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Abstracti— The interest in accurate dosimetric meastre-
ments inside phantoms that simuiate biological bodies has
burgeoned since several reguiatory commissions began cail-
ing for or recommending the testing for compliance with
safety standards of low power devices , This paper presents
a newiy dewveloped, robot-based syetem that allows anto-
mated E-fleld acanning in tissuze simulating sciutions. The
distinguishing characteristics of the systam are ita high sen-
sitivity and its broad dynamic range (I u'W/g to 100 m'W/g)
over the entire frequency range (10 MHz to over 3 GHz)
used for mobile communications. The reproducibility of the
dosimetric svaluations bas been shown to be considerably
better than + 5%. This has been accompiished by the use of
an improved isptropic E-fleld probe connacted to ampliflers
with extremely low noise and drift characteristics in con-
junction witk digital processing of the data. Special empha-
sie has been placed on system reliability, user-friendlineas
and graphic visualization of data.

Keywords—

[. INTRODUCTION

The cquestion of whether low power transceivers comply
with current safety limits was first raised by Cleveland et
al. [1]. Two years later the study of the absorption mech-
anism in the near field of sources reveaied a direct contra-
diction of the exclusion clause for low power devices with
basic safety restriciions [2]. Additional findings of the lat-
ter study relevant for this paper were:

o In the close near field, induced currents are mainly
caused by the inductive coupling of the high frequency
(HF) current distribution on the radiating structure
with the biological bedy.

s+ The induced specific absorption rate (SAR) depends
more on the actual design and the position of the ra-
diating structure with respect to the body than on the
inhomogeneity of the tissue.

s Devices with an input power of considerably less than
1 W might violate the basic safety limits for partial
body exposure which are: 1.6 mW/g averaged over
1 g (ANSI/IEEE [3]}, 2.0 mW/g averaged over 10 g
tissue (CENELEC [4]) respectively.

These findings have been confirmed in the following
by studies with partially homogeneous bodies exposed to
dipole and helix antennsza [5], [6] and by a study with
largely inhomogeneous head phantoms [7].

Several recently published dosimetric studies on current
mobile phones found spatial peak SAR values in the range
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of the safety limits for uncontrolled environments [8], [9],
(10], [11], [12], [13]. Under certain conditions, these limits
were exceeded (8], [11], [10], [13]. This caused some concern
in the industry as the current trend towards miniaturiza-
tion with shorter antennas is bound to lead to higher ab-
sorpiicn if these issues are not carefuily considered during
the design process.

Taking various concerns and factors into consideration,
individual type approval using dosimetric tests is the most
sound approach for both the public as well a3 industry. As
far back as 1992, the German Agency for Radiation Pro-
tection [14] recommended type approval for mobile com-
munication devices. The FCC [15] has now taken a similar
stance and is calling for the demonstration that the maxi-
mum SAR. for PCS devices with output power of more than
100 mW complies with the ANSI/IEEE guidelines for SAR
values.

Needless to say, such test procedures will lead to deci-
sions with far-reaching economic consequences. It is there-
fore essential that the testing procedure meets the highest.
possible standards of accuracy, repreducibility, standard-
ization and availability during the design procedure of new
devices. A critical issue is the operating position of the
device being tested. In case compliance must be demon-
strated for the use of the device under all operational condi-
tions (14], it is not sufficient to test the device by measure-
ment or computation in one particular predefined position
(e.g., normal position). Instead, the “worst case” exposure
situation among all aperational conditions must be tested.
This “worst case” exposure situation can only be deter-
mined by varying the most relevant parameters such as the
position of the device, the operational condition of the de-
vice {e.g., extended or retracted antenna), use by left or
right handers, variations of head shape and the position of
the hand hoiding the device.

As no system is yet available that satisfies all these re-
quirernents, several groups are currently engaged in devel-
oping numiertcal simulation tools of measurement systems
for safety assesaments of handheld transceivers.

Although anatomical details can now be represented
with considerable detail, the numetical approach is fraught
with serious difficuities: (1) As today’s transceivers have
been optimized with regard to size, weight and appear-
ance, simple modelling of the transmitier as a metal box
with antenna may not suffice, even if the geometry has
been correctly discreiized. The reason is that consider-
able HF currents may flow on internal substructures of the




Fig. 1. Laboratory set up induding robot, probe, data acquisition Fig, 2, Tips of the “triangular” (Jeft) and the “rectangular” [nght]

electranics, phantom and PO,

transceivers which, in turn, can induce high SAR wvalues,
The HF coupling mechanisms of these internal structures
are often not obvious and it can therefore be difficult to
arrive at the apptopriate numerical medelling. In addi-
ticn, these effects can undergo considerable changes in the
vicinity of the scatterer. (2) If compliance under ail op-
eraticnal conditions is required, a number of aimulations
must be performed, which necessitate techniques that are
efficient, largely independent of the grid orientations and
which possess self-validating capabilities. (3) It may also
be necessary to show that compliance is achieved despite
manufacturing variations.

In contrast, an accurate and highly sensitive measure-
ment, set. up would allow tests of randomly selected samples
of a product whereas no modeiling or alteration of the prod-
uct being investigated would be necessary. The position of
the device would be easily modified when seeking the worst
case conditions. An important difference to numerical sim-
ulations is that only the system (including phantom) and
not each measurermnent must be validated. As the location
of the strongly local maximum is not known a priori, the
SAR distribution in a lacger volume of the exposed tissue
must be seanned, requiring a large degree of mobility of the
ptobe within the tissue. This in turn, restricts the possible
complexity of the phantom.

This paper presents a system that enables the automated
measurement of the absorption distribution as well as the
assessment of the spaiial peak SAR values inside any tissue
simulating solution.

1I. LaBoRrATORY SET Up

The SAR can be determined by measuring either the
electric field (E) or the temperature rise (3T/0t) inside
the exposed tissue.

a a7

SAR=—F® =¢—
p e (1)
where ¢ is the conductivity, ¢ the density and ¢ the specific
thermal conatant of the tissue at the site of measurement,

probes, The tip shell has heen removed.

In the set up shown in Fignre 1, the SAR distribution
is determined by measuring the electric field with minia-
turized E-Field probes. Measuring the temperature rise in
the simulated tissue does not provide suflicient sensitivity
for compliance testing of consumer products {11]. However,
this technique s nsed for the validation of the system as
well as for the calibration of the probes (see section VIII).

Measurements are dene in shell phantoms filled with tis-
sue simulating solution. In the laboratory three types of
shell phantoms are used:

+ geomeirically simple phantoms for calibration and nu-

merical validation of the syatem

» simplified body and head phantoms to simulate worst-

case conditions of exposite with real devices

s+ very detailed phantoms to investigate the effects of

different tissue layers (skin, living bone, air cavities,
etc.), different exposure conditions {device positions,
hand effect, spectacle frames, etc.) and to validate the
simplified phantomas.

The E-field probes are pesitioned by a 6-axis precision
robot (Stiubli RX90) inside shell phantoms with a working
range greater than 0.9 m and with a position repeatability
that is better than £0.02 mm (at constant temperature).
Each probe incorporates an optical surface-detecting sys-
tem, which permnits the accurate positioning of the probe
with respect to the phantom’s surface. Basically the SAR
distribution in any volume can be measured. The cur-
rently implemented compliance test involves firstly measur-
ing the SAR. on a coarse 3D-grid in a preselected volume.
Afterwards a fine 3D-grid around the previcusly detected
maximum is measured. The 1g or 10g-average SAR-values
are interpolated from the fine-grid results. The procedure
ia completely automated and takes less then 15 minutes,
which is well within the battery lifstime of standard com-
munication devices.

III. IsoTrorIC E-FIELD PROBES

The most crucial components of the whole system are
the F-field probes. The main requirements are:
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Fig. 3. Equivalent circuit representation of the probe.

+ high sensitivity and linear response over a broad fre-

quency range

s high spatial resolution

+ isotropy in differing media

+ low interaction with the measured field

« small in size

For optimal performance under different measuring con-
ditions, two types of E-Field probes have been developed.
The design with the triangular core (Figure 2} was selected
for dosimetri¢ measurements in liquids with high permit-
tivity because of the smaller outline and the possibility
of placing the surface detector in the center of the probe.
The “rectangular” design (Figure 2) with one dipole par-
allel to the probe axias enables the separation of the field
vector components corresponding to the coordinates of the
probes, i.e., parallel and normal to the probe axis. This
results in better omanidirectivity, especially in low-epsilon
media [16]. However, the probe has an asymmetric core
and a slightly bigger profile.

Each probe consists of three small dipoles {(3mm} directly
loaded with a schottky dicde and connected with resistive
lines to the data acquisition unit. The theory of this type of
probe has been discussed previously in various publications
(e.g., in [17]). While these papers describe the probe’s
characteristica by modelling the components (dipole-dicde-
line), they do not discuss the influence of the dielectric
supporting materials of the probe, which can compietely
distort the theoretical dipole-characteristics. To further
improve the directivity of the probes, special attention has
been paid to these consttuctional problems.

A. Problem 1: Secondary Modes of Receplion

An important part of most antenna design is to sup-
press secondary reception modes produced by the connect-
ing lines, constructional asymmetries, etc. In the probes
described above there are several possible secondary re-
ception modes. One s produced by normal mode signals
coupled into the resistive lines and rectified in the diode.
These signals can be reduced by decreasing the spacing be-
tween the lines or by filtering techniques. Another mode is
produced by commeon mode signals coupled into the lines
and converted at the dicde into normal mode signals by
asymmetrical loading of the dipole halves due to conatruc-
tional asymmetries (especially when measuring in the im-
mediate proximity of metallic structurea). Asa the source
irpedances of these modes have high resistive components,
they are negligible at higher frequencies where the (mainly
capacitive) impedances of the antel_"ma and diode are much
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Fig. 4. Directivity diagram of the new probe in thick-film technique
with the E-feld normal to the probe axia, Measured using the
TEM ceil (ii§10) between 10 MHz and 500 MHz,

lower, At lower frequencies, however, these modes can be-
come dominant and distort the ideal antenna characteris-
tics (see Figure 5).

Other electromagnetic fields present in the laboratory
can also be the source of such secondary signals, especially
ELF fields produced by power lines or robot control sig-
nals. A carefully designed laboratory grounding system
has proven to be of great importance for high probe sensi-
tivity.

In order to suppress these modes and make the probe
useful for frequencies down to 10 MHz, a distributed filter
was introduced beiween the dipcle and the resistive line
{see Figure 3).

