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SAR COMPLIANCE TESTING OF SONY MODEL CM-Z200
CELLULAR TELEPHONE
I. Introduction

The U.S. Federal Communications Commission (FCC) has adopted limits of
human exposure to RF emissions from mobile and portable devices that are regulated by
the FCC [1]. The FCC has also recently issued Supplement C (Edition 97-01) to OET
Bulletin 65 defining both the measurement and the computational procedures that should be
followed for evaluating compliance of mobile and portable devices with FCC limits for
human exposure to radiofrequency emissions [2].

For Sony Model CM-Z200 Cellular Telephone (FCC ID# LSACMZ200DM), we
have used the experimental measurement techniques to determine the SAR distributions
from which the peak 1-g SARs are obtained, as recommended in [2], both when the
antenna is fully extended (completely pulled out) or left retracted. Also as recommended in
[2], the telephone is placed against the left ear with the antenna located towards the front of
the head. This allows a longer portion of the antenna to be in close proximity to the head
resulting in higher SARs allowing thereby the worst case determination of absorbed energy
in the user's head [3]. Also as recommended in [2], the handset is tested without the model

of a hand to determine once again the worst case SAR distribution.

II. The Sony Model CM-Z200 Cellular Telephone

The Sony Model CM-Z200 Cellular Telephone is a dual mode telephone that can be
operated in the AMPS or the CDMA mode. It works in the frequency band 825-849 MHz
for transmission frequencies. Since the radiated power is considerably higher in the AMPS
mode up to 600 mW and is lower by a factor of 2-3 in the CDMA mode, we decided to
determine the SAR distributions for the higher power output of 600 mW. Prior to SAR
testing, we measured the power fed to the antenna by tapping it off with an I/O connector
of 15 pins and a coaxial RF output port connected to the base of the telephone. By using

the software provided, we could adjust the power output until it was 600 mW CW as



measured with the Hewlett Packard (HP) Model 436A Power Meter with HP Model 8481
H Power Sensor. The SAR measurements were conducted with the antenna pulled out or
left retracted at the low-frequency end (channel 991, frequency 824 MHz), midband
(channel 383, frequency 836.5 mHz) and high-frequency end (channel 799, frequency 849
MHz), each for the power fed.to the antenna adjusted, as indicated above, to a measured

power amplifier output of 600 mW.

III. The Tissue-Simulant Model

For measurements of SAR distributions, we have used the Utah Experimental
Model that is described in detail in Appendix A [4]. This model uses a lossy outer shell of
the following approximate dimensions:

Axial length from chin to top of the head = 26 cm
Distance from location of the ear canal to top of the head = 14.7 cm
Width from side to side = 16.5 cm

These dimensions are typical for adult human beings. The shell thickness of the
head and neck model is approximately 4-7 mm, which is typical of the human skull
thickness. The thickness for the ear region is, however, considerably less and is only
about 3 mm.

This experimental model shown in Fig. 1 has, in the past, been used for
comparison of the measured peak 1-g SARs with those obtained with the Utah FDTD Code
for ten wireless telephones, five at 835 MHz and five for PCS (1900 MHz) frequencies
[see Table 6 of Appendix A]. The numerical SARs were obtained using the anatomically-
based, 15-tissue Utah model of the head and neck with a resolution of 1.974 x 1.974 X 3.0
mm that has been described in the scientific literature through numerous publications (see
e.g. references 3, 5). The measured and calculated 1-g SARs for these ten telephones,
including some research test samples from diverse manufacturers using a variety of
radiating antennas for different source-based time-averaged powers are compared in
Table 1 (taken from Table 6 of Appendix A). Even though widely different peak 1-g SARs

from 0.13 to 5.41 W/kg are obtained because of the variety of antennas and handsets,



agreement between the calculated and the measured data is excellent and generally within +
25 percent.

These tests validate the Utah Experimental Phantom Model as being capable of
giving peak 1-g SARs that are in good agreement with the SARs obtained with the realistic,
anatomically-based model of the human head and neck both at 835 and 1900 MHz.

The head and neck and the upper part of the torso of the model are filled with a
liquid with measured electrical properties (dielectric constant and conductivity) close to the
average properties of the brain for white and gray matters at 835 MHz which is close to the
midband transmission frequency for this telephone. A composition suggested by
Hartsgrove et al. [6] consists of 40.4% water, 56.0% sugar, 2.5 percent salt (NaC /) and
1.0% HEC. As measured in our laboratory using the HP Model 85070B Dielectric Probe
in conjunction with HP Model 8720C Network Analyzer (50 MHz-20 GHz), this
composition gives a measured €&, =41.1 + 1.4 and 6 = 1.06 £ 0.05 S/m. From reference
7, we obtained the desired dielectric properties to simulate the brain tissue at 835 MHz to
be &, =45.3 and 6 =0.92 S/m. Thus the measured properties for the brain-simulant fluid
used for experimental SAR measurements are close to the desired values. To the extent that
the conductivity ¢ is slightly higher and the permittivity €; is somewhat lower than the

desired values for the brain tissue, it should help in avoiding underestimating the SAR [2].

IV. The E-Field Probe

The non-perturbing implantable E-field probe used in the setup was originally
developed by Bassen et al. [8] and is now manufactured by L3/Narda Microwave
Corporation, Hauppauge, New York as Model 8021 E-field probe. In this probe, three
orthogonal miniature dipoles are placed on a triangular beam substrate. Each dipole is
loaded with a small Schottky diode and connected to the external circuitry by high
resistance (2 MQ + 40%) leads to reduce secondary pickups. The entire structure is then

encapsulated with a low dielectric constant insulating material. The probe thus constructed



has a very small (4 mm) diameter, which results in a relatively small perturbation of the
internal electric field.

Test for Square Law Region

It is necessary to operate the E-field probe in the square law region for each of the
diodes so that the sum of the dc voltage outputs from the three dipoles is proportional to the
square of the internal electric field (IEjI?). Fortunately, the personal wireless devices induce
SARs that are generally less than 5-6 W/kg even for closest locations of the head [3]. For
compliance testing, it is, therefore, necessary that the E-field probe be checked for square
law behavior for SARs up to such values that are likely to be encountered. Such a test may
be conducted using a canonical lossy body such as a rectangular box or a sphere irradiated
by a dipole. By varying the radiated power of the dipole, the output of the probe should
increase linearly with the applied power for each of the test locations.

Shown in Figs. 2a, 2b are the results of the tests performed to check the square law
behavior of the E-field probe used in our setup at 840 and 1900 MHz, respectively. For
these measurements, we have used a rectangular box of dimensions 30 X 15 x 50 cm that
was irradiated by the corresponding half wave dipoles with different amounts of radiated
powers from 200-800 mW. Since the dc voltage outputs of the probe are fairly similar
when normalized to a radiated power of 100 mW, the square law behavior is demonstrated
and an output voltage that is proportional to |E;l? is obtained within £ 3 percent.

Test for Isotropy of the Probe

Another important characteristic of the probe that affects the measurement accuracy
is its isotropy. Since the orientation of the induced electric field is generally unknown, the
E-field probe should be relatively isotropic in its response to the orientation of the E-field.
Shown in Figs. 3a, 3b are the test results of the E-field probe used in our setup at 840 and
1900 MHz, respectively. The previously described box phantom of dimensions 30 X 15 X
50 cm along x, y and z dimensions, respectively, was also used for these measurements.

