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The objective of this study is to develop a numerical tool
for characterizing the “ferris wheel” exposure system em-
ployed in a long-term study of RF exposure on mice [5].
The “ferris wheel” is a radial cavity loaded with forty mice
around its perimeter. In order to exploit the angular perio-
dicity of the radial exposure system, we developed a Finite
Difference in Time Domain (FDTD) code based on a cylin-
drical grid to analyze a single angular sector of the 40-
mouse “ferris wheel”. The singularity of the Maxwell
equations in the cylindrical FDTD scheme was appropri-
ately removed, and other suitable expedients were imple-
mented to reduce simulation time and memory require-
ments. In order to estimate RF leakage, the actual openings
in the radial cavity, needed to insert the mice, were consid-
ered as well. The FDTD scheme incorporates the perfectly
matched layer (PML) unsplit formulation (anisotropic me-
dium), as absorbing boundary condition. The code was
validated with measurements, showing good agreement. A
criterion for assessing the uniformity of the exposure is pre-
sented, together with results at 900 MHz and 1.8 GHz.

1. INTRODUCTION

Potential biological effects of non-ionizing electromagnetic
radiation can be investigated by carrying out long-term
animal exposure studies [1]-[3]. The animals should be
placed inside exposure systems that ensure delivery of
known specific absorption rate (SAR) [4] levels, which are
precisely quantifiable throughout the study. Therefore an
important issue arises concerning the design of the animal
exposure system. Inside the system, the animals are ex-
posed to RF energy with given signal characteristics (fre-
quency and modulation). Control of the main exposure pa-
rameters that eventually dictate the dose of RF energy to
the animals (e.g., incident field strength and polarization) is
one key point of the study. Since there is a need to correlate
SAR levels to any observed biological effect, knowledge of
the SAR distribution inside the animal is very important.

In this paper, we present the development of a nu-
merical tool for RF dosimetry inside an exposure system
presently employed in a long-term study on transgenic mice
exposed to GSM (Global System for Mobile communica-
tion) modulated fields at 900 MHz [5]. The exposure sys-
tem was conceived and designed at the Motorola Labs in

Fort Lauderdale, Florida, and fifteen units were deployed at
the Institute of Medical and Veterinary Science in Adelaide,
South Australia, in the spring of 1999. Its main features are:
(a) plane-wave like incident fields, with equal exposure
conditions among the animals and good uniformity of the
field inside each of them; (b) precisely quantifiable whole-
body average SAR, with nominal values of 4, 2, 1, 0.25,
and 0 W/kg (sham exposed) for different mice populations.

The “ferris wheel” exposure system comprises a
radial waveguide that is fed so to excite the cylindrical
TEM mode, short-circuited at the perimeter to form a radial
cavity. Forty mice are positioned with the longer body axis
parallel to the incident electric field, in a periodical angular
pattern, so ideally the RF power is equally distributed
among the mice. Fairly uniform collective long-term expo-
sure among mice is the key for a well designed study.

Since the system has a cylindrical structure, we
developed an FDTD code in cylindrical coordinates. The
simulated results show favorable comparison with meas-
urements. The uniformity of the SAR level inside the ani-
mals has been analyzed for the 900 MHz exposure system,
as well as for the 1.8 GHz case. The latter exposure con-
figuration is likely to be used in the near future upon minor
modifications to the present “ferris wheel” design.

2. DESCRIPTION OF THE “FERRIS WHEEL”
EXSPOSURE SYSTEM

The 900 MHz “ferris wheel” exposure system was de-
scribed in [5] and is illustrated in Fig.1. Due to design con-
straints, such as exposure uniformity, available RF power
and number of exposed animals, the resulting outcome was
a radial cavity with 48-cm radius and 10-cm height. The
system has been designed so that the mice are illuminated
by a free-space like TEM wave. For the sake of complete-
ness, we summarize briefly the main system characteristics.
Inside the empty cavity, the TEM field components can be
expressed in the cylindrical reference frame of Fig. 2 as

