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Abstract—In this paper, different exposure situationsfor a sub-
ject standing inside a room of a building with a window facing a
rooftop-mounted base-station antenna are analyzed. The study is
accomplished by using a technique combining the uniform asymp-
totic theory of diffraction and the finite-difference time-domain
method, suitableto characterizehuman exposureinrealisticurban
environmentsat areasonable computational cost. Thedifferent ex-
posureconditionsexamined areanalyzed to highlight the problems
related to compliance assessment proceduresin complex exposure
scenarios and to suggest some possible solutions. A comparison of
the results obtained in these scenarios with those computed ne-
glecting the presence of the room walls (free-space situations) evi-
dencesthat, under certain conditions, aver age exposurefield levels
and specific absorption rates (SARS) in therealistic environments
can be higher than in free space, thus demonstrating that compli-
anceassessment carried out in free space can yield nonconser vative
results. Asconcernsimplicationsof field nonunifor mities, typical of
realistic urban environments, on SAR values, theresults show that
the whole-body averaged SAR isrelated to the averagefield value,
provided the averaging procedureisappropriately chosen to cover
all thevolume occupied by the subject (Vg) and not only a vertical
surface. Local SAR values, instead, show a more complex relation
with theexposurefield, such that considering only the Vs-aver aged
field value for compliance assessment might lead to an underesti-
mation of the real exposure level, while using the peak of thefield
in Vs leadsto a remarkable overestimation.

I ndex Terms—Beam tracing, compliance assessment, dosimetry,
finite-difference time-domain (FDTD) methods, human exposure,
land mobile radio cellular systems, uniform theory of diffraction
(UTD).

I. INTRODUCTION

HE STEADY increase in the number of subscribers of

mobile telecommunication systems is pushing toward an
enhancement of the capacity of the systems themselves. As a
result, more and more base stations are being installed on the
rooftop of existing buildings in densely populated areas. These
installations are giving rise to widespread concerns among the
population about possible detrimental effects to human health
deriving from exposure to the el ectromagnetic fieldsradiated by
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base-station antennas. Therefore, the problem of defining reli-
able compliance assessment procedures for base-station instal-
lations in urban areasis a very timely one.

The currently adopted procedures for the assessment of base-
station safety, with respect to human exposure, are mainly based
on acomparison of theexposurefield valuewith referencelevels
suggested by exposure guidelines [1]-{4]. This is due to the
great difficulty in carrying out an on-site dosimetric evalua-
tion of specific absorption rate (SAR) inside the exposed sub-
ject, necessary for a direct comparison with basic restrictions.
However, reference level s have been derived from basic restric-
tions under the assumption of uniform plane-wave exposure
and, hence, their validity is demonstrated only under this par-
ticular condition. On the other hand, the exposure field in an
urban environment isfar from being uniform dueto the presence
of many reflection and diffraction processes and, therefore, the
problem arises of which field value should be compared with the
reference one. This has resulted in different regulatory bodies
issuing different compliance assessment procedures that, under
some aspects, do not agree one with the other.

The |EEE exposure guidelines [1], which are largely at the
base of Federal Communications Commission (FCC) regula
tions [2], state that, in the case of nonuniform exposure condi-
tions, the field should be averaged on a vertical surface equiv-
aent to the projected human body area, and that the use of the
exposure field peak value, instead of the average one, seems to
be unnecessarily conservative. The International Commission
on Non-lonizing Radiation Protection (ICNIRP) guidelines[3],
which have been adopted by the European Communities (EC)
to issue a European Recommendation [4], state that when the
exposure is nonuniform, the field should be averaged on a
vertical surface equivalent to the projected human body area,
but only to establish whole-body averaged SAR compliance.
No correlation, instead, is given between the local SAR and
exposure field and, therefore, local SAR compliance must be
directly assessed through a dosimetric analysis. A compliance
procedure, based on the EC Recommendation, has been re-
cently issued by the European Committee for Electrotechnical
Standardization (CENELEC) [5]. This procedure, in order to
overcome the necessity of performing a complete dosimetric
assessment, allows local SAR compliance evaluation through
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a comparison of the peak value of the exposure field with the
corresponding reference level (conservative approach). Finally,
other procedures for base-station compliance assessment, like
those issued by the Italian Electrotechnical Committee (CEI)
[6] suggest that, if compliance is evaluated through a numer-
ical approach rather than measurements, the numerical anaysis
can be performed neglecting the presence of the environment
(free-space condition), thus eiminating the problem of field
nonuniformities. The rationale at the basis of such procedure
is that free space should represent a conservative exposure sit-
uation.

