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SAR COMPLIANCE TESTING OF AMBIT MODEL T60H 677.03 802.11a MINI PCI BUILT
INTO ACER TRAVELMATE 660 NOTEBOOK COMPUTER

FCC ID# MCLT60H6773

Host Computer: Acer TravelMate 660, S/N: QCHCQS31400011

I. Introduction

We have used the measurement procedures outlined in FCC Supplement C (Edition 97-
01) to OET Bulletin 65 [1] and an updated version of the same [2] for evaluating compliance of
the Ambit Model T60H 677.03 Mini PCI (FCC ID#MCLT60H6773) built into Acer TravelMate
660 Notebook Computer. Two photographs of the Acer TravelMate 660 Notebook Computer
with Ambit Model T60H 677.03 Mini PCI built in it are given in Figs. 1a, b, respectively. Given
in Figs. 2 and 3 are the photographs of the Acer TravelMate 660 Notebook Computer illustrating
the locations of the right and left side antennas “A” and “B”, respectively. From Figs. 2 and 3,
it can be seen that both of the antennas are very different from each other. Furthermore, whereas
the right-side antenna “A” is built into the space occupied by joint between the base and the
screen, the left-side antenna “B” is built at the bottom of the display screen. Also to be noted is
that both of these antennas are several centimeters away from the two edges of the PC.

The Ambit Model T60H 677.03 PCI 802.11a antennas operate over the frequency band
5.15-5.81 GHz in the normal mode with conducted powers that are given in Table 1.

For SAR measurements, three configurations of the wireless PC relative to the
experimental phantom have been used. These are as follows:

a. Configuration 1 is for the wireless PC placed on a user's lap. For this configuration, a
planar phantom model with inside dimensions 12" x 16.5" (30.5 x 41.9 cm) and a base
thickness of 2.0 + 0.2 mm (recommended in [2]) was used for SAR measurements and
the bottom side of each of the laptop computer shown in Fig. 1b was pressed against it
(see Fig. 4a). For this configuration, since the left-side antenna “B” located at the bottom

of the display scan is considerably further from the phantom (see Fig. 3), the SARs were



extremely low close to the noise level of the measuring system (estimated to be on
the order of 0.02 W/kg).

b. Configuration 2 — Edge-on position. This corresponds to a bystander standing next to
right or left edges of the PC. For this configuration, the PC is placed at 90° with the right
or the left edge of the PC pressed against the bottom of the planar phantom (see Fig. 4b
for the left edge placement). Here too, since both of the antennas “A” and “B” are
several centimeters away from the proximal edges, the SARs were too low to measure
and within the noise level of the measuring system (< 0.02 W/kg).

c. Configuration 3 — Edge-on position. This corresponds to the case of a bystander behind
the PC screen with separation of 0 cm from the PC edge. This configuration was selected
since antennas “A” and “B” are built close to the back edge of the PC. For SAR
measurement for this configuration, the PC was placed with the broader back edge of the
host computer at 90° pressed against the bottom of the planar phantom with separation of

0 cm (see Fig. 5).

II. The SAR Measurement System

The University of Utah SAR Measurement System has been described in peer-reviewed
literature [3]. A photograph of the SAR Measurement System is given in Fig. 6. This SAR
Measurement System uses a computer-controlled 3-D stepper motor system (Arrick Robotics
MD-2A). A triaxial Narda Model 8021 E-field probe is used to determine the internal electric
fields. The positioning repeatability of the stepper motor system moving the E-field probe 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 the square of the internal electric fields (|El|2) from which the SAR
can be obtained from the equation SAR = 0'(|E,-|2 ) / p, where ¢ and p are the conductivity and
mass density of the tissue-simulant materials, respectively [4]. The dc voltages for the three
channels of the E-field probe are read by three HP 34401A multimeters and sent to the computer

via an HPIB interface. The setup is carefully grounded and shielded to reduce the noise due to



the electromagnetic interference (EMI). A cutout in a wooden table allows placement of a
plastic holder (shown in Fig. 7) on which the laptop computer with the 802.11a wireless
antennas (see Fig. 1) is supported. The plastic holder (see Fig. 7) can be moved up or down so
that the base of the PC (for Configuration 1) is pressed against the base of the flat phantom for
determination of SAR for Above-lap position (see Fig. 4a). Similarly, for "Edge-On" SAR
determination, Configuration 2, the laptop computer is mounted sideways (at 90°) on the plastic
holder and moved up so that the right or left edge is pressed against the bottom of the flat
phantom (see Fig. 4b). A second bystander (Configuration 3) where an individual may be
behind the PC screen at a distance of 0 cm from the broader back edge of the PC (see Fig. 5) was

also used for SAR measurements.
The Flat Phantom

As recommended in Supplement C Edition 01-01 to OET Bulletin 65 [2], a planar
phantom model with inside dimensions 12" x 16.5" (30.5 % 41.9 cm) and base thickness

2.0 £ 0.2 mm was used for SAR measurements (see Figs. 4 and 5).

III. Calibration of the E-Field Probe

The IEEE Standard P1528 [5] suggests a recommended procedure for probe calibration
(see Section 4.4.1 of [5]) for frequencies above 800 MHz where waveguide size is manageable.
Calibration using an appropriate rectangular waveguide is recommended. As in some previously
reported SAR measurements at 6 GHz [4], we have calibrated the Narda Model 8021 Miniature
Broadband Electric Field Probe of tip diameter 4 mm (internal dipole dimensions on the order of
2.5 mm) using a rectangular waveguide WR 159 (of internal dimensions 1.59 % 0.795 inches)
that was filled with the tissue-simulant fluid of composition given in Section V (see Figs. 6a, b).
The triaxial (3 dipole) E-field probe shown in Fig. 9 was originally developed by Howard Bassen
and colleagues of FDA and has been manufactured under license by Narda Microwave
Corporation, Hauppage, New York. The probe is described in detail in references 6 and 7. It

uses three orthogonal pick up dipoles each of length about 2.5 mm offset from the tip by 3 mm,



each with its own leadless zero voltage Schottky barrier diode operating in the square law
region. The sum of the three diode outputs read by three microvoltmeters [3] gives an output
proportional to E2. By rotating the probe around its axis, the isotropy of the probe was measured
to be less than & 0.23 dB and the deviation of the probe from the square law behavior was less
than + 3%.

As suggested in the IEEE Standard P1528, the waveguide (WR 159) filled with the
tissue-simulant fluid was maintained vertically. From microwave field theory [see e.g. ref. §],
the transverse field distribution in the liquid corresponds to the fundamental mode (TE;g) with
an exponential decay in the vertical direction (z-axis). The liquid level was 15 cm deep which is
deep enough to guarantee that reflections from the top liquid surface do not affect the calibration.
By comparing the square of the decaying electric fields expected in the tissue from the analytical
expressions for the TEj( mode of the rectangular waveguide, we obtained a calibration factor of
2.98 (mW/kg)/nV with a variability of less than + 2% for measurement frequencies of 5.25 and
5.8 GHz, respectively. This is no doubt due to a fairly limited frequency band of only 0.55 GHz
out of a recommended bandwidth of 2.2 GHz for the TE;p mode for the WR159 waveguide
(recommended band of 4.9-7.1 GHz -- see e.g. ref. 8) and the fact that the bandwidth of 550
MHz for the entire set of measurements is on the order of + 5% of the midband frequencies.

The date for the calibration of the E-field probe closest to the SAR tests given here was
September 3, 2003.

To verify that the probe calibration conducted for the 802.11a band with CW signals is
also valid for modulated signals used for the Mini PCI, two procedures have been used. These

are described in Appendix A.

IV. SAR System Verification

It is very difficult to develop half wave dipole antennas for use in the 5.2 to 5.8 GHz
band both because of fairly small dimensions and the resulting dimensional tolerances, and

relatively narrow bandwidths of the required baluns — balanced-to-unbalanced transformers. On



the other hand, waveguides are broadband with simultaneous bandwidths larger than 1-2 GHz
and fairly easy to use for frequencies in excess of 3 GHz. As shown in Fig. 10, we have,
therefore, developed a system verification system by using an open-ended, air-filled waveguide
as an irradiation system placed at a distance of 8 mm below the base of the planar phantom (10
mm from the lossy fluid in the phantom). For this application, we have set up a WR 187
rectangular waveguide of internal dimensions 1.872" x 0.872" that is fed with microwave power
from a Hewlett Packard Model 83620A Synthesized Sweeper (10 MHz-20 GHz). The operating
(TE;p mode) band of this waveguide is from 3.95 to 5.85 GHz. The microwave circuit
arrangement used for system verification is sketched in Fig. 11. When placed at a distance of 8
mm from the base of the planar phantom, the reflection coefficient is about 10-20%. As seen in
Fig. 10, even this relatively small amount of reflection has been reduced to less than 0.5% by
using a movable slide-screw waveguide tuner (Narda Model 22CI). The measured SAR
distributions for peak 1-g SAR region using this system at 5.25 and 5.80 GHz for the day of SAR
measurements September 3, 2003, are given in Appendix B. Also given in Appendix B are the
waveguide SAR plots for this date of SAR measurements. The peak 1-g SARs measured for 100
mW of radiated power for 5.25 and 5.80 GHz are 3.610 and 4.020 W/kg, respectively. The
measured 1-g SARs are in excellent agreement with the FDTD-calculated 1-g SARs for this
waveguide of 3.580 and 3.946 W/kg at 5.25 and 5.80 GHz, respectively. Also as expected, the
measured SAR plots in Appendix B are quite symmetric at both of the irradiation frequencies.
For FDTD-calculations of the SAR distributions for the WR187 rectangular waveguide
irradiation system, we have used the dielectric properties for the phantom given in Table 2 that
have been taken from [2]. Using a resolution of 0.5 mm for the FDTD cells, the calculated
variations of the SAR distributions are given in Figs. 12a, b as a function of height above the
bottom surface of the phantom. From Figs. 12a, b, it is obvious that the penetration of
electromagnetic fields in the 5.2-5.8 GHz range is extremely shallow. The calculated depths of
penetration corresponding to 1/e*-reduction of SAR (13.5% of the SAR at the surface) are only

6.85 and 5.95 mm at 5.25 and 5.8 GHz, respectively. Both of these depths of penetration for this



near-field exposure system are very similar to those obtained for plane wave irradiation at these
frequencies (7.15 mm for 5.25 GHz and 6.25 mm for 5.8 GHz).

Also shown in Figs. 12a, b are the SAR variations measured for this waveguide exposure
system at depths of 4, 6, 8, 10, 12, and 14 mm in the tissue-simulant fluid. We tried second-,
third-, fourth-, and fifth-order polynomial least-square fits to extrapolate the measured SARs to
depths of 1, 3,5, 7, and 9 mm. As seen in Figs. 12a, b, the fourth-order polynomial provides an
excellent agreement with the FDTD-calculated in-depth variation of SAR both at 5.25 and 5.8
GHz. Also as aforementioned, the peak 1-g SARs thus obtained for 100 mW of radiated power
for 5.25 and 5.80 GHz of 3.610 and 4.020 W/kg are extremely close to the FDTD-calculated 1-g

SARs for this waveguide of 3.580 and 3.946 W/kg at the two frequencies, respectively.