The thick-filin technique was employed for the construe-
tion of the dipole and lines instead of the normally used
thin-film technique. This permits the use of lines with
different sheet resistances on the same substrate, and the
production of much higher sheet resistances than manufac-
tarable with the thin-film technique. Since the thick film
layers are printed using siik screening, the structures are
much coarser than those of thin-film probes.

In Figure 4 the directivity diagram normal to the probe
axis of the “trianguiar” probe is shown between 10 MHz
and 900 MHz. For compatison, Figure 5 shows the same
diagram of the well known E-Field probe in thin film tech-
nology (50 pm line spacing and width) described in [17].
Apparently, the performance degeneration caused by direct
coupling effects between dipole and line (TEM cell ifil10)
could be significantly reduced by this new approach.

The high resistive decoupling of the diode from the detec-
tor circuit has another desired effect. The diode impedance
has lees influence on the tjming characteristic of the detec-
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Fig. 5. Directivity disgram of the standard probe in thin-film tech-
nique with the E-field normal to the probe's axis. Measured using
the TEM cell between 10 MHz and 900 MHz.
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Fig. 6. Deviation from isotropy of the probe with triangular design
in air, whereby the E-field wax rotated in a plane normal to the
probe axis, Mensured using the TEM cell (ifil13) between 10
MHz and 900 MHz and the waveguide R26 at 2500 MHz.

tor circuit. This prevents the usual “peak detector char-
acteristic” of diode detector probes for pulsed signals. In
Figure 13, the rms response of this approach is tested for
duty cyles of up ta 100.

B. Problem 2: [nfluence of the Probe Materials on the
Field

Any dielectric material around electric dipoles will have
an effect on the local signal strength. It is abvious from
the construction of these probes that the influence on E-
field components normal to the probe axis will be different
to those on E-Field components parailel to the probe axis,
Furthermore, this difference in sensitivity depends on the
surrounding media, This results in poor isotropy in planes
that include the probe axis.

Figures 6 and 7 shows the deviaticn from isotropy of the
probe with triangular design in air and brain simulating
solution in a plane normal to the probe axis and in a plane
through the probe axis, respectively.
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Fig. 7. Deviation Irom isotropy of the probe with triangular de-
sign in air at 2500 MHz (above an open waveguide R26) and in
brain tissue equivalent solution (900MHz), whereas the E-field
was rotated in a plane through the probe axis.

It can be clearly seen that the component of the E-field
in the direction of the probe axis in air is much stronger
than the component normal to the probe axis, while in
solutions with high permittivity this effect 13 reversed, but
to a much lesser extent. While this probe works weil in

_ solutions which simulate the electric properties of tissues

with high water content, it proves to be unusable in air
(unless the polarization of the E-Field is known in advance
and the probe placed accordingly, i.e., normal to the field).
This problem can be overcome in the following ways:

» By selecting material for construction with the same
characteristics as the surrounding media. Assuch ma-
terial must be easily mechanically processible, no such
materiale for air ot for biological tissue are available.

s+ By adjusting the angular orientation of the dipoles in
order to compensate for the different sensitivities along
and normal to the probe axis. It follows that such a
probe would only be usable in a single surrounding
media.

+ Ancther approach is to compensate for these effects by
numerically weighting the dipole-signal input accord-
ing to the fleld orientation with respect to the prabe
extension. This is only possible if the component of
the E-field along the probe axis can be separated,
i.e., if one of the probe’s dipoles is aligned along the
probe axis. This has been successfully accomplished
in the “rectangular” design which is described in [16]
(see also Figure 2). By simply introducing a media-
dependent conversion factor for the signal of the com-
ponent along the probe axis, the isotropy in air is bet-
ter than £0.5 dB in all directicns and for all polariza-
tions,

The probe with the triangular design was selected for dosi-
metric measurements for the following reasons:

» There was slightly better isotropy in planes normal to
the probe axis due to the high degree of constructional
symumnetry in this plane.

s The slightly weaker isotropy in the other planes in so-
Intions with high water content is not a sigmificant
drawback. The reason being that the components of
the E-field along the probe axis, i.e,, normal to the
phantom surface, have been shown to be significantly
smaller than components in othet directions. This has



been predicted in [2] and is demonstrated in Figurea §
and 9. Hence, the maximum error introduced by this
lack of isotropy is much less than the deviation of £0.6
dB in Figure 7.

s+ The fact that the dipole orientation differs from the
probe orientation is not a disadvantage because only
the total field ia of interest in dosimetric applications.

+ The high degree of constructional symmetry improves
the efficiency of the described filtering methed for sec-
ondary reception modes. The frequency respomse af
frequencies below 100 MHz is better than in the probe
with the “rectangular” design.

v The triangular design ia very compact and ensures
a high spatial resolution. The distance between the
dipole centers is less than 2 mm.

» The surface detection system (see Section V) is posi-
tioned in the center of the probe. This ensures excel-
lent positioning accuracy even when the probe is not
notmal to the phantom surface,

. Problem §: Influence of the Probe on Inhomogeneous
Fields

The disturbance caused by the probe on inhomogenecus
fields depends not only on the probe material and geom-
etry but also largely on the field itself. The influence of
these effects must he investigated in each case. Figure 14
shaws the results of SAR measurements ia brain simulating
solution near the shell of the phantom.

If the distance between the probe tip and surface of the
phantem is less than I mm, the field distribution inside the
probe tip differs due to short circuiting between the probe
and the outside media, ie., the measured values become
too high. This error source is greater than the error cansed
due to scattering effects by the probe at the interface [18).
The problem can be solved by measuring the SAR at differ-
ent distances from the surface and extrapolating the SAR
values to the surface. {This extrapolation procedure is also
necessary because of the separation of the dipole center
from the probe tip).

Another source of error in inhomogeneous fields arises
from the spacing between the dipole centers in the probe.
Because each field component is measured at a slightly dif-
ferent location, discrepancies are to be expected where field
magnitudes or directions ¢change rapidly within the probe’s
dimensions. Because of the nature of the absorption mech-
anism [2], the field gradients induced by mobile phones op-
erating at frequencies below 3 GHz have larger dimensions
than the probe’s diameter.

IV. ProBE CONSTRUGCTION

The probe consists of a two-shell construction. The core
which holds the ceramic subsirate ig made entirely of the
synthetic microwave material (STYCAST 0005) with a per-
mittivity of 2.54 and a loss tangent of 0.0005. The tip of
the outer shell is made of the same material and the main
puter shell is made of cornmon PMMA tubing., The core is
centered at the tip and held in place with a spring at the
connector end. A slight deformation of the outer shell does
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Fig. 5. Distribution of the SAR component normal to the probe axis
in the shell phantom measured with a comimerdial mobile phone.
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Fig. 9. Distribution of the SAB, component in the shell phantem
parallel to the probe axis measured with a commercial mobile
phone.

not effect the fragile core. The probe can be dismantled for
repair. Between the core and the outer shell a sheet of very
high resistivity is introduced to neutralize static charges on
the exterior of the probe or in the measuring set up. The
distance between the probe tip and the dipole center is 2.7
min,

The probe is connected with a precision T-terminal con-
nector to the acquisition unit. The counter part in the ac-
quisition unit is flexibly mounted. If excess force is applied
to the probe, the probe will give way and a touch detec-
tion logic in the acquisition unit will immediately atop the
robot. A dielectric tube over the probe connector holds the
prabe flexibly at a second point 8 ¢m from the connector.
This ensutes very high aceuracy in the positioning of the
probe tip at all probe angles.

V. SURFACE DETECTION

The surface detection system included in the probes con-
sists of an optical multifiber line. Half of the fibers are
pulsed by an infrared LED, the other half are connected
to a synchronized receiver. An object in the correlation
area of the two fiber ends causes a coupling between trans-
mitting and receiving fibers. When the probe is moved
towards the surface, the reflected signal increases until it
reaches a maximmm approximately 1.2 mm from the sur-
face, from where it decreases until the probe touches the
surface. The location of the maximum is independent of
the surface reflectivity and largely independent of the an-
gle between the probe and the suzface (see Figure 10). The
complete set up gives a positioning accuracy of the probe
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Fig. 11. Block diagram of the data acquisition hardware.

with respect to the surface of +£0.2 mm,

V1. DaTa ACQUISITION ELECTRONICS

The improved probe characteristica were obtained at the
cost of increased demands on the signal amplifier. The
probes have source impedances of 5 to 8 M2 due to the
high resistive lines and the decoupling filters, The recti-
fied signals range from 14V to 200 mV, High neise signals
(eapecially induced signals from power lines) are to be ex-
pected. ,

The first unit of the data acquisition system is housed
in a metal box of dimensiona &8 x 57 x 46mm, is battery
powered and is connected with fiber-optic links to the main
data evaluation system. The systermn can therefore be used
in situations where telemetric measurements are necessary.

Figure 11 shows the block diagram of the data acquisi-
tion systemmn.

a. Pulse relays with low thermal voltage (<0.5 4V) for

offset calibration.

. Input filter to prevent HF-signals passing to the am-

plifier and being rectified in input nonlinearities.

¢. Electrometer grade differential input amplifier (0.1

pA bias current).

d. Second stage instrumentation amplifier with x1 /

x100 gain.

e. Muitiplexer to switch between channels and gain.

f. Fast 16 bit sampling AD-converter with serial output,

g. Control logic for power down mode, calibration cycle,
channel selection, gain selection.

h. Touch logic with asynchronous transmission of touch
state signal to instantly stop the robot’s movement.

i. Optical up-link with 1 MHz clock, synchronization
and control signais.

j- Optical down-link with serial data and state signals
(low battery, touch, channel address,etc.).

k. Rechargable battery pack for 5 hours of operation.

l. Computer plug in card with main timing unit, data
conversion of the serial E-Field data and state signals,
data acquisition of the atialog signal from the surface
detection amplifier and fast digital link to the robot.

tn. Optical transmitter/receiver for the surface detection
system.

VI[. SOFTWARE

For ease and apeed of measurements, a program has been
written in Ctt+ under Windows, to perform all involved
tasks: Data aequisition, surface detection, robot control,
administration of ali calibration parameters of the syatein,
evaluation and visualization of the measured data. Com-
plex measuring tasks are available at the push of a button,
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Fig. 10, Response of the surface detectoras a function of the distance
{x) fror: the surface.

