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1. Introduction

Exposure to electromagnetic fields at frequencies above about 100 kHz can lead to significant absorption of
energy and temperature increases. In general, exposure to a uniform (plane—wave) electromagnetic field results
in a highly non—uniform deposition and distribution of energy within the body, which must be assessed by
dosimetric measurement and calculation [1].

One means to evaluate compliance with specific SAR requirements is by measurement of the electric field
strength in tissue—equivalent medium using anthropomorphic models of the human head.

SAR = o [E[* /p @)

where o is the electrical conductivity, |E| is the rms magnitude of the electric field strength vector, and p is the
mass density of the medium. For the purposes of the dosimetry, the head tissue density is assumed to be
1000 kg/m®, with corresponding 1 g and 10 g averaging volumes of 1 cm® and 10 cm?®, respectively.

Each sensor of the probe in Fig 1 (right) for measuring SAR consists of the components in Fig 1 (left).
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Figure 1. E—field probe features near probe tip end (left) [2] and picture of the complete probe with the plastic

rod containing RF transparent transmission line (right) [3].

2. Boundary Proximity Effects of an E—field Probe

Boundary proximity effects arise when the tip of an E—field probe approaches the interface between two
dielectric media in Fig 2. Under these conditions, the external field is strongly perturbed by the superposition of
a scattered field from the dielectric probe surface and from the dielectric phantom surface.
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The error due to boundary proximity effects is known to be typically less than 2% if the distance between the
probe tip and the surface is greater than half the probe diameter [2].

In general, the local peak SAR values occur at the surface of the phantom and are not directly measurable by
the field sensors which are usually located 2-3 mm along the axis behind the probe tip, which was named
‘sensor offset’ in Fig 1 (left). The SAR values between the nearest measured point and the surface are
determined by extrapolation methods in Fig 2 (left). In practice, there is a tradeoff between increased distance
to reduce the boundary proximity effects and the resulting possible increase in extrapolation error.
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Figure 2. Orientation of the probe corresponding to the line normal to the surface. M1-M5 are example
measurement points used for extrapolation to the surface [2](left). / Vertical rectangular waveguide calibration
setup [4](middle). / ab= 0.2476 m x 0.1238 m for 835 MHz. / Probe tip geometry in the lossy waveguide in
detail (right). sensor offset d2 = 2.25 mm, scanning along z—axis: 0 < d1 < 50 mm, tip diameter D=4.8 mm.

3. Calibration and characterization of dosimetric probes

Probe calibration is usually done with two—step methods, where the total field is given by Equation (2):
3 3 f(V )
EP = E|?= i\Vi (2)
EF=2 8l =2
Here, E (i = 1, 2, 3) are the components resulting from the projection of the E-field vector on the three

orthogonal sensors, fi (Vi) is a linearizing function of the rectified sensor signal V; in the form of V; + Vi2/DCP
[5] in [mV], ny in [uV/(V/m)?] is the sensitivity of sensor dipole i in air for the sensor aligned with the field
vector, and i is the ratio of sensor response in air to response in the dielectric media and sometimes referred
to as the conversion factor.

In the setup in Figure 2 (middle), a portion of an upright-standing open waveguide is filled with a tissue—
equivalent liquid, and TE1o mode in the liquid can be analyzed by some equations.

H, =(jpa/x)Aysin(zx/a)e e ’* E, =(-joua/x)A,sin(zx/a)e e 2 (3)
k? = 0ugs, (e, — &) = (/a) + (B - ja)* = (x/a)" + (B* - a’) - j2ap (4)

B= \/a2 + 0 g, —(7/a), @ s, = 2af, we, = o = 2ap [(ou,) (5)

The penetration depth &, which is the reciprocal of a, is determined from equation (4) and (5),
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S=at= {Re[\/(ﬂ/a)z T jouy (o + ja)gog;)J}il (6)

The power flow at the input port of the waveguide is,

1 a b o— _ouad’hp 2 2| _ @ua’bhp 2
Pin _ERe-[X:O y:OEX H %de—T|Alo| € 2:0_T|A10| (7)
To calculate SAR inside of waveguide with the lossy liquid,

2 2 2

e | =€ E; = 242 £ 8 A fsin?Ele-zer = APnOM (ine ZX g2az (g
Vs a abpg a

O-|E|2hasor a 4P, . 2 TX 5 4(wa_wa) . 2 TX
SAR(z) = £ =——Nsin°* —e "= —="—"sin° —e " (9)

p ab

pabs

4. Extrapolation of E—field Near the Dielectric Boundary
The boundary proximity effect of the probe was checked by driving 835 MHz, 1.0 W input power to the

waveguide in Fig 2.(middle), with measured dielectric constant of the tissue 40.8, measured conductivity of the

tissue 0.90 [S/m], and conversion factor Wi = 4.988. More geometry in detail of the probe in waveguide is

shown in Fig 2(right). Z£i[Vi (z)]1/ni in equation (2) and SAR values on equation (1) were measured along the z—

axis and extrapolated in Table 1 near the boundary surface.

Table 1. Measured or extrapolated values related with the SAR (z) along the z—axis at the central point of the

dipole sensor of the probe where the detection diodes are located.

D fi(z) ¥ f.(z) ¥ f(z+1) 5 fi(z)/z f.(z+1) D fi(2) Point SAR
z — axis 77; ; m; 7, 7, 7 [W/kg]
(d1+d2,mm) k(V/m) 2 k(V/m) ? (Measured)
(Measured) (Measured) (Extrapolated) (Extrapolated) (x+ Extrapolated)

0 Not available Not available 1.05591 18.16178 3.27 7%

1 Not available Not available 1.05591 17.20017 3.104#:

2 Not available Not available 1.05591 16.28947 2.939#:

1.18099+
2.25 18.80230 3.393
(presumed)
_ (2.784xx)
3 16.29313 1.09687 1.05591 15.42699
2.940
15.92072
3.25
(presumed)
_ (2.636%%)
4 14.85410 1.07353 1.05591 14.61018
2.680
5 13.83661 1.06424 2.497

* Value ratio measured at z=2.25 mm to the presumed value at z=3.25 mm.
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Detected probe voltage ratio at z [min] and at z+1 [min] in Table 1 are shown in Fig 3 (left).
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Figure 3. Ratio of the measured or extrapolated |E|2 near the dielectric separator surface to the |E|2 value at

1 mm farther away to the waveguide end direction along the guide axis in Fig. 2 / (left), and correlated point
SAR from 6th column of Table 1 (right).

We can see in Fig 3 (left) that boundary proximity effect begins from z=d1+d2=7 mm up to the sensor offset
distance. But the effect is minor until z=5 min, so the extrapolations are performed z=5 mm to 0 mm.

The triangular points shown in Figure 3 represent the SAR values extrapolated at 1 mm steps for the points
next to the phantom surface that cannot be measured.

The difference of extrapolated SAR value starting from 5 mm and from 7 mm is less than 3 % (2.9 %) in this
measurement. For a very small boundary proximity error, maybe less than 1 %, the extrapolation distance from
boundary surface to the probe tip end should be the length of the probe tip diameter.
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