This phantom was filled to a depth of 15 cm with brain-simulant materials (Table 2). The



E-field probe was rotated around its axis from O to 360° in incremental steps of 60°. An
isotropy of less than + 0.23 dB (+ 5.5%) was observed for this E-field probe both at 840
and 1900 MHz.

Calibration of the E-Field Probe

Since the voltage output of the E-field probe is proportional to the square of the
internal electric field (IEj2), the SAR, given by o|E;i2/p is, therefore, proportional to the
voltage output of the E-field probe by a proportionality constant C. The constant C is
defined as the calibration factor, and is frequency and material dependent. It is measured to
calibrate the probe at the various frequencies of interest using the appropriate tissue-
simulating materials for the respective frequencies.

Canonical geometries such as waveguides, rectangular slabs and layered or
homogeneous spheres have, in the past, been used for the calibration of the implantable E-
field probe [9-11]. Since the Finite Difference Time Domain (FDTD) has been carefully
validated to solve electromagnetic problems for a variety of geometries [12, 13], we were
able to calibrate the Narda E-field probe by comparing the measured variations of the probe
voltage (= | E; I2) against the FDTD-calculated variations of SARs for a box phantom of
dimensions 30 X 15 X 50 cm used previously for the data given in Figs. 2 and 3,
respectively. For these measurements, we placed the nominal half-wave dipoles of lengths
178 mm and 77 mm at 840 and 1900 MHz, respectively, at several distances d (see inserts
of Figs. 4a, 4b, and 5a, 5b) from the outer surface of the acrylic (¢, = 2.56) box of
thickness 6.55 mm. Shown in Figs. 4a, 4b and 5a, 5b are the comparisons between the
experimentally measured and FDTD-calculated variations of the SAR distributions for this
box phantom. Since there are excellent agreements between the calculated SARs and the
measured variations of the voltage output of the E-field probe for four different separations
d of the half wave dipoles at each of the two frequencies, it is possible to calculate the

calibration factors at the respective frequencies. For the Narda Model 8021 E-field probe



used in our setup, the calibration factors are determined to be 0.49 and 0.84 (mW/kg)/uV at

840 and 1900 MHz, respectively.

V. Experimental Results: Canonical Problems

To further validate the-system, it has been used to measure the peak 1-g SAR for
the above-mentioned box phantom and a glass sphere model of thickness 5 mm, external
diameter = 223 mm and assumed dielectric constant €; = 4.0. This sphere model is once
again filled with the corresponding brain-simulant fluids of compositions given in Table 2.
Shown in Figs. 6a, 6b and 7a, 7b are the measured and FDTD-calculated SAR
distributions inside the sphere for various separations d between the dipole and the sphere
(see insert for Figs. 6, 7). Comparison of the measured and FDTD-calculated peak I-g
SARs for both phantom geometries are given in Tables 3 and 4, respectively. As can be
seen, the agreement between experimental measurement and numerical simulation is

excellent and generally within + 10 percent for both rectangular and spherical phantoms.

VI. Measurement Uncertainty: Test Runs With Cellular Telephones

The automated setup shown in Fig. 2 of Appendix A has been used for the testing
of ten personal wireless devices including some research test samples, five each at 835 and
1900 MHz, respectively. Given in Table 1 is the comparison of the numerical and
measured peak 1-g SARs for these devices using our experimental phantom model and the
FDTD-based numerical procedure used for calculations of SAR distributions for an
anatomically-based model of the head of an adult male [4]. The measured and calculated
SARs for the ten telephones which have quite different operational modes (TDMA, CDMA,
etc.) and antenna structures (helical, monopole, or helix-monopole) vary from 0.13 to 5.41
W/kg. Even though widely different peak 1-g SARs are obtained because of the variety of
antennas and handsets, agreement between the calculated and the measured data is

excellent and generally within + 25%. This is particularly remarkable since an MRI-



derived, 16-tissue anatomically-based model of the adult human head is used for FDTD
calculations and a relatively simplistic two tissue phantom model is used for experimental
peak 1-g SAR measurements.

We estimate the uncertainty of our measuring system to be + 12.5 percent. As seen
in Table 1, an agreement within & 25 percent is obtained for the peak 1-g SARs calculated
using the Utah FDTD Code and the Utah Experimental Phantom Model for ten assorted
wireless devices using a variety of antennas and handset dimensions. Since both the
numerical and experimental methods are completely independent methods, and each is
prone to its own set of errors, an uncertainty of * 12.5 percent can be ascribed to each of

the methods.

VII. The Measured SAR Distributions for Sony Model CM-Z200

Telephone

As suggested in Supplement C (Edition 97-01) to the FCC OET Bulletin 65 [2], the
SAR measurements are conducted with the Sony Model CM-Z2200 Cellular Telephone
pressed against the model of the head such that the center of the ear piece is aligned against
the location of the ear canal. Furthermore, the handset is oriented such that the center line
of the body of the handset is in the plane passing through the two ear canals and the tip of
the mouth.

For two possible configurations of the antenna i.e. completely pulled out or left
retracted, respectively, the regions of the maximum SARs were located in the first instance
by searching coarser regions of dimensions 4.8 X 8.0 cm close to the antenna and the
central region of the handset where it is in contact with the cheek. For this cellular
telephone, the highest SARs were measured for the upper region of the ear that is close to

the base of the antenna.

After having identified the regions of the highest SARs for both configurations of

the antenna, these regions were measured with a finer resolution of 2.0 mm with the Sony



Cellular Telephone radiating maximum power (600 mW) at low frequency end (channel
991, frequency 824 MHz), midband (channel 383, frequency 836.5 MHz) and high-
frequency end (channel 799, frequency 849 MHz), respectively. We give in Tables 5-10
the detailed SAR distributions that have been measured for the highest SAR region of the
model of the head for the Sony Model CM-Z200 Cellular Telephone. From these
measurements, the peak 1-g SARs are calculated and are summarized in Table 11. The
peak SARs have been measured to vary from 0.69 to 1.29 W/kg for different configurations
of the antenna (pulled out or retracted) at various frequencies i.e. low end, midband and
high end of the transmission frequencies. Several of these measurements were taken
repeatedly two, or four times and found to give consistent 1-g SARs that were identical

within + 1 percent.

VIII. Comparison of the Data With FCC 96-326 Guidelines

According to the FCC 96-326 Guidelines [1], the peak SAR for any 1-g of tissue
should not exceed 1.6 W/kg. We have determined the peak 1-g SARs for the Sony Model
CM-Z200 Cellular Telephone to vary between 0.69 and 1.29 W/kg depending on the
frequency and configuration of the antenna whether it was pulled out or left retracted,

respectively. All of these values are lower than 1.6 W/kg suggested in the FCC 96-326

Guidelines 1].
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Table 1. Comparison of the experimentally measured and FDTD-
calculated peak 1-g SARs for ten wireless telephones,
five each at 835 and 1900 MHz, respectively.