A. Robet Control

The robot is eompletely controlled by the PC and its
movements ¢can be menitored on the screen. Some program
modules are downloaded to the robot computer for faster
response timea. '

Several measuring options permit complete measure-
ments in user defied volumes, planes or along lines with
or without surface detection. The measuring process is dis-
played on the screen, The filtered raw data from the data
acquisition system is stored in data files together with all
the calibration parameters. If a measurement is made with
false parameters, it is possible to correct the parameters in
the file and reevaluate the data.

B. Data Processing

The data acquisition system samples 7800 data sets per
second, 1.e., 2800 complete field measurements per second
for 3D probes. The program reads and filtera the incom-
ing data during the measuring or surface detection cycles.
Depending on the received signal strength, the program
switches the gain of the amplifiez unit and launches calibra-
tion cycles accordingly. The program caleulates an accu-
racy estimate of the filtered signal and stops the measuring,
cvcle upon reaching the desired accuracy. The measuring
time per grid point (always a multiple of the power line
period) varies with the desired accuracy and the received
signal-to-noise ratio.

Figure 12 shows the deviation from linearity in function
of the signal strength in ¥V/m and the equivalent SAR val-
ves for brain tissue. The line with the empty symbole show
the values before and those with ithe dark symbole those af-
ter numeric¢al compensation of the diode compression. For
low signal strengths, the measuring time was 10 seconds,
for stronger signals 1 second.

Because of the low cutofl ftequency the system cannat
follow pulsed HF signals, but provides an average value
of the rectified signal. As long as the signal strength stays
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Fig. 12. Deviation from linearity. The line with the dark symbals

are the values after compensation of the dicda compression. The
_data was obtained from measurement at 00 MHz in the TEM
cell (ifi 110).
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Fig. 13. Measured error between OW and pulsed signals with pulse
frequencies beiween 10Hz and 1kHz and duty cycle between 1
and 100, Reference was a HP437B peak power meter,

within the square law range of the detector diode, the read-
ing is the average of the absorbed power. If the peak signal
strength is higher, the compression of the diode must be
compensated. This ia done automatically by the evaluation
goftware depending on the duty cycle parameter. The sys-
tem then calculates the peak power, compensates for the
diode compression and gives the new average value.

Figure 13 shows the measured error betweern CW and
pulsed signals with pulse frequencies between 10Hz and
1kHz and duty cycle between 1 and 100.

C. Data Visualization

The program evaluates the raw data with the calibra-
tion patameters and can produce two-dimensional or three-
dimensional graphical cutput with interpolated isolines in
different units {4V of rectified signal, ¥/m, SAR, power
fiow density, etc.). The total field strength of each of the
dipole compeonents can be separately plotied. SAR values
cat be numerically integrated over 1 g or 10 g of simu-
lated tigsue. Evaluated data can be exported to other file
formats. Figures 8 and 9 demonstrate one of the various
implemented graphical visualizations.

VIII. CALIBRATION AND VALIDATION OF THE SYSTEM

The system can be easily calibrated for air in known
fields (far field of antennas or in TEM cells and wave



TABLE T
SYSTEM SPECIFICATIONS WITH ISO0TROPIC E-FIELE.

frequency range

dynamic range in tissue sitnulating eclutions

linearity

10 MHz to > 3 GHz
1 4W/g to 100 mW/g
< 0.2 dB

deviation from isotropy in tissue{triangular probe)

- normal to probe axis

- in all planes, ajl polarizations
variation with frequency
gpatial resofution of SAR messurements
reproducibility of probe positioning

+0.2d4B

+ 0.8 dB

< +£02dB

< (.125 cm?
< &4 0.2mm

probe.

Note: The rather large deviation from Isotrapy in all planes scarcely affecta the accuracy of dosimetric.
sasessmentn if the probe is positioned predominantealy normal to the phontom surfacs.
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Fig. 14. Comparison of SAR values obiained by numerical simu-
- lation, measured temperature rise and E-field meassursmentn for
the same set up (plane phantom sxposed to a half wave 500 MHz
dipole parallel to the phantom's surface}. The phantom waa filled
with brain equivalent golution (¢~ = 44, ¢ = 1.1 mho/m). All
values are normalized to an antenna feedpoint current of 100
mA.

guides). In solutions, however, a conversion factor must
be inttoduced to account for the different sensitivities of
the probes in the solution. This conversion factor was ob-
tained by comparing the measured values with those from
numerical simnlations. The simple set up was alteady used
in [2] and consists of a standard haif wave dipole below a
half plane phantom.

To validate the result, the same set up was nsed with

a 100 W amplifier and temperature measuring equipment.
The fiber optical temperature probes have a diameter of

~ less than 0.5 mm allowing true point measurements. How-

ever, high power is required because of the rather low sen-
sitivity (> 10 mW/g). Figure 14 shows the results of the
three evaluation methods at different distances from the
transmitting dipole and the probe from the bottom of the
phantom.

IX. CowncLUSION

The developed measurement system is a flexible, auto-
mated, time-efficient tool to assess SAR distributions in
tissue simulating solutions. It ia especiaily suited for com-
pliance testing of handheld or body mounted devices with
gpecific safety standards. Tests have shown an excellent
reproducibility of the integrated peak SAR values of well
within 5% even when changing the starting measuring
grid. The specifications of the system can be summarized
as in Table I,

Although the main emphasis is now on the open phantom
issue, several improvementa ate anticipated. For instance,
extension of the system for general near field measurements
used in antenna design, EMI, EMC,
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Schmid & Partner
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Probe ET3DV4

SN:1105

Manufactured: May 1995
Last calibration: August 1998
Recalibrated: July 1999

Calibrated for System DASY2
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ET3DV4 SN:1105

DASY2 - Parameters of Probe: ET3DV4 SN:1105 .

Sensitivity in Free Space Diode Compression

NormX 1.51 pVI(VIm)
NormY 1.57 uVI(Vim)
NormZ 1.4 uV/(V/im)?

Sensitivity in Tissue Simulating Liquid

450 MHz ConvF X 6.50 extrapolated
ConvFY 6.50 exirapolated
ConvF Z 6.50 extrapolated
Alpha 0.86
Depth 1.28
900 MHz ConvF X 5.99 + 10%

ConvF Y 5.99 £ 10%
ConvF Z 5.99 + 10%
Alpha 0.75
Depth 1.62

1500 MHz ConvrF X 5.31 interpolated
ConvF Y 5.31 interpolated
ConvF Z 5.31 interpolated
Alpha 0.61
Depth 2.08

1800 MHz ConvF X 4.97 x 10%
ConvFY 4.97 +10%
ConvF Z 4.97 + 10%
Alpha 0.54
Depth 2.31

Sensor Offset
Proba Tip to Sensor Center 2.7
Surface to Probe Tip 1+0.2

Page 2 of 7

DCPX 41000 pv
DCPY 41000 pV
DCPZ 41000 pv

E = 48 + 5%
o= 0.50 £ 109mho/m

{brain tissue simulating liquid)

€= 42,5 + 5%
o= 0.86 £ 109 mho/m

{brain tissue simulating liquid)

Er= 41 £ 5%
o= 1.32 £+ 109 mho/m

(brain tissue simulating liquid)

B = 41 £ 5%
c= 1.69 + 109 mho/m

{brain tissue simulating liquid}

mim

mm



ET3DV4 SN:1105

Receiving Pattern (¢), 6 = 0°

f =30 MHz, TEM cell ifi110
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ET3DV4 SN:1105

#= 1800 MHz, WG R22 f= 2500 MHz, WG R26
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ET3DV4 SN:1105

Frequency Response of E-Field
{ TEM-Cell:Ifi110, Waveguide R22, R28 )
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ET3DV4 SN:1105

Dynamic Range f(SAR ;)
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ET3DV4 SN:1105

Conversion Factor Assessment
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Schmid & Partner ;
Engineering AG

Staffeistrasse 8, BO4AS5 Zurich, Switzerland, Telafon +41 1 280 OB &0, Fax +41 1 280 0B &4

Calibration Certificate
Dosimetric E-Field Probe
Type:
Serial Number:
Place of Calibration:
Date of Calibration:
Calibration Interval:

Schmid & Partner Engineering AG hereby certifies, that this device has been
calibrated on the date indicated above. The calibration was performed in accordance
with specifications and procedures of Schmid & Partner Engineering AG.

Wherever applicable, the standards used in the calibration process are traceable to
international standards. In all other cases the standards of the Laboratory for EMF and
Microwave Electronics at the Swiss Federal Institute of Technology (ETH) in Zurich,
Switzerland have been applied.

Calibrated by:

Approved by:
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Schmid & Partner
Engineering AG

Staffeistrasse 8, 8045 Ziirich, Switzerland, Telefon +41 1 280 05 60, Fax +41 1 280 08 64

DASY - DOSIMETRIC ASSESSMENT SYSTEM

CALIBRATION REPORT

DATA ACQUISITION ELECTRONICS

MODEL: | DAE2

SERIAL NUMBER: | 213

This Data Acquisition Unit was calibrated and tested using a FLUKE 702 Process
Calibrator. Calibration and verification were performed at an ambient temperature of
23 = 5 °C and a relative humidity of < 70%.

Measurements were performed using the standard DASY software for converting
binary values, offset compensation and noise filtering. Software settings are
indicated in the reports.

Results from this calibration relate oniy to the unit calibrated.

