words, the strength and distributions of the fields induced by the same incident exposure
greatly vary with anatomy and body orientation with respect to the field and posture.

It is practically impossible to measure the fields noninvasively or in vivo; thus,
measurements can only be obtained postmortem. The limitations [1] associated with
postmortem evaluations include (1) accessibility to only certain tissues, (2) dielectric
changes (e.g., lower tissue temperature and decreased blood content), (3) field distortions
by the invasively introduced probe, and (4) large uncertainties associated with obtaining
accurate measurements near and across tissue boundaries [2,3]. Only the integrated,
totally absorbed power can be determined relatively easily by the calorimeter method
(see Section 11.3.2.4).

Progress in computational electromagnetics along with the exponential growth of
computational power and memory have facilitated determination of the field distribu-
tions in full anatomical human bodies with resolutions much smaller than 1 mm? (see
Chapter 10 on RF modeling by Lin). The lossy and low-resonance properties of complex
anatomical structures pose no special challenges for numerical 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 result in deviations of more than a factor of 2 from reality. Only when the structure
is electromagnetically well-defined can good correspondence between simulations and
measurement generally be achieved, that is, with an uncertainty smaller than 20% [4]. On
the other hand, experimental techniques allow testing of the physical device under test
(DUT) and do not require verification of the computational model.

The detailed information of the field distributions inside anatomical bodies obtainable
by numerical methods is often irrelevant, since it cannot be generalized. For safety
considerations, the upper boundary of exposure for the entire population rather than
individual exposure is relevant. Hence, worst-case phantoms are often applied to assess
the upper exposure boundary for specific exposure conditions, for example, from mobile
transmitters. Since the degree of freedom for these phantoms is relatively large, they can
be chosen homogenously (see Section 11.4.1). Recent evaluation of the procedures
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
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with potentially hazardous induced fields by determining the incident fields. The worst-
case concept derives the conditions for maximum induced fields inside the human body
for an incident field strength in terms of the polarization, field distribution (plane wave),
field impedance (plane wave), size, and posture of the human body and its dielectric
properties. The induced fields are lower than a value X if the local maximum incident
field strength of the E field and H field is below the value Y. Attempts to alter
this conservative approach have yielded alternatives with an insufficient scientific and
engineering basis (see Section 11.5).

Assessment of the incident exposure is simple for plane wave or far-field conditions.
Under these conditions, the E field vector is perpendicular to the H field vector, and both
are orthogonal to the direction of propagation. The ratio of the E and H fields is equal to
the wave impedance Z at any location:

Z= (11.1)

E
H
and in free space

Zy =377 Q) (11.2)

Furthermore, the amplitude is constant over the entire volume of the absent exposed
body. In these cases, it is necessary to measure only one component (E or H field) at one
location in space. Unfortunately, far-field conditions rarely occur. However, far-field
conditions are approximately met locally by changing the amplitude in space at distances
larger than the extension of the reactive near-field zone:

2D? A

—) D~—= 11.3
> 3 > ( )

A A

—, D<= 114
r>s— <3 (11.4)

where r is the radius or distance from the transmitting antenna/structure, A the wave-
length, and D the largest antenna dimension.

In other words, for distances meeting the requirements of Equation 11.3 and Equation
114, only the maximum of the field components must be determined to demonstrate
compliance.

For any distance smaller than the requirements of Equation 11.3 and Equation 11.4, the
maximum of both components must be spatially scanned to reliably predict that the
maximal induced fields are below a certain limit. Fine volume scanning of transmitter
antennas in the very near field yields greater uncertainty and is more time-consuming
than dosimetric measurement in homogenous phantoms. Since such near-field assess-
ments are more conservative than specific absorption rate (SAR) evaluations, they are
rarely conducted in the context of exposure assessments.

11.2 Fundamental Quantities of EMF

The basic quantities necessary for electromagnetic exposure assessment are summarized
in Table 11.1.
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TABLE 11.1

Quantities, Symbols, and Units Used in Experimental Exposure Assessment

Symbol Quantity Unit
E E field (vector) V/m
H E field (vector) A/m
S Power density (scalar) W/m?
S Pointing vector, S—ExH W/m2
w Energy density W/m?
SAR Specific absorption rate W/kg
AT Temperature increase K