E,(p)= 4 HY" (kp)+ 4, HY (kp). M

H,(p)= %[A, HY (kp)+ 4, H (kp)], @)
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Fig. 1 Picture of the “ferris wheel” mice exposure system.
The radial cavity is loaded with forty mice placed inside
plastic holders that are periodically distributed around the
perimeter. Holders are not considered in the simulations.

where k is the complex wavenumber, 77 is the wave im-
pedance, and H;”, H;" are V" order Hankel functions de-
scribing the inward and outward cylindrical TEM waves.
Looking at (1) and (2), we notice that when the
mice are placed inside the cavity, they can be considered
exposed to an incident TEM-like wave. Moreover, if their
position is removed from the excitation region (cavity cen-
ter) and the frequency is such that longitudinal (z-varying)
higher order modes are below cut-off, the perturbation of
the incident field occurs mainly in the region around the
animal. In this case, the mice are placed with their body
axis at 44 cm from the “ferris wheel” center, co-polarized
with the incident electric field. Such a position enbances the
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Fig.2 Reference frame associated with the radial cavity.

efficiency of the cavity [5].

The exposure system is fed through a tunable co-
axial-to-cavity transition designed to ensure good imped-
ance match for different loading conditions, i.e., mice posi-
tion, size, and posture. As depicted in Fig. 3, a top-loaded
monopole antenna that is capacitively coupled with a pas-
sive counterpoise, thus forming a series-stub tuning element
forms the transition. Good impedance match of the loaded
cavity is achieved adjusting the capacitive coupling be-
tween counterpoise and monopole. The mice change the
incident field characteristics and alter its uniformity. Equa-
tions (1) and (2) cannot be employed to assess SAR uni-
formity inside the animal. On the other hand, SAR meas-
urements everywhere inside the animal is extremely diffi-
cult, if not impossible. For this reason an FDTD code was
developed to perform the analysis, which is the object of
the present work. We used the simplified dummy models
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Fig.3 Sketch of the transition from the coaxial feed-line to
the tunable cavity exciter. Holes at the structure’s perimeter
allow mice insertion and positioning.

instead of realistic mice models to validate the code. This
approach allowed direct correlation with measurements al-
ready performed during the experimental characterization
of the system [5], when dummies (30 cc plastic bottles
filled with tissue simulant) were used because of the incon-
venience of using live or dead mice during the long devel-
opment phase. The numerical analysis of the SAR distribu-
tion in realistic FDTD mouse phantoms inside the “ferris
wheel” will be the subject of a separate publication.

3. NUMERICAL APPROACH

The complexity of the cavity’s geometry and the mice tis-
sue heterogeneity encouraged us to develop an in-house
FDTD code for the analysis. Because the “ferris wheel” ge-
ometry (Fig.1) conforms to a cylindrical reference frame,
the code was developed in cylindrical coordinates. The
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1.k cell

(@ (b)
Fig.4 (a) FDTD cylindrical unit-cell with associated field
components. The cell is numbered with the i,j.k indices.
(b) Degenerated wedge cell at the p=0 axis, together with
the relevant components. The cell number is (1j,k).

FDTD scheme employs the Yee unit-cell [6] to discretize
the computational domain. The main challenges encoun-
tered were the singularity of the discretized Maxwell equa-
tions, as well as the code’s run-time and memory require-
ments.

Treatment of the singularity

Yee unit-cell in cylindrical coordinates is depicted in Fig.
4a. The Maxwell equations feature a singularity on the line
=0, where the cell degenerates into a wedge as shown in
Fig. 4b. The E; and H, components, which are used to up-
date E, and H, are undefined on this axis. Therefore, we
can use the conventional FDTD algorithm to update all
components except for the latter, which require a different
approach. For updating E,, we discretized Ampere’s law

a;z = EﬁH¢pd¢ =Y H,pA¢ . €))

£

Therefore, we only need H, for updating the E; component.
For the H, component we can use a more complicated ap-
proach [7], whose implementation is indeed quite simple in
this case. Consider the equation for updating H,

OH, _12PE) 10,

_ = , 4
o "5 op  pod “
which, upon discretization, becomes
_#H;'(i+Vz,j+%,k)-H§"l(i+Vz,j+%,k): r
At pH+Ap
pG+DE; > (i+1,j+ Y, k)= p(DE; "> (i, j + 1, k) 3
Ap
1 E;‘Hz(i'*'%3j+1’k)—E:—“z(i+y25j’k) (5)

p(0)+ap A

where i, j, k are the cell numbers in the three directions p, 4,
and z, respectively, n is the time step, and the 2 increment
in the subscript denotes field component interieaving. The
wedge cell is characterized by p(i)=0, so the discretized
equation is not singular at the p =0 line.

