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Abstract—A radial electromagnetic cavity has been designed tifiable throughout the study, which can last as long as two years
and optimized for the in vivo whole-body exposure of mice to for rodents.
900-MHz RF fields. Parallel circular plates shorted around the Whole-body animal exposure to (locally) plane waves has

perimeter form the cavity, which is fed at the center in order b lished in th tb f circul t
to excite a cylindrical TEM wave. Plastic housings allow the €en accomplished In the past by means or circular or rect-

insertion and equidistant positioning from the exciter of 40 mice, angular waveguides, radial waveguides, and rectangular horns,
with the electric field parallel to the body axis. The resulting e.g., those described in [10]-[13]. The reader will find the rel-
exposure system is highly efficient, featuring more than 80% of evant bibliography in [14]. In these structures, the matching of
the incident power dissipated in the mice. The whole-body average e antenna to the RF source is fairly insensitive of the loading,

SAR can be determined with remarkable precision by means of - . . . o )
straightforward power balance since the RF power leakage from €9+ animal orientation with respect to the incident field. Elec-

the cavity is extremely low. Fairly uniform exposure of the mice, tromagnetic cavities have seldom been employed since tuning
individually and collectively, has been achieved by means of the is very sensitive to load changes, forcing posture constraints of
symmetric arrangement. This exposure system has been adoptedthe animals, with the consequence of imposing restrictions on
in 4 replication study on transgenic mice currently being carried 1 ayimum exposure duration to avoid excessive stress. However,
out in South Australia, and is being considered for upcoming . . - "
animal studies in Europe. whenever a constrained exposure is possible, cavities allow a
: . : . precise determination of the whole-body averaged SAR in the
Index Terms—Animal exposure, bioassay, radial cavity, RF - L .

dosimetry, SAR animals, as well as an efficient use of the available RF power.
’ In this paper, we present the design of an exposure system
presently employed in a long-term study on mice exposed to

. INTRODUCTION GSM-modulated fields at 900 MHz, which is the replication of a

OTENTIAL biological effects of nonionizing radiation canStudy performed using cqmpletely different.exp'osure condition;
Pbe investigated by carrying out long-term animal exposu[%]- The system has a wider range of application, though, as it
studies [1]-[6]. Depending on the particular effect under if@n be employed in long-term mice studies wherever the RF
vestigation, choice of the animals can vary from primates gPosure is nonlocalized and the daily exposure is limited to a
rodents. In order to isolate possible frequency, modulation, ¥ hours. _ _ . .
dose-dependent effects, different signals and exposure level§he structure of this paper is as follows. In Section Il, we dis-
can be chosen. Electromagnetic exposure to RF sources is q¢&$s the design requirements for the exposure system, while in
tified in terms of the specific absorption rate (SAR), i.e., theection I, the actual design is illustrated. Section IV describes
time rate of electromagnetic energy deposition per unit ma$d€ techniques employed to determine the whole-body average
SAR = ¢[E[?/p, o being the equivalent conductivity of theSAR in the mice. In Section V, we further (_jlscuss some partic-
medium p the density, an{E| the rms electric field strength [7]. ular features .of the exposure system and |II_ustrate_ future devel-
On the basis of established scientific evidence, present saf@gments, while the conclusions are drawn in Section V1.
guidelines prescribe whole-body averaged and localized (1- or
10-g averages) SAR limits [8], [9]. Hence, depending on the II. “FERRISWHEEL" M ICE EXPOSURESYSTEM
target of a particular study, the animal exposure can be systemiqhhe purpose of this project is to design a mice exposure
or specific to a particular organ, e.g., brain. The choice of the ex-

. . . . System for an Australiain vivo study on transgenic mice
posure system and the use of appropriate dosimetric techniques . A
. e exposed to the global system of mobile communication (GSM)
must ensure the delivery of specific SAR levels that are quags

3560-MHz signal. The most important design requirements are:
1) plane-wave-like incident fields, with excellent individual
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Fig. 2. Mouse restraining mechanism. (a) The mouse holder that slides and
locks to (b) the plastic sleeve attached to the cavity frame. (c) A pusher is held

to the restrainer by means of (d) the thumbscrew to keep the mouse exposed
inside the “Ferris wheel.”