Callbrated by: M.Bruggmann

Calibration Date: 15. July 1998

DASY Software Version: DASY3 V3.1b




1a. DC Voltage Measurement {Uncorrected)

DA - Converter Values from DAE

High Range: tLSB= 6.1uV, full range = 400 mv
Low Range: 1LSB= 61nv, full range = 4 mV
Software Set-up: Calibration time: 3 sec  Measuring time: 3 sec
Setup X Y Z
High Range 400 400 400
Low Range 4 4 4
Connector Positlon Q°
High Range Input Reading in pVv % Error
Channel X +Input 200mVv 200547 .9 0.27
20mV 20055.27 0.28
Channel X -Input 20mv -20033.57 0.17
Channel Y + Input 200mv 200667.3 0.33
20mV 20068.99 0.34
Channel Y -Input 20mv -20053.87 0.27
ChannefZ + Input 200my 200784.2 0.39
20mv 20080.41 0.40
ChanneiZ - Input 20mV ~20059.6 0.30
Low Range Input Reading in pV % Error
Channel X + Input 2my 2003.5 0.18
0.2mv 200.3993 0.20
Channel X -Input 0.2mV -200.1245 0.06
Channel Y +Input 2mv 2005.235 0.26
0.2mv 200.1717 0.09
Channel Y - Input 0.2mvV -200.7442 0.37
ChannelZ +Input 2mv 20086.551 0.33
0.2mV 200.2885 0,14
[ChanneiZz - input 0.2mV '201.1353 0.57




1b. DC Voitage Measurement (Corrected, only for DASY3 Systems)

DA - Converter Vaiues from DAE

High Range:
Low Range:

Software Set-up: Calibration time: 3 sec  Measuring time: 3 sec

1LSB =
1LSB =

6.1uV
61nV,

full range =
full range =

400 mV
4 mV

Setup X Y Z ,
High Range 398.91569773 3988.6201318 | 398.4295847
Low Range 3.99361 3.98857 3.9873
Connector Positlon 101*
High Range Input Reading in uV % Error
Channel X +Input 200mv 199995.5 0.00
20mv 20000.91 0.00
Channel X -input 20mV -19991.05 -0.04
ChannelY +I[nput 200mv 199996.2 0.00
20mV 20001.45 0.0
Channel Y -input 20mV -19992.98 -0.04
ChannelZ + Input 200mv 1999897.5 0.00
20mV 20000.91 0.00
Channel Z -Input 20mv -19892.4 -0.04
Low Range Input Reading in pV % Error
Channel X +input 2mv 2000.116 0.01
0.2mv 199.7235 -0.14
Channel X - Input 0.2mv -198.8753 -0.06
ChannelY + Input 2mv 2000.017 0.00
0.2mv 199.8119 -0.09
ChannelY -Input 0.2mv -201.0473 0.52
Channel Z + [nput 2myV 2000.26 0.01
0.2mv 200.1546 0.08
Channel Z -Input 0.2mv -200.2283 0.11




2. Common mode sensitivity

Software Set-up
Calibration time: 3 sec, Measuring time: 3 sec
Low Range
in pVv Common mode High Range Low Range
input Voitage Reading Reading
Channel X 200mV -2.712976 -3.787071
- 200mV 2.380407 2.531127
Channel Y 200mV 5.069125 4.02954
- 200my -4.087853 -4.236961
Channel Z 200mv 8.73275 542182
- 200mV -4.675521 -5.502677
3. Channel separation
Software Set-up
Calibration time: 3 sec, Measuring time: 3 sec
High Range
In pv Input Voltage | Channel X Channel Y Channel Z
Channel X 200mv - 19.49007 25.63281
Channel Y 200mV -0.5704527 - -9.082639
Channel Z 200mvV 15.55403 23.71565 -
4. AD-Converter Values with inputs shorted
in LSB Low Range High Range
Channel X 15182.99 16413.62
Channal Y 17023.7 16436.12
Channel Z 15787.7 16419.82




5. Input Offset Measurement

Measured after 15 min warm-up time of the Data Acquisition Electronic.

Every Measurement is preceded by a calibration cycle.

Software set-up:

Calibration time: 3 sec

Measuring time: 3 sec

Number of measurements: 100, Low Range
Input 10MQ
fn pVv Average min. Offset max. Offset | Std. Deviation
Channel X -0.09856 -1.1852 0.754046 0.333138
Channel Y -0.41017 -1.94325 1.017659 0.37614
Channel Z 0.04725 -1.01081 0.733325 0.341546
Input shorted
inpVv Average min. Offset |[max. Offset |Std. Deviatlon
Channel X -0.00122 -1,183 1.283425 0.335181
Channel Y 0.01798 -0.85224 0.610244 0.323221
Channel Z 0.030578 -0.974 0.585501 0.279175

6. Input Offset Current
in fA Input Offset Current
Channel X < 100
Channel Y < 100
Channel Z < 100
7. Input Resistance
Callbrating Measuring

Channel X 199.6 k2 20.2 MQ
Channel Y 199.7 kQ 20.2 MO
Channel Z 199.2 kQ 20.2 MQ




8. Low Battery Alarm Voitage

inVv Alarm Level
Supply (+ Vee) 534V
Supply (- Vec) -5.58V
9. Power Consumption
In mA Switched off |Stand by Transmitting
Digital Supply (VCC) 0.011 472 12.2
Analog Supply (+ Vec) 0.003 9.89 9.94
Analog Supply {- Vcc) 0.1 -9.7 -9.8
10. Functional test
Touch async pulse 1 ok
Touch async pulse 2 na
Touch status bit 1 ok
Touch status bit 2 na
Remote power off ok
Remote analog Power control ok
AC 7). 98 / [ (/ F) Le 2
Date: ../l o, CeeToeeihens Signature: ;......... ﬂ il
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Technical Data

Intarfarence GUPDression

Incamarated

Powar supply 230, 400, 440, 480 V 3-phace
S0/60 Hz - 4 KVA
Weight Arm 105 kg
Contrel unit 200 kg

“StEuE", "LNIMATION', "PUMA", "VAL" are mgisterad ragemerks of Stubli tntemational AG, Switzarland.

“¥*+ iy a registared trademark of Adepl Technoligy Inc, USA.

D Stdubli / Spectheallons arg subjedt 10 change withaut nollca f 0763 - 2000 -1 GB - As/PMF

—_— —
Genera) Axos 5 ‘n’ ®
Drivas AL Bruehless alectric motors J Ll
Ceniral Digital UNIPEATION
Pasitional Control Absoiuie resobars, non-vaiatlie
Coordinatas Carteslan, ravolute
Shuciura Revaluta
Inberconnacting catles & m [between arm and conirel unity
Work snvilope Reach at tocl Aange 985 mm
Reaach al wiist cenbar 900 mm Dewutschland _
Working vohume 360" working voluma in lefty or righty gt&“blli;inlmai':;dsr Sthubi & Co GmbM
configuration repindariansy |
Warldng range o 1- Ao 2- Ao 3- Ao 4- Ao 5- Axin | oooecl Larkledareschibach
820" 278 285 S0 26T BMP | po69) 5O 00 09-22
Load Nominal payioad B kg Espafia
capacity Maximum payload B kg {at low spead) Sthukli Espafola 5A
Tool Fiange 1508409 - 1- A 40 E-08013 Barcelona
Qurside o, 50 mm Tel (6 232 13 12
| Fax
Performance Repsatability 1 0,02 mm {conatant temperatura) France
Maximum speed 9.3 m's Stiubii Franca SA
Cartesian speed 1.5 ms F-74210 Faverges
Nominal speed Focs 1 - Auis 2- Adis 3-Axiad - Anis 5-Awis§ | Tal 50 65 60 60
24075 200 206% 40191 320%s Gepws| ax 50656130
Halia
Control unii CPU Matoroka 68030 StEubli ltalia SpA
FPU MTOWB 68282 |-20048 Carate Brianza/Milano
Frogramming "W atvanced programming language Tat. (362) 90 63 88
anclior téach pendant Fax (352} 30 70 353
' Intarface 12 Ini6 Qut in slendard version, Janan
expandable to 64 e84 Out SI:uhII KK
by 32 In32 Out module JOpaka 541
3 RS-232 sarial ports Tal. {6) 229 0767
ot ln Flajs-‘*-’-ﬁ. 485 eorial part: Fax (6) 228 0745
g 0§ inputs/cutputs
10 m interconnesting cablas (batween g';::l,"'l'j".'"“. :
anm and control unit) EJTS ﬂ_;{m’;umﬂ"" ne
Mamory capacity RAM . 4 Mgz, expandable ks 6 Mbytes PA 151 43_2:;%5'
' Hard disk - 40 Mbytes minimum Tel. (412) 741 1740
Built in 3 172" disk drive, Fax [412} 741 17RG
{1,844 Mbyles) IBM P format Schwel
walz
Work environment  Temperature 510 40° C {CEl 204-1} Staubli AG
Humldity < 80 % non condensing (CE! 204-1) CH-8610 Horgen

Tal. (1) 725 25 11
Fax {1} 72512 88

United Kingdom
Staubli-Unimation Lt
GB-TaHord, Shropshire TF2 3BN
Tel. (952} 250 931

Fax {952) 26 00 57

D.183.102.04.4
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Schmid & Partner
Engineering AG

QOberer Deutweg 59, CH-8400 Winterthur, Taelefon +41 52 232 7272, Fax +41 57 2532 7127

Brain Tissue Simulati'ng Liquids

Preparation of the Liquids

Requirements:

Scale

Magneto Stirrer: Heating Plate, Magnetos (recommended).

HP 85070A Dielectric Probe Kit (200MHz to 20GHz) plus mounting device and
Network Analyser

Canisters or “closed” jars to store the liquid (recommended)

Preparation:

1.) Heat the water to about 40° Celsius.

2.} Add salt and bactericide to water while stirring and wait until sait is disolved.

3.) Add about one third of the sugar. Keep stirring. Wait until sugar is disolved. Add the
second third and when disolved add the final third. The liquid gains volume and
thickens slightly.

4.) Keep stirring at maximurn speed possible.

5.)  When all the sugar is disolved, add the HEC. HEC is highly hygroscopic. It forms
lumps when added to the liquid, Either “help” the magneto stirrer by stirring from
outside or disolve all of the HEC first in another jar with 4 little bit of liquid using
another stirrer. Add it ther to the rest of the solution. Once HEC is added the liquid
thickens considerably.

6.) During the whole process watch the temperature to prevent wéter.evaporaﬁnn.

7.) Once the liquid clears up pour it into canisters. Let it stand for a couple of hours before

_using it.

I1I Use

When in the item (phantom modeis), monitor water evaporation.

To minimze water evaporation cover the phantoms when not used. Do not store the
liquid in the phantoms, rather store it in closed canisters. '

In case water has evaporated, you can add (warm) water to the liquid. Be sure that after
stirring it is completely homogeneous.

The liquid can be used for at least 3 months. After longer petiods bacteria might grow
that are resistant against the bactericide.