Time-Averaged . . Numerical
Radiated Power Usuﬁolzxg)%x;/rﬁental Method
mW el Wikg Wikg
Cellular
Telephones at
835 MHz
Telephone A 600 4.02 3.90
Telephone B 600 541 4.55
Telephone C 600 4.48 3.52
Telephone D 600 3.21 2.80
Telephone E 600 0.54 0.53
PCS Telephones
at 1900 MHz
Telephone A 125 1.48 1.47
Telephone B 125 0.13 0.15
Telephone C 125 0.65 0.81
Telephone D 125 1.32 1.56
Telephone E 993 1.41 1.25
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Table 2. Compositions used for brain-equivalent materials.
840 MHz 1900 MHz

Water 40.4% Water 60.0%

Sugar 56.0% Sugar 18.0%

Salt (NaCl) 2.5% PEP 20.0%

HEC 1.0% Salt (NaCl) 0.4%
TX 151 1.6%

g =411 1.4 g, =455%1.7

6 =1.06£0.05S/m

o =1.31%0.06S/m
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Table 3.  Box phantom: Comparison of the measured and FDTD-
calculated peak 1-g SARs for four spacings each at 840
and 1900 MHz, radiated power normalized to 0.5 W.
Frequency Bet])vxllzgrllng»e/glrl)rirlp)ole SAR Wike) Difference

(MHz) and the Box Measured FDTD (%)
840 17.5 4.58 4.20 +8.3
840 22.5 3.53 3.65 34
840 27.5 2.69 3.00 -10.2
840 33.0 1.95 2.24 -12.9
1900 16.5 7.45 7.46 -0.1
1900 215 4.24 4.18 +1.4
1900 26.5 2.71 291 -7.9
1900 31.5 1.77 1.75 +1.1
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Table 4.

Sphere phantom: Comparison of the measured and
FDTD-calculated peak 1-g SARs for three spacings each
at 840 and 1900 MHz, radiated power normalized to

0.5 W.

Frequency Betle;gng»e/énll)?gole SAR (Whe) Difference
(MHz) and the Box Measured FDTD (%)
840 5 6.78 6.77 +0.23
840 15 3.41 3.27 +4.22
840 25 1.85 1.68 +9.51
1900 5 17.45 18.01 -3.21
1900 15 4.96 5.05 -1.81
1900 25 1.69 1.77 -4.73

14




Table 5. Sony Model CM-Z200 Cellular Telephone at
Low End Radiation Frequency (Channel 991,
824.04 MHz). Antenna pulled out. The SAR
distribution (in W/kg) measured with a step size of
2 mm for the highest SAR region of the head.

a. At depth of 1 mm

1.096 0.925 0.768 0.723 0.688
1.285 1.230 1.160 1.074 0.886
1.309 1.301 1.288 1.268 1.228
1.355 1.403 1.351 1.272 1.259
1.378 1.417 1.390 1.326 1.314

b. At depth of 3 mm

1.049 0.975 0.873 0.831 0.798
1.147 1.129 1.099 1.065 0.954
1.141 1.143 1.143 1.140 1.123
1.165 1.207 1.168 1.110 1.101
1.184 1.215 1.192 1.143 1.133

c. At depth of 5 mm

0.945 0.952 0.902 0.865 0.840
0.967 0.978 0.981 0.989 0.947
0.940 0.950 0.960 0.969 0.971
0.945 0.980 0.954 0.916 0.912
0.960 0.983 0.965 0.931 0.923

d. At depth of 7 mm

0.841 0.904 0.895 0.866 0.849
0.812 0.843 0.868 0.904 0.910
0.773 0.788 0.805 0.822 0.836
0.766 0.795 0.780 0.757 0.756
0.778 0.796 0.782 0.760 0.755

e. At depth of 9 mm

0.738 0.831 0.852 0.833 0.827
0.683 0.722 0.759 0.808 0.844
0.642 0.659 0.679 0.698 0.719
0.631 0.654 0.647 0.633 0.634
0.639 0.653 0.643 0.630 0.627

15



Table 6. Sony Model CM-Z200 Cellular Telephone
at Low End Radiation Frequency (Channel
991, 824.04 MHz). Antenna retracted.
The SAR distribution (in W/kg) measured with
a step size of 2 mm for the highest SAR region of
the head. _

a. At depth of 1 mm

0.800 1.850 0.871 0.902 0.891
0.951 1.993 1.002 0.989 0.967
0.981 1.032 1.038 1.028 0.998
1.025 1.050 1.053 1.028 0.984
1.000 1.034 1.023 1.023 0.970

b. At depth of 3 mm

0.884 0.938 0.965 1.000 0.994
1.032 1.079 1.093 1.087 1.068
1.067 1.124 1.134 1.128 1.098
1.115 1.145 1.151 1.129 1.088
1.096 1.134 1.127 1.126 1.072

c. At depth of 5 mm

0.780 0.827 0.853 0.885 0.884
0.895 0.936 0.952 0.955 0.941
0.927 0.976 0.990 0.988 0.964
0.969 0.997 1.005 0.990 0.959
0.960 0.994 0.992 0.990 0.948

d. At depth of 7 mm

0.687 0.727 0.752 0.782 0.784
0.777 0.813 0.829 0.840 0.828
0.807 0.849 0.864 0.865 0.846
0.843 0.868 0.877 0.869 0.846
0.841 0.872 0.872 0.871 0.838

e. At depth of 9 mm

0.605 0.640 0.662 0.691 0.694
0.677 0.709 0.725 0.741 0.729
0.705 0.741 0.755 0.759 0.744
0.738 0.759 0.769 0.764 0.746
0.739 0.767 0.768 0.769 0.744
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Table 7. Sony Model CM-Z200 Cellular Telephone
at Midband Radiation Frequency (Channel

383, 836.49 MHz).

Antenna pulled out.

The SAR distribution (in W/kg) measured with
a step size of 2 mm for the highest SAR region of

the head. _

a. At depth of 1 mm

1.217
1.282
1.334
1.350
1.291

1.199
1.282
1.378
1.399
1.317

b. At depth of 3 mm

1.243
1.271
1.307
1.322
1.287

1.255
1.283
1.349
1.363
1.306

c. At depth of 5 mm

1.052

1.044

1.060
1.072
1.063

1.087
1.064
1.093
1.099
1.072

d. At depth of 7 mm

0.887
0.858
0.859
0.869
0.877

0.937
0.882
0.886
0.886
0.880

e. At depth of 9 mm

0.748
0.711
0.705
0.712
0.729

0.803
0.736
0.727
0.725
0.729

1.141
1.263
1.328
1.371
1.328

1.233
1.279
1.308
1.336
1.309

1.101
1.074
1.067
1.078
1.069

0.973
0.900
0.871
0.871
0.873

0.850
0.757
0.720
0.714
0.722
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1.018
1.240
1.248
1.307
1.289

1.162
1.272
1.240
1.281
1.269

1.088
1.083
1.021
1.039
1.035

0.998
0.918
0.842
0.845
0.846

0.894
0.780
0.701
0.697
0.700

0.846
1.217
1.236
1.260
1.267

1.050
1.265
1.227
1.238
1.246

1.048
1.089
1.011
1.008
1.015

1.010
0.935
0.834
0.822
0.828

0.936
0.800
0.697
0.681
0.686



Table 8. Sony Model CM-Z200 Cellular Telephone
at Midband Radiation Frequency (Channel

383, 836.49 MHz).