In a first approximation, the “ferris wheel” exhibits
a cylindrical symmetry since the loads (mice) are electri-
cally close to each other and far from the source. Therefore,
as long as we stay near the p=0 axis, the cylindrical sym-
metry of the field distribution is minimally perturbed. Con-
sequently the E, component is negligible in this zone, and
so is its p-derivative. Under this assumption, we neglected
the first term on the right-hand side of (4), so the equation
becomes very simple for the closest FDTD cell, needing
only E, for updating the H, component. This problem has
also been addressed by Chen et al. [8] and solved using a
similar approach, although they used a 2-D cylindrical co-
ordinate system. In their approach Eq. (5) would be applied
as is, provided that p(7) vanishes in the first cell.

Memory requirements

An important aspect of a cylindrical FDTD implementation
is the memory requirement, due to the increasing voxels
dimension with the p coordinate. If we need a fine discreti-
zation far from the =0 axis, voxels near the axis will be
very thin. This generates over-sampling of the volume
around the axis beyond the Courant’s limit, leading to a
drastic increase of memory required to store the field com-
ponents. One way to reduce this burden is to exploit the an-
gular periodicity of the structure and model only an indi-
vidual slice, using appropriate conditions to simulate the
effect of periodic replication. In the forty-mouse “ferris
wheel” the unit slice is 9-degrees wide and contains only
one animal. Because of the field uniqueness within the unit
slice, it can be computed in the usual fashion except for the
components that lay on the g-boundaries. The latter can be
updated by enforcing boundary conditions that equate field

Added
cells

Ep(i,3 +np,

Fig. 5. Application of the periodicity condition to the p-
component of the fields at the boundary of the FDTD grid.
The unit-slice is n, cells in the ¢ direction. For the applica-
tion of the absorbing boundary condition, the FDTD grid
needs to be two cells wider than n, in the same direction.
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components on one side (¢ = ¢) of the unit slice to those on
the other side (§= ¢ + ¢,), Where @, is the periodic unit
slice extension in the ¢—dimension:

E,(p.y.t)=E, (0.0 +8,.1—1s) (6)

E,(p.¢0t)=E. (P8 + 8,1 -1,). (7

In general these periodic conditions depend on the field in-
cidence angle on the structure [9]. Because the excitation is
placed at the axis, there is no delay between ¢-boundaries,
thus t; = 0 in (6)-(7). With a FDTD grid exactly equal to the
unit slice it would not be possible to apply periodicity con-
ditions because the fields in (6) and (7) would never be
computed. For this reason, the FDTD grid we used is two
cells wider than the unit slice, one more on each side, as
shown in Fig. 5. The periodicity is enforced as follows

Ep (i,l,k)=Ep (i’1+np’k)’ (8)
E,(i.3+n,,k)=E,(i,3.k), ©

where i, k identify voxels in the p and z directions, respec-
tively, while the components Ei,1+ny,k) and E(i,2,k) are
computed with the usual FDTD scheme. Analogous condi-
tions are applied to the E,, H, and H, components.

It should be observed that the above periodicity
conditions become equivalent to a perfect magnetic wall
(PMW) if, and only if, the unit slice is symmetric with re-
spect of its bisecting centerline, e.g., when the dielectric
load is centered about and symmetric around the centerline.
In all other cases, including cavity loading by anatomical
mice models, the PMW condition is not applicable.