Recipe 900 MHz: _ '
Water : 40.1 %

Sugar ' 58.0 %
* Salt (NaCl) 08 %
HEC (Hydroxyethylcellulosis) : 1.0%

Preservative Substance

900 MHz: £, = 42.5 % 5% and 0 = 0.85 + 10% mho/m

Recipe 1800 MHz: _
Water = . - - 450 %
Sugar B S , 339 %
HEC (Hydroxyethylcellulosis) 1.0 %

Preservative Substance

1800 MHz: &, = 41.0 £ 5% and © = 1.65 + 10% mho/m

10




ET3DV4 SN:1105

Parameters of Probe

NormX

NormY

NormZ

DCP

ConviF(450MHz)
ConvF{S00MHz}

ConvF{i800MHz}

dpmhl*ﬁp « gty d(potes

dﬂu‘llu - probe_lip

1.53

1.6

1.42

43000
5.84 £ 10%

5.98 £ 0%
4.85 % 10%

2.7

1.2zx02

" Brain tissue simulating liquids

ET3DV4 SN:1105

uVI(VIm)y

uV/(Vim)?

uVIVIim)?

uV

£=47.2 & 5% 0=0.45 + 10% mho/m’
£=42.5 £ 5%; 5=0.86 = 10% mho/m'
€=41.0 * 5%, o=1.7 + 10% mho/m’

mm

mm
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ADVANCED INFORMATION 7/96

Summary

I cooperation with ETH Zurich. Schrid & Portngr Engincering AG 15 cureently developing a new phamom. as well 5 2 new device for
the mowiting and posaioning of handheld mohile welecommuentoitions equigment (MTEY. This iew phantom setup will be optimized for
compliuace wsting o accordance with CENELEC, ANSHIEEE und NCB} requircinents, It witl have the Tollowing tmprovermeits compared
ty thie cuerend setup tLelvRight-Hand Torso V2.1 and Mounting Device for Transmitters V2005

Bisis The new ghantom will be basedl on an anaeimical Sty

Shupe The shape of the new pluukor will be designed o provide SAR values witich are widikely w b cxegeded inihe
hewd ol any wser, Furthermore. tie overestanation wiil be minmal

Mudeling of the Ear  The phuntom will include o simple e segment which reprosents the iickness of the pressed hunian car

Constroctien The aow phantaom will dhs be mude of Gheegluss. However, the mlerance of the shell drickness will be substunally
tmprirved. The fiberglass shell will be integrated ime a wouden whle which will further improve he stability of
the phaitean.

Mounting Devive The muunting devive for the MTE will alluw accurate wnd repeatable placement of the device with respect o the
positivns derined 1 ke luest CENELEC dratt. The repeatubility of the hotizontal position shull be hetier thun
+] m. I will he designed wo be companhle with comert MTE designs and annicipaed Tuture desiphs,

User-Friendliness The phatom wall ulse be nwre user-Triendly, sinee lelt sl fight bad coraigurations and the device for mounting
and positioning o the MTE will be combined in ome setug. 1.2, lelt and right hamd measurements wili be possible
without exchanging phantoms, The winimum wmeuat of simulation Hguid wo wst MTE with aperating liegqueicies
ubwsve HINF MHy will he reduced.

Cimpatihiiity The plvantow wiil be fuily compatible with the hardware wd sostware of DASY 2 us well us of DASYI,
. (DASY3 witl he wvailuble in Lne Spong 970
Availability The new phantom and the tew device Tor the mounting and positioaing o/ MTE will be commercially svaiiuble

in Ocwber 1496, The shupe of the phantom will be available as o CAL data sct on the Inlemnet,

Schmid & Partner Enginearing AG, Zurich, Switzerland
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Zurich, 2 December 1995

Mobile Phone Certification

Dear Mm / L Az

Uncertainties of Measurements: In connection with the calibration, we peformed an

human phantoms represents well the actual spatial peak absorption in the user. In
one study, in close cooperation with the research center of German Telekom absorp-
tion induced in three numerical and three experimenta] phantoms were compared
for the mobile communications frequency at 900 MH2. The various phantoms and
our findings are briefly described in the attachment.




DASY: Schmid & Partner Engineering AG (SPEAG) has started the development of
- DASY3. Besides a general revision and extension of the DASY2 hardware and soft-
ware, the main objectives of DASY3 are improved spatial resolution, improved
precision and improved time efficiency. DASY3 will be largely compatible with
DASY?, although some of the new functions will not be fully usable without minor
hardware updates. SPEAG wil] keep you informed with respect to these develop-

The temperature probes which have been developed for the previously mentioned
calibration study will soon be commercially available. The prototype showed a
sensitivity of about <0.1 mK/s, It might be interesting to all DASY users that this
probe will be fully compatible with DASY2, DASY3 and DASYminj, The active
volume of about 1 mm3 is ideal for those laboratories which plan to do calibration
or SAR measurements in very small structures.




Broadband Calibration of E-Field Probes
in Lossy Media

Klaus Meier, Michael Burkbardt, Thomas Schmid and Niels Kuster

Abstrzci— A broadband calibration procedure for E-field
probies that minimizes the overall uncertainties inherent in
E-ficld measurements in lossy dielectric liquida has been de-
veloped. The analysis of the calibration requirements shows
that probes that are symmetrical with respect to their axis
greatly facilitate accurate calibratlon, since the calibration
preocedure can be divided into several discreta steps. Such
a procedure is presented and analyzed with respect to its
uncertainties. Abaolute calibration is performed at three
frequencies {450 MHe, 900 MHz and 1.8 GHz) and in diffar-
ent tissue-simulating lgquids. The parsmeters chtained are
verified by numerical simulations of the probe in the aur-
rounding media. Such simulationa allow the assesament of
some of the calibration parameters with suficient accuracy
in cases where the experitnental determination would be ton
tedious and tlme-consuming.

I. INTRODUCTION

The interaction of high-frequency electromagnetic fields
with biological matter has been the object of growing in-
terest for several years. Miniature E-field probes have been
developed to determine experimentally the induced electric
field in actual tissue or tissue-simulating liguids.

In view of the phencmenal growth of the moabile com-
munications market, the telecommunications industry has
lately recognized the need to test its mobile telephones for
compliance with today’s safety limits. The key vaiue for
dosimetric assessments in general and compliance tests in
particular is the maximum tolerable absorbed power per
tissue mass in mW /g, known as the specific absotption rate
(SAR). The local SAR can be determined experimentally
by measuring either the induced electrical field sirength or
the temperature rise in tissue.

SAR = -E? =c (1

where ¢ is the conductivity, g is the mass density and ¢
i the specific heat of the tissue at the site of measurement.

Since measurements using thermal probes do not pro-
vide an adequate degree of efficiency and sensitivity for
compliance-testing of consumer products, the research up
until today has been focnsed on small isotropic E-field
probes.

The original design of a miniaturized isotropic E-field
probe for use in tissue-simulating liquids goes back to
Bassen et al. [1] Recently the authors presented a new
probe design [2] with significantly improved performance.

In view of the significance of, and the difficulties in-
volved in, accurate calibration, surprisingly little has been

Submitted to IEEE Transactions on Microwsve Technique and
Technology - October 1995. .

The authors are with the Swiss Federal Institute of Technology
(ETH), CH-8092 Zurich, Switzerland.

published so far about breadband calibzation of isotropic
E-field probes in dielectric materiais. I {3] a calibration
procedute in an S-band waveguide at a single frequency of
2.45GHz is described. However, the calibration uncettain-
ties due to the dependence of the probe semsitivity on po-
larization, frequency, dielectric parameters of the surround-
ifg media and spatial resolution have only been marginally
addressed. In this paper these issues are analyzed and a
calibration procedure enabling accurate calibration of the
probes for a broad frequency range in two lossy dielectric
liquids ia described. A flexible setup has been chosen in
order 1o study ways of minimizing the uncertainty of dosi-
metric assessments in the frequency range of mobile com-
munications. .

II. E-FieLn ProBE DESIGN AND MEASUREMENT
ERRORS

The main requirements for E-field probes in any type of
surrounding medium ate:

» high degree of isotropy in various media;

s high sensitivity and linear response cver a broad fre-

quency range;

+ high spatial resolution (small tip size); and

+ low interaction with the measured field.

E-field probes with isotropic response can be achieved
by the orthogonal pesitioning of three sensors that are sen-
sitive to one E-field component each. Short dipoles or
small E-field-gensitive crystals have these characteristics.
In miniaturized E-field probes amall dipoles with diode ree-
tifiers are mainly used, because they offer the greatest sen-
sitivity and have a linear response over a wide frequency
range. A design with a triangular core was chosen for the
new E-field probe. This design provides a small outline and
shows a high degree of symmetry {Figurel}. The sensors
themselves consist of three small dipoles {3mm in length)
directly loaded with a Schottky diode and connected via
resistive lines to the data acquisition electronics.

In the following, a number of design problems of these
probe types are mentioned; some of them apply to other
probe types as well. A more detailed description of the
probes is given in [2].

1.) Secondary modes of reception: Resistive lines are
used to transmit the signal from the rectifier diodes to the
evaluation elecironics. The interaction of these lines with
the fieid should be minimal. Nevertheless, RF signals can
be picked up by the lines and detected and rectified by the
dicdes. These secondary reception modes appear mainly at
lower frequencies, where the impedance of the dipole and.
the diodes is very high and can produce disturbed direc-
tivity characteristics. Special filtering techniques or high




Fig. 1. Tip of the E-field probe. The tip encapsulation hax been
removed. One 3 mim long dipole and the diode can be sesn_ In the
center of the core is the cpening for a built-in optical proximity
gensor.

ohmic lines can reduce this effect. [2]

2.) Influence of the probe materials on the feld: Any di-
electric material around electric dipoles can have an effect
on the local signal strength inside the probe. It is cbvious
from the construction of these probes that the influence on
E-field cetnponents normal to the probe axis will be differ-
ent from that on E-field component parallel to the probe
axis. Furthermore, this difference in sensitivity depends on
the surrounding medium. This resuits in poor isatropy in
planes along the probe axis. In [2], several methods are
presented to compensate for these effects. In any case the
directivity characteristic of the probe will be different in
different media. This has to be taken into account when
calibrating the probe in a specific medium.

3.) Influence of the probe on nonkomogencous fields:
The disturbance caused by the probe on nonhomogeneous
fields depends both on the geomettical and material prop-
erties of the probe and on the nature of the field itself.
The influence of these effects must be investigated in each
case. Errors in SAR readings can occur when using the
probe in the immediate vicinity of material discontinyities
~ for instance, when the probe approaches the surface of
a shell phantom (see also Figures$ to §). By performing
measurements at different distances from the surface and
extrapolating to the surface, corrected SAR values for the
vicinity of the surface can be obtained.

4.} Spadial resolution: Another source of error in non-
homogeneous fields arises from the spacing between the
dipole centers in the probe. Since each field component
is measured at a slightly different location, discrepancies
are to be expected when the field’s magnitude or ditection
varies greatly within the probe’s dimensions. By turning
the probe along its long axis, the measurement locations
of the three sensots shift and a further isctropy error will
aceur.

Therefore, a calibration setup that minimizes these er-
rors must be carefully chosen.