Antenna retracted.

The SAR distribution (in W/kg) measured with
a step size of 2 mm for the highest SAR region of

the head.

a. At depth of 1 mm

1.269
1.431
1.565
1.600
1.695

1.387
1.530
1.670
1.720
1.776

b. At depth of 3 mm

1.305
1.455
1.566
1.600
1.692

1.424
1.550
1.669
1.712
1.775

c. At depth of 5 mm

1.168
1.290
1.369
1.398
1.477

1.272
1.369
1.456
1.489
1.550

d. At depth of 7 mm

1.038
1.141
1.198
1.222
1.293

1.130
1.206
1.271
1.296
1.354

e. At depth of 9 mm

0.917
1.008
1.051
1.073
1.138

0.997
1.061
1.113
1.134
1.189

1.449
1.587
1.727
1.739
1.802

1.499
1.602
1.724
1.739
1.803

1.349
1.411
1.503
1.519
1.576

1.206
1.241
1.311
1.327
1.379

1.068
1.092
1.148
1.163
1.211
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1.511
1.620
1.722
1.748
1.779

1.563
1.650
1.727
1.752
1.788

1.407
1.465
1.512
1.533
1.570

1.258
1.296
1.323
1.342
1.378

1.116
1.142
1.160
1.178
1.213

1.521
1.582
1.647
1.692
1.730

1.580
1.622
1.664
1.709
1.742

1.426
1.449
1.468
1.507
1.532

1.277
1.289
1.292
1.328
1.348

1.134
1.142
1.137
1.172
1.190



Table 9. Sony Model CM-Z200 Cellular Telephone at
High End Radiation Frequency (Channel 799,
848.97 MHz). Antenna pulled out. The SAR
distribution (in W/kg) measured with a step size of
2 mm for the highest SAR region of the head.

a. At depth of 1 mm

0.887 0.881 0.838 0.752 0.634
0.952 0.945 0.939 0.918 0.905
0.987 1.028 0.992 0.936 0.930
1.014 1.048 1.028 0.982 0.951
0.962 1.025 1.037 1.007 0.994

b. At depth of 3 mm

0.835 0.848 0.833 0.788 0.719
0.868 0.871 0.874 0.867 0.866
0.890 0.925 0.899 0.854 0.851
0.913 0.939 0.923 0.885 0.859
0.885 0.932 0.940 0.911 0.898

c. At depth of 5 mm

0.709 0.737 0.746 0.738 0.717
0.715 0.725 0.735 0.741 0.748
0.724 0.752 0.736 0.705 0.704
0.740 0.759 0.747 0.720 0.701
0.736 0.765 0.769 0.745 0.733

d. At depth of 7 mm

0.601 0.636 0.662 0.679 0.691
0.588 0.602 0.617 0.630 0.644
0.588 0.610 0.602 0.582 0.582
0.601 0.613 0.605 0.587 0.573
0.612 0.628 0.629 0.610 0.599

e. At depth of 9 mm

0.508 0.545 0.579 0.609 0.642
0.488 0.503 0.520 0.536 0.552
0.483 0.502 0.498 0.486 0.487
0.493 0.502 0.497 0.485 0.475
0.514 0.520 0.520 0.505 0.497
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Table 10. Sony Model CM-Z200 Cellular Telephone
Frequency

at

High-End Radiation

(Channel 799, 848.97 MHz).
retracted. The SAR distribution (in W/kg)
measured with a step size of 2 mm for the highest
SAR regiqn of the head.

a. At depth of 1 mm

1.402
1.548
1.601
1.685
1.648

1.510
1.660
1.709
1.744
1.721

b. At depth of 3 mm

1.333
1.450
1.495
1.569
1.545

1.429
1.548
1.592
1.625
1.614

c. At depth of 5 mm

1.179
1.264
1.301
1.362
1.351

1.258
1.345
1.381
1.411
1.411

d. At depth of 7 mm

1.040
1.103
1.133
1.184
1.183

1.105
1.169
1.200
1.226
1.235

e. At depth of 9 mm

0.916
0.965
0.991
1.036
1.040

0.971
1.020
1.047
1.071
1.085

1.560
1.708
1.742
1.760
1.722

1.478
1.594
1.625
1.645
1.620

1.302
1.386
1.412
1.433
1.420

1.144
1.205
1.227
1.249
1.245

1.004
1.051
1.071
1.093
1.096
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1.615
1.698
1.733
1.731
1.732

1.529
1.593
1.621
1.626
1.632

1.347
1.392
1.413
1.423
1.433

1.185
1.215
1.231
1.245
1.258

1.041
1.063
1.077
1.093
1.109

Antenna

1.571
1.621
1.677
1.671
1.661

1.500
1.533
1.579
1.577
1.571

1.332
1.350
1.384
1.386
1.385

1.178
1.186
1.213
1.218
1.221

1.039
1.043
1.066
1.072
1.080



Table 11. Summary of the measured peak 1-g SARs for the Sony Model
CM-Z200 Cellular Telephone for a power amplifier output of

The numbers in parentheses

indicate the number of times the measurements were repeated.

600 mW fed to the antenna.

Low End Midband High End
Channel 991, Channel 383, Channel 799,
Antenna 824.04 MHz 836.49 MHz 848.97 MHz
Wikg Wikg Wikg
Pulled out 0.91 0.91 0.69 (2)
Retracted 0.77 2) 1.28 (4) 1.29
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Fig. 1 a.

The closeup of Sony Model CM-Z200 Cellular Telephone, and
The phantom model used for measurement of the SAR distribution for CM-
72200 Cellular Telephone.
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Fig. 2a. Test for square-law behavior at 840 MHz: Variation of the output
voltage (proportional to IE;|2) for different radiated powers

normalized to 0.1 W.
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Fig. 3a. Test for isotropy: The model shown in Fig. 1 was used with
nominal half wavelength dipole radiator of length 178 mm at 840

MHz.
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Fig. 3b. Test for isotropy: The model shown in Fig. 1 was used with
nominal half wavelength dipole radiator of length 77 mm at 1900
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Fig. 4a. Comparison of the calculated and measured SAR variations for a
box phantom of dimensions 30 X 15 x 50 cm; 840 MHz; A2
dipole antenna; 0.5 W radiated power. Calibration factor for the
Narda Model 8021 probe at 840 MHz = 0.49 (mW/kg)/uV.
Measured for the phantom material & =41.1, ¢ = 1.06 S/m.
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Fig. 4b. Comparison of the calculated and measured SAR variations for a
box phantom of dimensions 30 X 15 x 50 cm for a line AB parallel
to the z axis at a distance y = 7 mm from the surface of the
phantom material; 840 MHz; A/2 dipole antenna; 0.5 W radiated
power. Calibration factor for the Narda Model 8021 probe at 840
MHz = 0.49 (mW/kg)/LV. Measured for the phantom material
g =41.1,0=1.06 S/m.
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Fig. 5a. Comparison of the calculated and measured SAR variations for a
box phantom of dimensions 30 X 15 x 50 cm; 1900 MHz; A/2
dipole antenna; 0.5 W radiated power. Calibration factor for the
Narda Model 8021 probe at 1900 MHz = 0.84 (mW/kg)/uV.
Measured for the phantom material & =45.5, 6 = 1.31 S/m.
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Fig. 5b. Comparison of the calculated and measured SAR variations fora
box phantom of dimensions 30 X 15 x 50 cm for a line AB parallel
to the z axis at a distance y = 7 mm from the surface of the
phantom material; 1900 MHz; A/2 dipole antenna; 0.5 W radiated
power. Calibration factor for the Narda Model 8021 probe at
1900 MHz = 0.84 (mW/kg)/uV. Measured for the phantom

material £, =45.5, ¢ = 1.31 S/m.
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Fig. 6a. Comparison of measured and FDTD-calculated SAR variations at
840 MHz for a glass sphere model of outer diameter 22.3 cm and
thickness 5 mm. SARs normalized to a radiated power of 0.5 W.
Calibration factor = 0.49 (mW/kg)/uLV. Measured for the phantom
material e, = 41.1, 6 = 1.06 S/m.