Due to the many contrasting approaches to base-station com-
pliance assessment above presented, an accurate dosimetric
analysis performed under realistic urban-scenario exposure
conditions seems necessary to highlight the basic requirements
that a compliance assessment procedure should have.

Up to now, only a few works are available in the literature
concerning human exposure to base-station antennas [ 7]-{16].
In [7] and [8], attention was focused on the determination of
simplified and efficient numerical and analytical modelsto eval-
uate field levels near a base-station antenna, but no dosimetric
analysis was performed. In [9], the accuracy of finite-differ-
encetime-domain (FDTD) modelsfor the evaluation of the near
field of base-station antennas was investigated through a com-
parison with measurements. Finaly, in [10], a spherical-wave
expansion technique was proposed to evaluate the near field
starting from measurements performed on a spherical surface
surrounding the antenna. Other papers have dealt with the eval-
uation of induced SAR in an exposed subject. In [11] and [12],
the feasibility of mixed experimental/numerical procedures to
compute the induced SAR beginning from measured exposure
field distributionswas studied, but the rel ation between the SAR
and impinging field valueswas not investigated. A thorough nu-
merical and experimental dosimetric analysis was performed in
[13], where only exposure of a subject in close proximity of
the antennain afree-space environment was considered. A sim-
ilar numerical analysis for awide range of distancesin front of
the antennawas performed in [14]. More complex exposure sit-
uations were analyzed in [15], where the numerical technique
employed allowed representation of corner-reflector-like urban
scenarios. Finally, amore sophisticated techni que was presented
in[16], but it was only applied to the study of asingle exposure
condition for a microcell site.

In this paper, some exposure situations in realistic urban
scenarios, comprising an indoor environment in which the
field penetrates propagating through the room walls and glass
window, will be analyzed. The study will be accomplished
by using a hybrid uniform asymptotic theory of diffraction/fi-
nite-difference time-domain (UTD/FDTD) method, suitable
to analyze human exposure in redlistic urban environments
at a reasonable computational cost. Both the global system
for mobile communications (GSM) and the universal mobile
telecommunications system (UMTS) frequency bands will be
considered. The different exposure conditions examined will
be analyzed to highlight some key points related to compliance
assessment procedures.
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Il. METHODS AND MODELS

The FDTD method is currently the most used technique in
electromagnetic dosimetry problems. In fact, it alows an ac-
curate simulation of the field source (antenna) and a detailed
modeling of nonhomogeneous scatterers having arbitrary shape
(human body) [17]-{19]. This method, however, is not efficient
to study scattering problems involving large regions (urban en-
vironment) due to huge memory and CPU time requirements. In
order to overcomethis problem, in this paper, the FDTD method
is used in conjunction with a UTD model, suitable to charac-
terize very efficiently thefield propagation in complex large en-
vironments.

As afirst step, a high-frequency UTD model is used to eval-
uate the incident field on the exposed subject. Such model em-
ploys the heuristic diffraction coefficient proposed in [20] to
accurately model the field scattered from penetrable objects.
Higher-order geometrical-optics (GO) reflections and transmis-
sions (up to five) are computed, while only first-order diffrac-
tion phenomena are considered [21]. The elements forming the
environment are modeled as junctions of thin flat multistrate
lossy/lossless plates of different materials [20], and the char-
acteristics of the transmitting antenna are taken into account by
means of its radiation pattern. In the numerical implementation
of theUTD model, abeam-tracing (BT) algorithm [21], [22] has
been adopted to derive the electromagnetic ray paths starting
from the base-station antenna.