V. Tissue Simulant Fluid for the Frequency Band 5.2 to 5.8 GHz
In OET 65 Supplement C [2], the dielectric parameters suggested for body phantom are

given only for 3000 and 5800 MHz. These are listed in Table 2 here. Using linear interpolation,
we can obtain the dielectric parameters to use for the frequency band between 5.25 to 5.8 GHz.
The desired dielectric properties thus obtained are also given in Table 2. From Table 2, it can be
noticed that the desired dielectric constant g, varies from 48.2 to 49.0 which is a variation of less
than + 1% from the average value of 48.6 for this band. Also the conductivity ¢ varies linearly
with frequency from 5.3 to 6.00 S/m.

No tissue-simulant fluids have been suggested in any of the existing standards or draft
standards [2, 5, 9, 10]. Because of this limitation, some of the standards are only written for
frequencies up to 3 GHz [e.g. refs. 5, 9]. During the last several months, we have looked at over
40 liquid mixtures of the following broad categories to decide on a fluid that would give the peak
1-g SAR for 802.11a antennas operating at frequencies 5.15 to 5.35 and 5.745 to 5.845 GHz that
are comparable to those obtained for the FCC-recommended dielectric properties [2]. The

categories of fluids studied for determination of dielectric properties (€', €") using Hewlett



Packard Model 85070B Dielectric Probe and the latest software 85070d provided by the

company are:

Deionized water.

Deionized water and HEC mixtures (with HEC being 1-4%).
Deionized water, polyethylene powder (PEP) and HEC mixtures.
Mannitol, deionized water, HEC mixtures.

Sugar, deionized water, HEC mixtures.

o a0 o

The screen-dumps for some of the representative fluids studied are given in Appendix C,
Figs. C.1-C.5, respectively. For each of the cases, the conductivity ¢ for the fluid may be
obtained by multiplying &" by we, where w=2nfand ¢, is the permittivity of free space,
8.854 x 107"* F/m. The measured ¢, ¢ thus determined for frequencies of 5.25 and 5.8 GHz
typical of 802.11a band are given in Table 3. Looking at Table 3, it is clear that the dielectric
properties for pure deionized water are undesirable (the dielectric constant is too high even
though the conductivities ¢ are no more than 10% larger than the desired values); the deionized
water/PEP/HEC mixture and mannitol/water/HEC combinations are quite acceptable with
dielectric constants within 1-3% and conductivities within 6-12% of the desired values.
However, these two fluids have an undesirable feature that they are not transparent. The
sugar/water/HEC mixture, on the other hand, is transparent. While giving the dielectric
constants €' that are within 1-3% of the desired values, the conductivity of this otherwise
desirable fluid is about 27-30% higher than the desired values.

It was decided to determine SAR distributions and peak 1-g SARs for the three somewhat
desirable fluids marked 3, 4, and 5 using an open-ended waveguide (WR187) as an irradiator that
has been proposed for SAR system validation [11, attached as Appendix D]. Given in Table 4
are the peak 1-g SARs determined for fluids 3, 4, and 5 (of Table 3). Also given for comparison
is the FDTD-calculated values both at 5.25 and 5.8 GHz using an FDTD-grid size of 0.5 mm for
the dielectric properties recommended by FCC (&'=48.9, 6 = 5.36 S/m for 5.25 GHz; &' =48.2,
o = 6.00 S/m at 5.8 GHz). It is most interesting to note that in spite of up to 30% higher
conductivity for the sugar/water/HEC fluid 5 (of Table 3), the peak 1-g SAR is within + 1.5% of



that for the FCC-recommended dielectric properties [2] both at 5.25 and 5.86 Hz. This result
was most surprising and led us to a detailed study of the effect of dielectric properties on the
peak 1- and 10-g SAR for the 802.11a frequencies described as a part of the paper that has been
accepted for publication in /EEE Transactions on Electromagnetic Compatibility [12, attached as
Appendix E]. In this study, we have taken conductivities that are up to 150% of the values
recommended by FCC [2] at 5.25 and 5.8 GHz to show that the peak 1-g SARs vary by no more
than + 2% for typical near-field sources such as a waveguide and a microstrip antenna of
dimensions typical of 802.11a antennas (see Tables 1, 2 of Appendix E). As explained in [12],
this is due to higher surface SAR but shallower depth of penetration of EM fields for the higher
conductivity media resulting in nearly identical SARs for cubical volumes associated with 1- or
10-g of tissue, respectively. This point is illustrated in Figs. 13 and 14 for 5.25 and 5.8 GHz,

respectively.

VI. The Measured SAR Distributions

The RF power outputs measured for the Acer TravelMate Model 660 PC for the normal
mode used with this PC are given in Table 1. For SAR measurements, we selected frequencies
of 5.20, 5.33, and 5.81 GHz. The various frequencies were selected both for their highest power
outputs as well as to cover the three different frequency bands planned for this PC. As
recommended in Supplement C, Edition 01-01 [2], the stability of the conducted power was
determined by repeated SAR measurements at the same location for each of the selected
channels. The variability of the SAR thus determined for three repeated measurements over a
60-minute time period was within + 0.1 dB (£ 2.5%).

The highest SAR region for each of the measurement frequencies was identified in the
first instance by using a coarser sampling with a step size of 8.0 mm over three overlapping areas
for a total scan area of 11.2 X 19.2 cm. The data thus obtained was resolved into a 4 x 4 times
larger grid i.e. a grid involving 56 x 96 points by linear interpolation using a 2 mm step size.

After thus identifying the region of the highest SAR, the SAR distribution was then measured



with a resolution of 2 mm in order to obtain the peak 1 ¢cm3 or 1-g SAR. The SAR
measurements were performed at 4, 6, 8, 10, 12 mm height from the bottom surface of the body-
simulant fluid. The SARs thus measured were extrapolated using a fourth-order least-square fit
to the measured data to obtain the SAR variation correctly for the 802.11a frequencies of 5.2 to
5.8 GHz [11, attached as Appendix D]. This allowed us to obtain SAR values at 1, 3, 5, 7 and
9 mm height that were used to obtain 1-g SARs. The uncertainty analysis of the University of
Utah SAR measurement system is given in Appendix F. The combined standard uncertainty is +
8.3%.

As determined by the coarse scans, the highest SAR region was invariably found for the
5.6 x 8.0 cm area in close proximity to the radiating antenna “A” or “B”, respectively. Because
of the larger separation of the left-side antenna “B” on the order of several centimeters for the
“Above-lap” Configuration 1 and of both of the antennas for the “Edge-On” Configuration 2, the
SARs were very low and within the noise limit of the SAR measurement system (< 0.02 W/kg).
For other configurations, the coarse scans for the highest SAR regions are given in Appendix G,
Figs. G.1 to G.9. In these figures, the two axes are marked in units of step size of § mm. Also
shown in these figures are the respective antenna outlines overlaid on the SAR contours. Also
given in Appendix G as Tables G.1 to G.9 are the SAR distributions for the peak SAR region of
volume 10 x 10 x 10 mm for which the coarse scans are given in Figs. G.1 to G.9, respectively.
The SARs are given for xy planes at heights Z of 1, 3, 5, 7, and 9 mm from the bottom of the flat
phantom. The individual SAR values for this grid of 5 x 5 x 5 or 125 points are averaged to
obtain peak 1-g SAR values (for a volume of 1 cm3). The temperature variation of the tissue-
simulant fluid measured with a Bailey Instruments Model BAT 8 Temperature Probe for
measurements at the various frequencies was 23.3 + 0.2°C.

The z-axis scan plots taken at the highest SAR locations for each set of tests are given in
Appendix H. As discussed in Section IV, the SARs drop off fairly rapidly with depth in the

phantom.



The SAR measurement results for the Ambit Model T60H 677.03 802.11a Mini PCI built
into Acer TravelMate 660 Notebook Computer are summarized in Table 5. All of the measured

1-g SARs are less than the FCC 96-326 guideline of 1.6 W/kg.

VII. Comparison of the Data with FCC 96-326 Guidelines

According to the FCC 96-326 Guideline, the peak SAR for any 1-g of tissue should not
exceed 1.6 W/kg. For the Ambit Model T60H 677.03 802.11a Mini PCI built into Acer
TravelMate 660 Notebook Computer (FCC ID# MCLT60H6773), the measured peak 1-g SARs
vary from 0 to 0.530 W/kg which are smaller than 1.6 W/kg.
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Table 1. Peak conducted RF power outputs measured at various frequencies for
the Ambit Model T60H 677.03 Mini PCI built into Acer TravelMate 660
Notebook Computer for the normal mode used for this PC.

Band Channel Conducted RF Power
an (MHz) (dBm)
Low CH: 5150 16.53
Low Mid CH: 5200 16.7
High CH: 5250 16.2
Low CH: 5250 16.2
Mid Mid CH: 5300 16.03
High CH: 5330 16.53
Low CH: 5745 16.03
High Mid CH: 5775 16.37
High CH: 5810 16.53

13



Table 2.

Dielectric parameters for body phantom for the frequency band 5.2 to

5.8 GHz [2].
Frequency € c
(GHz) (S/m) Reference

3.0 52.0 2.73 Ref. 2
5.8 48.2 6.00 Ref. 2

5.25 49.0 5.30 Interpolated
53 48.9 542 Interpolated
54 48.7 5.53 Interpolated
5.6 48.5 5.77 Interpolated
5.7 48.3 5.88 Interpolated

14




Table 3. The measured dielectric constants and conductivities ¢ for some fluids for
frequencies 5.25 and 5.8 GHz.

5.25 GHz 5.8 GHz
Fluid , c , o
¢ S/m & S/m

1. Deionized water 72.97 5.54 71.82 6.61
2. Deionized water (96%), HEC (4%) 68.89 5.81 67.78 6.90
3. Deionized water (82%), polyethylene

powder (16%), HEC (2%) 49.31 4.77 47.99 5.64
4. Mannitol (31.5%), deionized water 47.59 5.80 47.30 6.74

(67.5%), HEC (1%)
5. Sugar (31%), deionized water (68.0%),

HEC (1%) 48.79 6.82 46.86 7.83

15




Table 4. Comparison of the measured and calculated peak 1-g SAR at 5.25 and 5.8 GHz.

5.25 GHz 5.8 GHz
1-g 1-g
g 37m SAR | ¢ 37m SAR
W/kg W/kg
FCC body [2]; calculated 48.9 5.36 3.57 48.2 6.00 3.95
Fluid 3 of Table 3, water/PEP/HEC;
measured 49.3 4.77 3.55 48.0 5.64 3.91
Fluid 4 of Table 3, Mannitol/water/HEC,;
measured 47.6 5.80 3.59 47.3 6.74 3.93
Fluid 5 of Table 3, sugar/water/HEC;
measured 48.8 6.82 3.62 46.9 7.83 3.94

16




Table 5. The SAR measurement results for the normal mode for Ambit Model T60H 677.03
802.11a Mini PCI built into Acer TravelMate 660 Notebook Computer (FCC ID#
MCLT60H6773).

Liquid temperature = 23.3 + 0.2°C
Measurement date: September 3, 2003

Separation %onducted RF g See See
Cf;f;iu- , hf;gm Fr(@gl;f;cy Antenna utg;;;gwef SAR | Appendix | Appendix
(cm) (W/kg) G Table G Figure
Before | After
0 590 A 16.70 16.75 | 0.033 G.1 G.1
0 B 16.70 | 16.74 | <0.02* - -
. 0 533 A 16.53 | 16.47 | 0.030 G.2 G.2
0 B 16.54 16.51 | <0.02* -- --
0 581 A 16.53 16.49 | 0.035 G3 G3
0 B 16.53 16.55 | <0.02* -- --
0 50 A 16.70 16.73 | <0.02* -- --
0 B 16.70 16.68 | <0.02* -- --
) 0 533 A 16.53 16.47 | <0.02* -- --
0 B 16.53 | 16.49 | <0.02* - -
0 581 A 16.53 | 16.51 | <0.02* - -
0 B 16.53 16.59 | <0.02* -- --
0 520 A 16.70 | 16.69 | 0.399 G4 G4
0 B 16.70 16.66 | 0.100 G.7 G.7
3 0 533 A 16.53 16.57 | 0.530 G.5 G5
0 B 16.53 | 16.58 | 0.064 G.8 G.8
0 58l A 16.53 | 16.49 | 0.233 G.6 G.6
0 B 16.53 | 16.54 | 0.064 G.9 G.9

* Too low to measure, within the noise level of the SAR measurement system.
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a. Top cover with screen open.