Run -Time

The FDTD algorithm experiences numerical instability
when the time-step is not chosen appropriately. To guaran-
tee stability of the solution, the FDTD temporal step is re-
lated to the spatial step by the Courant stability criterion,
which in cylindrical coordinates can be written [10]

%
Ats—l-l: LR S 2] : (10)
cl(@p) (Pmrd) (2z)

As a consequence, its upper bound depends on the very
small cells surrounding the axis, so the computational time
could become unacceptably high. However, if the E; com-
ponent is not excited inside the structure, the temporal step
does not depend on the minimum voxel dimension along ¢
and it can be made greater than the Courant limit without

inducing instability. In a “ferris wheel”, the E4 component
can only be excited due to discontinuity introduced by the
exposed animals and the cavity wall openings, which com-
promise the cylindrical symmetry of the structure. Near the
p =0 axis the E4 component is indeed negligible because
the animals are sufficiently far away. Therefore, the time-
step can be made independent from the voxel dimension
along ¢ of the innermost cells, which are also the smallest
ones. We were able to choose a time-step twenty times
greater then the Courant limit, with substantial run-time
savings, without experiencing instability.

Maodeling of the “ferris wheel”

As previously described, the “ferris wheel” exposure sys-
tem is a 10-cm thick cavity loaded with forty mice The
cavity radius is 48 cm, and the mice are placed 44 cm away
from the center. Hence, only the 9-degree wide periodic
slice, loaded by a dummy, is simulated. The FDTD model
features a 79 x 27 x 75 (p, ¢, z) spatial grid and 2 ps tempo-
ral step. The spatial step is variable in the p and z directions
because most of the cavity is empty and therefore it can be
discretized with a coarser spatial step than the region sur-
rounding the dummies or the coax-to-cavity transition. In
particular, the minimum step is approximately 3 mm for
both frequencies that we have considered (900 MHz and
1.8 GHz). The dummy, centered on the bisecting line, is
made of homogeneous tissue and has an ellipsoidal shape
(7-cm major axis along z, 2.86-cm minor axis) very similar
to the experimental dummies [S]. The space around the
cavity is included in the model to determine RF leakage.

A uniaxial perfectly matched layer (UPML) termi-
nated on a perfectly conductive plane [9] surrounds the
FDTD space. The characteristics of the uniaxial medium
are described by tensors. In the UPML medium the con-
ductivity is coordinate dependent. In our code the conduc-
tivity has a polynomial scaling, e.g., in the p direction
o,(p)=(p/d)" 0, , where d is the UPML thickness and

m is arbitrary. We have chosen m = 4, and d equal to 6
FDTD cells. As pointed out in [11], the reflection coeffi-
cient of the PML in cylindrical coordinates cannot vanish
identically for all radiated modes. However, for large kypp
(ky: free-space wavenumber, py: radial distance where PML
layer starts) the reflection coefficient is negligible. The
“ferris wheel” is an electrically large scatterer, so the PML
reflection coefficient may be considered negligible.

In the FDTD model, ideal metallic surfaces with
infinitesimal thickness are used for the cavity plates, the
shorting posts and the circular caps of the coax-cavity tran-
sition. A different approach, featuring a modified form of
the equation for the H, component, is used for the mono-
pole and the counter poise to take into account their radii:

H;'*“z(i+%,j,k+%)=H;'”Z(i+%’j’k+%)—
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At - . " )
‘quz[Ep(1+%,],k+1)—Ep(z+%,],k)]+

At 2
—————EJ(i+L k+)) an
HoAp In(Ap/a) :

where a is the monopole or counterpoise radius, while Ap
and Az are Yee cell dimensions. As we can see from (11),
the E, component is not computed for cells surrounding the
wires. For all other cells in the FDTD space near the axis,
equation (3) was used.