As a second step, the exposure field obtained with the UTD
model is employed to derive equivalent surface currents, which,
making use of the equivalence principle, are used to excite the
field in the FDTD region where the exposed subject is located
[15], [23]. The FDTD domain is closed applying afive-cell uni-
axial perfectly matched layer (UPML) absorbing boundary con-
dition with alinear profile and 1% reflection coefficient [24].

It must be observed that, while the FDTD method is a tech-
nique that operates in the time domain, the UTD model works
in the frequency domain. This means that, in the FDTD algo-
rithm, the UT D-derived equivalent currents areimmediately set
totheir time—harmonic steady-state value. On the other hand, the
FDTD method requiresthe setting of initial conditions, namely,
the values of the electromagnetic field inside the FDTD at the
initial time step, which arecommonly set to zero. Thismismatch
results in the injection of electric and magnetic charges on the
Huygen’s equivalence surface during the early transient. As a
conseguence, the final steady-state field distribution is affected
by a dc offset that has been eliminated by applying a discrete
Fourier transform (DFT), at thefrequency of interest, totheelec-
tromagnetic fields computed in the time domain.

I1l. RESULTS AND DISCUSSION
A. Description of the Realistic Exposure Scenarios

The above-described UTD/FDTD technique is used to
analyze two typical exposure situations (the “Front” case and
“Oblique’ case) in an urban scenario, as depicted in Fig. 1.

In both situations, a panel antennais mounted on the rooftop
of a building on top of a 3-m-high mast, with 6° mechanical
down-tilting. For each situation, both the case of a GSM 900
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Fig. 1. Considered urban scenarios. (a) “Front” case. (b) “Oblique’ case. The region where the subject is located is evidenced by the parallelepiped box. The

roomwall at + = 5 misthe externa wall.

and UMTS antenna are considered in order to analyze the dif-
ferences between the frequencies empl oyed by the two commu-
nication systems. In particular, for GSM 900, the antennais sup-
posed to operate at 947.5 MHz, whilefor UMTS, the considered
frequency is 2140 MHz (both frequencies fall in the middle of
the base-station transmit band for the respective communica
tion systems [25], [26]). In all cases, the antennalis supposed to
radiate a power of 30 W. This power level represents a typical
value for a four-transmitter GSM 900 base-station operating in
an urban environment, and the same value is also used here for
UMTS even though, in this case, radiated power levels are ex-
pected to be somewhat lower. Indeed, for the purposes of this
study, which mainly investigates the relationship between the
SAR and exposure field, the radiated power does not play an
important role. The considered base-station antenna for GSM
900 isaKathrein 730-691 panel antenna, constituted by six par-
alel pairs of vertical half-wavelength dipoles, aligned on aver-
tical axis. The antenna presents a metallic flat reflector at the
back of dimensions 25 cm x 200 cm [9]. The corresponding
three-dimensional radiation pattern has been obtained through
the Method of Moments (MoM) employing the freely available
NEC code[27]. The obtained — 3-dB apertures on the horizontal
and vertical planes are approximately 64° and 8°, respectively,
whilethe antennagain is 18 dBi. These data, derived from MoM
simulations, are in good agreement with the antenna character-
istics given by the manufacturer. The same radiation pattern is
aso employed for the UMTS antenna because of the similar ra-
diating characteristics of base-station antennas currently on the
market for the two considered systems.