] Current density A/m?
g Complex permittivity, & = & - & F/m
& Permittivity of free space, &y = 8.854 x 1072 F/m
& Complex relative permittivity, & = &' — je,”

o Conductivity S/m
I Permeability, u = p, - po H/m
Mo Permeability of free space, uy = 4m x 1077 H/m
r Relative permeability

c Specific heat capacity J/(kg K)
p Mass density kg/m®

11.2.1 Primary Quantities: Basic Restrictions

Restrictions on exposure to time-varying electric fields, magnetic fields, and EMF that are
based directly on established health effects are termed basic restrictions (see Chapter 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 ] for frequencies
up to 10 MHz and the SAR for the frequency range from 100 kHz to 10 GHz. | is related to
the internal electric field by Ohm’s law:

] =oE (11.5)

E is the internal electric field, and o 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:
d /dw d /dw

where dW is the incremental energy dissipated in an incremental mass dm included in an
incremental volume dV and p 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:

p  op

a'Eziﬁ

SAR = (11.7)

and to a temperature increase by:

dT
SAR=c o (11.8)
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where c is the local specific heat capacity of the tissue. Equation 11.8 is valid only if the
exposed body is in thermal equilibrium or in a steady thermal state at the beginning of the
exposure, and either heat exchange processes can be neglected during the measurement
interval or the processes are known to correct dT correspondingly. Current safety stand-
ards [7-10] for limiting EMF exposure provide maximum limits for basic restrictions for
the uncontrolled /general public as well as for controlled /occupational exposure over the
whole considered frequency range. The standards are ambivalent with respect to the
quantity SAR. The debate among experts is whether SAR is a dosimetric quantity only
relevant as a surrogate for thermally based models of EMF interaction or whether it can
describe effects in addition to those related to temperature. SAR is directly related to the
induced internal E fields as well as to the current density (Equation 11.7) but only directly
related to the induced H fields for special cases.

11.2.2 Derived Quantities: Reference Levels or Maximum Permissible Exposure

The derived quantities are the electric field strength (E), magnetic field strength (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 quantities implies compliance with the basic restrictions. However, if the
reference quantities exceed the derived limits, the relevant basic restrictions are not
necessarily exceeded. In such cases, compliance can be demonstrated by dosimetric 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 Experimental Techniques
11.3.1 Field Probes

E field probes have been used for microwave measurement since the early 1970s. The first
power meters were developed by Aslan [11] and Rudge [12]. Aslan used a thermocou-
pling model consisting of two pairs of thin-film, vacuum-evaporated electrothermic
elements that functioned as both an antenna and a detector. Rudge employed two small
diode-loaded dipoles as sensor elements. The first prototype of an isotropic, miniature
field probe was introduced by Bassen et al. [13] in 1975. Additionally, fiber optic field
probes had already been proposed in the 1970s [14]. Comprehensive overviews of field
probes are reported in Refs. [2,15].

11.3.1.1 Broadband E Field Probes

Diode-based field probes are well established and commonly used for dosimetric assess-
ment. These probes consist of an appropriate field sensor, a detector, transmission lines,
and read-out electronics (Figure 11.2). Three mutually orthogonal 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:
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1 Field
sensor
- Low-pass Transmission Read-out
Detector ) . )
M filter line electronics
FIGURE 11.2

Simplified schematic of a broadband field probe.

Bh = z)‘ih <1 (11.9)

where F is the length of a dipole arm, B the propagation constant, and A the wavelength
[15]. A flat frequency dependence cannot be achieved if the length of the probe is larger
than a fraction of the wavelength (<0.051). 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) ()

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.)
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can be found in Smith [17]. Current probe designs apply either thin-film (R ~ 10 M) /m)
[14] or thick-film (R ~ 500 M€)/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 d

— ~ —j2m— 11.1
o (11.10)

Therefore, for electrically small loops only, that is, 4/A < 0.01, the current will mainly be
determined by the magnetic field. In Pokovi¢ [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
[al]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:

X = /1% + X + X2 X € (EH) (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
e Polarization, direction, and field gradients
¢ Material boundaries near the probe sensors

e 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¢ [2]. All possible influences must be included in the resulting uncertainty
assessment, since the conditions during the actual application of the probes differ
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Field detection | ———— Probe linearity Impact of the constructional details on the probe char-
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considerably from the calibration scenario. Figure 11.4 provides an overview of different
probe construction parameters that contribute to the probe characteristics.