The previously mentioned design constraints led us to assign
40 mice per exposure unit. Fifteen units equally split in the five
2.6 m x 4.5 m exposure rooms would allow the simultaneous
exposure of 600 mice, meaning that two shifts (morning and
afternoon) would be sufficient to expose all mice populations.
As the mass of adult female mice typically ranges from 25 to
30 g, 4-5 W need to be dissipated in each exposure unit to
achieve the maximum whole-body SAR level of 4 W/kg. Antic-
ipating a 2-dB pathloss due to RF cables and the bidirectional
coupler, only about 16 W out of the 25 W provided by the am-
plifier would be available at the cavity feed point. The ensuing
25%-30% minimum efficiency requirement would not be trivial
to achieve in electromagnetically open exposure systems. The
“Ferris-wheel” cavity achieves about 80%. In the following sec-
tions, many of the aspects just mentioned will be addressed in
tional constraints derive from the large number of exposed mig®re detail as we illustrate the design of this exposure system.
(1200) and exposure duration (1-h daily per mouse population),
as well as the cost of the RF equipment (with the consequént Discussion
limitation to _ about 25-W average RF power available per o (44ial waveguide [15] would be a convenient struc-
exposure unit). ture to provide uniform collective illumination of numerous

The outcome is the exposure system, as shown in Fig.pbdies symmetrically disposed. Locally, the incident field is
nicknamed the “Ferris wheel” for its appearance. The exposig€gree-space-like TEM plane wave, as long as circumferential
system comprises a radial electromagnetic cavity formed by pgf-|ongitudinal higher order mode excitation is not very sig-
allel circular plates mounted on a polycarbonate frame, joinggticant. Assuming the cylindrical reference frarig ¢, 2} in

around the perimeter by an array of shorting posts. A tunalggy. 3, the field components are (see the Appendix)
transition from a 502 coaxial feed line excites a cylindrical

Fig. 1. “Ferris-wheel” exposure system for mice.

TEM wave that impinges on a carousel of 40 symmetrically ar- E.(p) = A,,Hél)(kp) + AfHéQ)(kp) 1)
ranged mice, which are equidistant from the exciter. The mice, 1 1) @)
restrained in plastic tubes inserted through circular holes inthe ~ He(p) = I |:A7‘H1 (kp) + ApH; (kp)} (2

plates, as shown in Fig. 2, are held co-polarized with the inci-

dent electric field f-polarization) to maximize the absorptionwhere k. is the wavenumber ang is the wave impedance in

of RF energy. Proper ventilation is provided to the animals bythe medium. Already at a short distange> \/2), the cylin-
dc-motor driven fan. The symmetric arrangement provides uirical wave impedance approaches the plane-wave impedance,
form exposure to the mice, while the whole-body TEM illumii.e., E.(p)/H,(p) =~ n for progressive wavesd, = 0). There-
nation induces fairly uniform RF absorption within each mouséore, an exposure in the radial waveguide is very similar to free
Depending on the position of a mouse in the carousel, the waspace, provided the — ¢ cross section of the exposed body is
impinges from different directions. Therefore, the mice are roauch smaller than its distance from the center so that the im-
tated on a daily basis to achieve as uniform absorption as ppsiging wavefront can be considered locally flat and uniform.
sible throughout the chronic exposure. The advantage is the compactness in terms of volume to number
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z cylinder about 10 cm in radius and 1.8-cm thick, are joined
around the perimeter by an array of shorting posts to form
the radial cavity. Forty mice are placed @part at 44 cm
S ¢ from the centerf-polarized with respect to the incident TEM
~ . wave. Typically, female mice can weigh up to 30 g, thus,
| p for the experimental design, we employed dummy equiva-
A lents, consisting of 30-ctnplastic bottles filled with tissue
simulating mixture (water:sugar: salt: hydroxyethylcellulose
¢ o ! ~53.5:44.25:1.15:1 weight-wise [16]). At 900 MHz, the
mixture dielectric properties are;. ~ 51, ¢ =~ 1 S/m. The
cavity is fed at the center by an internal tunable transition from
the coaxial feed line, which will be described later.
x The dummies are inserted through circular apertures realized
on both plates of the cavity. The aperture diameter is about 4 cm
Fig. 3. Reference frames associated with the radial cavity. since it has to allow the insertion of plastic mouse holders on one
side and insertion of ventilation hoses on the other. Minimal RF