Inthe“Front” case, asecond building, having the same height
of thefirst one, isplaced just in front of the base-station antenna,
on the opposite side of a 45-m-wide metropolitan avenue, and
asubject is supposed to stand, on the last floor of this building,
behind a2 m x 1.5 m glass window, as evidenced by the par-
alelepiped box in Fig. 1(a). The window is placed in the direc-
tion of the antenna main beam. In the “Oblique” case, instead,
a second building, still having the same height, is on the op-
posite side of a 30-m-wide avenue, and a subject is supposed
to stand in aroom on the last floor (asin the “Front” case), but
near aroomwall, asevidenced by thebox in Fig. 1(b). Theroom
window “sees’ the antennaunder an angle of approximately 45°
and, as in the previous case, is placed in the direction of the

TABLE |
CHARACTERISTICS OF THE MATERIALS
FORMING THE ENVIRONMENT

N Thickness 947.5 MHz 2140 MHz
Material X
(em) & o (S/m) & o (S/m)

Ceiling and floor 25.0 10.0 0.060 7.9 0.089
Lxternal brick wall 22.0 5.1 0.010 5.2 0.028
Internal brick wall 12.0 5.1 0.010 5.2 0.028
Wooden door 4.0 3.0 0 3.0 0
Glass window 0.5 3.0 0 3.0 0

main beam of the base-station antenna. The distance between
the glass window and antenna is approximately the same both
for the “Front” and “Oblique” cases (45 m). The geometrical
and electrical characteristics of the materials forming the envi-
ronment are reported in Table | [28].

For each realistic exposure condition, a corresponding free-
space situation, obtained maintaining the antenna and subject in
the same positions and removing the buildings, is also consid-
ered.

The nonhomogeneous phantom used to model the exposed
subject has a 3-mm resolution and has been obtained from a
tissue-classified version of the“Visible Human Project” data set
developed at Brooks Air Force Base Laboratories, Brooks AFB,
TX [29]. The chosen 3-mm cell dimension corresponds to less
than one-tenth and one-fifth of the wavelength in the tissue with
the highest permittivity in the GSM 900 and UMTS frequency
bands, respectively. This choice guarantees a good accuracy for
the FDTD simulations thanks to the highly lossy nature of the
biological tissues [30], [31]. The body model has atotal height
of 180 cm and 31 different types of tissues/organs have been
evidenced. For the electrical characterization of the tissues at
thetwo frequencies of interest, the datareportedin [32] and [33]
have been used.

B. Exposure Field and SAR Values

A validation case of the UTD/FDTD technique can be found
in [34], where the necessity of such a technique for an accu-
rate assessment of human exposure in arealistic urban scenario
has been also demonstrated. In this paper, the technique is di-
rectly applied to study the exposure situations corresponding
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Fig. 2. Field distributions (rms values) inside the empty room for the “Oblique” GSM case. (a) Horizontal planeat = = 1 m. (b) Vertical sectionat z = 2.50 m.
The region where the subject will be placed is marked by the rectangle. The presence of the walls and openings (glass window, wooden door) is also evidenced.
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Fig. 3. Field distributions (rms values) inside the empty room for the “ Oblique” UMTS case. (a) Horizontal planeat = = 1 m. (b) Vertical sectionat = 2.50 m.
The region where the subject will be placed is marked by the rectangle. The presence of the walls and openings (glass window, wooden door) is also evidenced.

to the “Front” and “Oblique”’ cases and the related free-space
situations.

For both the “Front” and “Oblique’ case, and for the two
considered frequencies, the field distribution inside the empty
room is analyzed before studying the subject exposure. As an
example, the rms field maps predicted for the “Oblique” cases
by means of the UTD model inside the room on a horizontal
plane at a height of 1 m above the floor and on a vertical sec-
tion a x = 2.50 m are reported for the GSM case in Fig. 2(a)
and (b), respectively. Similarly, Fig. 3 showsthe rmsfield maps
on the same planes for the UMTS case. The maps show the
complex field distribution due to the multiple reflection and
diffraction processes caused by the edges and junctions between
the different materials (brick walls, glass window, and wooden
door) forming the environment. The region where the subject
will be placed, evidenced by the rectangle, is the one with the
highest field levels. Thisregion has total dimensions of 34.2 x
58.8 x 187.8 cm?, centered at x = 4.50 m, y = 2.50 m,
z = 94.7 cmfor the“Front” case, and z = 2.50 m, y = 4.38 m,
and z = 94.7 cm for the “Oblique” case. The UTD computa

tions necessary to obtain the above-reported numerical results
require asimulation time of approximately 3 h on aworkstation
equipped with a 2.0-GHz Xeon processor.