Modern dosimetric field probes are available in the frequency range from 10 MHz
up to 6 GHz. They have an isotropy error lower than +0.5 dB and sensitivities in the
range of 1-10 pW/g [22]. Modern probes have very small sensor tip dimensions (2.5 mm)
and high spatial resolution, allowing measurements very close to material boundaries. A
probe with reduced size (tip diameter 1.0 mm) was introduced by Pokovi¢ et al. [23] and
enables accurate dosimetric measurements for frequencies exceeding 10 GHz. Although
this probe consists of only a single sensor element, isotropy is obtained by 120° rotation
around the probe axis and an appropriately aligned sensor element. Probes for determin-
ing both the electrical and the magnetic field vector information are presented by Pokovi¢
et al. [24]. This technique is based on measurements of five or more field components in
space and reconstruction of the ellipse parameters by a combination of a downhill
simplex and a Givens updating algorithm.

11.3.1.2 Electro-Optical Sensors

In contrast to RMS sensors, it is possible to measure fields over a broad frequency band in
the time domain by exploiting electro-optic methods. Recent advances in semiconductor
and photonic crystal research have provided the foundation for the next generation of
near-field measurement equipment based on electro-optical methods. The basic concept
of electro-optic probes is shown in Figure 11.5.

The most important electro-optic effects for measuring EMF are the Pockels effect and
the quantum confined Stark effect (QCSE). The Pockels effect describes the refraction
index dependence on the induced E field of anisotropic dielectric crystals such as cad-
mium telluride (CdTe) [25] or lithium nobiat (LiNbO3) [26,27]. H field-sensitive crystals
have also been determined, for example, cadmium manganese telluride (CdMnTe) [25].
The QCSE is based on the change of the absorption spectrum of a semiconduc-
tor structure under the influence of the electric field. Sensors exploiting the Pockels
effect are reported in Refs. [25-27]. A detailed summary of electro-optic phenomena,
materials, and applications can be found in Agullo-Lopez et al. [28]. Alternatively, the
signal from the field sensor can modulate a small laser diode rather than the external
electro-optical modulation.
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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
LiNbO; 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].

Signal
processor

detector

FIGURE 11.5
Principle of an electro-optic probe for Laser
EMF measurements.
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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 LiNbOj; substrate.
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Another approach reported in Ref. [25] uses only nonconductive parts in the sensor tip.
Different types of crystals that are sensitive to electric and magnetic fields are used. Linear
polarized light passing through the electro-optic crystal is reflected on a dielectric mirror
and passes through the crystal again, where the polarization is changed. A beam-split
polarizer transduces the ellipticity change into a change of the optical intensity. Sensors
with a sensitivity of 10-400 V/m and 0.1-0.8 A/m in the frequency range from DC to 2
GHz were realized.

For modulation using QCSE, semiconductors with pn- or pin-junction structures are
used. A varying reverse bias over the junction modulates the electric field and conse-
quently the absorption and reflection spectra of the semiconductor as well. If the modu-
lator is operated at a constant frequency, different reflection and transmission
characteristics of the light and an intensity modulation result.

In addition to passive modulation (QCSE), direct modulation of a vertical cavity surface
emitting laser (VCSEL) [30-32] has recently been applied. The current through the laser is
directly modulated by the measurement signal. The VCSEL is especially suitable for
modulation because of its high bandwidth, low threshold current, and low noise.

The MZI is the most popular modulation method among the three mentioned, and
several commercial products are available based on this technology. Disadvantages
include the limited ability to reduce its size as well as the bandwidth limitations. Passive
modulators are relatively simple to manufacture as integrated circuits. Although pas-
sive modulators are inferior to MZI regarding sensitivity, the development of miniature
field probes applying the VSCEL technology is currently the most promising approach.

11.3.2 Temperature Instrumentations

11.3.2.1 Temperature Probes

The locally induced SAR can also be assessed by temperature measurements, as sum-
marized in Equation 11.8. A typical temperature rise curve as applied for SAR measure-
ments is shown in Figure 11.7. Two types of temperature probes exist: those based on
thermistors and those based on optical effects. The requirements for temperature probes
for SAR assessments are:

e 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.

e 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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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 mm?>, 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:

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

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

e 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() 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 45° 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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isotropy is obtained by an antenna alignment similar to near-field probes, such that the
resulting field is:

E| = \/|E1|2 + |Eao)? + |Es]* = \/|U1|2 + U + |Us|* - AF (11.12)

where AF is the frequency-dependent antenna factor in linear quantities (1/m) and U; is
the antenna output voltage at the three different antenna orientations. To obtain the
antenna output voltages, a measurement receiver (see Section 11.5.1) connected via a
well-characterized cable is applied. The antenna output voltage is:

u = |U;...| - ATTcapte (11.13)

lantenna | Ireceiver

where |U; _ | is the voltage measured with the receiver and ATT 1 the attenuation of
the cable in linear units. Other sources of attenuation, for example, attenuators to reduce
the Voltage standing wave ratio (VSWR) of the measurement antenna, must be similarly
considered.