Fig. 1. Photograph of the Ambit Model T60H 677.03 Mini PCI built into Acer
TravelMate 660 Notebook Computer.

18



b. View from the bottom side of the laptop computer.

Fig. 1. Photograph of the Ambit Model T60H 677.03 Mini PCI built into Acer
TravelMate 660 Notebook Computer.
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Fig. 2. Photograph of the Acer TravelMate 660 Notebook Computer illustrating the
location of the right-side antenna “A” of the Ambit Model T60H 677.03 Mini
PCI.
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Fig. 3. Photograph of the Acer TravelMate 660 Notebook Computer illustrating the
location of the left-side antenna “B” of the Ambit Model T60H 677.03 Mini
PCI.
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Fig. 4a. Photograph of the bottom of the Acer TravelMate 660 Notebook Computer pressed
against the base of the planar phantom. This is Configuration 1 — Laptop position for
SAR testing.
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Fig. 4b. Photograph of the Acer TravelMate 660 Notebook Computer with left edge of the PC at
90° pressed against the base of the planar phantom. This is Configuration 2 for SAR
testing and represents the case of a bystander in contact (at a distance of 0 cm) with the
left edge of the PC.
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Fig. 5.
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Photograph of the Acer TravelMate 660 Notebook Computer with the broader back
edge of the PC at 90° pressed against the bottom of the planar phantom with separation
of 0 cm. This is Configuration 3 for SAR testing and represents the case of a
bystander behind the PC screen with a separation of 0 cm.
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Fig. 6. Photograph of the three-dimensional stepper-motor-controlled SAR measurement
system using a planar phantom.
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Fig. 7. The plastic holder used to support the portable PC for SAR measurements.
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Fig. 8a. A photograph of the waveguide setup used for calibration of the Narda Model 8021
E-field probe in the frequency band 5.2-5.8 GHz.
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Fig. 8b. Photograph of the waveguide setup showing also the coax to waveguide coupler at the
bottom used to feed power to the vertical waveguide containing the tissue-simulant
fluid.
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Fig. 9. Photograph of the Narda Model 8021 Broadband Electric Field
Probe used for SAR measurements.

29



Fig. 10. Photograph of the rectangular waveguide radiator used for system verification for the
802.11a band. Also seen is the Narda Model 22CI movable slide screw tuner used to
match the input power at 5.25 or 5.8 GHz to the planar phantom.
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1. Hewlett Packard (HP) Model 83620A Synthesized Sweeper
(10 MHz-20 GHz).

Coaxial line.

Coaxial to waveguide adapter.

20 dB crossguide coupler (may be reversed to measure incident
power).

HP Model G281A coaxial to waveguide adapter

HP Model 8482A power sensor.

HP Model 436A power meter.

Narda Microline™ Slide Screw Tuner Model 22CI.
Radiating open end of the waveguide.

Sl N

A SRR

Fig. 11. The microwave circuit arrangement used for SAR system verification for the 802.11a
band.
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a. 5.25 GHz.

Fig. 12.  Experimentally measured, extrapolated and FDTD-calculated variation of the SAR
with depth in the body-simulant planar phantom. Radiated power = 100 mW.
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Fig. 12. Experimentally measured, extrapolated and FDTD-calculated variation of the SAR with
depth in the body-simulant planar phantom. Radiated power = 100 mW.
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Comparison of the FDTD-calculated variations of the SAR with depth for the FCC-
recommended dielectric properties (€' = 48.9, 6 = 5.36 S/m) and the sugar/water/HEC
fluid 5 (&' = 48.8, 6 = 6.82 S/m) at 5.25 GHz. Assumed for calculations is the WR187
rectangular waveguide radiator placed 10 mm below the bottom surface of the tissue-
simulant fluid in a flat phantom of base thickness 2 mm with (g, =2.56). Radiated

power = 100 mW.
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Comparison of the FDTD-calculated variations of the SAR with depth for the FCC-
recommended dielectric properties (&' = 48.2, 6 = 6.00 S/m) and the sugar/water/HEC
fluid 5 (¢'=46.9, 6 = 7.83 S/m) at 5.8 GHz. Assumed for calculations is the WR187
rectangular waveguide radiator placed 10 mm below the bottom surface of the tissue-
simulant fluid in a flat phantom of base thickness 2 mm with (g, =2.56). Radiated

power = 100 mW.
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APPENDIX A

Procedures to Demonstrate that E-Field Probe Calibration for CW Signals is
Also Valid for Modulated Signals

Procedure 1

For the microvoltmeters in our SAR system (HP34401 multimeters), we use an AC signal
filter with a passband of 20 Hz to 300 kHz (1 reading/second). This allows faithful readings of
the rectified values of voltage outputs from the three pickup antennas (proportional to E*) of the
E-field probe used for SAR measurements. For a variety of modulated signals used for the
802.11a band, the multimeter passband of 20 Hz to 300 kHz is more than sufficient to read all of
the frequency components. We have tested the validity of using this AC signal filter by applying
signals from a Hewlett Packard Model 83620A Synthesized Sweeper operating at 5.25 and 5.8
GHz in the CW mode as well as the pulse mode with pulse repetition rates for the latter variable
from 50 to 500 Hz and pulse duration variable from 0.5 to 1 msec. For a fixed location of the E-
field probe, the SAR readings were proportional to the time-averaged radiated power (from 2.5
to 100 mW) from the WR187 rectangular waveguide at 5.25 and 5.8 GHz, respectively. Thus

the probe calibration factors are no different for CW signals or for pulsed signals.

Procedure 2

As explained above, the passband of our SAR measurement system extends from 20 Hz
to 300 kHz. This passband is more than sufficient to read all of the frequency components
associated with OFDM or any of the other modulations that may be used for the 802.11a band.

Additional experiments have, however, been done to compare the SAR measured at one
of the points in the planar phantom for OFDM modulated signals from the 802.11a Mini PCI and
comparing the same with the CW signal of similar time-averaged power levels obtained from the
Hewlett-Packard (HP) Model 83620A Synthesized Sweeper (10 MHz-20 GHz). For each of the
two RF sources, the power output was measured using a microwave circuit arrangement similar

to that of Fig. 11 of the SAR Report. As shown in this figure, the irradiation system uses a
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WR187 rectangular waveguide (see Fig. 10 of the SAR Report) which is placed at a distance of 8
mm below the base of the planar phantom (10 mm from the lossy fluid in the phantom) used for
SAR measurements.

Shown in Figs. A.1 and A.2 is a comparison of the SARs measured for a given location
in the planar phantom for CW and 802.11a band modulated signals for the base mode at 5.32
GHz and 5.765 GHz, respectively. An excellent agreement in the SAR reading is observed
whether CW or modulated signals are used. This is due to the broad bandwidth (20 Hz to 300

kHz) of the system used for measuring rectified signals from the E-field probe.

5.32 GHZ Base Mode
3 T T T T T T T T

Local SAR (W/kg)
'_\
(6)]
T

1 -
0.5
—A— CW Signal
—¥— Modulated Signal
0 | | | | | | | |
0 10 20 30 40 50 60 70 80

power output (mW)

Fig. A.1. Comparison of the SAR for CW or OFDM modulated signals for the base
mode at 5.32 GHz.
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5.765 GHZ Base Mode
3 T T T T

25

Local SAR (Wkqg)
o

0.5
—=— CW Signal
: —#— Modulated Signal
0 i | i I | i | I
0 10 20 30 40 50 60 70 80

Power Output (mW)

Fig. A.2. Comparison of the SAR for CW or OFDM modulated signals for the normal mode at
5.765 GHz.
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APPENDIX B
SAR System Validation for the 802.11a Band

The measured SAR distribution for the peak 1-g SAR region using WR187 rectangular
waveguide radiation system.

For September 3, 2003 — The SAR plot at 5.25 GHz
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Fig. B.1. Coarse scans of the measured SAR distribution for the WR187 rectangular waveguide
irradiation system for system verification at 5.25 GHz. Also shown is the outline of the
rectangular waveguide overlaid on the SAR contours. Radiated power = 100 mW.
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1-g SAR = 3.610 W/kg

. At depth of 1 mm

8.846
9.430
9.680
9.168
8.524

9.523
9.985
10.274
9.892
9.095

. At depth of 3 mm

4.328
4.598
4.666
4.478
4.147

4.674
4.928
5.006
4.849
4.481

. At depth of 5 mm

2.038 2.205
2.149 2.321
2.154 2.326
2.088 2.275
1.917 2.106
. At depth of 7 mm
1.015 1.098
1.059 1.132
1.052 1.126
1.017 1.115
0.920 1.024
. At depth of 9 mm
0.581 0.630
0.604 0.626
0.593 0.622
0.569 0.625
0.508 0.564

9.696
10.321
10.431
10.110
9.489

4.772
5.077
5.136
4.992
4.629

2.262
2.388
2.413
2.353
2.158

1.130
1.169
1.175
1.148
1.054

0.643
0.649
0.649
0.632
0.591
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9.070
10.078
10.289
9.746
9.273

4.544
4.926
5.014
4.796
4.498

2.185
2.308
2.335
2.255
2.086

1.087
1.132
1.136
1.103
1.020

0.601
0.629
0.630
0.614
0.579

8.565
9.309
9.409
9.161
8.479

4.284
4.593
4.648
4.499
4.180

2.061
2.165
2.194
2.106
1.970

1.028
1.056
1.074
1.022
0.969

0.567
0.578
0.593
0.566
0.547



For September 3, 2003 — The SAR plot at 5.8 GHz

11 : : :
10+ g
3
9 | -
G 7 - 1245
Tlll' | -
2| | - 42
5T T L {15
4+ g
2| | 1
E | -
0.5
1 | -
0 - - - 0
0 2 4 B i
Scan Region (Resolution = & mm) SAR (Wikg)

Fig. B.2. Coarse scans of the measured SAR distribution for the WR187 rectangular waveguide
irradiation system for system verification at 5.8 GHz. Also shown is the outline of the
rectangular waveguide overlaid on the SAR contours. Radiated power = 100 mW.
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1-g SAR = 4.020 W/kg

a. At depth of 1 mm

10.843
11.563
11.813
11.889
11.471

11.380
11.883
12.158
12.183
11.632

b. At depth of 3 mm

4.750
5.007
5.107
5.130
4.954

4.919
5.165
5.271
5.261
5.053

c. At depth of 5 mm

1.924
1.987
2.015
2.024
1.954

1.947
2.051
2.081
2.077
2.013

d. At depth of 7 mm

0.869 0.857
0.872 0.894
0.877 0.898
0.888 0.901
0.852 0.884
e. At depth of 9 mm
0.545 0.536
0.535 0.550
0.539 0.545
0.557 0.540
0.524 0.540

11.270
11.997
12.160
12.001
11.860

4.909
5.223
5.303
5.261
5.117

1.966
2.085
2.105
2.107
2.022

0.874
0.913
0.904
0.913
0.885

0.546
0.548
0.540
0.543
0.541
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11.247
11.897
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4.884
5.123
5.219
5.168
5.006

1.949
2.016
2.063
2.046
1.994

0.863
0.878
0.898
0.884
0.879

0.534
0.537
0.540
0.532
0.544

10.737
11.127
11.289
11.506
11.162

4.722
4.871
4.982
4.992
4.832

1.910
1.967
2.013
1.983
1.923

0.845
0.876
0.880
0.868
0.854

0.513
0.534
0.529
0.532
0.533



APPENDIX C

SCREEN DUMPS FOR SOME OF THE FLUIDS STUDIED FOR DEVELOPMENT OF
TISSUE-SIMULANT FLUID FOR THE FREQUENCY BAND 5.2 TO 5.8 GHz
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Fig. C.1. The output of the measured €', &" for deionized water for the frequency band 5 to 6
GHz.
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APPENDIX D

AN OPEN-ENDED WAVEGUIDE SYSTEM FOR SAR SYSTEM VALIDATION
AND/OR PROBE CALIBRATION FOR FREQUENCIES ABOVE 3 GHz

Qingxiang Li, Student Member, IEEE
Om P. Gandhi, Life Fellow, IEEE, and
Gang Kang, Senior Member, IEEE
Department of Electrical and Computer Engineering
University of Utah
Salt Lake City, Utah 84112, U.S.A.