We used a one-way injector to excite the structure.
This kind of source [9] is simulated with a one dimensional
50 Q transmission line as shown in Fig. 6, where an inci-
dent voltage is impressed at location k'suce. From this loca-
tion a desired signal is launched in the forward direction
(+z), while a negligible signal is launched in the backward
direction (-z). At the cells where the coax-cable enters the
cavity (iajaka), the FDTD scheme is modified as follows:

H;H/z(ia +%’ja’ka +%)= H;_Uz(ia +%’ja3ka +%)_

At 2 Vi
E"i, + Yo Jurky +1) =2
oAz{ oot In(Ap/a) Ap
A 2
A T EG ALk tH) (12)
HoAp In(Ap/a) :

4. EXPERIMENTAL VALIDATION SET-UP

Return loss measurements of the “ferris wheel” loaded with
forty dummy mice [5], reported in Fig. 7 for convenience,
show that it is possible to achieve good impedance match to
the 50-Q source for a wide range frequencies and loading.
In order to validate the FDTD code, further measurements
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Fig. 6 One-dimensional transmission line for the one-way
injection feeding system. One of the wedge cells where the
voltage is injected is also shown.

were carried out by inserting a miniature field probe be-
tween the shorting posts and measuring the radial E-field
distribution. The miniature probe features three small di-
pole sensors with rectifying diode detectors placed along
three orthogonal directions in the so-called I-beam ar-
rangement [12]. A TEM cell was employed to calibrate all
three sensors separately. The probe was connected to an
automated data acquisition system by IDX, Inc. Forward
and reflected power were measured at the “ferris wheel”
feed-point by means of a bi-directional coupler. The ex-
perimental set-up is sketched in Fig.8.

5. RESULTS

The analysis is performed at 900 MHz, which is the original
frequency for which the “ferris wheel” has been designed,
as well as at 1.8 GHz to determine how much degradation
is produced by higher-order mode excitation. Dielectric pa-
rameters of the dummies are & =52, o=1 S/m, and & = 50,

0.80 0.81 0.82 0.83 0.84 0.85 0.86 0.87 0.83 0.89 0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 098 0.99 1.00
Frequency (MHz)

Fig.7 Measured return loss (dB) at the “ferris wheel” feed-point versus frequency and counterpoise separation.
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Fig.8 Measurement set-up for the radial distribution of the
electric field at 900 MHz. The probe is inserted inside the
cavity between two posts and is moved in a radial direction.
The E-field probe (I-beam sensor arrangement) is sketched.

o = 1.5 S/m, respectively. These are simulated muscle

mixture parameters commonly used for FCC-mandated

SAR compliance testing (http://www.fcc. gov/fce-
bir/dielec.sh). The spatial and temporal steps chosen are the
same in both cases. At 1.8 GHz, the step inside the dum-
mies (3 mm) is approximately A/8, which is larger than the
recommended step size (A/10) for reducing numerical dis-
persion. Because of the mice small size, the dispersion in-
volved with this step is acceptable. In the other regions the
step is well below the dispersion limit.

As with any FDTD code, run-time is extremely
machine dependent. The simulation time was three hours on
a Digital Alpha 500 (400 MHz).

Numerical results at 900 MHz

Simulations were performed at 900 MHz for different posi-
tions of the tuning counterpoise, computing the cavity re-
turn loss with respect to the 50-ohm source. In Fig. 9, a
comparison between measured and simulated return loss
versus counterpoise position shows good agreement. The
offset is just 1 mm, which is probably due to uncertainty of
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Fig.9 Comparison between measured and simulated return
loss versus counterpoise distance at 900 MHz. The spatial
discretization of the one-way injector transmission line is 4
mm, the same of the cell where it enters the coaxial cable.

distance measurement and neglecting of the two small caps
thickness (Fig.3). The prediction accuracy of the return loss
value is satisfactory, since the net input power difference
amounts to less than 15% at the best match. Such a small
discrepancy could be due to the ideal materials considered
in the simulation and to uncertainties of the dummies di-
electric parameter. Another source of uncertainty could be
associated with the description of the region where the co-
axial feed-line enters the cavity. Changing the simulated
source (e.g., one-way injector to gap-source) changes the
value of the calculated impedance as shown in Fig.10.
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Fig.10 Input impedance of the “ferris wheel” for different
source models: one-way injector, and gap-source model.
The injector is modeled as in the previous figure. The gap is
modeled with one 3.5-mm cell. In the latter case, the imped-
ance is strongly affected by the gap-source dimension.