The exposure field values (in the absence of the subject) ob-
tained for the different scenarios under consideration are re-
ported in Table Il. The acronyms “GSM” and “UMTS" in the
“Exposure Situation” column denote the kind of system con-
sidered, while “Room” and “FS’ denote the realistic exposure
condition and equivalent free-space situation, respectively. The
first two columns of Table |1 show the peak (Eyo) peax) and av-
erage (E.ol ave) rms exposure field values over the entire par-
allelepiped volume where the subject will be placed. The slight
difference between maximum and average exposurefield values
inthe free-space situations evidencesthat thefield isalmost uni-
form because the parallelepiped volume is entirely within the
antenna main beam. The last two columns of Table |1, instead,
report the peak (Equy, peak) ad average (Eqy, ave) IMS EXpo-
surefield values over avertical y-section of the parallel epiped
volume (as requested by exposure guidelines [1]-{4]). How-
ever, rather than a single value, the minimum (min) and max-
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TABLE I
EXPOSURE FIELD rms VALUES (IN THE ABSENCE OF THE SUBJECT) FOR THE
DIFFERENT SCENARIOS—FE o1 poak AND Fio1 ave ARE THE PEAK AND
AVERAGE rms EXPOSURE FIELD VALUES OVER THE ENTIRE PARALLELEPIPED
VOLUME WHERE THE SUBJECT IS LOCATED—E..;, peak AND Egip ave
ARE THE PEAK AND AVERAGE rms EXPOSURE FIELD VALUES OVER A
VERTICAL Y Z-SECTION OF THE VOLUME (min AND max DENOTE
THE MINIMUM AND MAXIMUM VALUES OBTAINED MOVING THE
SECTION INSIDE THE VOLUME ALONG THE z-AXIS)

Exposure Situation ?{‘,’;I”]‘l“)" f“,"/’l‘;:; Ew'r'rwak (V/m) E\‘lfll ave (VM)

min max | min max
Front GSM IS 5.26 5.16 5.21 5.26 5.14 5.18
Front GSM Room 7.85 4.61 4.17 7.85 2.91 5.80
Oblique GSM FS 4.99 4.90 4.96 4.99 4.89 491
Oblique GSM Room 12.26 5.85 7.76 | 1226 | 4.61 7.31
Front UMTS FS 5.28 5.16 5.21 528 | 5.5 | 5.8
Front UMTS Room 7.48 4.44 4.81 748 3.33 5.37
Oblique UMTS FS 5.01 4.90 498 | 5.01 489 | 491
Oblique UMTS Room | 10.95 3.96 7.38 | 1095 | 3.62 | 438

imum (max) field values are reported because both the peak
and average depend on where exactly the surfaceis placed. This
is better evidenced by Fig. 4(a) and (b), which shows, for the
“Front” case, for GSM and UMTS base stations, respectively,
the peak and average field values as a function of the position
of the vertical surface inside the region where the subject will
be placed.