11.4 Near-Field Scanners

11.4.1 Scanners for Dosimetric Compliance Testing

In dosimetric compliance tests, exposures from RF transmitters operating in close prox-
imity to the body, for example, mobile phones or body-worn wireless devices, are
compared to the basic restrictions (see Section 11.2.1). This is a complex 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

¢ Design (antenna, housing, and internal details)
* Antenna matching

Current distribution <
on the antenna * Size/shape Phantom/head
and device « External objects position of the device
(ear, glasses, etc.)
* Hand
» Hfield coupling * Position * Shell, shell thickness
* Tissue parameters
* Position
SAR
FIGURE 11.8

Overview of impact parameters for dosimetric compliance testing of mobile terminal equipment (MTE).
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population that may be operating the DUT. Measurement standards have been developed
by different organizations, for example, by the International Electrotechnical Commission
(IEC), the Institute of Electrical and Electronics Engineers (IEEE), the Association of Radio
Industries and Businesses (ARIB), Korea Electromagnetic Engineering Society (KEES),
and others.

In general, a dosimetric evaluation requires the measurement of several hundreds of
points distributed over a complex 3-D phantom. The task is divided into (1) searching for
the location of the maximum absorption on a 2-D grid and (2) determining the peak
spatial SAR value on a fine 3-D grid. Especially at high frequencies, these points must be
determined with high accuracy to achieve low measurement uncertainty despite high
attenuation and large spatial field variations. Automated dosimetric assessment systems
are utilized to perform these compliance tests. A typical configuration of a dosimetric
assessment system is shown in Figure 11.9 and Figure 11.10. A computer-controlled six-
axis positioner with excellent positioning repeatability of +0.2 mm is used to move the
dosimetric E field probe within the scanning grid, which can be adaptive, for example,
along a surface that is being detected during the scanning job. The different field
probe designs have already been discussed in Section 11.3.1. Phantoms, for example,
the specific anthropomorphic mannequin (SAM) phantom, elliptical phantom, etc., and
tissue-simulating liquids (see Table 11.2) have been developed and validated with respect
to the 90th percentile requirements [45]. A detailed description is provided by Schmid
et al. [18]. Because of the strong curvature of the SAM phantom, sufficient accuracy can
be obtained only when the measurements are taken with the probes aligned normal to the
phantom boundary. The most elaborated components, procedures, and algorithms are
employed (Figure 11.10), and an expanded total uncertainty (k = 2) for the compliance
test of less than 20% can be achieved with even better repeatability.

It should be noted that this approach provides reliable conservative estimates of the
maximum peak spatial SAR that might occur in the user population but little information
about the exposure of specific 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

Positioner

Dosimetric probe
Twin SAM phantom

Tissue-simulating liquid 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) & o (S/m) & o (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 35.3 527 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

Tolidoes ity
H LLLLLLL wa
CHEHCH

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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dosimetric probes. Since the scan procedures do not need to follow complex surfaces,
three-axis systems [48] are also suitable. However, such evaluations are rarely used to test
compliance with safety limits, since the limits are significantly more conservative and the
measurement resources, time required, and uncertainty budget are higher than for dosi-
metric assessments. Nevertheless, such measurements are valuable for the validation of
numerical results [49] or to test compliance with interference limits in the close near field,
for example, for hearing aids [50].

A specialized near-field scanner was proposed and developed to test the precompli-
ance of mobile handsets with safety limits [51]. Its underlining concept is based on the
primary interaction mechanism of near-field exposure [52], that is, the local SAR is
approximately proportional to the square of the incident magnetic field at the surface of
the phantom:

SAR = aH? (11.14)

The magnetic field is scanned in a reference plane above the DUT using a loop antenna
array. The factor « is determined by relating a traditional compliance measurement inside
the phantom to the magnetic field scan in free space for a certain DUT. The system can
predict the SAR within 30 sec. The main disadvantage of such a system is that it does not
simulate a realistic load to the antenna of the DUT.