The spatial discretization of the excitation region
also plays a critical role in determining the feed-point im-
pedance. The results presented were derived using this spa-
tial step: one 5 mm-radius cell for the smaller cap (d; in
Fig.3), two 5 mm-radius cells for the other one (d; in Fig,
3), and variable cell size (2 mm to 3 mm along z) for the
distance s. Moreover, for the one-way injector of Fig. 6, the
spatial steps of the (ijaks) cell are 5 mm along p, 4 mm
along z. The angular step is uniform (A¢ = 0.375°).

For best match conditions, a comparison between
the measured and calculated radial distribution of the total
field inside the cavity was performed. The results reported
in Fig.11, which are normalized to the same net input
power (0.3 W), show a very good agreement. Looking at
the radial VSWR, they also indicate that the structure stores
a good amount of reactive energy, as confirmed by its rela-
tively narrow impedance bandwidth.
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Fig.11 Comparison between simulated and measured total
electric field radial distribution at 900 MHz. The radial line
where results are compared runs between dummies. The
data begin at 15 cm from the axis of the system, since the
probe could not measure closer to the cavity center due to
the presence of a hollow Teflon ring [5].

Analysis of exposure uniformity

In the initial design of the “ferris wheel” [5], uniformity of
the SAR distribution inside the dummies was verified ex-
perimentally by means of thermographic measurements.
However, thermographs allow quantitative analysis only
across selected cut-planes. The FDTD code developed in
this study provides a tool to carry out such an analysis on
the entire volume of the exposed body, providing more in-
sightful information regarding the SAR distribution. A
quantitative criterion for uniformity is necessary for evalu-
ating the exposure system performance. We chose to ob-
serve the deviation of local SAR, computed at every FDTD
vozxel in the dummy, from the whole body average SAR.

Etectric field (V/m)

oo B 8 8 8

%

80 400

t axis (rmm) Z axis {mm)

Fig.12 Distribution of the total electric field inside the
loaded cavity for the pz cut through the middle of the
dummy (900 MHz). Two high-field spots occur at the cavity
openings near the extremities of the dummy.

In Fig.12 the electric field inside the loaded cavity exhibits
the typical pattern of a stationary wave inside a radial reso-
nator. The field amplitude decreases as it penetrates the
animal, but increases again at the other side of the animal
because of Eddy currents and wave reflection at the posts
shorting the cavity. The delivered power in this example is
50 mW. The power radiated through the circular holes and
the lateral walls amounts to about 0.4 mW, which is less
then 1% of the delivered power. This result is in excellent
agreement with measurement [5] and demonstrates the
ability of the “ferris wheel” to trap electromagnetic energy
within the cavity at 900 MHz. Figure 13 shows the SAR
inside the dummies on the central p-z cut-plane. The maxi-
mum peak SAR inside the dummy is 0.145 W/Kg. The
whole body average SAR is 0.041 W/Kg.

The SAR distribution in the exposed body is quan-
tified in Fig.14, where the percentile difference between the
local and the whole body average SAR is plotted versus the
number of voxels in the FDTD model of the dummy. For
instance, we may want to determine how many voxels fea-
ture a SAR level lower than 40% of the whole-body aver-
age. As shown in the graph, we would find 448 voxels, cor-
responding to almost 35% of the animal tissue. Moreover,
we notice that only 0.3% of the tissue has a SAR level of
200 % of the average. We should observe that a higher
spread of the SAR distribution is to be expected in the case
of real mice, since the markedly non-homogeneous dielec-
tric properties due to the anatomical configuration of the
mouse body parts would yield a wider SAR variations.