Abstract

Compliance with safety guidelines prescribed in terms of maximum electromagnetic
power absorption (specific absorption rate or SAR) for any 1- or 10-g of tissue is required for all
newly-introduced personal wireless devices such as Wi-Fi PCs. The prescribed SAR measuring
system is a planar phantom with a relatively thin base of thickness 2.0 mm filled with a lossy
fluid to simulate dielectric properties of the tissues. A well-characterized, broadband irradiator
is required for SAR system validation and/or submerged E-field probe calibration for the new
802.11a frequencies in the 5-6 GHz band. We describe an open-ended waveguide system that
may be used for this purpose. Using a fourth-order polynomial least-square fit to the
experimental data gives SAR variations close to the bottom surface of the phantom that are in
excellent agreement with those obtained using the FDTD numerical method.  The
experimentally-determined peak 1-g SARs are within 1 to 2 percent of those obtained using the
FDTD both at 5.25 and 5.8 GHz.

Index Terms — Broadband, electromagnetic exposure system, probe calibration, safety
assessment, comparison with numerical calculations

Submitted to IEEE Transactions on Microwave Theory and Techniques, June 10, 2003.
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AN OPEN-ENDED WAVEGUIDE SYSTEM FOR SAR SYSTEM VALIDATION
AND/OR PROBE CALIBRATION FOR FREQUENCIES ABOVE 3 GHz

Qingxiang Li, Student Member, IEEE
Om P. Gandhi, Life Fellow, IEEE, and
Gang Kang, Senior Member, IEEE

1. Introduction

Compliance with the safety guidelines such as those proposed by IEEE [1] ICNIRP [2],
etc. is required by regulatory agencies in the United States and elsewhere for all newly-
introduced personal wireless devices such as Wi-Fi PCs, cellular telephones, etc. These safety
guidelines are set in terms of maximum 1- or 10-g mass-normalized rates of electromagnetic
energy deposition (specific absorption rates or SARs) for any 1- or 10-g of tissue. The two most
commonly-used SAR limits today are those of IEEE [1] — 1.6 W/kg for any 1 g of tissue, and
ICNIRP [2] — 2 W/kg for any 10 g of tissue, excluding extremities such as hands, wrists, feet,
and ankles where higher SARs up to 4 W/kg for any 10 g of tissue are permitted in both of these
standards. Experimental and numerical techniques using planar or head-shaped phantoms have
been proposed for determining compliance with the SAR limits [3-5]. For frequencies above
800 MHz, the size of a rectangular waveguide is quite manageable and use of an appropriate
waveguide filled with a tissue-simulant medium is recommended for calibration of an E-field
probe in FCC Supplement C, Edition 01-01 to OET Bulletin 65 [6]. Even though no
recommendation is made on choice of an irradiation system for frequencies above 3 GHz,
balanced half-wave dipoles have been suggested for system validation for frequencies less than
or equal to 3 GHz [6]. It is very difficult to develop half-wave dipole antennas for use in the 5.1
to 5.8 GHz band both because of fairly small dimensions and the resulting dimensional
tolerances, and relatively narrow bandwidths of the required baluns — balanced to unbalanced
transformers (typically less than 10-12% for VSWR < 2.0 and less than 5-6% for VSWR < 1.5).
On the other hand, rectangular waveguides are broadband with simultaneous bandwidths larger
than 1-2 GHz and are fairly easy to use for frequencies in excess of 3 GHz. We have, therefore,
developed an open-ended waveguide system for SAR system validation and/or probe calibration
in the frequency band 5 to 6 GHz. This is a band that is presently being used for 802.11a
antennas of Wi-Fi PCs.

II. The Waveguide Irradiation System

For the 5-6 GHz band, we have used a WRI187 rectangular waveguide of internal
dimensions 4.75 x 2.21 cm. The operating (TE o mode) band of this waveguide is from 3.95 to
5.85 GHz. This is considerably larger than the required overall bandwidth of 675 MHz for the
IEEE 802.11a frequency bands of 5.15-5.35 and 5.745 to 5.825 GHz. The waveguide irradiation
system used for SAR system validation is shown in Fig. 1. As recommended in [6], the open-
ended waveguide irradiator is placed at a distance of 8 mm below the base of planar phantom
with inside dimensions of 30.5 X 41.9 cm and a base thickness of 2.0 + 0.2 mm. This results in
the open end of the waveguide at a distance of 10 mm below the lossy tissue-simulant fluid in
the phantom. The microwave circuit arrangement used for the waveguide irradiation system is
shown in Fig. 2. As shown in Fig. 2, the WR187 waveguide is fed with microwave power from a
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Hewlett Packard Model 83620A Synthesized Sweeper (10 MHz-20 GHz). When placed at a
distance of 8 mm below the base of the planar phantom, the reflection coefficient is about 10-
20%. Even this relatively small amount of reflection has been greatly reduced to less than 0.5%
by using a movable slide-screw waveguide tuner (Narda Model 22CI). The planar phantom is
filled to a depth of 15 cm with a fluid to simulate dielectric properties recommended for the body
phantom in [6]. The dielectric constants €. and conductivities ¢ at the experimental frequencies
of 5.25 and 5.8 GHz are similar to those recommended in the SAR Compliance Standards used
in the U.S. and in Europe [3, 4]. For our experiments and calculations, €, =48.8, 6 =6.82S/m
at 5.25 GHz; and ¢, =46.9, 6 =7.83S/m at 5.8 GHz.

Fig. 1. Photograph of the rectangular waveguide radiator used for system validation. Also
seen is the Narda Model 22CI movable slide screw tuner used to match the input power
at 5.25 or 5.8 GHz to the planar tissue-simulant phantom.
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Fig. 2.

Hewlett Packard (HP) Model 83620A Synthesized Sweeper
(10 MHz-20 GHz).

Coaxial line.

Coaxial to waveguide adapter.

20 dB crossguide coupler (may be reversed to measure incident
power).

HP Model G281A coaxial to waveguide adapter

HP Model 8482A power sensor.

HP Model 436A power meter.

Narda Microline™ Slide Screw Tuner Model 22CI.
Radiating open end of the waveguide.

The microwave circuit arrangement used for SAR system validation.

III. Calculation of the SAR Distributions

We have used the well-established finite-difference time-domain (FDTD) numerical
electromagnetic method to calculate the electric fields and SAR distributions for the planar
phantom of base thickness 2.0 mm of dielectric constant €. = 2.56 and dielectric properties of the
tissue-simulant lossy fluid as given in Section II.
texts [7, 8] has been successfully used by various researchers [9-12] and, therefore, would not be
described here. For the FDTD calculations, we have used a cell size 6 = 0.5 mm in order to
meet the requirement 6<A./10 in the lossy fluid. The calculated variations of the SAR
distribution at the experimental frequencies of 5.25 and 5.80 GHz are given in Figs. 3 a-c and 4
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a-c, respectively. Also shown in the same figures are the experimental values of the SARs
(shown by circles). From Figs. 3 and 4, it is obvious that the penetration of electromagnetic
fields in the 5.1 to 5.8 GHz band is extremely shallow. The calculated depths of penetration
corresponding to 1/ e? -reduction of SAR (13.5% of the SAR at the surface) are only 6.85 and
5.985 mm at 5.25 and 5.8 GHz, respectively. Both of these depths of penetration are very
similar to those obtained for plane-wave irradiation at these frequencies (7.15 mm for 5.25 GHz
and 6.25 mm for 5.8 GHz).

IV. Experimental Setup and Measurements

A. Experimental Setup

As recommended in FCC Bulletin 65 [14], a planar phantom of fairly thin base thickness
2.0 mm of relatively low dielectric constant (&, =2.56 in our case) is used for the determination
of SAR distributions of wireless PCs and for the SAR system validation. The lateral dimensions
of the planar phantom (in our case 30.5 x 41.9 cm) are large enough to ignore scattering from the
edges of the rectangular box or the tissue-simulant lossy fluid used to fill this box to a depth of
10-15 cm (several times the depth of penetration of fields in the fluid so as to present a nearly
infinitely deep medium to neglect reflections). A photograph of the phantom model together
with a computer-controlled 3-D stepper motor system (Arrick Robotics MD-2A) is shown in
Fig. 5.
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Fig. 3. Comparison of the measured and calculated SAR variations for a planar phantom of base
thickness 2.0 mm and internal dimensions 30.5 x 41.9 x 20 cm for a WR 187 open-ended
waveguide radiator placed 10 mm below the bottommost surface of the lossy tissue-simulant
phantom. Frequency =5.25 GHz.
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Fig. 3.
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Fig. 4. Comparison of the measured and calculated SAR variations for a planar phantom of base
thickness 2.0 mm and internal dimensions 30.5 x 41.9 x 20 cm for a WR 187 open-ended
waveguide radiator placed 10 mm below the bottommost surface of the lossy tissue-simulant
phantom. Frequency = 5.8 GHz.
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Fig. 4. Comparison of the measured and calculated SAR variations for a planar phantom of base
thickness 2.0 mm and internal dimensions 30.5 x 41.9 x 20 cm for a WR 187 open-ended
waveguide radiator placed 10 mm below the bottommost surface of the lossy tissue-simulant
phantom. Frequency = 5.8 GHz.

Fig. 5.  Photograph of the planar model with the 3-D stepper motor system used for measurement of
SAR variation for comparison with FDTD calculations.
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A triaxial Narda Model 8021 E-field probe is used to determine the internal electric fields. The
positioning repeatability of the stepper motor system moving the E-field probe 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 the square of the internal electric fields (|Ei |2) from which the SAR can be
obtained from the equation: SAR = 0(|Ei|2)/ p, where ¢ and p are the conductivity and mass
density of the tissue-simulant material, respectively [13]. The dc voltages for the three channels
of the E-field probe are read by three HP 34401 A multimeters and sent to the computer via an
HPIB interface. The setup is carefully grounded and shielded to reduce the noise due to the
electromagnetic interference (EMI).