31



SAR (W/kg)

2.5

0.5

o experimental-
— fdtd

d=5mm

L !

!

L !
-40 -30 -20 -10 0 10 20 30
Axis along the dipole, (mm)

Fig. 6b. Comparison of calculated and measured SAR variations at 840
MHz for a plane at a distance of 20 mm from the lowest point on
the inside of the sphere. SARs normalized to a radiated power of
0.5 W. Calibration factor = 0.49 (mW/kg)/uV. Measured for the
phantom material & = 41.1, 6 = 1.06 S/m.
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Fig. 7a. Comparison of measured and FDTD-calculated SAR variations at
1900 MHz for a glass sphere model of outer diameter 22.3 cm and
thickness 5 mm. SARs normalized to a radiated power of 0.5 W.
Calibration factor = 0.84 (mW/kg)/uV. Measured for the phantom
material €, =45.5,6=1.31S/m.
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Fig. 7b. Comparison of calculated and measured SAR variations at 1900
MHz for a plane at a distance of 20 mm from the lowest point on
the inside of the sphere. SARs normalized to a radiated power of
0.5 W. Calibration factor = 0.84 (mW/kg)/uV. Measured for the
phantom material €, = 45.5, 6 = 1.31 S/m.
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APPENDIX A

"~ An Automated SAR Measurement System for Compliance Testing of
Personal Wireless Devices

Q. Yu, M. Aronsson, D. Wu, and O.P. Gandhi
Department of Electrical Engineering

University of Utah
Salt Lake City, Utah 84112

Abstract

An automated SAR measurement system has been developed for compliance
testing of personal wireless devices. The setup uses a 3-D stepper motor system to move a
Narda Model 8021 E-field probe to measure the SAR distribution inside a head-shaped
tissue-simulant phantom near the radiating device. The head and neck part of the model is
made of an outer shell of 5-7 mm thickness of epoxy laced with KCI solution for losses.
This and the upper part of the torso are filled with a liquid with measured electrical
properties (dielectric constant and conductivity) that are close to those for the brain at the
center frequencies of interest (840 and 1900 MHz). The implantable E-field probe is
calibrated against FDTD-calculated SAR variations for a slab model at AMPS (840 MHz)
and PCS (1900 MHz) frequencies and is checked to have good isotropic characteristics
(0.23 dB) and a wide dynamic range (1 mW/kg - 10 W/kg). The system is validated
using a 223 mm diameter sphere model. Several commercial telephones with different
types of antennas have been measured for 1-g SAR using the system, and excellent

agreement (within = 1dB) with numerical results has been obtained.

Submitted to IEEE Transactions on Electromagnetic Compatibility, March
1998. o




I. - Introduction

The use of cellular telephones and mobile wireless communication systems has
increased dramatically during the past few years. Meanwhile, there is public concern for
safety of RF exposure from these devices. Since the RF exposure is quantified by the
mass-normalized rate of electromagnetic energy absorption or the Specific Absorption
Rate (SAR), the U.S. Federal Communications Commission (FCC) requires that the SAR
values of new personal wireless devices must meet the prescribed RF safety guidelines
[1]. Furthermore, since electromagnetic energy absorbed by the human head depends to a
large extent on the antenna used for the personal wireless devices [2], knowledge of SAR
distributions in the human head can also help the industry to design better antennas to
improve the performance of the wireless transceivers. In this regard we should note that
30-65 percent of the power radiated by the helix-monopole antennas used today is wasted
by absorption in the human head and hand [2] and this could be reduced greatly.

Recent dosimetric studies on the RF exposure to the human body from personal
wireless devices have been carried out by both numerical simulation [3-5] and
experimental measurements [6, 7]. Numerical methods using millimeter resolution
anatomically based human body models and CAD files could simulate the human body
and the cellular phones in much more detail, respectively, thus providing highly accurate
information about the electromagnetic coupling of the radiating device to the human body
(8], but they generally require increasing computational resources (memory and
computation time) for just one test condition of the device [8]. To alleviate this problem,
ljse of the expanding grid FDTD method [9] together with the use of the truncated models

of the head [10] has resulted in savings of memory requirements by factors in excess of



'20 making it possible to compute the high resolution SAR distributions using
workstations instead of parallel computers [11]. Nevertheless, if a device is to be tested
for several orientations relative to the head, an easy, fast experimental procedure with
validated accuracy and repeatability is of interest. The difficulties encountered by the
experimental techniques lie mainly in two aspects: the construction of a validated
phantom model that could accurately simulate electromagnetic coupling to the human
head at least in the context of peak 1-g SAR for compliance testing required by FCC [1],
and a miniature E-field probe which has a wide dynamic range and good isotropy and is
calibrated properly at the AMPS (840 MHz) and PCS (1900 MHz) frequencies. In this
paper, we will present an automated SAR measurement system developed for compliance
testing at both 840 and 1900 MHz. The system is fully automated by a 3D stepper motor
system controlled by a computer, with a miniature implantable E-field probe that is used
to determine spatial SAR variations. The head and neck part of the phantom model is
made of an outer shell of 5-7 mm thickness of epoxy laced with KCl solution for losses.
This and the upper part of the torso are filled with a liquid with measured electrical
properties (dielectric constant and conductivity) close to the average properties of the
brain for white and gray matters at the center frequency of interest. Ten commercial
telephones, five each at 840 and 1900 MHz, with different types of antennas have been
measured for peak 1-g SARs using this system. Agreement with the FDTD-calculated

values using the anatomically-based model of a male adult is within & 1dB.



1I. Experimental Setup and Measurements

A. The Specific Absorption Rate (SAR)

The RF exposure to human body from wireless devices can be quantified by the
Specific Absorption Rate (SAR) which measures the rate at which electromagnetic
energy is absorbed by the exposed tissues. It can be expressed as follows[12]:

SAR = GlE{*/p (1)
where o is the conductivity of the tissue, p is the mass density and E; is the rms value of
the internal electric field. The unit of SAR is Watts per kilogram (W/kg).

Since the SAR is proportional to the square of the local electric field, it can be
determined by measuring the electric field inside the exposed tissue-simulant volume.
Two SAR values are required for compliance testing [1]: the whole body average SAR,
which is the ratio of the total power absorbed by the exposed body to its mass, should be
below 0.08 W/kg, and the spatial peak SAR, as averaged over any of 1-g of tissue, which
should not exceed 1.6 W/kg. Since most mobile telephones have an output power below 1
W, the whole body average SAR is well below the limit of 0.08 W/kg. The peak 1-g
SAR, however, may exceed the safety limit for devices even with fairly low output power

[2]. This therefore, needs to be accurately measured for compliance testing.