of exposed animals, when compared to other whole-body exrl_@akage is expected at 900 MHz, the corresponding wavelength
sure systems such as waveguides, exposure chambers (shieRfiBg more than twice the aperture circumference, thus resulting
anechoic, or semianechoic), or large horn antennas. in very low radiation efficiency. _

Some distinct advantages derive from terminating a radialAn &rray of 120 shorting posts is preferred to a solid elec-
waveguide on a matched load, e.g., RF absorbers placed aroffitfdvall since it lets light into the cavity, which is needed by
the perimeter. Good impedance matching to the RF source1§ mice. The posts are 10-cm long and 6.35-mm in diameter.
typically broad-band and, to some extent, insensitive to the p'gjey are symmetrically distributed around the perimeter of the
sition and size of the exposed bodies. On the other hand, po@Yity at 48 cm from the center, co-polarized with the electric
efficiency can be relatively low as a considerable share of tfgld of the impinging TEM wave, and less than one-tenth of a
impinging energy may bypass the animals and dissipate in iyavelength apart to ensure Iovy RF leakage. Return-!oss mea-
absorbers. Given the impossibility to measure such dissipati§irements of the unloaded cavity showed that appreciable radi-
the whole-body SAR must be determined for many animal siz&40n would not result, which was confirmed by radiation mea-
and postures, using calorimetric or numerical techniques havitigements of the loaded cavity.
substantial intrinsic uncertainty.

A shorting electric wall around the circular perimetep. Tunable Coax-to-Radial Cavity Transition
converts the radial waveguide into a cavity. The mice can
be placed equidistant from its center and from each other toTuning ability of the cavity exciter is desired to ensure proper
symmetrically load the cavity. To maximize the RF absorptiomatching to the RF source over a relatively wide range of pos-
the mice areE-polarized. Compared with the terminatedible loading conditions. We designed a tunable transition from
waveguide, impedance matching is more sensitive to the ca\ﬂﬂ,ﬁf coaxial feed line to the radial cavity with the objective of
load, e.g., the mouse size. Moreover, the loaded cavity storBgximizing the modal conversion to the fundamental cavity
higher reactive energy so that a good impedance matching®@de by keeping the exciter's current as uniform as possible.
the source is typically narrow-band. In light of this, a tunabl8S depicted in Fig. 4, the transition is formed by a top-loaded
coax-to-cavity transition is needed to enable good matchingl@Pnopole antenna [17], which is capacitively coupled with a
the desired operating frequency. Typical solutions are reactR@ssive counterpoise. In this way, the accumulation of electric
matching circuits such as single, double, or triple stub tunef8arges is concentrated in the small region comprising the ca-
(so-called “trombone lines”), which are external to the Cavitpacitive loads so that the current along the monopole as well
and relatively encumbering, thus, we devised an internal tra#s the counterpoise is kept fairly uniform. Tuning of the loaded
sition with broad-band tuning ability. The distance of the micgavity is performed through adjusting the capacitive coupling by
from the lateral cavity walls turns out to be the most importafi?oving the counterpoise closer or farther from the monopole,
efficiency-related parameter, which has been optimized y,ghich is easily accomplished by threads on its arm. A plastic
means of a simplified loaded-cavity model. The radial cavigounter-nut ensures good electrical contact of the counterpoise
allows a precise determination of the power dissipated inside ¥jth the cavity plate. Pictorial details of the actual implementa-
means of bidirectional power measurements, provided radiatié®n of the tuning element are provided in Fig. 5.
losses are known. Moreover, the collective whole-body SAR in At first, the tuning ability of this transition was demonstrated
the mice can be easily monitored during the course of the stui@y & matched radial waveguide, formed by terminating the cir-
by collecting forward and reverse power data. cular plates on wedge RF absorbers. In Fig. 6, the measured re-
turn-loss response shows the remarkable tuning capability that
can be achieved over a wide frequency range. The dimensions
used in this case afe= 10 cm,~; = 48 mm,d; = 10 mm, and