B. E-Field Probe

The nonperturbing implantable E-field probe used in the setup was originally developed
by Bassen et al. [14] and is manufactured by L3/Narda Microwave Corporation, Hauppauge, NY
as Model 8021 E-field probe. In the probe, three orthogonal miniature dipoles each of length
approximately 2.5 mm 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 diameter (4
mm), which results in a relatively small perturbation of the internal electric field. The probe is
rated for frequencies up to 3 GHz for tissue-simulant media, but is presently used for system
validation at frequencies in the 5 to 6 GHz range. Consequently, the probe had to be checked for
square-law performance, and isotropy for use at these higher frequencies.

1. 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 (|Ei|2). Fortunately, the
personal wireless devices such as the PCs induce SARs that are generally less than 5-6
W/kg even for closest locations to the body. For SAR measurements, 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 used here. By varying the radiated power of the
waveguide, the output of the probe should increase linearly with the applied power for
each of the test locations.

Shown in Fig. 6a and b are the results of the tests performed to check the square-
law behavior of the E-field probe used in our setup at 5.25 and 5.8 GHz, respectively.
Used as the radiator is the WR 187 waveguide placed at a distance of 8 mm below the
base of the planar phantom (10 mm below the bottom surface of the tissue-simulant fluid
as recommended in [6]).
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Fig. 6. Variation of the output voltage (proportional to |Ei|2) for different radiated powers
normalized to 100 mW (20 dBm).
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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 |Ei|2 is obtained within + 2.2% both at 5.25 and 5.8 GHz.

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 Fig. 7a and b are the test results of
the E-field probe used in our setup at 5.25 and 5.8 GHz, respectively. The E-field probe
was rotated around its axis from 0-180° in incremental steps of 15°. Because of the
alternating nature of the fields, angles of 6 and 180° + O are identical, hence 0-165°
rotation of the E-field probe was considered to be adequate to cover the entire 360°
rotation of the probe. As seen in Fig. 7a and b, an isotropy of less than + 0.18 dB
(+ 4.3%) was observed for this E-field probe both at 5.25 and 5.8 GHz.

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 (|Ei|2), 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 [15-17] albeit at lower frequencies. Since the FDTD method has been
carefully validated to solve electromagnetic problems for a variety of near-field exposure
geometries [18], we were able to calibrate the Narda E-field probe by comparing the
measured variations of the probe voltage (proportional to |Ei|2) against the FDTD-
calculated variations of the SARs for the planar phantom of base thickness 2.0 mm
(g, =2.56) and internal dimensions 30.5 x 41.9 x 20 cm irradiated by the WR 187
waveguide placed below this phantom as previously described in Section. II. Shown in
Figs. 6a, b and 7a, b are the comparisons between the experimentally measured and
FDTD-calculated variations of the SAR distributions in the tissue-simulant fluid. Since
there are excellent agreements between the calculated SARs and the measured variations
of the voltage outputs of the E-field probe, it is possible to calculate the calibration
factors at the respective frequencies by fitting the measured data to the FDTD-calculated
results by means of the least mean-square error (LMSE) method. For the Narda Model
8021 E-field probe used in our setup, the calibration factor is determined to be 2.98
(mW/kg)/nV + 5% both at 5.25 and 5.8 GHz, respectively.
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V. Need for Extrapolation

Because of the physical separation of the three orthogonal pickup dipoles from the tip of
the E-field probe, the SAR measurements cannot be taken any closer than about 3 mm from the
bottom surface of the phantom fluid. As given in Figs. 8 and 9, we have measured the SARs
with 2 mm resolution at heights of 4, 6, 8, 10, 12 and 14 mm above the bottom surface of the
phantom fluid. We have tried second-, third-, fourth-, and fifth-order polynomial least-square
fits to extrapolate the measured data to obtain SARs closer to the bottom of the lossy fluid. As
seen in Figs. 8 and 9, the second- and third-order polynomials underestimate the SARs while the
fifth-order polynomial overestimates the SAR distribution. An excellent least-square fit to the
numerically-calculated SAR wvariations is obtained by using a fourth-order polynomial to
extrapolate the measured data both at 5.25 and 5.8 GHz.

After identifying the region of the highest SAR, the SAR distributions were measured
with a finer resolution of 2 mm in order to obtain the peak 1 cm’ or 1-g SAR. Here too, the SAR
measurements were performed for the xy planes at heights z of 4, 6, 8, 10, 12, and 14 mm from
the bottom surface of the body-simulant fluid. The SARs thus measured were extrapolated using
a fourth-order least-square fit to the measured data to obtain values at 1, 3, 5, 7, and 9 mm height
and used to obtain peak 1-g SARs. For a radiated power of 100 mW, the SARs thus obtained
with 2 mm resolution for xy planes at heights z of 1, 3, 5, 7, and 9 mm for the peak SAR region
of volume 10 x10 x 10 mm were used to obtain peak 1-g SAR at 5.25 and 5.8 GHz, respectively.
The experimentally-determined peak 1-g SARs for 100 mW of radiated power of 3.678 and
3.947 W/kg are extremely close to the FDTD-calculated 1-g SARs for this waveguide irradiator
of 3.580 and 3.946 W/kg at 5.25 and 5.80 GHz, respectively.

V. Conclusions

We have developed an open-ended waveguide irradiation system for validation of the
SAR measurement system and/or for E-field probe calibration in the 802.11a frequency band
5.15 to 5.825 GHz. A fourth-order polynomial least-square fit to the experimental data gives
SAR variations close to the bottom surface of the phantom that are in excellent agreement with
those obtained using the FDTD method. The experimentally-determined peak 1-g SARs are
within 1 to 2 percent of those obtained using the FDTD numerical calculations.
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APPENDIX E

EFFECT OF DIELECTRIC PROPERTIES ON THE PEAK 1- AND 10-G SAR
FOR 802.11 a/b/g FREQUENCIES 2.45 AND 5.15 TO 5.85 GHz

Gang Kang, Senior Member, IEEE and Om P. Gandhi, Life Fellow, IEEE
Department of Electrical and Computer Engineering
University of Utah
Salt Lake City, Utah 84112, U.S.A.

Abstract

Compliance with 1- or 10-g SAR safety guidelines is required in various countries for all
newly-introduced personal wireless devices such as Wi-Fi PCs. Even though the dielectric
properties of the human tissues are known to be nonuniform and highly variable, relatively rigid
adherence to prescribed dielectric properties (¢,, o) is required for compliance testing of such
devices. Using some typical near-field irradiators, we have examined the effect of dielectric
properties for SAR measurement fluids with conductivities varying by 2:1 to show that both 1-
and 10-g SARs vary by less than + 2-4% for the 802.11a band 5.15 to 5.825 GHz and only
slightly more at the lower 802.11 b/g frequency of 2.45 GHz. This is due to higher surface SAR
but shallower depth of penetration of EM fields for the higher conductivity media resulting in
nearly identical SARs for cubical volumes associated with 1- or 10-g of tissue, respectively.
Also studied is the effect of lower ¢, fluids recommended in some standards which results in
slightly higher and thus a conservative assessment of SAR.

Accepted for publication in /EEE Transactions on Electromagnetic Compatibility.
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EFFECT OF DIELECTRIC PROPERTIES ON THE PEAK 1- AND 10-G SAR
FOR 802.11 a/b/g FREQUENCIES 2.45 AND 5.15 TO 5.85 GHz

Gang Kang, Senior Member, IEEE and Om P. Gandhi, Life Fellow, IEEE

1. Introduction

Compliance with the safety guidelines such as those proposed by IEEE [1] ICNIRP [2],
etc. is required by regulatory agencies in the United States and elsewhere for all newly-
introduced personal wireless devices such as Wi-Fi PCs, cellular telephones, etc. These safety
guidelines are set in terms of maximum 1- or 10-g mass-normalized rates of electromagnetic
energy deposition (specific absorption rates or SARs) for any 1- or 10-g of tissue. The two most
commonly-used SAR limits today are those of IEEE [1] — 1.6 W/kg for any 1 g of tissue, and
ICNIRP [2] — 2 W/kg for any 10 g of tissue, excluding extremities such as hands, wrists, feet,
and ankles where higher SARs up to 4 W/kg for any 10 g of tissue are permitted in both of these
standards. Experimental and numerical techniques using planar or head-shaped phantoms have
been proposed for determining compliance with the SAR limits [3-5]. Dielectric properties
(dielectric constant €, and conductivity o) for the tissue-simulant fluids have been prescribed in
three standards based on the properties measured for the various tissues for humans and other
mammals [6] and equivalency with the properties needed for a homogeneous planar model to
properly represent absorption of incident plane waves to that for a skin-fat-muscle-skull-sclera-
CSF-brain layered planar model of a human [7].

In reality, the dielectric properties of the human tissues are highly nonuniform and likely
variable with age as well [8]. Thus, dielectric constants and conductivities reported for the
various tissues are highly variable and may vary by factors of 2:1 or more for some of the tissues
[9]. This paper focuses on the effect of the dielectric properties of the SAR measurement fluids
on the peak 1- and 10-g SARs for a planar phantom typically used for compliance testing of
wireless PCs and other body- or torso-mounted devices that typically operate at frequencies of
2.4-2.484 GHz (802.11 b/g systems) and in the 5 GHz band for frequencies of 5.15 to 5.35 and
5.745 to 5.825 GHz (802.11a systems). For a 2:1 or 100% variability in conductivity of the
tissue-simulant fluid, the variation in peak 1- and 10-g SAR is less than + 2-4% for the higher
frequency band 5.15 to 5.825 GHz and only slightly higher for the lower 802.11 b/g wireless
systems band of 2.45 GHz. The reason for this is the higher surface SAR but shallower depth of
penetration of electromagnetic fields for the higher conductivity media which has the net effect
of providing nearly identical SAR for volumes in the shape of a cube, of dimensions 1 or 2.154
cm associated with 1- or 10-g of tissue, respectively. Though relatively negligible at 2.45 GHz,
it is shown that the effect of the changing dielectric constant ¢, (instead of conductivity) is
somewhat larger on both 1- and 10-g SARs for the 5-6 GHz band with the lower &, phantom
materials resulting in 10-12 percent higher SARs. Thus the lower €, media recommended by
IEC PT62209 [5] for the 5-6 GHz band may be used if a conservative determination of SAR is of
interest.

II. Assumed EM Sources
The sources of microwave radiation typically used in wireless PCs are one or two dual

band microstrip antennas either fabricated on an insertable wireless card or built into the base or
at times behind the display screen of the PC. A wide variety of antenna dimensions and
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locations are typically used. For the purpose of calculations of peak 1- or 10-g SARs, we have
assumed a typical microstrip antenna (see Fig. 1) and a couple of additional sources of EM
radiation that are recommended in the compliance standards [3-5] for SAR measurement system
validation. The three EM sources thus selected are: a square microstrip antenna of dimensions
30 x 30 mm placed with a spacing of 4 mm above a ground plane of dimensions 40 x 40 mm, a
nominal half wave dipole of length 51.5 mm and diameter 3.6 mm recommended for 2.45 GHz
in [3, 4] and a WR187 open-ended rectangular waveguide of internal dimensions 4.75 x 2.21 cm
that may be used in the frequency band 5.1 to 5.8 GHz for SAR system validation. As
recommended in the compliance standards [3-5], these sources are assumed to be placed under a
planar phantom of a relatively thin base of thickness 2.0 mm made of a lossless dielectric and of
sufficiently large lateral dimensions to be able to ignore scattering from the edges of the planar
box or the tissue-simulant lossy fluid used to fill this box to a depth of 15 cm (several times the
depth of penetration of fields in the fluid so as to present a nearly infinitely deep medium to
neglect reflections). For the present calculations using the finite-difference time-domain
(FDTD) numerical technique, we have used a planar phantom box of inside dimensions 30.5 x
41.9 x 20 cm made of acrylic (g, =2.56) of base thickness 2.0 mm that is assumed to be filled
with a tissue-simulant fluid of different dielectric properties (€., ) up to a depth of 15 cm. As
recommended in the compliance standards [3-5], each of the three aforementioned sources of
EM fields; namely, the microstrip antenna, the half-wave dipole or the open-ended rectangular
waveguide, are assumed to be placed at a distance of 8.0 mm below the base of the planar
phantom, resulting in a separation of 10 mm to the bottom level of the tissue-simulant fluid. A
microstrip antenna is generally mounted in the base of a wireless portable computer (PC) which
is tested for above-lap placement for one of the configurations. Thus, the ground plate of
dimensions 40 x 40 mm for the assumed microstrip antenna is placed at a distance of 8 mm
below the base of the planar phantom. The microstrip of dimensions 30 x 30 mm is assumed to
be printed on a substrate of dielectric constant ¢, =2.56 and thickness 4 mm.