I CALIBRATION REQUIREMENTS

The three output signals from an isotropic E-field probe’
with three orthogonally positioned sensors must be evalu-
ated to give a reading that corresponds to tlie SAR at the
measuremnent, site in the edsence of the probe. The relation
between the field and the sensor signals depends oh various
factors: '

s design and construction materials of the probe;

+ electrical properties of the surrounding media;
direction and polarization of the field; -
field gradient at the measurement site;

RF characteristics of the antenna, the rectifying ele-
ment and the transmission line;

+ higher order modes or different reception modes in the

probe;

» sensitivity of the rectifier; and

s characieristics of the evajuation circuit for the rectified

signals.

Each calibration essentially attempts to describe these
effects quantitatively, so that correct SAR values can be
obtained under various measurement conditions, Further-
more, it is important to know the absolute uncertainty and
the validity range of the calibration. To keep the number
of calibration parameters and calibration measurements
low, it is crucial to separate the above-listed influences and
quantify them individually. An effective way must be found
to reduce the effect of any possible further errars that can
arise under various measurement conditions, The probe
design is a deciding factor in this regard, For our dosimet-
tic probes, a three-step calibration process has proven to
be the most effective approach:

3
g1 =y 208
izl B

a) fi(Vi): The rectified signai of each sensor (V;) is lin-
earized, The linearization function depends on the charac-
teristics of the rectifier and the evaluation circuit. It can
be described as a function of the magnitude of the rectified
signal and can be assessed easily by a power sweep of the
exciting field. When the rectifying elements and evaluation
channels are identical, the same function f (V) = f(vi))
¢an be used for all semsors. In the case of amplitude
modulated signals, the timing characteristics of the eval-
uation circuit must also be taken into account, unless the
signal stays within the “square law” region of the detector
element, or the evaluation is rapid enough to keep pace with
the modulation. For pulsed signals with a known crest fac-
tor, a simple correction formula can be given; for arbitrary
modulations, however, a more sophisticated signal analysis
is necessary.

b) ni: These factors describe the absolute sensitivities
of the probe sensors (uV/(V/m)?) in air for which v, is
equal to one. They depend on the probe construction ma-
terials, the sensor positioning and the RF characteristics
of the sensor components. If detector diodes are used as
rectifying elements, the parasitic capacitance, which is gen-
erally not precisely specified, influences the RF behavior.

(2)




Therefore, the factors ; will be different for each sensor,
even if the sensors are positioned in a aymmetrical fashion.
“These factora can be assessed by standard probe calibration
procedures (see SectionIV). All error sources (isotropy,
frequency linearity) must be investigated during this cal-
ibration in order to assess the calibration factors for an
average measurement situation and to evaluate the error
and validity range of the calibration. For broadband E-
field probes, the calibration factors are independent of the
frequency over a wide range {2 to 3 decades) and can thus
be considered to be consianta,

¢) 4;: These factors describe the ratio of the sensitivity
of the probe sensors in different media to their sensitiv-
ity in air. These usuaily depend both on the surrounding
material and the frequency and on the constructicnal ma-
terials and the design of the probe. They will be identical
for each probe of the same type. In the case of symmetri-
cal sensor positioning they will even be identical for each
sensor (9 = 7). This implies that the (time-consuming)
assessment of these calibration factors (see Sections V and
V¥T} need to be done only once for each probe type, and
not for each individual probe. ¥ will hereafter be called
the “conversion factor”.

The separation of the calibration factor in a prebe and
sensor dependent factor +; and a probe type and situation-
dependent conversion factor 4; 15 an apprezimation that is
based on various assumnptions:

+ The variation of the dipole impedance caused by the

surrounding medinm ia the same for all sensors.

» The local E-field distribution in the area of the sen-
sors inside the probe only depends in magnitude on
the sutrounding medium. In symmetrical probes this
condition can be regarded moare leniently,

+ The constructional differences {manufacturing toler-
ances) between probes of the same type are small.

The validity of these assumptions depends largely on
the prabe’s design. Measurements and simulations of cur
probes have established the feasibility of this calibration
procedure, However, it is necessary to reassess the devi-
ation from isotropy in liguid, since it may differ from air.
(see SectionII).

At higher frequencies and in lossy media, the fields have
high gradients. If the gradient is significant within the
probe’s dimensions, a calibration reference point in the
probe must be defined. The field gradient will result in
further isotropy errors depending on the probe’s alignment
with respect to the direction of the field gradient, For the
best calibration results, the calibraticn setup should be as
close as possible to the actual measuring situation,

IV. CALIBRATION IN AIR

To calibrate the probe in air, a well-defined measurement
volume with an absolutely known and largely homogeneous
electrical field is necessary. The field strength can be mea-
sured with a standard calibrated probe, if available: oth-
erwise, it must be determined from power measurements,
Several methods are used to produce such fields:

a) Far field of standard radiators: These calibrations are

e

Sigrnl flerwmtw -
w2 P e
&—E—3

.; »

(= Amm. Short
Hﬂl\ M‘
e k. S S el S P
L ey & T3 1 tow ] £
& = h

Fig. 2. Setup for calibration in waveguides (air). Measurements ¢ and
b to calibrate the power meters Py and Py. Pz is & high-precision
meter. Probe measurements ¢ and J with different distances to
load.
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Fig. 3. Hectiving pattem of the three orthogonaily arranged dipcles
after calibration in air. E-field is normal to the probe axis.

done in free space or in anechoic chambers. The open mea-
surement area permits the positioning of the probe easily
at any angle towards the field. The radiated power can be
measured with high accuracy. Errors in the determination
of the antenna gain and reflections limit the absolute accu-
racy of this calibration method to approximately +0.5dB.

b} Near field of radiators: In the near field, it is not
easy to determine the absolute field strength. However,
the direction of the field vector is often determined by sim-
ple symmetry considerations. These fields can be used to
measure the relative directivity of the probe when the field
gradient is small compared to the probe dimensions.

¢) TEM cells produce a homogenecus TEM wave in a
limited volume (¢ wavelength). The highest usable fre-
quency is determined by the existence of higher-order prop-
agation modes (200 MHz to 1.5 GHz, depending on the cell
size). The power can be measuted at the output of the ceil.
The accuracy is limited by cell impedance variations due to.
comstructional inaccuracies. The discontinuities in the con-
struction (edges, access openings) produce field deviations




Fig. 4. Experimental setup. On the top is the Plaxiglas box filled
with the simulating liquid. At the bottom is the dipole. The
temperature probes and the E-feld probe are positioned directly
ahove the dipole fsadpoint.

from the theoretical TEM mode. An sbsolute accuracy of
£0.4dB is possible.

d) GTEM cells have no discontinuities and can be used
from DC to several GHz. The calibration volume ¢an have
dimensions of several wavelengths. The reflections from the
built-in absorber and load produce standing waves, which
limit the absolute accuracy of GTEM cells to +1 to +3dB.

e) Wavegnides produce well-defined felds in small vol-
umes and a limited frequency band. With high-precision
components (loads, lines, adaptors to coaxial lines) and er-
ror compensation, the field can be determined to be within
+2%. However, the influence of the probe itseif on the field
must be carefully investigated,

For the absolute probe calibration in air, we used meth-
ods ¢) and e). At frequencies over 1 GHz we measured in
standard waveguides R22 and R28, with a setup according
to Figure 2, The probe is rotated around its axis with a po-
sitioning accuracy at the probe tip of better than £0.1 mm.
Absolute accutacy of the calibration is given for an average
in the directivity and lies within £5% (The linearity over
different frequencies and waveguides is better than +2%.).
At frequencies below I GHz, a TEM cell 3110 was used for
calibration {Figure 3).

The agreement, in absolute value with the measurements
in the waveguides is better than could be expected from
the cell data {within +3%). Waveguide measurements at
800 MHz will be performed to confirm this agreement. As
the directivity for all rotaticnal angles of the probe cannot
be determined in waveguides, a near-field exposure situ-
ation was used, For higher frequencies, the center point
over an opett waveguide was chosen as the measurement
site and, for lower frequencies, the field in the symmetry
plane of highly symmetrical standard dipoles.

V. CaviBRaTION IN LoOssy DIELECTRIC LiQuins

A. Setup

To determine the conversion factor ¥, a well-defined SAR
distribution inside the dielectric material for which the
probe must be calibrated is needed. Setups are preferred

which allow the computation of the field inside the dielec-
tric material analytically or by numerical simulations. Oae-
way would be a dielectric slab in a rectangular waveguide.
Although the induced fields are well defined and can be de-
termined easiiy if the emergence of spurious higher modes
can be sufficiently suppressed, the setup is very narrow-
banded.

Another setup used in [4] is the simulation of a dielec-
tric haif-space, which is exposed to a A/2 dipole parallel
aligned to the surface of this half-space (Figure4). This
configuration can be accurately simulated by using numer-
ical technigues, since the SAR on the axis is predominantly
proportional to the square of the antenna feedpoint current
and not io the output power. However, experimentally, the
feedpoint current can be assessed only with fairly large un-
certainties of no better than =10%.

Nevertheless this setup was chosen because:

a It is easy to build up and to handle.

o It provides muck greater flexibility since a broad fre-

quency range can be covered by the same setup.

s It is & good representation of the test situation imple-
mented for dosimetric assessments of mobile commu-
nications devices [5].

« In losay dielectric liquids, the local SAR values can
be experimentally measured by small thermal probes
according to equation (1) at high power levels,

The hall-space is simulated by an acrylic glass box
(600x300% 200 mm?®) filled with the lossy dielectric liquid.
The thickness of the acrylic glass box phantom is 4 mm.
The dipoles are placed parallel to the dielectric surface at
distances that are small compared to the dimensions of the
box and to the distance from the floor. The floor is lined
with absarbers.

The dipole used at 450 MHz is a Stoddard dipole 310 mm
long, and at 900 MHz a high-precision dipole 147 mm long
and 3.6 mm in diameter is nsed. In both cases, the dipoles
are driven by an HP8658B generator and a broadband
RF power ampiifier (Kalmus Model 717C, 100 W cutput
power). A bidirectional coupler HPTT5D monitors the for-
ward and reflected power. The 1.8 GHz dipole is 73.5mm
in length and has a diameter of 2.25 mm. Losses zlong the
coupler and the lines are taken into account.