Two circular single-side copper-clad laminate printed circuit; = 20 mm. The main reason of choosidg > d; is to allow
boards (PCBs), separated by a 10-cm-long hollow Tefl@ome tolerance against axial misalignment of the counterpoise

/
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>

I1l. DESIGN OF THE“FERRISWHEEL"
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Fig. 4. Sketch of the tunable transition from the coaxial feed line to the radial
cavity.

with respect to the monopole, so that the capacitive coupling be-
tween them is not substantially affected.

In the following section, after illustrating the optimization of
the exposure system efficiency, the broad-band tuning ability
will be demonstrated for the loaded radial cavity.

B. Efficiency Optimization of the Exposure System

As previously remarked, we found that the distance of the
lateral wall from the mice is the principal parameter to opti-
mize the efficiency of the exposure system. We employed a
loaded-cavity model to come up with an initial estimate, re-
placing the 40 loads with a uniform lossy ring having the ef-
fective dielectric characteristics corresponding to the air-loads
volumetric weighed average,(= 15, ¢ =~ 0.28 S/m). The ring
is 2.5-cm thick, the same as the diameter of the dummies, its
minimum and maximum radii being 42.75 and 45.25 cm, re-
spectively. The weighed average derives from the volumetric (b)
ratio between the ring and t_he 40 du_mmles’ resulting m_ as_ca“HS. 5. Tunable transition. (a) Tuner handle with hollow Teflon cylinder
factor~0.28. In the real cavity, the distance between mice is legsp not shown) protecting from inadvertent crash. (b) Tuning element with
than a quarter-wavelength and, therefore, the approximationnsichanical support.

a uniform loading ring is reasonable, as confirmed by the re-
turn-loss measurements. The cavity and its equivalent model ergy. The ratio of these quantities is independent of the actual
shownin Fig. 7. In each region, the cylindrical wave is expresspdwer delivered

as
A} PRe{ Hy® (k) B (ks p)* /1
E®) (p) = AV HP (kop) + AV HP (kp), ? = { 5 o },
v=20,--,4 (3) ! |Ar |2RE{H0 (kvp)H; (kup)*/jﬁu}
v J V) (1 V) (2 <3 5
HY (p) = p [A,( VH{M (kyp) + AV HY )(/fup)}, )
v=0,---.4 (4) thus, itallows to establish the optimal distance between the load

and lateral cavity wall. In Fig. 8, a parametric study performed at
providedr,., k, are those in the respective regiors (2.1, 900 MHz shows that sharp changes in (5) result from varying the
no loss, assumed for Teflon). The solution of the linear systedistance of the mice from the cavity’s lateral wall. The periodic
derived by enforcing the boundary conditions at the source, ilependence indicates that the best matching is achieved when
terfaces, and lateral cavity wall yields the unknowkigz. the short-circuited radial waveguide section acts as an induc-
The dissipated power is given by the difference between fdive load, against the common guess that best absorption would
ward and reverse real power at any distance closer than the lossgur at the peak of the electric field at about a quarter-wave
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Fig. 6. Return loss of the radial waveguide obtained by terminating the cavity on absorbers, achieved by using the tunable exciter to optimidaribe impe
match to 5002.
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Fig. 8. Fraction of the incident RF power that is dissipated in the mice versus
distance of the shorting wall, according to the radial-transmission-line model.
Fig. 7. Radial transmission-line model of the exposure system used Tthe optimal distance is pointed out.

optimize the geometry.