B. The Experimental Setup
The diagram of the experimental setup is shown in Fig. 1. A commercial Narda
Model 8021 E-field probe is mounted on a computer-controlled 3D stepper motor system

(Arrick Robotics MD-2A) to determine the SAR distributions inside the phantom tissue.



"The positioning repeatability of the stepper motor system is within #0.1 mm. Outputs
from the three channels of the E-field probe are dc voltages, the sum of which is
proportional to |E;* as well as SAR through Eq. (1). The dc voltages are read by three HP
34401 A multimeters and sent to the computer via HPIB interface. The setup is properly
grounded to reduce noise due to EMI.

The internal surface of the phantom is pre-scanned with a high resolution ( 2x2
mm) so that the computer knows how far it can move the probe in the vertical direction
(z) at each horizontal position (X, y) without breaking the probe. A special program is
written to scan the phantom surface. Before scanning, a thin copper film is first tightly
taped to the internal surface of the phantom, then a metal rod with the same shape and
diameter as the E-field probe is moved by the stepper motor system on the programmed
path to detect the surface, when the metal rod’s tip touches the surface, an electrical
signal is sent to the computer, the computer stops the stepper motor and records the
position (X, y, z). Since the positions of the stepper motor system and the phantom are
relatively stable, pre-scanning of the phantom surface is needed only once for each
phantom model.

The compliance testing procedure includes two steps: a coarser sampling with a
step size of 8.0 mm is done in the first instance to locate the peak SAR region. The
coarser scan area is 4.8 cm x 8.0 cm, with each sampling close to the phantom surface.
The peak SAR region is then sampled with a finer step size of 2.0 mm on a 3D grid over
a 1 cm’ volume cube, a total of 5 x 5 x 5 points are measured. The fine scan data are
brocessed by the computer to give the peak 1-g SAR. The whole testing procedure takes

about 20 minutes with coarser and finer sampling steps taking about 10 minutes each, so



the measurement can be finished within the battery charge life of most personal wireless

devices.

C. The Phantom Model

As shown in Fig. 2, the phantom model used in the setup has dimensions similar
to the upper parts of the human body. The head and neck part of the model is made of an
outer shell of 5-7 mm thickness of epoxy laced with KCl solution for losses. This and the
upper part of the torso are filled with a liquid with measured electrical properties
(dielectric constant and conductivity) close to the average properties of the brain for
white and gray matters at the center frequency of interest. Table 1 shows the desired
tissue properties [13] and the measured electrical properties of the skull- and brain-
simulant materials at 840 and 1900 MHz. The head and neck region of the phantom is
filled with brain simulating liquid materials of compositions given in Table 2. The model
also has shoulders and chest, which are filled with a semi-solid composition of water,
salt, polyethylene powder, and a gelling agent TX151 that simulates the dielectric
properties equivalent to those of two-thirds muscle. The same material is used to fill a
thin surgical rubber glove to create the shape of the hand. As shown in Fig. 2, the “hand *
thus created is used to hold the cellular telephone which is positioned against the
phantom head along the line connecting the ear canal and the mouth of the phantom. This
is done in order to load the handset similar to the dielectric loading provided by the hand
in actual use of a hand-held wireless device.

Two different fluids of compositions given in Table 2 are used to simulate the

average dielectric properties of the brain at 840 and 1900 MHz. The clear fluid used at



840 MHz is a composition of water, sugar, salt, and a gelling agent HEC proposed by
Hartsgrave et al [14]. Even without salt, this composition has an electrical conductivity ¢
= 1.65 S/m which is considerably higher than ¢ = 1.29 S/m needed to simulate the
average properties for the brain at 1900 MHz [13]. Thus we have developed another
liquid brain simulating material for SAR measurements at 1900 MHz. The composition
of this material is also given in Table 2. The dielectric properties of this material were
measured using a HP 85070B dielectric probe measurement system and are given in
Table 2. The brain-simulant composition for use at 1900 MHz has shown a very good
long term stability (Table 3) when it is properly sealed after measurements to minimize

the vaporization of water.

D. The E-field Probe

The non-perturbing implantable E-field probe used in the setup was originally
developed by Bassen et al [15] and is now manufactured by L3/Narda Microwave
Corporation, Hauppauge, New York as Model 8021 E-field probe. In the probe, three
orthogonal miniature dipoles are placed on a triangular beam substrate. Each dipole is
loaded with a small Schottky diode and connected to the external circuitry by high
resistance (2 MSQ *+ 40%) leads to reduce secondary pickups. The entire structure is then
encapsulated with a low dielectric constant insulating material. The probe thus
constructed has a very small (4 mm) diameter, which results in a relatively small

perturbation of the internal electric field.



‘Test for Square Law Region

It is necessary to operate the E-field probe in the square law region for each of the
diodes so that the sum of the dc voltage outputs from the three dipoles is proportional to
the square of the internal electric field (IEi). Fortunately the personal wireless devices
induce SARs that are generally less than 5-6 W/kg even for closest locations of the head
[2]. For compliance testing it is therefore necessary that the E-field probe be checked for
square law behavior for SARs up to such values that are likely to be encountered. Such a
test may be conducted using a canonical lossy body such as a rectangular box or a sphere
irradiated by a dipole. By varying the radiated power of the dipole, the output of the
probe should increase linearly with the applied power for each of the test locations.

Shown in Figs. 3a, 3b are the results of the tests performed to check the square
law behavior of the E-field probe used in our setup at 840 and 1900 MHz, respectively.
For these measurements we have used a rectangular box of dimensions 30 x 15 x 50 cm
that was irradiated by the corresponding half wave dipoles with different amounts of
radiated powers from 200-800 mW. Since the dc voltage outputs of the probe are fairly
similar when normalized to a radiated power of 100 mW, the square law behavior is
demonstrated and an output voltage that is proportional to IEjl* is obtained within + 3

percent.

Test for Isotropy of the probe

Another important characteristic -of the probe that affects the measurement
accuracy is its isotropy. Since the orientation of the induced electric field is generally

unknown, the E-field probe should be relatively isotropic in its response to the orientation



‘of the E-field. Shown in Figs. 4a, 4b are the test results of the E-field probe used in our
setup at 840 and 1900 MHz, respectively. The previously described box phantom of
dimensions 30 x 15 x 50 cm along X, y and z dimensions, respectively, was also used for
these measurements. This phantom was filled to a depth of 15 cm with brain-simulant
materials (Table 2). The E-field probe was rotated around its axis from 0 to 360° in
incremental steps of 60°. An isotropy of less than £0.23 dB( +5.5%) was observed for this

E-field probe both at 840 and 1900 MHz.

Calibration of the E-field Probe

Since the voltage output of the E-field probe is proportional to the square of the
internal electric field (IE;), from the definition of SAR (Eq. 1), the SAR is therefore
proportional to the voltage output of the E-field probe by a proportionality constant C.
The constant C is defined as the calibration factor, and is frequency and material
dependent. It is measured to calibrate the probe at the various frequencies of interest
using the appropriate tissue-simulating materials for the respective frequencies.