In the following, the conversion factors 4 for brain-
sitnulating tissues at 450 MHz, 900 MHz and 1800 MHz are
determined,

B. Brain Stmulating Liquids

~The simulating liquids for brain tissue at 450 MHz and
900 MHz consist of sugar, water, NaCl and Hydroxyethyi-
cellulosis (HEC). {6] For brain tissue at 1.8 GHz, two dif-
ferent liquids were used. The first was based on a simple
sugar-water solution without any salt (free ions). Neverthe-
less, the conductivity of such a solution was still higher than
most recent data for living tissue [7] would suggest (Ta-
blel}. At frequencies higher than 1 GHz, the bound sugar-
water complexes begin to determine the conductivity level
of the liquid. Therefore, in a second approach, sugar was
replaced by butyldigol (2-(2-butoxyethoxy)ethanolbutyl),




TAEBLE I .
DIELECTAIC PROPERTIES OF BRAIN TISSUE-SIMULATING LIGUIDS AT
" THE TESTED PREQUENCIES. AT 1.8 GHZ, TWO LIQUIDS WERE USED:
SUGAR-WATEHR SOLUTION {4) AND BUTYLDIGOL-WATER SOLUTION {(B).

Frequency {MHz] £ o [mho/m] |
450 47.0 £5% | 043 £6%
500 40.0 5% | 0.87 6%
18004 405 5% | 1.75 6%
1800s 415 +6% | 1.25 +6%

which, when dissolved in water, shows smaller conductiv-
ity values. At the same ¢, value, the conductivity could
be reduced from 1.75 to 1.25mho/m. The electrical pa-
rameters were measured by an open coaxial method using
the HP 85070A Dielectric Probe Kit. To verify the open
coaxial method, we determined the electrical parameters
using the slotted-line method. The agreement was within
4%. Tablel gives an overview. The temperature depen-
dence of the liquid’s parameter was also checked. In the
temperature range between 15°C and 30°C, a change of
5% was measured, which lies within the uncertainty of the
permittivity measurement method.

The specific thermal constant ¢ was determined using a
simple calorimetric procedure with an aceuracy of better
than +4%. The specific density p and ¢ depend mainly
on the ratio between sugar and water. For brain tissue-
simulating liquids, ¢ was determined tc be 2.85 J/K /g £4%
with a specific density () of 1.30g/cm® £1%. Compatisen
of these values for ¢ with data from literature shows con-
siderable agreement. Gucker ! al. measured 2.90 J/K/g
for 2 similar aqueous sucrose solution. {8] The value for the
brain tissue-simulating liquid which uses the sugar substi-
tute Buthyldigol is 3.581/K/g (p = 0.98 g/em® +1%).

C. Temperature Probe

The measurement of the local SAR by temperature
probes has the advantage that temperature is a scalar
value. Small senscrs can therefore be easily produced. Im-
munity of the temperature probes towards the HF fields
must be guaranteed and can be achieved by optical probes
or thermistor probes with high resistive lines. [9] The lim-
ited temperature sensitivity of theses sensors can be over-
come by applying high power.

in this study, the nonmetallic temperature measurement

TABLE II
CONVERSION FACTOR ~y, WHICH DESCHIBES THE INCREASE OF
SENSITIVITY N BRAIN TISSUE-SEMULATING LIQUIDS AT THE TESTED

PREQUENCIES.

Frequency [MHz] [ ¢, | o Imho/m] -y
450 47.0 0.43 6.7 x10%
900 40.0 0.87 6.0 +10%
18004 40.5 1.65 4.8 £10%
180G 41.0 1.25 48 +10%

a? .
Lﬂ-m-m- .| /
dulnot. el lzun :"‘-—-.___26
as .

L/
€ 04 -{um30rm, sz 1] / —
E “ h!ﬂmm.l-‘lmrhz.?%/
& | d=30cor, p=l | cam I"?(- fm?(_

%f ]

o 7
L1~
(¥ 7 ,é’///
oy
o

0 I 4 8 & 10 42 4 16 12 20 23 24 35 M W
111

Fig. 5. Temperature increase measured during RF exposure to a
8GO0 MHz field. The power input waa 43 dPm. d = dipole distance
from the simulating liquid; a = sensor distance from the acrylic
glasa bottom.

system (SPEAG DASY2) was used to measure the temper-
ature increase. The probe is based on an NTC temperature
sensor connected to four resistive lines. [10] The noise level
of this system Is abou! 100 times less than that of the
two comparable optical devices on the market (£0.001° C
averaged over 0.1s). The noise level for temperature rise
meaaurement over a period of 10s was found to be bet-
ter than £0.1mK/s. At these high frequencies {450 MHz
- 1.8GHz) the absorption is very local - i.e., close to the
feedpoint of the dipole and rapidly decreasing the further
it penetrates the tissue. This causes strong temperature
gradients inside the liquid. Thus, thermodynamic dissipa-
tion processes, such as convection, had to be monitored,
The RF power was usuaily on for about 14 seconds. The
corresponding linear tempereture increase was evaluated
by least-square. After every exposure period, the liquid
was stirred until 2 thermodynamic equilibrium state was
teached again before the RF pawer could be switched on
again. The temperature increase in the liquid due to expo-
sure to a 00 MHz field at two distances from the body is
shown in Figure5. The effects of convection were assessed
by evaluating different time intervals and were found to
be negligible within the first 10s for sugar-water solution.
The solution based on Buthyidigol had considerably lower
viscosity, so that the evaluation time had to be reduced to
bs.

A robot positioned the temperature probe in the liquid
by moving it from the top, like the E-field probes, towards
the bottom of the box. The disturbance of the probe holder
has proven to be negligible.

D. Besulls

The conversion factor v was determined by comparing
the SAR values measured by the temperature probe and by -
the E-field probe. The measurement points were located
on a line normal to the Plexigias bottom above the dipole
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Fig. 6. SAR assessed by E-field (small empty symbols) and tem-
Perature meameretnent {big full aymbols) at 450 MHz in brain-
simulating liquid (¢r = 47.0 and #2043 mho/m). The SAR waa
normalized on 1 Watt input power. The frequency was set to
450 MHz, The dipole distance from the body was 12mm. The
conversion factor «v was determined to 6.7 £10%.
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Fig. 7. SAR assessed by E-field {small empty aymbole) and tem-
perature measurement {big full symbols} at 800MHz in brain-
simulating liquid (¢r = 40.0 and #=0.87mho/m}. The SAR was
normalized op 1 Watt input power. The dipole distances from
the body were 20mm, 30mm and 30mm. The conversion factor
< waa determined to 8.0 £10%,

feedpoint (Figure4). These measurements were repeated
at different power levels, at different distances of the RF
source from the body and at different frequencies (Figures 6
to 9). The conversion factor was assessed by a least-square
procedure considering all measured values. The results for
the various tissues are summarized in Table [1.

The accuracy of the conversion factor 7 is mainly deter-
mined by the uncertainties in determining the correct elec-
tromagnetic and thermal properties of the tissue-simulating
liquid, Using the “slot line” and “open coaxial® methods
to determine the conductivity of the liquid introduces an
uncertainty of about +6%. The specific heat of the liquid
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Fig. 8. SAR assessed by E-field (small empty symbois) and tem-
perature measgrement {big full symbois) at 1.8 GHz in brain-
simuiating fiquid (¢; = 40.5 and ¢=1.75mho/m). The SAR was
normalized on 1 Whatt input power. The dipole distances from
the body were 10mm, 20mm and 30 mm. The conversion fnctor
~ was determined to 4.8 £10%,.
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Fig. 9. SAR assessed by E-field (small empty symbels) and tem-
perature measurcment (big full symbols) at 1.8 GHz in brain-
simulating liguid (¢ = 41.0 and ¢=1.25 mho/m). The SAR was
normalized on 1 Watt input power. The dipole digtances from
the body were 10mm, 20mm and 30mm. The conversion factor
~ waa determined to 4.8 210%.

can be assessed to an accuracy of about £4%. The E-field
probe yields another +:3%. Adding the uncertainty of the
positioning of the E-field probe (+1%), of the temperature
probe (£2%), and of the power meters {£1%) leads to a
total uncertainty of less than +10%.

VI. NUMERICAL STUDIES

Three objectives led us to use anmerical techniques to
simulate the probe embedded in lossy dielectric materials:
1} o study tnethods to improve the isatropy of the probes
[2]; 2) to assess the spatial resolution: and 3) to determine
the conversion factor v computationally, since numerical




transversal oot of the probe:

location of the dipoles

Fig. 10. Computer simulation modal: transversal cut of the probe
and location of the dipoles.

techniques are less tedious than the experimental approach.

To obtain a deeper insight into the behavior of the con-
version factor, two numerical program packages based on
two different techniques were used. This had the advantage
of the possible eross-validation of the results obtained by
both techniques, each of which has its strengths in different
ateas,

The first cne is the 3D MMP software package devel
oped at the Swiss Federal Institute of Technology (ETH).
It is a frequency dornain boundary technique suited for 2D
and 3D} scattering problems within piecewise linear, homo-
geneous and isatropic domains., Details are given in {11]
and [12]. The second software package, “MAFIA”, was de-
veloped at the Technische Hochschule Darmstadt (THD),
Germany. The method used is based on the finite inte-
gration technique (FIT) and is very similar to an FDTD
approach. Details are given in [13] and [14].

A. Modeling of the probe

To study the field distribution inside the probe depend-
ing on the electrical parameters of the surrounding media,
different discretizations of the E-field probe were chasen, A
transversal cut of the probe and a perspectival view with
the location of the dipoles inside the probe is shown in Fig-
ure 10, Different discretizations with increasing complexity
have been compared:

a) The simplest numetical representation of the probe
is a simple homogeneous, lossless cylinder 6.8mm in di-
ameter with a retative permittivity of 2.54. This corre-
sponds to the electrical properties of the microwave ma-
terial utilized (STYCAST 0005) to build the core of the
probe, The length of the ¢ylinder is 15mm, which has
proven to be long enough to study the fields induced in
the probe tip. MMP could only be used for this simple
homogeneous model of the probe. In MMP, the modeling
required about 550 matching points at the boundary of the
two domains and § multipole expansions. As expected, the
maximum errors (< 10%) appeared on the matching points
at the corners of the probe. In order to minimize these er-
rors and to use 2 minimal number of expansion furetions,
the edge of the probe was slightly rounded. About 90,000
voxels were needed to model the whole computational do-

Fig. 11. Computer simulation model: complex model of the probe
for the MAFIA simulation tool.

main within MAFIA, about 5,000 of which were needed for
the probe itself. Problems oceur at the outer boundaries
when using open-boundary conditions and assuming the
whole computational domain to be of a lossy material, as
in the case of biological tissue. Nevertheless, in choosing
a long computational domain in the direction of the wave
propagation vector and in considering that the attenuation
over one wavelengih is very slight, the influence of possible
reflected waves was assumed to be lesa than 3%,

b} A more complex model simulated the opticai fiber
in the center of the core. The fiber was discretized as a
smaller homogeneous cylinder L mm in dizmeter with a
relative permittivity of b in the center of the STYCAST
cylinder.