Fig. 1. A square patch microstrip antenna typical of wireless PCs. All dimensions are in mm.
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III. The Finite-Difference Time-Domain Method

The method used for SAR distributions is the well-established finite-difference time-
domain (FDTD) method. This method described in several texts [10, 11] has been used
successfully by various researchers [12-15] and, therefore, would not be described here in any
detail. For the FDTD calculations, we used a cell size 0.5 x 0.5 x 0.5 mm both at 2.45 GHz and
for the two representative frequencies of 5.25 and 5.80 GHz in the 5-6 GHz band. This was done
to meet the requirement 8 <A, /10 in the lossy tissue-simulant fluid as well as in recognition of
the fact that the depth of penetration oy in the fluid is fairly small being on the order of 13-26
mm at 2450 MHz and less than 5-9 mm for the 5 GHz band. The dielectric properties (&;, G )
assumed for the "tissue-simulant" fluids for the two calculation bands are those given in the
various compliance standards and conductivities that are 75% or 150% of those suggested in the
various standards [3-5].

The values of €., o taken for various frequencies are given in Table 1. The dielectric
properties are those suggested by the FCC OET Bulletin 65 Supplement C [16] and IEC TC
106/PT62209 [5] and SAR measurement fluids that may have conductivities that are 0.75 or 1.5
times those suggested for the flat body-simulant phantom in [5, 16]. Thus a 2:1 variation of
conductivities is assumed for the SAR measuring fluid of the flat phantom.

IV. Calculated 1- and 10-g SARs

As recommended in the IEEE [1] and CENELEC [4] Standards, the peak 1- and 10-g
SARs are calculated using cubes of dimensions 10 or 21.5 mm, respectively. Given in Tables 1
and 2 also are the peak 1- or 10-g SARs thus calculated for the various tissue-simulant fluids and
several near-field irradiation systems at a number of frequencies typical of Wi-Fi PCs. Important
points to note from the results of Tables 1 and 2 are as follows:

1. For a 2:1 variation in conductivity of the tissue-simulant fluids, the variation in peak 1-
and 10-g SARs is within + 2-4% for frequencies in the 802.11a 5 GHz band e.g. 5.25
and 5.8 GHz. The variation in peak 1- or 10-g SAR is higher at the lower frequency of
2.45 GHz. However, there is a move to harmonize the various compliance standards in
terms of the peak 10- rather than 1-g SARs. For a 2:1 variation in the conductivity, the
variation in peak 10-g SAR at 2.45 GHz is within = 10%.

2. The effect of lower dielectric constant €. recommended by IEC PT62209 [5] is relatively
small at 2.45 GHz (£ 4 %) but is somewhat higher for the 5-6 GHz band. Both the 1- and
10-g SARs are higher by up to 10-12 percent for the 5 GHz band for the lower dielectric
constant tissue-simulant fluids recommended by IEC PT62209 [5] as compared to those
suggested in FCC OET Bulletin 65 [14].

The result of a relatively negligible variation of peak 1- and 10-g SAR in spite of a 2:1
change in conductivity is very surprising, since as expected, there is a highly variable penetration
of EM energy into the different conductivity tissue-simulant fluids as seen in Tables 1, 2 and
Figs. 2-5, respectively. As expected, somewhat deeper penetration is observed for lower
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conductivity fluids and increasingly shallower penetration is observed as the conductivity is
increased both at 2.45 GHz and at frequencies in the 5-6 GHz band (see Tables 1, 2). Also to be
noticed in Figs. 2-5 are the higher surface SARs for the higher conductivity fluids which tend to

compensate for the shallower penetration of fields in such fluids.

This 1s the reason for

relatively constant 1- and 10-g SARs in spite of the wide variation of the conductivity of the

media.

Table 1. Assumed dielectric properties (g, , o) taken for frequencies 2.45, 5.25, and 5.80 GHz
and the FDTD-calculated peak 1- and 10-g SARs for some typical near-field
radiators. The irradiators are assumed to be placed 10 mm below the bottom surface
of the tissue-simulant fluid in a flat phantom of base thickness 2 mm with (g, =
2.56). Radiated Power = 100 mW.

- - . 7
Frequenc Near Assumed Dielectric Properties 1/e” Depth I-g 10-g
. of Power
Y Field € © Reference Penetration SAR SAR
GHz Radiator r (S/m) (mm) (W/kg) | (W/kg)
1.46 | Lower 6 @ 75% of FCC 18.1 4.34 2.12
52.7 | 1.95 | FCC, body [16] 14.6 5.13 2.32
1 0
5 45 Dipole 2.93 | Higher c @ 150% of FCC 10.7 6.13 2.48
1.35 | Lower 6 @ 75% of IEC 16.9 4.41 2.16
39.2 | 1.80 | IEC/FCC, head [5] 13.7 5.18 2.35
2.70 | Higher c @ 150% of IEC 10.1 6.14 2.49
4.02 | Lower o @ 75% of FCC 8.9 3.37 1.44
48.9 | 536 | FCC,body [16] 6.8 3.57 1.44
1 0
595 Waveguide 8.04 | Higher 6 @ 150% of FCC 4.6 3.63 1.42
3.53 | Lower 6 @ 75% of IEC 8.7 3.79 1.61
359 | 471 |IEC/FCC, head [5] 6.7 3.99 1.61
7.07 | Higher c @ 150% of IEC 4.6 4.02 1.57
4.50 | Lower 6 @ 75% of FCC 7.9 3.79 1.59
48.2 | 6.00 | FCC,body[16] 6.0 3.95 1.58
1 0
5.20 Waveguide 9.00 | Higher c @ 150% of FCC 4.1 3.94 1.54
3.95 | Lower c @ 75% of IEC 7.7 4.26 1.77
353 | 5.27 | IEC/FCC, head [5] 59 4.42 1.76
7.91 | Higher 6 @ 150% of IEC 4.1 4.36 1.70
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Table 2. Assumed dielectric properties (g, o) taken for frequencies 2.45, 5.25, and 5.80
GHz and the FDTD-calculated peak 1- and 10-g SARs for a typical microstrip
antenna of dimensions 30 x 30 mm placed 4 mm above a ground plane of
dimensions 40 x 40 mm (see Fig. 1). As required by the compliance standards [5,
16], the ground plane of the microstrip antenna is assumed to be 10 mm below the
bottom surface of the tissue-simulant fluid (microstrip at 14.5 mm below the
fluid). Radiated Power = 100 mW.

Assumed Dielectric Properties | 1/e” Depth
l-g 10-g
Frequency of Power
GHz £ (S/m) Penetration SAR SAR
r c
(mm) (W/kg) (W/kg)
1.46 25.2 2.26 1.43
52.7 1.95 19.0 2.71 1.57
293 13.2 3.37 1.72
2.45
1.35 234 2.36 1.47
39.2 1.80 18.3 2.82 1.61
2.70 11.6 3.60 1.77
4.02 9.2 1.52 0.52
48.9 5.36 7.0 1.60 0.51
8.04 4.7 1.62 0.50
5.25
3.53 9.0 1.57 0.53
35.9 4.71 6.8 1.64 0.53
7.07 4.6 1.66 0.51
4.50 8.0 1.96 0.57
48.2 6.00 6.0 2.03 0.56
9.00 4.1 2.03 0.54
5.80
3.95 7.7 2.03 0.60
35.3 5.27 59 2.10 0.59
7.91 4.1 2.09 0.56
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Fig. 2. The dipole antenna. Comparison of the FDTD-calculated variation of the SAR with
depth for the various tissue-simulant media at 2.45 GHz.
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Fig. 3. The rectangular waveguide radiator. Comparison of the FDTD-calculated variation
of the SAR with depth for the various tissue-simulant media at 5.8 GHz.
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Fig. 4. The microstrip antenna. Comparison of the FDTD-calculated variation of the SAR
with depth for the various tissue-simulant media at 2.45 GHz.
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Fig. 5. The microstrip antenna. Comparison of the FDTD-calculated variation of the SAR
with depth for the various tissue-simulant media at 5.8 GHz.
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V. Comparison with Plane Wave Exposures

The above results are easy to understand when one looks at the peak 1- and 10-g SARs
for plane waves incident normally at a semi-infinite slab of tissue-simulant fluid of variable
dielectric properties. Given in Table 3 are some of the salient parameters and the peak 1- and
10-g SARs calculated for plane waves that are incident normal to a semi-infinite slab of
dielectric properties similar to those of tissue-simulant media. Unlike the case of near-field
exposure systems in Tables 1 and 2, closed-form analytical expressions given in the following
may be used for this case of plane waves.

Table 3. Calculated skin depths, power transmission coefficients, and peak 1- and 10-g
SARs for plane waves of power density 1 mW/cm? for normal incidence on a semi-
infinite slab of tissue-simulant media of different assumed dielectric properties at
2.45,5.25 and 5.80 GHz.

Assumed Dielectric Properties . Power

Frequency Skin | . nsmission | o2 10-g

GHz £ 6 (S/m) Depth Coefficient SAR SAR
r (mm) T (W/kg) | (W/kg)

1.46 26.5 0.42 0.22 0.16

52.7 1.95 19.9 0.42 0.26 0.17

4 2.93 13.4 0.41 0.32 0.18

45 1.35 24.8 0.47 0.26 0.18

39.2 1.80 18.7 0.46 0.30 0.19

2.70 12.7 0.45 0.35 0.20

4.02 9.3 0.43 0.38 0.20

48.9 5.36 7.0 0.42 0.40 0.20

5 8.04 4.8 0.41 0.40 0.19

223 3.53 9.1 0.48 0.42 0.22

35.9 4.71 6.9 0.47 0.44 0.22

7.07 4.7 0.44 0.44 0.22

4.50 8.3 0.43 0.39 0.20

48.2 6.00 6.3 0.42 0.41 0.20

9.00 4.3 0.41 0.40 0.19

>80 3.95 8.1 0.48 0.44 0.22

353 5.27 6.1 0.47 0.45 0.22

7.91 4.2 0.44 0.44 0.21

For a lossy slab of dielectric constant €, and conductivity o, the complex dielectric
constant &" at radian frequency ® can be written as:
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8*=8r—ji=8r—j8" (D
og,

The propagation constant y in the lossy medium can be written as y=o+jB where the
attenuation constant o and propagation constant 3 can be written as follows [17]:

1/2

/4 2
Ty Ltk B PP (R [ @)
2 €y
1/2
€€ g" 2
B =0, R0 1+(—J +1 3)
2 €,

The skin depth 6, is given by 1/a and the complex reflection coefficient p at the air-slab
interface is given by
1-Ve*
%

1+ve

(4)

p:

The power transmission coefficient is given by TT" =(1-pp").