Canonical geometries such as waveguides, rectangular slabs and layered or
homogeneous spheres have in the past been used for the calibration of the implantable E-
field probe [16-18]. Since the Finite Difference Time Domain (FDTD) has been carefully
validated to solve electromagnetic problems for a variety of geometries [19, 20], we were
able to calibrate the Narda E-field probe by comparing the measured variations of the
probe voltage (= IE;I*) against the FDTD-calculated variations of SARs for a box phantom
of dimensions 30 x 15 x 50 cm used previously for the data given in Figs. 3 and 4,

respectively. For these measurements we placed the nominal half-wave dipoles of lengths



178 mm and 77 mm at 840 and 1900 MHz, respectively, at several distances d (see
inserts of Figs. 5a, 5b and 6a, 6b) from the outer surface of the acrylic (g, = 2.56) box of
thickness 6.55 mm. Shown in Figs. 5a, 5b and 6a, 6b are the comparisons between the
experimentally measured and FDTD-calculated variations of the SAR distributions for
this box phantom. Since there are excellent agreements between the calculated SARs and
the measured variations of the voltage output of the E-field probe for four different
separations d of the half wave dipoles at each of the two frequencies, it is possible to
calculate the calibration factors at the respective frequencies. For the Narda Model 8021
E-field probe used in our setup, the calibration factors are determined to be 0.49 and 0.84

(mW/kg)/uV at 840 and 1900 MHz, respectively

III.  Experimental Results: Canonical Problems

To further validate the system, it has been used to measure the peak 1-g SAR for
the above-mentioned box phantom and a glass sphere model of thickness 5 mm, external
diameter = 223 mm and dielectric constant g = 4.0. This sphere model is once again filled
with the corresponding brain-simulant fluids of compositions given in Table 2. Shown in
Figs. 7a, 7b and 8a, 8b are the measured and FDTD-calculated SAR distributions inside
the sphere for various separations d between the dipole and the sphere (see insert for Figs.
7, 8). Comparison of the measured and FDTD-calculated peak 1-g SARs for both
phantom geometries are given in Table 4 and S, respectively. As can be seen, the
agreement between experimental measurement and numerical simulation is excellent and

generally within + 10 percent for both rectangular and spherical phantoms.



" Since the dipole sensors of the Narda Model 8021 E-field probe used for SAR
measurements are recessed about 4 mm from the tip of the probe, it is necessary to use an
extrapolation subroutine to obtain the SARs at the internal surface for both of these
phantoms as these are generally the highest and contribute the most to the peak 1-g SAR.
A second order polynomial obtained by using the least mean square error method to fit
the measured data was used to extrapolate the SARs to the phantom surface in our
measurements. As shown in Figs. 5a, 6a, the results are satisfactory compared to the

FDTD simulations.

IV.  SAR Measurements for Cellular Telephones

The automated setup shown in Fig. 2 has been used for the testing of ten
commercial personal wireless devices five each at 835 and 1900 MHz, respectively.
Given in Table 6 is the comparison of the numerical and measured peak 1-g SARs for
these devices using our experimental phantom model and the FDTD-based numerical
procedure used for calculations of SAR distributions for an anatomically-based model of
the head of an adult male. The measured and calculated SARs for the ten telephones
which have quite different operational modes (TDMA, CDMA, etc.) and antenna
structures (helical, monopole, or helix-monopole) vary from 0.13 to 5.41 W/kg. Even
though widely different peak 1 g SARs are obtained because of the variety of antennas
and handsets, agreement between the calculated and the measured data is excellent and
generally within & 20% (£ 1 dB). This is particularly remarkable since an MRI-derived,
i6-tissue anatomically-based model of the adult human head is used for FDTD

calculations and a relatively simplistic two tissue phantom model is used for experimental



‘peak '1-g SAR measurements. It is interesting to note that even though the dielectric
properties of the external shell (Fig. 2) are not as high as for human skull ( see Table 1),

the peak 1-g SARs obtained with this experimental phantom model are quite accurate.

V. Conclusions

An automated SAR measurement system has been developed with a dynamic
range (ImW/kg to 10W/kg) suitable for the compliance testing of personal wireless
devices. With a miniature Narda E-field probe, the system provides accurate
measurements at 840 MHz as well as 1900 MHz. Besides the peak 1-g SAR, the system
also gives the SAR distributions for any radiating device, thus providing information for
better antenna design.

The E-field probe is a crucial part of the system. The accuracy of measurement
can be further improved by using probes with still smaller size, better isotropy and less
sensor offset from the tip. The dielectric properties of the various tissues for a
heterogeneous phantom have been well established and recognized, however, since the
SAR measurements are very sensitive to the geometric shape and size of the phantom
model, it would be desirable to standardize the phantom model for consistent and
comparable testing results. Before a phantom model can be considered to be acceptable, it
should be validated, as in Table 6, for accuracy relative to realistic anatomically-based

models of the human body.
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Figure Captions

Figure 1: Block diagram of the experimental setup of the automated SAR measurement
system.

Figure 2: Phantom model used in the automated SAR measurement system.

Figure 3a: Test for square-law behavior at 840 MHz: Variation of the output voltage
(proportional to IE;l®) for different radiated powers normalized to 0.1 W.

Figure 3b: Test for square-law behavior at 1900 MHz: Variation of the output voltage
(proportional to IE;l*) for different radiated powers normalized to 0.1 W.

Figure 4a: Test for isotropy: The model shown in Figure 2 was used with nominal half
wavelength dipole radiator of length 178 mm at 840 MHz.

Figure 4b: Test for isotropy: The model shown in Figure 2 was used with nominal half
wavelength dipole radiator of length 77 mm at 1900 MHz.

Figure 5a: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm; 840 MHz; A/2 dipole antenna; 0.5 W radiated
power. Calibration factor for the Narda Model 8021 probe at 840 MHz = 0.49
(mW/kg)/uV. Measured for the phantom material g, = 41.1, 6 = 1.06 S/m.

Figure 5b: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm for a line AB parallel to the z axis at a distance y
=7 mm from the surface of the phantom material; 840 MHz; A/2 dipole antenna; 0.5 W
radiated power. Calibration factor for the Narda Model 8021 probe at 840 MHz = 0.49
(mW/kg)/uV. Measured for the phantom material e, = 41.1, 6 = 1.06 S/m.

Figure 6a: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm; 1900 MHz; A/2 dipole antenna; 0.5 W radiated
power. Calibration factor for the Narda Model 8021 probe at 1900 MHz = 0.84
(mW/kg)/uV. Measured for the phantom material g, = 45.5, 6 = 1.31 S/m.

Figure 6b: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm for a line AB parallel to the z axis at a distance y
=7 mm from the surface of the phantom material; 1900 MHz; A/2 dipole antenna; 0.5 W
radiated power. Calibration factor for the Narda Model 8021 probe at 1900 MHz = 0.84
(mW/kg)/uV. Measured for the phantom material g, =45.5, 6 = 1.31 S/m.