¢) Additional details were incorporated in a further
model] by the modeling of the three air holes (Figure 10).

d) In the most complex model, three ceramic sheets on
which the dipoies and fines are printed were simulated as
well (Figure 11). This leads to a discretization with 210,000
voxels, about 37,000 of which were needed for the probe
itself.

In all the models the dipoles were not simulated. The

-conversion factor can be caiculated by integrating the elec-

tric field at the location of the dipoles, fitstly with biclogical
tissue surrounding the structure and then with air around
it:

2 s . 2
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As the reference valne, the E-field at the location of the
dipole center in the absence of the probes was chasen,

v= (3)
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Fig. 13. Simulation: comverzion factor as a function of the relative
permittivity of the biological tissue for different MAFTA models.
The conductivity ia 0.88mho/m, the frequency 800 MHz.

B. Resulls of the Simuialions

The simulations with the simple homogeneous modeis
were performed for different dielectric properties of the
probe’s surrounding medium. Figure 12 shows the depen-
dence of the probe’s conversion factor as a function of the
relative permittivity. The frequency of the excitation was
set to 900 MHz. These calcnlations were made for absorb-
ing biclogical tissue and for nonabsorbing tissue,

The conductivity of the lossy material corresponds
to the value used for the experimental investigations
(0.88 mho/m, see below). The influence of the condue-
tivity of the lossy material becomes less important for a
lazger real part of the complex permittivity. Within a wide
range of relative permittivities (of biclogical tissue), the
conversion factor or, in other words, the sensitivity of the
probe changes by less than 10%. This is even true when
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Fig. 14. Experimentally asaessad conversion factor for brain tissue-
simulating liquid in comparison with the values obtained from
nmumerical simulation for homogeneous (empty symbola) and non-
homogeneous (filled symbols} modelings of the probe.

changing the conductivity of the biological tissue within a
certain range. However, for small real parts of the com-
plex permittivity, the influence of the conductivity on the
conversion factor is strong. A comparison of the results of
the two methods (MMP and MAFIA) reveals that the dif-
ference is less than 1% for the nonabsorbing material and
between 1% and 3% for the absorbing material.

In Figure 13, the results for different MAFIA models are
compared. The results of the homogenecus model are the
game ax discussed before. The conductivity was again cho-
sen to be 0.88mho/m and the frequency 900 MHz. The
effect of the optical fiber inside the probe can be neglected.

For the more ¢complex model with an optical fiber, ce-
ramic sheets and ait holes, ¥ is about 6% lower than for
the homogeneous model. Additional simulations which ne-
glected the ceramic sheets or the air holes revealed that
the air holes are responsible for the drop in the conversion
factor.

In Figure 14, the frequency dependence of + is shown-
for the homogenreous medela of MMP and MAFIA and the
maore complex MAFIA model.

The hemogeneous models simulated with MMP and
MAFIA are in close agreement with each other. Again,
the values for the more complex modeling are stightly lower
than those for the homogeneous modeling. In contrast to
thege findings, the experimentally determined conversion
factors are larger than those of the simuiations. The rea-
son lies in the fact that even the most complex modeling
involves many simplifications of the siructure of the reai
probe. In addition, the electrical patameters of the probe
material were not measured, but were taken from the lit-
erature. The most important effect is most likely to be the
change of the dipole capacitance, which depends on the
surrounding media and could not be considered in the sim-
ulations. This effect is expected to be more significant for
probe designs in which the dipoles are positioned closer to




the surrounding medinm.

VIIL. CoNCLUSIONS

A procedure has been presented that allows an absolute
calibratiot of the probes for dosimetric assessments with
an accuracy of better than +10%. The chosen approach
has the advantage that the celibration setup closely cor-
responds to that of the actual desimetric assessments per-
formed with the scanner described in [5]. Thus, further
considerations with regard to polarization are not required.
If such studies are needed, the techniques described in {5]
can be used. Numerical techniques have proven to be ade-
quaie to assess the conversion factor 4 if a precision of only
+20% ie sufficient for this probe. For other probe designs,
the uncertainties of the numerically determined conversicn
factors might be considerably larger.
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Schmid & Partner
Engineering AG

Staffelstrasse 8, 8045 Zurich, Switzerland, Telafon +41 1 280 08 40, Fax +49 1 280 08 44

DASY

Dipole Validation Kit

Type: D900V2
Serial: 003

Manufactured:  August 1995
Calibrated:  August 1998




1. Measurement Conditions

The measurements were performed in the flat section of the new generic twin
phantom (shell thickness 2mm) filled with brain simulating sugar solution of the
following electrical parameters at 900 MHz:

Relative Dielectricity 42.8 * 5%
Conductivity 0.85 mho/m + 3%

The DASY3 System (Software version 1.0a} with a dosimetric E-field probe ET3DV4
(SN:1302, Conversion factor 5.5) was used for the measurements,

The dipole was mounted on the small tripod so that the dipole feedpoint was
positioned below the centre marking of the flat phantom section and the dipole was
oriented paraliel to the body axis (the long side of the phantom). The standard
measuring distance was 15mm from dipole centre to the solution surface. The
included distance holder was used during measurements for accurate distance
positioning.

The coarse grid with a grid spacing of 15mm was aligned with the dipole. The 3x5x7
fine cube was chosen for cube integration. Probe isotropy errors were cancelled by
measuring the SAR with normal and 90° turned probe orientations and averaging.
The dipole input power (forward power) was 250mW £ 3 %. The results are
normalised to {W input power,

2. SAR Measurement

Standard SAR-measurements were performed with the phantom according to the
measurement conditions described in section 1, The resuits have been normalised to a
dipole input power of 1W (forward power). The resulting averaged SAR-values are:

averaged over ! cm® (1 g) of tissue; 9.36 mW/g

averaged over 10 cm® (10 g) of tissue: 6.16 mW/g

Note: If the liquid parameters for validation are slightly different from the ones used
for initial calibration, the SAR-values will be different as well. The estimated
sensitivities of SAR-values and penetration depths to the liquid parameters are listed
in the DASY Application Note 4: ‘SAR Sensitivities’.




3. Dipole Impedance and return loss

The impedance was measured at the SMA-connector with a network analyser and
numerically transformed to the dipole feedpoint. The transformation parameters from
the SMA-connector to the dipole feedpoint are:

Electrical delay: 1.416 ns  (one direction)

Transmission factor; 0.993 (voltage transmission, one direction)

The dipole was positioned at the flat phantom sections according to section 1 and the
distance holder was in place during impedance measurements,

Feedpoint impedance at 900 MHz: Re{Z} = 49.9Q
Im{Z} = 340Q
Return Loss at 900 MHz «29.6 dB

4. Handling

The dipole is made of standard semirigid coaxial cable. The centre conductor of the
feeding line is directly connected to the second arm of the dipole. The antenna is
therefore short-circuited for DC-signals.

Do not apply excessive force to the dipole arms, because they might bend, If the
dipole arms have to be bent back, take care to release stress 1o the soldered
connections near the feedpoint; they might come off

After prolonged use with 100W radiated power, only a slight warming of the dipole
near the feedpoint can be measured.
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Schmid & Partner
Engineering AG

Staffelstrasse 8, 8045 Zurich, Switzerland, Teiefon +41 1 280 08 &0, Fax +41 1 280 08 64

DASY3

Dipole Validation Kit

Type: D1800V?2
Serial: 207

Manufactured:  July 1997
Calibrated: August 1998



1. Measurement Conditions

The measurements were performed in the flat section of the new generic twin
phantom (shell thickness 2mm) filled with brain simulating sugar solution of the
following electrical parameters at 1800 MHz:

Relative Dielectricity 40.1 5%
Conductivity 1.65 mho/m + 10%

The DASY3 System (Software version 3.0b) with a dosimetric E-field probe ET3DV4
(SN:1302, conversion factor 4.6) was used for the measurements.

The dipole feedpoint was positioned below the centre marking and oriented parallel
to the body axis (the long side of the phantom). The standard measuring distance was
10mm from dipole centre to the solution surface. The included distance holder was
used during measurements for accurate distance positioning.

The coarse grid with a grid spacing of 15mm was aligned with the dipole. The 5x5x7
fine cube was chosen for cube integration. Probe isotropy errors were cancelled by
measuring the SAR with normal and 90° turned probe orientations and averaging.
The dipole input power (forward power) was 250mW =+ 3 %. The results are
normalised to 1W input power.

2. SAR Measurement

Standard SAR-measurements were performed with the head phantom according to the
measurement conditions described in section 1. The results (see figure) have been
normalised to a dipole input power of 1W (forward power). The resulting averaged
SAR-values are:

averaged over 1 cm® (1 g) of tissue: 37.1 mW/g

averaged over 10 cm® (10 g) of tissue: 18.5 mW/g

Note: If the liquid parameters for validation are slightly different from the ones used
for initial calibration, the SAR-values will be different as well. The estimated
sensitivities of SAR-values and penetration depths to the liquid parameters are listed
in the DASY Application Note 4: ‘SAR Sensitivities’.



3. Dipole Impedanc and return loss

The impedance was measured at the SMA-connector with a network analyser and
numerically transformed to the dipole feedpoint. The transformation parameters from
the SMA-connector to the dipole feedpoint are:

Electrical delay: 1.236 ns  (one direction)

Transmission factor: 0.971 (voitage transmission, one direction)

The dipole was positioned at the flat phantom sections according to section 1 and the
distance holder was in place during impedance measurements.

Feedpoint impedance at 1800 MHz: Re{Z} = 49.9Q
Im{Z}=-15Q
Return Loss at 1800 MHz -36.0dB
4. Handling

The dipole is made of standard semirigid coaxial cable. The centre conductor of the
feeding line is directly connected to the second arm of the dipole. The antenna is
therefore short-circuited for DC-signals.

Do not apply excessive force to the dipole arms, because they might bend. If the
dipole arms have to be bent back, take care to release stress to the soldered
connections near the feedpoint; they might come off.

After prolonged use with 40W radiated power, only a shght warming of the dipole
near the feedpoint can be measured.
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