) ) The broad-band tuning capability of the exciter has been
from the short. Evidently, the nature of the lossy load is N@fomonstrated using the optimized radial cavity, and the mea-
purely resistive and, therefore, the dissipation of RF power {5 e return loss is displayed in Fig. 9. Comparing Figs. 6 and
maximized under particular reactive loading conditions, whiqﬂ we notice that the matching to the source is not as good for
are inductive in nature in this particular case. Moreover, adqhe radial cavity as it was for the terminated waveguide. The
tional phase delay occurs due to the distributed nature of e, 0t of power dissipated (as well as radiated) at 900 MHz
load and its dielectric characteristics. . is very close to the prediction, hinting that a relatively low

An excellent agreement resulted from experimental ChECksiﬂircentage of power is bounced back into the cavity when
the theoretical predictions. A prototype of the cavity was builf,o reflected wave impinges on the input port. As it will be
where the shorting posts could be placed at five different digpq\yn |ater, measurements show that the fraction of RF power
tances from 48 to 50 cm. On the base of return loss and thefgiated is minimal. The power lost in the metal and plastics is

mometric measurements (the latter will be described later), the, oo well, meaning that the great majority of it is dissipated
optimal distance was found at 48 cm from the center (4 cm froM (e mice.

the mouse body axis), i.e3/ Ao = 0.12, about at the peak of
the efficiency curve, as pointed out in Fig. 8. Even if a slightly
higher efficiency could be achieved at a shorter distance, w
stayed to the right-hand side of the peak in order to avoid falling The whole-body SAR in the mice is found by dividing the
(due to changes in loading conditions) into the steep regiongower dissipated in the animals by their mass, thus, it is im-
its left-hand side where the efficiency drops sharply. portant to determine this power precisely. The power balance

é\/. D ETERMINATION OF THE WHOLE-BODY AVERAGE SAR
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Fig. 9. Return loss of the “Ferris wheel,” achieved by using the tunable exciter to optimize the impedance match fo feecblre.

equation—ice = (Pe — Pret) — (P + Praq)—States that :"' R ALA ,\
the power dissipated in the mice can be found by measurin _, |\ JAUA 2\
the incident P, ) and reflected P,.;) power at the cavity port, 19 \..,_ g nwf yF \\ AN ,“v-\! b
and estimating the ohmic losses in metal and dielectric losseg -22 '-.,\‘-"\‘-. ,/““J M'\\ / /; L B
in plastics(Py) and the radiated powé,,q). The first two ‘_:’-zs hd \\“\ j:“(/// V\‘i' / ¥
contributions are measurable throughout the exposure using® \'[ [ Shorting Posts)| "_V," \/
bidirectional coupler. The ohmic and dielectric losses have bee ' V |- - - solidwan | ¥
estimated measuring the return loss and the power radiated | ::
the unloaded cavity at 900 MHz, the missing power accounting _,
for about 1% of the incident power. Determination of the radi- 0 45 % 135 180 25 270 315 30
ated power is described below. ¢ [degrees]

(@
A. RF Leakage 120 J L

The cylindrical symmetry of the radiation pattern simplifies
RF leakage measurements drastically since it allows deter-§ y
mining the total amount of radiated power by measuring a%

ted (%)
g B

single elevation cut. This symmetry is preserved even thougk% 0.0 - —o—Shorting Pins
the cylindrical symmetry of the cavity is compromised by the o4 Helefota
40 circular holes on each plate and by the array of shorting2 oz A SW X-pol
posts. The reason is twofold. First, the distance between hole§ >‘<
(about 8 cm center-to-center) is smaller than a half-wavelengtt .00 A
890 895 900 905 910 915

at 900 MHz (the distance between posts is three times shorte
and, therefore, negligible in this context). Second, the cir- b)
cular distribution of the radiating slots mitigates the effect of

phase-delay differences to the observation point. This has bgﬁhlo' Comparison of the radiation characteristics of the “Ferris wheel” with
’ shorting posts or a solid lateral wall. (a) Measured radiation pattern over an