Figure 7a:  Comparison of measured and FDTD-calculated SAR variations at 840 MHz
for a glass sphere model of outer diameter 22.3 cm and thickness 5 mm. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.49 (mW/kg)/uV.
Measured for the phantom material e, =41.1, 6 = 1.06 S/m.
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Figure 7b:  Comparison of calculated and measured SAR variations at 840 MHz for a
plane at a distance of 20 mm from the lowest point on the inside of the sphere. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.49 (mW/kg)/uV.
Measured for the phantom material ¢, =41.1, o = 1.06 S/m.

Figure 8a: Comparison of measured and FDTD-calculated SAR variations at 1900 MHz
for a glass sphere model of outer diameter 22.3 cm and thickness 5 mm. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.84 (mW/kg)/uV.
Measured for the phantom material €, = 45.5, o = 1.31 S/m.

Figure 8b:  Comparison of calculated and measured SAR variations at 1900 MHz for a
plane at a distance of 20 mm from the lowest point on the inside of the sphere. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.84 (mW/kg)/uV.
Measured for the phantom material €, = 45.5, o = 1.31 S/m.
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Table Captions

Table 1: The desired tissue properties and the measured electrical properties of the
tissue-simulant materials for the phantom model.

Table 2: Composition used for brain equivalent materials.
Table 3: Long term stability of the phantom material at 1900 MHz.

Table 4: Box phantom: Comparison of the measured and FDTD-calculated peak 1-g
SAR:s for four spacings each at 840 and 1900 MHz, radiated power normalized to 0.5 W.

Table 5:  Sphere phantom: Comparison of the measured and FDTD-calculated peak 1-g
SARs for three spacings each at 840 and 1900 MHz, radiated power normalized to 0.5 W.

Table 6:  Comparison of the experimentally measured and FDTD-calculated peak 1-g
SARs for ten commercial wireless devices, five each at 835 and 1900 MHz, respectively.
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Figure 1 ~Block diagram of the experimental setup of the automated SAR measurement system
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Phantom mode] useq in the automated SAR measurement system.



Table 1 The desired tissue properties and the measured electrical properties
of the tissue-simulant materials used for the phantom model.

Desired” Measured
& o (S/m) € o (S/m)

840 MHz
Brain 45.3 0.92 41.1x1.4 1.06 £0.05
Skull 17.4 0.25 7.4 0.16

1900 MHz
Brain 432 1.29 455+ 1.7 1.31 £0.06
Skull 16.4 0.45 7.4 0.34

*From C. Gabriel [13]



Table 2 Compositions used for brain-equivalent materials

840 MHz 1900 MHz
Water 40.4% Water 60.0%
Sugar 56.0% Sugar 18.0%
Salt (NaCl) 2.5% PEP 20.0%
HEC 1.0% Salt (NaCl) 0.4%
TX 151 1.6%
g=41.1+14 g=455+1.7

0 =1.06%0.05 S/m

0=1.31%£0.06S/m




Table 3 Long Term Stability of the phantom material at 1900 MHz

Day e, G (S/m)
| 462+ 1.1 1.35+0.03
7 449+ 1.7 1.29 £ 0.06

15 442+ 1.8 1.25+0.05
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Table 6. Comparison of the experimentally measured and FDTD-calculated
peak 1-g SARs for ten commercial wireless devices, five each at
835 and 1900 MHz, respectively.

Time-Averaged Experimental Numerical
Radiated Power Method W/kg Method
mW Wikg
Cellular
Telephones at
835 MHz
Telephone A 600 4.02 3.90
Telephone B 600 541 4.55
Telephone C 600 4.48 3.52
Telephone D 600 3.21 2.80
Telephone E 600 0.54 0.53
PCS Telephones
at 1900 MHz
Telephone A 125 1.48 1.47
Telephone B 125 0.13 0.15
Telephone C 125 0.65 0.81
Telephone D 125 1.32 1.56
Telephone E 99.3 1.41 1.25
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Figure 3a: Test for square-law behavior at 840 MHz: Variation of the output voltage
(proportional to IE;l%) for different radiated powers normalized to 0.1 W.
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Figure 3b: Test for square-law behavior at 1900 MHz: Variation of the output voltage
(proportional to IE;) for different radiated powers normalized to 0.1 W.
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Output of the probe (uV), normalized to 100 mW
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Figure 4a: Test for isotropy: The model shown in Figure 2 was used with nominal half
wavelength dipole radiator of length 178 mm at 840 MHz.
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Figure 4b: Test for isotropy: The model shown in Figure 2 was used with nominal half
wavelength dipole radiator of length 77 mm at 1900 MHz.



— fdtd

O  experimental

M -~ - extrapolation

1 It ! ! 1 1

i}
0 2 4 6 8 10 12 14 16 18
Distance y from the surface of the phantom material (mm)

Figure 5a: Comparison of the calculated and measured SAR variations for a box

phantom of dimensions 30 x 15 x 50 cm; 840 MHz; A/2 dipole antenna; 0.5 W radiated
power. Calibration factor for the Narda Model 8021 probe at 840 MHz = 0.49
“(mW/kg)/uV. Measured for the phantom material e, = 41.1, ¢ = 1.06 S/m.
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Figure 5b: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm for a line AB parallel to the z axis at a distance y
=7 mm from the surface of the phantom material; 840 MHz; /2 dipole antenna; 0.5 W
radiated power. Calibration factor for the Narda Model 8021 probe at 840 MHz = 0.49
(mW/kg)/uV. Measured for the phantom material &, =41.1, 6 = 1.06 S/m.
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Figure 6a: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm; 1900 MHz: /2 dipole antenna; 0.5 W radiated
power. Calibration factor for the Narda Model 8021 probe at 1900 MHz = 0.84
(mW/kg)/uV. Measured for the phantom material €, = 45.5, 6 = 1.31 S/m.
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Figure 6b: Comparison of the calculated and measured SAR variations for a box
phantom of dimensions 30 x 15 x 50 cm for a line AB parallel to the z axis at a distance y
=7 mm from the surface of the phantom material; 1900 MHz; A/2 dipole antenna; 0.5 W
radiated power. Calibration factor for the Narda Model 8021 probe at 1900 MHz = 0.84
(mW/kg)/uV. Measured for the phantom material €, = 45.5, 6 = 1.31 S/m.
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Figure 7a:  Comparison of measured and FDTD-calculated SAR variations at 840 MHz
for a glass sphere model of outer diameter 22.3 c¢cm and thickness 5 mm. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.49 (mW/kg)/uV.
Measured for the phantom material g, = 41.1, 6 = 1.06 S/m.
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Figure 7b:  Comparison of calculated and measured SAR variations at 840 MHz for a
plane at a distance of 20 mm from the lowest point on the inside of the sphere. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.49 (mW/kg)/uV.
Measured for the phantom material €, =41.1, ¢ = 1.06 S/m.
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Figure 8a: Comparison of measured and FDTD-calculated SAR variations at 1900 MHz
for a glass sphere model of outer diameter 22.3 cm and thickness 5 mm. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.84 (mW/kg)/uV.
Measured for the phantom material g, = 45.5, 6 = 1.31 S/m.
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Figure 8b:  Comparison of calculated and measured SAR variations at 1900 MHz for a
plane at a distance of 20 mm from the lowest point on the inside of the sphere. SARs
normalized to a radiated power of 0.5 W. Calibration factor = 0.84 (mW/kg)/uV.
Measured for the phantom material g, = 45.5, 6 = 1.31 S/m.