For an incident power density S;,. mW/ cm? , the peak 1- and 10-g SARs in mW/g or
W/kg are given by the following equations:

Peak 1-g SAR = [1 _e2/8 J(TT* JSine  Wike 5)

Peak 10-g SAR = 41'—(6)4[1—64-309/ 5 }(TT*)SmC Wike (6)

As for the case of the assumed near-field irradiators, here too, the results are very similar
with an advantage that a physical insight into the results is now possible.

1. For a 2:1 increase in conductivity of the SAR measurement fluid, the variation in peak
10-g SAR is relatively small and generally within + 2.5% for all of the frequencies in the
band 5.25 to 5.8 GHz (see Table 3). However, for the lower frequency of 2.45 GHz,
there is a somewhat higher variation in peak 1-g SAR (+ 23%) and a considerably lower
variation on the order of = 5-6% for the peak 10-g SAR. The reason for such a small
variation is that the power transmission coefficient varies very little with conductivity of
the fluid particularly for the higher dielectric constant media. All of the power thus
coupled into the tissue-simulant medium is absorbed by the 10-g averaging volume,
particularly for the 5-6 GHz band, since the depth of penetration is only on the order of 4-
9 mm as seen in Table 3. In fact, the peak 10-g SAR given in the last column of Table 3
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at the higher frequencies of 5.25 and 5.8 GHz is nothing but the power coupled into a
surface area of 2.154 cm x 2.154 cm or 4.64 cm® divided by 10 g.

2. Similar to the cases of the near-field irradiators of Tables 1 and 2, the peak 1- and 10-g
SARs for plane waves for the lower dielectric constant (€, ) media recommended by IEC
TC 106/PT62209 are slightly higher than those for the higher €, media recommended in
FCC OET Bulletin 65 [16]. As seen in Table 3, this is due to somewhat higher power
transmission coefficients for the media with lower dielectric constants.

V1. Conclusions

We have examined the effect of dielectric properties (g,, o) of SAR measuring tissue-
simulant media on the peak 1- and 10-g SARs both for near-field sources and for plane waves
since the dielectric properties reported for the various tissues are highly variable. For a 2:1
variability in the conductivity of tissue-simulant fluid, the variation in peak 1- and 10-g SAR is
negligible within + 2-4% for the 5 to 6 GHz band and only slightly larger on the order of = 10%
for the 2.45 GHz band, particularly for the all-important 10-g SAR. Thus, an exact match to the
conductivities or the dielectric constant recommended in the various compliance standards is not
really necessary as far as determination of 1- or 10-g SARs is concerned. This is important since
tissue dielectric properties are known to be highly nonuniform and considerably variable
between individuals [9]. Both the 1- and 10-g SARs are, however, higher by about 10-12% for
the lower ¢, media recommended by IEC TC 106/PT62209 [5], which may, therefore, be used if
a conservative determination of SAR is of interest.
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APPENDIX F

Uncertainty Analysis

The uncertainty analysis of the University of Utah SAR Measurement System is given in
Table F.1. Several of the numbers on tolerances are obtained by following procedures similar to

those detailed in [3], while others have been obtained using methods suggested in [5].
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Table F.1. Uncertainty analysis of the University of Utah SAR Measurement System.

Uncertaint Standard
ncertainty . 4 U _
Uncertainty Component Value P.rob.a b1l}ty Divisor Ci ne: Vi
Distribution 1- u;
+ % g
+%

Measurement System
Probe calibration 2.0 N 1 1 2.0 0
Axial isotropy of the probe 4.0 R V3 (1-cp)™”? 1.6 ©
Hemispherical isotropy of the probe 5.5 R \3 e, 0.0 ©
Boundary effect 0.8 R \3 1 0.5 0
Probe linearity 3.0 R \3 1 1.7 0
System detection limits 1.0 R \3 1 0.6 o
Readout electronics 1.0 N 1 1 1.0 0
Response time 0.0 R \3 1 0.0 o0
Integration time 0.5 R V3 1 0.3 0
RF ambient conditions 0 R \3 1 0 0
Probe positioner mechanical tolerance 0.5 R \3 1 0.3 0
Probe positioning with respect to phantom shell 2.0 R \3 1 1.2 ©
Extrapolation, interpolation, & integration

algorithms for maximum SAR evaluation 5.0 R V3 1 29 ©
Test Sample Related
Device positioning 3 R \3 1 1.7 11
Device holder uncertainty 3 R \3 1 1.7 7
Output power variation — SAR drift 2.9 0

measurement 5 R V3 1
Phantom and Tissue Parameters
Phantom uncertainty — base thickness tolerance 10.0 R V3 1 5.8 ©
Liquid conductivity — deviation from target values 0.4 R V3 0.7 0.2 0
Liquid conductivity — measurement uncertainty 1.5 R V3 0.7 0.6 ©
Liquid permittivity — deviation from target values 0.8 R V3 0.6 0.3 ©
Liquid permittivity — measurement uncertainty 35 R \3 0.6 1.2 ©
Combined Standard Uncertainty RSS 8.3
Expanded Uncertainty +16.6

(95% Confidence Level)
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APPENDIX G

COARSE SCANS FOR THE HIGHEST SAR REGION FOR THE AMBIT MODEL T60H
677.03 802.11a MINI PCI BUILT INTO ACER TRAVELMATE 660 NOTEBOOK
COMPUTER (FCC ID# MCLT60H6773)

= ' ' 0.035
0.03
20+ - .
- q0.025
15+ -
- q0.02
10l | - {0.015
L 001
5 E _
0.005
0 : : 0
0 3 10 15
Scan Reqgion (Resolution = 8 mm) SAR (Wikag)

Fig. G.1. Above-lap position (Configuration 1). Coarse scan for the highest SAR region for
the Ambit Model T60H 677.03 right-side antenna “A”. Frequency = 5.20 GHz,
normal mode.
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Table G.1. Above-lap position (Configuration 1). Normal mode at 5.20 GHz. The SARs
measured for the Ambit Model T60H 677.03 right-side antenna “A”.

1-g SAR = 0.033 W/kg

(]

. At depth of 1 mm

0.042 0.047 0.043 0.041 0.041
0.046 0.051 0.042 0.042 0.047
0.045 0.052 0.054 0.059 0.040
0.042 0.053 0.056 0.050 0.047
0.047 0.051 0.049 0.040 0.039

=3

. At depth of 3 mm

0.038 0.038 0.036 0.035 0.035
0.039 0.039 0.040 0.035 0.039
0.038 0.041 0.042 0.041 0.037
0.040 0.041 0.043 0.039 0.039
0.041 0.041 0.041 0.038 0.036

(]

. At depth of S mm

0.033 0.032 0.032 0.029 0.029
0.032 0.033 0.033 0.029 0.030
0.030 0.033 0.032 0.032 0.031
0.034 0.032 0.034 0.030 0.031
0.034 0.032 0.033 0.032 0.031

d. At depth of 7 mm

0.027 0.027 0.028 0.024 0.024
0.026 0.028 0.027 0.024 0.024
0.023 0.026 0.025 0.028 0.025
0.028 0.025 0.027 0.025 0.026
0.027 0.027 0.027 0.026 0.027

e

At depth of 9 mm

0.023 0.024 0.025 0.022 0.021
0.023 0.024 0.022 0.022 0.021
0.020 0.023 0.021 0.024 0.021
0.023 0.021 0.023 0.021 0.022
0.023 0.023 0.023 0.022 0.024
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Fig. G.2. Above-lap position (Configuration 1). Coarse scan for the highest SAR region for
the Ambit Model T60H 677.03 right-side antenna “A”. Frequency = 5.33 GHz,
normal mode.
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Table G.2. Above-lap position (Configuration 1). Normal mode at 5.33 GHz. The SARs
measured for the Ambit Model T60H 677.03 right-side antenna “A”.

1-g SAR = 0.030 W/kg

a. At depth of 1 mm

0.055 0.046 0.051 0.041 0.059
0.030 0.049 0.038 0.075 0.070
0.062 0.048 0.043 0.051 0.058
0.059 0.039 0.066 0.066 0.042
0.037 0.043 0.032 0.048 0.032

b. At depth of 3 mm

0.035 0.031 0.035 0.032 0.039
0.030 0.030 0.033 0.042 0.040
0.035 0.033 0.032 0.035 0.035
0.034 0.030 0.035 0.036 0.034
0.029 0.027 0.028 0.034 0.029

¢. At depth of 5 mm

0.027 0.024 0.024 0.025 0.028
0.026 0.021 0.028 0.028 0.027
0.025 0.026 0.024 0.026 0.024
0.025 0.026 0.024 0.024 0.027
0.022 0.020 0.025 0.027 0.024

d. At depth of 7 mm

0.024 0.020 0.018 0.020 0.024
0.022 0.017 0.023 0.023 0.023
0.023 0.022 0.020 0.021 0.020
0.022 0.023 0.022 0.021 0.022
0.017 0.018 0.023 0.024 0.021

e. At depth of 9 mm

0.022 0.019 0.017 0.017 0.022
0.020 0.016 0.021 0.021 0.022
0.022 0.020 0.018 0.018 0.018
0.022 0.022 0.023 0.020 0.019
0.015 0.018 0.021 0.022 0.018
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Fig. G.3. Above-lap position (Configuration 1). Coarse scan for the highest SAR region for
the Ambit Model T60H 677.03 right-side antenna “A”. Frequency = 5.81 GHz,
normal mode.

84



Table G.3. Above-lap position (Configuration 1). Normal mode at 5.81 GHz. The SARs
measured for the Ambit Model T60H 677.03 right-side antenna “A”.

1-g SAR = 0.035 W/kg

a. At depth of 1 mm

0.053 0.047 0.069 0.044 0.056
0.053 0.043 0.041 0.036 0.048
0.042 0.035 0.037 0.034 0.043
0.055 0.046 0.057 0.040 0.056
0.049 0.052 0.033 0.044 0.044

b. At depth of 3 mm

0.041 0.045 0.049 0.041 0.041
0.041 0.037 0.035 0.033 0.038
0.037 0.035 0.032 0.034 0.034
0.039 0.037 0.039 0.035 0.038
0.040 0.036 0.031 0.032 0.034

c. Atdepth of 5 mm

0.036 0.040 0.039 0.036 0.034
0.034 0.033 0.031 0.030 0.033
0.033 0.031 0.029 0.033 0.030
0.033 0.032 0.033 0.033 0.029
0.035 0.029 0.030 0.028 0.031

d. At depth of 7 mm

0.034 0.036 0.035 0.033 0.031
0.032 0.031 0.029 0.028 0.030
0.031 0.028 0.028 0.032 0.029
0.031 0.030 0.033 0.032 0.026
0.033 0.026 0.029 0.027 0.029

e. At depth of 9 mm

0.032 0.035 0.034 0.032 0.031
0.030 0.030 0.028 0.027 0.029
0.030 0.025 0.027 0.031 0.029
0.031 0.028 0.032 0.031 0.024
0.032 0.026 0.027 0.026 0.028
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End-on position (Configuration 3). Coarse scan for the highest SAR region for the
Ambit Model T60H 677.03 right-side antenna “A”. Frequency = 5.20 GHz, normal
mode.

86



Table G.4. End-on position (Configuration 3).

Normal mode at 5.20 GHz.
measured for the Ambit Model T60H 677.03 right-side antenna “A”.