After studying the empty room, exposure of the human sub-
ject is considered. The FDTD computations, necessary to eval-
uate the SAR values, require asimulation time of approximately
6 h to reach steady state with a memory occupation of 1.5 GB
on the same workstation employed for the UTD computations.
The computed SAR values for al the studied scenarios are re-
portedin Table I11. More detailed, as requested by the most rec-
ognized exposure guidelines[1]-{4], the considered SAR values
are: 1) whole-body averaged SAR (SARwg) [1]-{4]; 2) peak
1-g averaged SAR over the body, except hands, wrists, feet, and
ankles (SAR; ) [1], [2]; 3) peak 10-g averaged SAR over the
head and trunk (SAR;0 &) [3], [4]; and 4) peak 10-g averaged
SAR over the extremities (SAR1¢ g ext:) [1]{4]. Inthe case of
peak values, an indication of the body part where these values
have been obtained is also reported. The algorithm adopted for
SAR; ; and SAR;o , computation uses a cubic volume built
adding the FDTD-grid cells around the investigation point. This
cubic volume is progressively expanded until the first cube ex-
ceeding the desired mass is obtained. At this point, the total
power absorbed in the desired massis evaluated through alinear
interpolation between the total power absorbed in thislast cube
andinthe previousone. The SAR isthen computed dividing this
power by the desired mass. Only cubeswith anair-cell inclusion
ratio not exceeding 10% of the total volume are considered.

It must benoted thet, inall cases, theSAR g 4 ext: ISObtained
in the hands or feet and, therefore, a unique value can be used
both for standards limiting extremitiesto hands, wrists, feet, and
ankles [1], [2] and for standards identifying extremities with
al limbs[3], [4]. The only exception is the “Front UMTS FS’
situation, in which the reported SAR g ¢ ext» Valueis obtained
inthe elbow and, therefore, isrelevant only for the second group

2413

of standards. For the first one, the relevant SAR 1 g ext» Value,
obtained in the hands, is 4.41 mW/kg.

Analysis of Tables Il and Il immediately evidences that
equivalent free-space conditions do not always represent a
conservative scenario. This is clearly shown by the “Oblique”
case, where, for GSM base station, the volume-averaged field
value is increased by 20% when the presence of the building
is considered (see Table 1), and the peak SARs show up to a
twofold increase, as compared to the corresponding free-space
situation (see Table I11). The increase of the volume-averaged
field value in the considered environment with respect to the
free-space one is caused by the field-confining effect, which
takes place in an indoor environment due to the multiple field
reflection and diffraction phenomena. This particular result
represents an evidence against the use of simplified exposure
conditions when assessing base-station compliance through a
numerical approach.

Still looking at Table 111, a comparison between GSM 900
and UMT Sfrequencies showsthat, under free-space conditions,
SARwp decreases in the highest frequency band due to the
smaller penetration depth of thefield, while peak SARsincrease
due to the higher losses in the external tissue layers. However,
when arealistic environment is considered, the above-discussed
behavior can be altered by the different reflection and diffraction
phenomena occurring at the two frequencies. Thisis clearly ev-
idenced by the “Oblique” case, where SAR; , decreases from
10.67 to 4.90 mW/kg as the frequency increases.

C. Relation Between Exposure Field and SAR Values

The most relevant open problem in current compliance as-
sessment procedures is the relation existing between local SAR
and exposure field values, and the consequent choice of com-
paring the average [1] or maximum [5] field level with the ref-
erence one. A comparison between the realistic exposure sce-
narios and the corresponding free-space situations can help to
derive such afield-SAR relation.

To this end, Table IV reports, for each environment, the
squared ratios (because of the quadratic relation between the
SAR and electric field) between the different field values and
the almost constant value computed in the related free-space
condition (5.2 V/m in the “Front” cases and 4.9 V/m in the
“Oblique’ cases). Table V, instead, reports the ratios between
SAR values in the considered scenario and the corresponding
ones in free-space conditions.

A comparison of Tables IV and V allows to draw the fol-
lowing conclusions.

* SARwpg values are well correlated to the volume-aver-
aged exposure field value E, ) ave- This is evidenced in
Table VI, which reports, for each considered environment,
the relative error made assessing SARwp on the basis
of F.a ave, together with the average of the absolute
values of therelative errors. Table VI showsthat assessing
SARwpg onthebasisof E,. ave Yields an average of the
absolute values of the relative error of approximately 6%
(with a maximum of —12%).