verified by measuring théf-plane ¢ = 0) radiation pattern ejevation cut at 900 MHz. (b) Fraction of the incident RF power that is radiated
of the cavity prototype. Using a simple model comprising 4(@he cross polarization was measured only at 900 MHz).
equidistant half-wave dipoles forming a circular array 1 m in
diameter, it can be seen that the azimuth pattern is practicaltyidied the effect of this solution on the RF leakage by com-
flat, its fluctuation staying below 1% up to 2.7 GHz. This freparing the radiated power by the loaded cavity in the case of a
quency range includes the 1.8-1.9- and 2.45-GHz bands, whsdiid wall versus using shorting posts. In Fig. 10(a), the mea-
host other wireless services, that are likely to be addresseded elevation cuts (constap} at 900 MHz for the “Ferris
in future studies. Finally, for a fixed operating frequency, wheel” with a solid lateral wall or the shorting posts are re-
limitation in size may be established, which would translate ported. In Fig. 10(b), the measured fraction of power radiated in
a corresponding limitation in the number of animals sharirtye two cases is compared at several frequencies, showing the
the exposure unit. relatively large increase in the case of the discontinuous wall.
As previously remarked, 120 shorting posts placed at 48 crhis indicates that about 30% of the radiated power is leaked
from the center have been used instead of a solid lateral wiadim the array of shorting posts, while the rest is attributable to
for the “Ferris wheel” cavity to provide light to the exposedhe circular slots. Also, the radiated power associated to the spu-
mice, thus limiting the stress induced on these animals. We haiaus cross-polarized fieldcomponent) is shown to be negli-

Frequency [MHz]
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gible. In absolute terms, the fraction of radiated power is very|
small (=1%) due to the low efficiency of the radiating aper-
tures since the distance between posts (about 2.5 cm) is mug
smaller than the wavelength at this frequency, Agds weakly
excited [as shown by the low levels of cross-polarized radiatio
in Fig. 10(b)].

Given the limited loss of energy to ohmic effects and radia-
tion, it can be assumed that these losses do not vary significantl
over relatively wide changes of the loading conditions. There-
fore, the amount of power dissipated in the mice can be deter
mined just by monitoring bidirectional power flow, so that the g
collective whole-body average SAR is

Rnice -F)inc - Pre - ra -F)inc
SARy g = _ £ — (v + Qraq) ©)

Mmice Mmice

whereag ~ 0.01, apq ~ 0.01, andmyjce IS the total mass .
. L . .Fig. 11. Experimental setup used to perform thermal SAR measurements
of the 40 a'-n'majls- Sl"'Ch a qeterm'nat'on of the SAR is QUIlS order to verify the estimate provided by (6). The dummy under test is
accurate since it mainly relies on power measurements. Tdweapsulated in: (a) a Styrofoam shell, while (b) the others are suspended by
assumption here is that the dissipated RF power is equ ns of masking tape. (c) Different hole patterns used to optimize the cavity
. . . efficiency by varying the distance of the shorting-post array are also visible.
spread among mice, which may not be the case if some of them
grow in body size abnormally. Typically, over the duration of 1w
a long-term study, the mice are weighed on a weekly basis o
so the history of the exposure can be compiled accurately b g
combining this information with the monitored power data. I
We performed thermometric measurements to verify the ac_
curacy of (6). In this case, the experimental setup comprises th§
“Ferris wheel” loaded with dummy equivalents. One of the dum-&
mies is encapsulated in a Styrofoam shell where a small hol
allows the insertion of a Vitek-101 thermistor probe, which is
substantially transparent (nonperturbing) to the electromagneti
field, to sense the temperature. A short high-power RF expo
sure (30 W for 2 min) induces a temperature rise in the dummy
The dummy is vigorously shaken after exposure to equalize th.
temperature throughout, thus, the correct average temperafie , ¢ .cion of the incident RF power that is dissipated in the mice,
increase reading can be taken regardless of the actual positjgined by means of thermal SAR measurements performed on 30-g dummy
of the thermistor inside the dummy. Provided the heat excharggwivalents.
with the external environment is negligible because of the Sty-
rofoam enclosure, the difference between the final and initiédat is absorbed in the dummy. These results also illustrate the
average temperature in the dummy is proportional to the disdispersion of whole-body SAR values. Further efforts, which