1-g SAR = 0.399 W/kg

a. At depth of 1 mm

0.915
0.980
0.934
0.835
0.680

1.100
1.178
1.058
0.918
0.722

b. At depth of 3 mm

0.498
0.532
0.510
0.444
0.366

0.554
0.610
0.583
0.493
0.380

c. Atdepth of 5 mm

0.262
0.281
0.279
0.235
0.199

0.273
0.314
0.310
0.260
0.203

d. At depth of 7 mm

0.140
0.154
0.161
0.133
0.120

0.147
0.177
0.168
0.146
0.120

e. At depth of 9 mm

0.082
0.096
0.102
0.087
0.083

0.094
0.115
0.103
0.096
0.079

1.022
1.220
1.130
1.050
0.763

0.543
0.635
0.618
0.550
0.412

0.282
0.324
0.323
0.280
0.218

0.153
0.175
0.170
0.150
0.122

0.094
0.110
0.099
0.094
0.081
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0.993
1.152
1.279
1.099
0.805

0.510
0.607
0.641
0.554
0.418

0.257
0.311
0.311
0.270
0.213

0.140
0.166
0.159
0.140
0.116

0.090
0.100
0.094
0.086
0.075

0.775
1.093
1.081
1.006
0.762

0.424
0.536
0.557
0.496
0.375

0.229
0.258
0.271
0.242
0.183

0.131
0.136
0.136
0.130
0.100

0.085
0.087
0.081
0.082
0.064

The SARs
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Fig. G.5. End-on position (Configuration 3). Coarse scan for the highest SAR region for the
Ambit Model T60H 677.03 right-side antenna “A”. Frequency = 5.33 GHz, normal
mode.
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Table G.5.

End-on position (Configuration 3). Normal mode at 5.33 GHz.
measured for the Ambit Model T60H 677.03 right-side antenna “A”.

(]

0.923
1.175
1.063
1.009
1.033

=3

0.491
0.594
0.583
0.548
0.535

e

0.255
0.287
0.296
0.277
0.270

1-g SAR = 0.530 W/kg

. At depth of 1 mm

1.062
1.414
1.554
1.607
1.302

. At depth of 3 mm

0.561
0.742
0.809
0.802
0.689

At depth of S mm

0.285
0.373
0.400
0.385
0.350

d. At depth of 7 mm

0.137 0.149
0.144 0.190
0.144 0.199
0.134 0.191
0.143 0.177
e. At depth of 9 mm
0.082 0.087
0.083 0.108
0.079 0.109
0.070 0.105
0.086 0.095

1.289
1.810
2.026
1.930
1.695

0.659
0.904
0.973
0.940
0.823

0.324
0.427
0.437
0.432
0.376

0.165
0.205
0.201
0.202
0.176

0.094
0.111
0.109
0.108
0.097

&9

1.203
1.720
1.833
1.739
1.400

0.614
0.862
0.894
0.837
0.715

0.298
0.404
0.408
0.374
0.344

0.149
0.190
0.189
0.169
0.166

0.087
0.102
0.100
0.091
0.093

0.950
1.192
1.153
0.997
1.063

0.491
0.598
0.598
0.538
0.536

0.247
0.284
0.289
0.271
0.264

0.131
0.138
0.138
0.131
0.138

0.078
0.078
0.076
0.068
0.084

The SARs
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Fig. G.6. End-on position (Configuration 3). Coarse scan for the highest SAR region for the
Ambit Model T60H 677.03 right-side antenna “A”. Frequency = 5.81 GHz, normal
mode.
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Table G.6. End-on position (Configuration 3). Normal mode at 5.81 GHz.
measured for the Ambit Model T60H 677.03 right-side antenna “A”.

1-g SAR = 0.233 W/kg

a. At depth of 1 mm

0.239
0.257
0.277
0.326
0.260

0.348
0.438
0.425
0.357
0.304

b. At depth of 3 mm

0.202
0.219
0.216
0.212
0.205

0.258
0.288
0.292
0.270
0.242

c. At depth of 5 mm

0.177
0.186
0.179
0.166
0.175

0.204
0.209
0.213
0.205
0.200

d. At depth of 7 mm

0.161
0.162
0.157
0.151
0.161

0.173
0.171
0.170
0.163
0.173

e. At depth of 9 mm

0.154
0.146
0.143
0.144
0.156

0.155
0.153
0.149
0.144
0.156

0.375
0.501
0.495
0.460
0.359

0.279
0.321
0.334
0.308
0.244

0.217
0.222
0.232
0.217
0.190

0.179
0.172
0.173
0.168
0.169

0.158
0.150
0.144
0.146
0.162
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0.435
0.470
0.605
0.473
0.299

0.281
0.310
0.353
0.340
0.233

0.209
0.215
0.221
0.240
0.192

0.177
0.166
0.161
0.177
0.169

0.160
0.145
0.139
0.148
0.158

0.328
0.419
0.437
0.358
0.305

0.235
0.264
0.288
0.288
0.205

0.187
0.183
0.204
0.223
0.165

0.165
0.148
0.162
0.174
0.155

0.154
0.136
0.145
0.144
0.155

The SARs
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Fig. G.7. [End-on position (Configuration 3). Coarse scan for the highest SAR region for the
Ambit Model T60H 677.03 left-side antenna “B”. Frequency = 5.20 GHz, normal
mode.
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Table G.7. End-on position (Configuration 3).

Normal mode at 5.20 GHz.
measured for the Ambit Model T60H 677.03 left-side antenna “B”.

1-g SAR = 0.100 W/kg

a. At depth of 1 mm

0.206
0.261
0.249
0.198
0.132

0.222
0.232
0.227
0.254
0.173

b. At depth of 3 mm

0.108
0.123
0.121
0.106
0.094

0.115
0.124
0.124
0.136
0.107

c. At depth of 5 mm

0.068
0.065
0.067
0.064
0.064

0.067
0.069
0.074
0.076
0.067

d. At depth of 7 mm

0.054
0.046
0.048
0.048
0.045

0.049
0.048
0.051
0.049
0.046

e. At depth of 9 mm

0.049
0.040
0.039
0.042
0.037

0.043
0.043
0.041
0.038
0.036

0.190
0.244
0.314
0.235
0.130

0.103
0.141
0.145
0.130
0.095

0.059
0.085
0.073
0.076
0.067

0.040
0.058
0.048
0.051
0.049

0.034
0.048
0.039
0.042
0.040
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0.222
0.246
0.242
0.184
0.264

0.115
0.126
0.133
0.121
0.129

0.063
0.072
0.077
0.079
0.071

0.043
0.052
0.051
0.052
0.053

0.037
0.044
0.041
0.039
0.047

0.262
0.250
0.198
0.248
0.122

0.120
0.130
0.122
0.137
0.102

0.063
0.076
0.075
0.079
0.068

0.048
0.054
0.049
0.052
0.043

0.045
0.043
0.036
0.041
0.035s

The SARs
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Fig. G.8. End-on position (Configuration 3). Coarse scan for the highest SAR region for the
Ambit Model T60H 677.03 left-side antenna “B”. Frequency = 5.33 GHz, normal
mode.
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Table G.8.

End-on position (Configuration 3). Normal mode at 5.33 GHz.
measured for the Ambit Model T60H 677.03 left-side antenna “B”.

1-g SAR = 0.064 W/kg

(]

. At depth of 1 mm

0.119 0.110
0.104 0.161
0.116 0.126
0.125 0.127
0.101 0.093
b. At depth of 3 mm
0.087 0.082
0.071 0.084
0.076 0.080
0.079 0.075
0.074 0.059

e

At depth of S mm

0.066 0.066
0.053 0.054
0.054 0.059
0.058 0.052
0.059 0.046

d. At depth of 7 mm

0.053 0.058
0.043 0.045
0.043 0.051
0.049 0.042
0.050 0.043
e. At depth of 9 mm
0.045 0.052
0.038 0.042
0.040 0.047
0.045 0.037
0.044 0.042

0.119
0.112
0.124
0.092
0.087

0.080
0.076
0.073
0.060
0.063

0.056
0.055
0.048
0.047
0.049

0.043
0.045
0.037
0.042
0.042

0.037
0.040
0.034
0.039
0.038

95

0.119
0.100
0.115
0.085
0.079

0.076
0.070
0.070
0.061
0.066

0.055
0.053
0.045
0.047
0.055

0.045
0.044
0.033
0.040
0.046

0.042
0.040
0.027
0.037
0.040

0.089
0.125
0.105
0.116
0.087

0.073
0.074
0.059
0.075
0.061

0.058
0.049
0.044
0.056
0.045

0.046
0.039
0.042
0.048
0.035

0.038
0.037
0.042
0.044
0.031

The SARs
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Fig. G.9. End-on position (Configuration 3). Coarse scan for the highest SAR region for the
Ambit Model T60H 677.03 left-side antenna “B”. Frequency = 5.81 GHz, normal
mode.
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Table G.9. End-on position (Configuration 3).

Normal mode at 5.81 GHz.
measured for the Ambit Model T60H 677.03 left-side antenna “B”.

1-g SAR = 0.064 W/kg

a. At depth of 1 mm

0.104
0.118
0.089
0.107
0.125

0.122
0.147
0.176
0.089
0.102

b. At depth of 3 mm

0.077
0.076
0.072
0.065
0.067

0.081
0.084
0.089
0.064
0.062

c. Atdepth of 5 mm

0.056
0.053
0.054
0.044
0.042

0.052
0.052
0.052
0.046
0.042

d. At depth of 7 mm

0.041
0.041
0.041
0.034
0.035

0.036
0.039
0.039
0.036
0.035

e. At depth of 9 mm

0.034
0.036
0.034
0.031
0.034

0.031
0.034
0.036
0.031
0.033

0.096
0.126
0.193
0.125
0.113

0.073
0.084
0.092
0.063
0.068

0.053
0.056
0.051
0.038
0.048

0.040
0.041
0.039
0.031
0.039

0.034
0.035
0.035
0.028
0.034
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0.137
0.174
0.149
0.103
0.121

0.083
0.090
0.079
0.069
0.065

0.055
0.055
0.048
0.050
0.043

0.043
0.043
0.037
0.041
0.036

0.039
0.038
0.033
0.038
0.032

0.128
0.126
0.129
0.145
0.045

0.083
0.081
0.069
0.074
0.054

0.059
0.053
0.040
0.047
0.044

0.046
0.039
0.028
0.038
0.031

0.040
0.033
0.024
0.035
0.026

The SARs



APPENDIX H

VARIATION OF SAR AS A FUNCTION OF DEPTH Z IN THE LIQUID FOR
LOCATIONS OF THE HIGHEST SAR (FROM TABLES F.1 TO F.9)
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Fig. H.1. Right-side Antenna “A”. Above-lap, Configuration 1. Plot of the SAR variation
as a function of depth Z in the liquid for locations of the highest SAR for the Ambit
Model T60H 677.03 802.11a Mini PCI built into Acer TravelMate 660 Notebook
Computer (from Tables G.1 to G.3).
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Fig. H2. Right-side Antenna “A”. End-on, Configuration 3. Plot of the SAR variation as a
function of depth Z in the liquid for locations of the highest SAR for the Ambit
Model T60H 677.03 802.11a Mini PCI built into Acer TravelMate 660 Notebook
Computer (from Tables G.4 to G.6).
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Fig. H3. Left-side Antenna “B”. End-on, Configuration 3. Plot of the SAR variation as a
function of depth Z in the liquid for locations of the highest SAR for the Ambit
Model T60H 677.03 802.11a Mini PCI built into Acer TravelMate 660 Notebook
Computer (from Tables G.7 to G.9).
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