* SAR; ; and SAR;, 4 values show a rather complex
and difficult-to-predict relation with reference to the
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Fig. 4. Peak and average rms field values as a function of the position of the vertical surface inside the region where the subject will be placed for the “ Front”

case.

(a8) GSM antenna. (b) UMTS antenna.

TABLE I

CoMPUTED SAR VALUES FOR ALL THE ANALYZED SCENARIOS: WHOLE-BoDY
AVERAGED SAR (SARwg ); PEAK 1-g AVERAGED SAR OVER THE BoDy,

EXCEPT HANDS, WRISTS, FEET, AND ANKLES (SAR; ,); PEAK 10-g
AVERAGED SAR OVER THE HEAD AND TRUNK (SARq ¢); PEAK
10-g AVERAGED SAR OVER THE EXTREMITIES (SAR+¢ & oxtr)—THE

TABLE V

RATIOS BETWEEN SAR VALUES IN THE REALISTIC SCENARIO AND THE

CORRESPONDING ONES IN FREE-SPACE CONDITIONS

BoDY PARTS WHERE PEAK VALUES OCCUR ARE ALSO REPORTED

o SARyy | SARu SARi; | SARiger
Exposure Situation | Ike) (mW/kg) (mW/kg) (mW/kg)
Val. | Pos. | Val. | Pos. | Val. | Pos.
Front GSM IS 0.409 11.76 | face | 475 | face | 8.45 | hand
Front GSM Room 0.335 11.01 | face | 4.57 | face | 6.13 | hand
Oblique GSM IS 0.309 492 | arm | 2.77 | chest| 6.31 | foot
Oblique GSM Room 0.502 | 10.67 | chest | 6.18 | chest | 7.67 | hand
Front UMTS FS 0.310 18.16 | face | 4.66 | chin | 4.89 | elbow
Front UMTS Room 0.248 16.59 | face | 491 | chin | 4.86 | arm
Oblique UMTS FS 0.245 5.47 | face | 2.97 | chin | 4.40 | ankle
Oblique UMTS Room | 0.159 490 | arm | 2.83 | chin | 2.84 | ankle
TABLE IV

SQUARED RATIOS BETWEEN THE FIELD VALUES FOR EACH REALISTIC

ENVIRONMENT AND THE VALUE COMPUTED IN THE RELATED

Exposure SAR g g SAR,, gy SAR ., o |SAR, s Room

Situation SAR WB FS SAng FS SARI(I;: FS SARI();; eur FS

Front GSM 0.820 0.936 0.962 0.725

Oblique GSM 1.626 2.169 2.231 1.216

Front UMTS 0.800 0.913 1.054 0.994

Oblique UMTS 0.649 0.896 0.953 0.645
TABLE VI

RELATIVE ERROR FOR EACH CONSIDERED SCENARIO AND AVERAGE OF THE
ABSOLUTE VALUES OF THE RELATIVE ERRORS MADE ASSESSING SARwn
ON THE BASISOF E, 0 ave

Exposure Front Oblique Front Oblique Averagme
Situation GSM GSM UMTS | UMTS verage
% error 42% | -124% | 89% 0.6 % 6.5 %

FREE-SPACE CONDITION

. . E,,, AE, :
Exposure E,i poik room I Eypt e Room ’ [ i II;’ <k R"""'J ( [l; """’"J
Situation E, E, & “rs
min | max | min | max
Front GSM 2.279 0.786 0.043 122790313 | 1.244
Oblique GSM 6.260 1.425 2.508 | 6.260 | 0.885 | 2.226
Front UMTS 2.069 0.729 0.856 | 2.069 | 0.410 | 1.066
Oblique UMTS 4.994 0.653 2.268 | 4.994 | 0.546 | 0.799

exposure field. In order to get some insight into this
relation, Fig. 5(a) and (b) reports, for each one of the
considered environments, the relative error made as-
sessing SAR; 4 and SAR; 4, respectively, on the basis
of the different computed field values. The averages of
the absolute values of the relative errors are also shown.
From the analysis of Fig. 5, it can be stated that the
use of the volume-averaged field value can lead to an
underestimation of the local SAR values, up to 36%,