0.50

0.40

0.30

0.20

0.10

0.00

pated RF power, therefore, will be documented in a separate paper, have been devoted to
L perform a complete dosimetric study, which included using

SARy _ Wummy ~ e T;-T; ) calorimetric techniques to measure whole-body RF absorption,
Y Mdummy WHIY A as well as determining the SAR distribution in the mice by

means of thermographic measurements and computations. This
whereWaummy is the average time rate of RF energy deposstudy shows improved uniformity of the SAR distribution with
tion in the dummysmgummy IS itS Mass¢qummy ~2.8+0.1J/g respect to typical plane-wave incidence, due to the animals’
- K is the specific heat of the particular tissue-equivalent solexposure to the waves reflected by the lateral cavity wall.
tion that was employed, andi# is the exposure duration. The During the course of a two-year bioassay and particularly to-
whole-body average SAR in the mice is found by taking int@ard the end, a certain number of animals will die. When that
account the difference in density happens, they are replaced with dummy equivalents in order to
preserve the symmetrical energy distribution during exposure.

SARVVB = SARdummy pdlﬂﬂ (8)
Pmice V. REMARKS
where paummy ~1.25 glend, and pmice ~1 glen¥. Fig. 11 Inlong-term animal bioassays, itis extremely importanttoiso-

shows details of the experimental setup, while Fig. 12 repoitte the agent whose effect one wants to study. Consequently,
the results of ten thermal measurements performed on dumanyell-designed study should point out potential confounding
equivalents, given in terms of the fraction of the incident powéactors and remove them. These factors include physical agents
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Likely, the “Ferris wheel” could be adopted to perform other
studies in the future. Some of these studies may be carried out
at other frequencies and with different RF signals. Whereas the
effect of the linear distortion caused by the frequency response
characteristics of the cavity should not degrade the modulation
of the RF signals, unless we are dealing with signals having ex-
tremely wide fractional bandwidths, more serious effects could
derive from the cavity overmoding at the higher frequencies.
For instance, at 1.8 GHz, the present dimensions of the “Ferris
wheel” determine the excitation of radially propagating modes
with z-variation. Mode filters could be needed to reestablish the
TEM wave in order to maintain the most uniform exposure of
the mice, as well as to reduce the radiation efficiency of the aper-
tures.

VI. CONCLUSIONS

The “Ferris-wheel” exposure system has been designed
with the intent of providing an efficient means for conducting
large-scale long-term animal studies of whole-body RF expo-
sure. Remarkable savings in terms of space and RF equipment
cost have resulted from the implementation of a closed electro-
magnetic structure. One of the key features of this structure is
the tunability across a wide frequency band, as well as loading
conditions, without resorting to external matching circuits.
The modest amount of radiated power has a twofold benefit:
it allows determining the whole-body average SAR by means
of simple and accurate bidirectional power measurements and
it allows to place several units in close proximity to each other
with minimal RF screening to preserve mutual isolation. The
high number of animals that can be exposed simultaneously
in a single unit allows substantial savings in terms of the
laboratory area needed to carry out the study. The “Ferris
Fig. 13. Details of the airflow system implemented on the units employedatheel” has a remarkably high efficiency so that the cost (tightly
the IMVS, Adelaide, South Australia. The dc fan pushes air, whichis distributeg|ated to the budgeted RF power) to carry out large-scale
to the mice through hoses departing from the air plenum. Pressure in the plerlerBassays is drastically reduced with respect to the case where
is constantly monitored.
electromagnetically open exposure systems are employed. As

. o ) i . .amatter of fact, with a minimal amount of redesign, the “Ferris
(e.g., chemical or biological carcinogenic agents, acoustic Noi§gheel” could be the first exemplar of a family of exposure

thermal stress, undesired electromagnetic-field sources, etc.). &/gtems to be employed in several upcoming bioassays.
totally avoided the use of glues to assemble the exposure systems.