Results at 1.8GHz

Many wireless services operate in the frequency range be-
tween 1700 MHz and 1900 MHz, e.g., GSM in Europe. The
exposure system was simulated at 1.8 GHz to analyze the
uniformity of the SAR distribution at this frequency. The

500 300

z &ds (mm)
r axis {mm}

Fig.13 SAR distribution for the p-z cut through the middle of
the dummy (900 MHz). Note that the distribution decreases

with the p coordinate and then increases again due to the
reflection at the shorting posts
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Fig.14 Percentile differences from the whole-body average
SAR level vs. voxel number at 900 MHz. The curve can be
seen as the cumulative distribution of the SAR function. The
total number of cells is 1263. In the example, there are 448
voxels inside the dummy with a SAR level that is lower then
40 % of the whole body average SAR.

dimensions of the “ferris wheel” are such that modes ex-
hibiting z-variation are above cut-off. Therefore a perform-
ance degradation in terms of field (and consequently SAR)
uniformity is expected. Nevertheless, we addressed this
analysis with the purpose of providing useful information
for future reference in case the “ferris wheel” is used in
animal studies at 1.8 GHz.

In Figs. 15 and 16 we show the distribution of the
electric field and the SAR inside the cavity and the dummy,
respectively. The plane considered is the same as in the
previous case. As expected, we can see that the field is not
uniform in the z direction. As a likely consequence of the
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Fig.15 Distribution of the total electric field inside the
cavity for the p-z cut through the middle of the dummies
(1.8 GHz). Note that the field distribution is no longer
TEM like, exhibiting variations in the z direction.

interference patterns of forward and reverse waves, the
SAR distribution is remarkably concentrated inside the
dummy. In this case, the RF power delivered to the cavity
is 18 mW, and the power radiated through the hole and the
posts is almost 3.6 mW, or about 2% of the delivered
power. As expected, at higher frequency the power radiated
outside is higher than before, due to the larger electrical
size of the openings in the cavity walls.

The percentile difference in SAR level versus
voxel number is plotted in Fig. 17. As a comparison with
the previous case, consider the number of voxels exhibiting
a SAR level lower than 40% of the whole body average.
From the figure we can see that almost 42% of tissue falls
in this condition, which seems to suggest that at 1.8 GHz
the “ferris wheel” behaves better than at 900 MHz. How-
ever, we must consider that 3% of the tissue has a SAR
level within a range of 300% to 500% of the whole body
average. For this reason, redesign of the system for this fre-
quency range may be needed. For instance, mode filters
may reduce field variations due to longitudinal higher-order
mode excitation, and mice positioning (distance from the
boundary) could be optimized to attenuate SAR variations
due to incident and reflected wave interference.

6. FINAL REMARKS

The “ferris wheel” mice exposure system has been modeled
in order to yield a numerical tool that allows efficient dosi-
metric analysis during the system’s design. A FDTD code
was developed in cylindrical coordinates, featuring solu-
tions that dramatically decrease computation time and
memory requirement. The code was validated with meas-
urements on the real system with good results, which could
improve using finer resolution to discretize the feeding
system. The exposure system has been analyzed at 900
MHz, the original design frequency, as well as at 1.8 GHz
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Fig.16 SAR distribution across the p-z cut passing

through the middle of the dummy (1.8 GHz). The SAR is

mainly concentrated at the center of the dummy, causing

degradation of the SAR uniformity.
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Fig.17 Differences (%) from the average SAR level vs. num-
ber of voxels at 1.8 GHz. At this frequency, 534 cells exhibit
SAR lower than 40% of the whole body average.

for reference in future developments. We looked at the uni-
formity of the SAR distribution inside a dummy element for
these two frequencies, and in particular characterized the
SAR uniformity by quantifying the amount of tissue exhib-
iting a local SAR level that differs from the whole body av-
erage SAR. More uniform SAR distribution was observed
at 900 MHz than at 1.8 GHz. It is interesting to notice that
in both cases more than half of the tissue mass exhibits lo-
cal SAR greater than the whole body average. In other
words, the median SAR is greater than the average SAR.
Such an observation cannot be generalized at this moment,
since it is based on specific body geometry and composi-
tion, and under particular exposure conditions. In the future,
the analysis will be repeated on anatomical models of mice
to provide additional data on the uniformity of the SAR
distribution. Nevertheless, at the design stage, use of homo-
geneous dummy mouse models has been found to be ex-
tremely efficient, as it allowed direct correlation with
measurements, where dummy phantoms had to be used be-
cause of the practical impossibility of using a large number
of live or dead mice.
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