while, on the contrary, using the maximum volumetric
value (Esup peak max) Yi€lds a relevant overestimation
of loca SAR (up to approximately four times). The
studied situations suggest that the loca SAR shows a
good correlation with the maximum surface-averaged
field value (E..y, ave max) Obtained varying the position
of the vertical surface inside the volume occupied by the
subject. In particular, the average of the absol ute val ues of
therelative errorsis approximately 15% with a maximum
of 33%. A possible approach, therefore, could consist
of comparing this specific field value with the relevant
reference level. Of course, this conclusion would require
the study of an extended range of exposure conditionsin
order to be confirmed.

* SARig g extr dO€S NOt show apparent relations with any

of the computed field values. In any case, the SAR in the
bodily extremities generally does not play an important
role in compliance assessment and, therefore, can be ne-
glected in the first instance.
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Fig. 5. Relative error made assessing: (8) SAR; , and (b) SAR4 , On the basis of the different computed field values for each considered environment. The

averages of the absolute values of the relative errors are also reported.

From the above discussion, it is possible to conclude that sur-
face-averaged field values should be used with care because they
are susceptible to large variations as the position of the surface
is moved inside the volume occupied by the exposed body, and
that the use of a volume-averaged value would be more consis-
tent for SARwp assessment. As concerns peak field values for
local SAR compliance, the use of the volumetric peak seemsto
be too conservative, while a better approach could be the use of
the maximum of the surface-averaged values.

In conclusion, a possible procedure to assess compliance
could be to compute the average field values for different
vertical surfaces and, from these, to derive a volume-averaged
value to assess SARwg compliance and the maximum sur-
face-averaged value to assess SAR; , or SARo , compliance.

Of course if such a procedure is applied in conjunction with
measurements rather than numerical computations, it could be-
come particularly time consuming, depending on the number of
vertical surfaces considered and on the number of measurement
points on each surface. On the other hand, the field distributions
obtained, particularly in the UMTS frequency band (see Fig. 3),
show a complex pattern with very quick spatial variations and,
therefore, it can be expected that the use of only afew measure-
ment points might lead to large errorsin the average estimation.
A convenient and accurate solution could be that of using an au-
tomated field-scanning system with data-logging capabilitiesin
order to obtain afine and quick measurement within a specific
region. This region might be chosen as the one with potentially
highest field values based on field predictions or on a coarse
scan of the area of interest.

IV. CONCLUSIONS

Different realistic human-exposure situations inside a
building for a GSM 900 and a UMTS base-station antenna
installed in an urban environment have been studied using
a UTD/FDTD technique. The different exposure conditions
examined have been analyzed to highlight the problems related
to compliance assessment procedures in complex exposure
scenarios and to suggest some possible solutions.

A comparison of the numerical resultsobtainedintheredlistic
environments with those computed in free space (neglecting the
presence of the building walls) has evidenced that numerical
compliance assessment should not be carried out considering
simplified models because this could lead to a large underesti-
mation of the real exposure. In particular, in the examined sce-
narios, underestimations up to a factor of two on SAR values
have been evidenced, and they could be expected to be even
higher for environments presenting more reflective and diffrac-
tive characteristics.

As concerns field nonuniformities and average field values,
the obtained results have shown that surface-averaged fields
should be used with care because of the large variations en-
countered as the position of the averaging surface is moved in-
side the volume occupied by the exposed subject. Moreover, it
has been demonstrated that the whole-body averaged SAR is
well related to the volume-averaged field value, whilelocal SAR
values show amore complex relation with the exposure field. In
any case, local SAR compliance can be roughly assessed on the
basis of the maximum surface-averaged value obtained varying
the position of the averaging surface within the volume occu-
pied by the exposed subject.
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