The airflow system shown in Fig. 13 uses bio-compatible rubber APPENDIX

tubing formedicalapplications (C-FLEX, Cole-Parmer), andfea- o S ) )
tures a pressure sensor to detect inadvertent flow stoppage. WEN€ électromagnetic-field distribution in a radial waveguide
also verified that the static and low-frequency magnetic field@derived, assuming no vertical variatigiy 9z = 0), as well as
generated by the airflow fan would be negligible at the locatidiffect metal conductors. These hypotheses jikle- S, +
where the mice were to be exposed, opting for a dc fan over@e = 0. Consequentlyy’ - E = 0 within the field domain. If
fans to reduce as much as possible the magnetic-field intensf assume that the impressed current is uniformly distributed
At the Australian exposure facility, the acoustic noise comirff? @ vertical cylinder of radiug

from the cooling fans of the RF equipment, as well as from the I

airflow fan, was measured and actions were taken to reduce it J=5"2 §(p — a), 0<z<h (A1)
where appropriate. The airflow at the facility itself is filtered to 2ra

avoid contgmination_from external agentg, andthe highrate of gie. Maxwell’s equations yield

recycle limits potential effects of outgassing of substances from

the materials (plastics, RF absorbers, etc.) inside the exposurg ) ) o

rooms. Engineering expertiper seis not sufficient to address ViE. +KE; = jon Ima §(p — a), 0<z<h (A2
many of the issues just mentioned, which is why the inputs and

constant feedback from the biologists that conduct the bioassaith k2 = —jwu(o + jwe), o being the dielectric conductivity.

is fundamental to proceed successfully in the design. Due to the cylindrical symmetry of the structure and the source,
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the electromagnetic-field components depend only on the radial ACKNOWLEDGMENT
variablep. The boundary condition aF, on the source is ob-
tained by integrating (A2) over the surfape < p asp — a,

resulting

The authors gratefully acknowledge the support of the entire
staff at the Motorola Florida Electromagnetics Research Lab-
oratory, Fort Lauderdale, FL, and especially the contributions

(A3)

p—a

lim 27p % = juwpdy.
dp
The solution of (A2) subject to (A3) is well known [15]

E.(p) = AHS) (kp) + A HED (kp) (A4)

WhereHél), HSQ) are zeroth-order Hankel functions that, re-
spectively, describe inward and outward cylindrical waves. The[1]
magnetic field is simply derived d = —V x E/jwp, thus,

its only component is expressed in terms of Hankel functions of
the first order [2]

1 oF,
Jwp Op

(3]

1
Holp) = = = [AHD ) + AL HD ()]
‘ (A5)
4]
wheren = +/jwp/(o + jwe) is the wave impedance in the

medium. The complex power generated by the source is found
applying Poynting’s theorem 5

1
pQZjSExH*.ﬁds ]
_ _%/ E.J"dV
.
1 «
= — 5 E(a)5h. (A6)

where the symbdl represents the conjugate complex operator.
Equation (A6) does not allow to discriminate between forward-
and reverse-power flow. These contributions are

1 h 27
= 5Re/ dz/ F
0 0

(8]

[9]

[10]
(2) *
W c) 24 Hi ' (kp)
2ApHy (kp) X pA} i p do (1]
(2) ¢y, (2 1.y
= Lonpa,rre { Ho (kp),ffl ko) U A7) 2y
2 Jn
1 h 27
ke [ [
2 0 0 ( [13]
(1) k
24 H(kp) x ¢A*% pdi (141
&) &) *
1 H H
an (16]
Evidently, forp — a, we must findP; — P, = Re{F,}, which ;7

holds as long as no losses occur at any distance shortepthan

of M.
as well as the guidance of Dr. T. Kuchel and Dr. T. Utteridge,
IMVS, Adelaide, South Australia.
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