11.5 Incident Field Evaluations in the Far Field of Transmitters

Evaluation of the exposure in the far field of a transmitter is usually conducted for fixed
transmitters such as radio and TV broadcast antennas, radar sites, or cellular base
stations. Exposure assessments are carried out in areas that are generally accessible or
restricted to qualified working personnel. Compliance is tested with the reference limits
by assuming free space field impedance, that is, by E field evaluation. As described in
Section 11.1.2, only one measurement point is required under real far-field conditions.
However, actual environments usually involve nearby reflectors, that is, a scanning
procedure or statistical knowledge about the field distribution is needed to determine
the maximum exposure.

Broadband instant measurements are often insufficient, since the evaluated transmit-
ters do not always operate at maximum power, for example, in the case of base 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
soundly applied to extrapolate the worst-case exposure. Table 11.3 lists the parameters
that are necessary to extrapolate the worst-case exposure and to reduce the uncertainty of
the actual measurement campaign. It is easier to determine the measurement methods
when additional parameters are known. General sources of error are:

* Field perturbation by measurement personnel, for instance, reflection and ab-
sorption of EMF due to the body of the measurement engineer

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

¢ Application of ineffectively decoupled cables, for instance, acting as secondary
antennas

© 2006 by Taylor & Francis Group, LLC.



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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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

Probe 1 Probe 2
0B ~fmmmmomeeee O -
3B fmmmoe- AR AR S
Field strength. : :
| | |
[ [ [ [
1 MHz 10 MHz 100 MHz 1 GHz 10 GHz

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 probe systems be carefully evaluated. If a specific transmitter is the dominant
source, compliance testing is greatly simplified [56].

In addition to the frequency response, broadband probes have a certain time-domain
transfer function. When pulsed fields are measured, this response must be compensated.
However, for this compensation, information on the time-domain characteristics of the
measured field is necessary. In summary, the main sources of uncertainty regarding
broadband survey meters are:

e Calibration

e Linearity

* Frequency response

e Isotropy

e Time-domain response
» Temperature response

In conclusion, the accuracy of broadband evaluations is significantly limited but generally
conservative.

11.5.2 Frequency-Selective Measurements

Frequency-selective measurement techniques can overcome the issue of the unknown
spectral composition of the field. However, the execution of the measurement is more
complicated, such that insufficiently trained personnel are likely to produce erroneous
results.

Measurements in the frequency domain are performed with a measurement antenna, as
described in Section 11.3.3, that is connected to a spectrum analyzer (Figure 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 Measurement Attenuator
antenna cable (optional) Spectrum analyzer
FIGURE 11.14

Schematic of a frequency-selective measurement of EMF.
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signal forms, as this signal form is often used in communication systems. In summary, the
application of spectrum analyzers is a complex subject. Measurement recommendations
dealing with frequency-selective measurements should always describe the spectrum
analyzer settings to produce feasible and comparable results. Nevertheless, the measure-
ment engineer should still test the actual applicability of these settings for his particular
measurement equipment.

The main sources of uncertainty regarding frequency-selective measurements are:

e Calibration of the spectrum analyzer, cable, and measurement antenna

e Linearity of the spectrum analyzer, cable, and measurement antenna

¢ Frequency response of the spectrum analyzer, cable, and measurement antenna
¢ Demodulation method of the spectrum analyzer (detector type)

e Temperature response of the spectrum analyzer, cable, and measurement
antenna

Mismatch between measurement equipment

Although the frequency-selective measurement method overcomes most of the issues
regarding broadband survey meters, it is not sufficient to soundly identify the exposure
from different transmitters at the same frequency. In this case, measurement receivers
should be applied.

11.5.3 Code-Selective Measurements

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 and Figure 11.16 display the frequency of worst-case SAR from mobile
phones measured according to Refs. [62,63]. Figure 11.15 represents the typical SAR
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Maximum 10-g SAR class frequency of 668 phones tested according to EN50361
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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.)

Maximum 1-g SAR class frequency of 398 phones tested according to IEEE1528
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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.

values for Europe (mean 10-g SAR: 0.74) [64] and Figure 11.16 for North America (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]
Distance to Base Cumulative Incident Distance to Base Cumulative Incident E
Base Station Station (m) E Field (V/m) Station (m) 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

Frequency Worst-Case E Worst-Case E Field
Device Class Range (MHz) Field (V/m) (20 cm) (V/m) (1m)
Baby surveillance 40-863 8.5 3.2
DECT 1880-1900 115 29
WLAN 2400-2484 39 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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