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SAR COMPLIANCE TESTING OF SENAO MODEL NL-5354CB PLUS ARIES2 CARDBUS
ADAPTER INSERTED INTO DELL MODEL PPO1L NOTEBOOK COMPUTER

FCC ID# NI3-AT53V214
Cardbus Adapter Model No. NL-5354 CB Plus Aries2

Host Computer: Dell Model PPO1L
S/N: TW-09C748-12800-16M-5064

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 Senao Model NL-5354 CB Plus Aries2 Cardbus Adapter (FCC ID# NI3-AT53V214) inserted
into Dell Model PPO1L Host Computer. Three photographs of the Dell Model PPO1L Host
Computer with Senao Model NL-5354 CB Plus Aries2 Cardbus Adapter are given in Figs. la-c
respectively. The Senao Model NL-5354 CB Plus Aries2 Cardbus Adapter (FCC ID# NI3-
AT53V214) uses two identical antennas that operate over the frequency band 5.18 to 5.825 GHz
in normal or turbo modes with peak-conducted powers that are given in Table 1.

For SAR measurements, two 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 the laptop computer shown in Fig. 1 was pressed against it (see
Fig. 2).

b. Configuration 2 — Edge-on position. This configuration corresponds to a bystander
close to the outer edge of the Cardbus Card. For this configuration, the PC is placed at

90° with the edge of the Senao Model NL-5354 CB Plus Aries2 Cardbus Adapter pressed



against the bottom of the planar phantom. A photograph for this edge-on position for

SAR testing is given in Fig. 3.

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. 4. 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 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). A cutout in a wooden table allows placement of a
plastic holder (shown in Fig. 5) on which the laptop computer with the 802.11a wireless
antennas (see Fig. 1) is supported. The plastic holder (see Fig. 5) 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. 2). 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 edge of the Senao Model NL-5354 CB Plus Aries2 Cardbus

Adapter is pressed against the bottom of the flat phantom (see Fig. 3).



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. 2, 3).

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. 2, 3).
The triaxial (3 dipole) E-field probe shown in Fig. 7 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 (TEj¢) 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

January 29, 2004.
To verify that the probe calibration conducted for the 802.11a band with CW signals is

also valid for modulated signals used for the Cardbus Adapter, 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. 8, 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. 9. 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. 8, 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
distribution for peak 1-g SAR region using this system at 5.25 and 5.8 GHz for the day of the
SAR measurements January 29, 2004, 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 5.8 GHz were 3.63 and 3.97 W/kg, respectively. The
measured 1-g SARs are in excellent agreement with the FDTD-calculated 1-g SAR for this
waveguide of 3.580 and 3.946 W/kg at 5.25 and 5.8 GHz, respectively. Also as expected, the
measured SAR plots in Appendix B are quite symmetric at the irradiation frequency.

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. 10a, b as a function of height above the
bottom surface of the phantom. From Figs. 10a, 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. 10a, 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. 10a, 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 3.66 and 4.03 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 5.36 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]. We have developed a fluid composition for which the
measured dielectric properties for the 802.11a frequencies of 5.25 and 5.80 GHz are as follows:

For 5.25 GHz,

€, =49.6+£0.6
6=5.35£0.09 S/m

For 5.8 GHz,

g, =49.3£0.6
6=6.01£0.1 S/m

The measurements of the dielectric properties (8', 8") for this fluid composition were conducted
using Hewlett Packard Model 85070B Dielectric Probe and the latest software 85070d provided
by Agilent Technologies. The measured data is based on 11 repeated measurements of which
five representative screen dumps 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

o =2nf and ¢, is the permittivity of free space, 8.854 x 10712 F/m. The measured values of €,



and o given above are extremely close to the suggested values given in Table 2: &. =48.9,

6 =5.36 S/m for 5.25 GHz and ¢, =48.2 and 6 =6.00 S/m for 5.80 GHz.

VI. The Measured SAR Distributions

The RF power outputs measured for the Senao Model NL-5354 CB Plus Aries2 Cardbus
Adapter for the normal and turbo modes are given in Table 1. For SAR measurements, we
selected frequencies of 5.26, 5.32, and 5.805 GHz for the normal mode and 5.25, 5.29, and 5.80
GHz for the turbo mode, respectively. The various frequencies were selected both for their
highest power outputs as well as to cover the 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 ¢m3 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 E. The combined standard uncertainty is

+ 8.3%.



As determined by the coarse scans, the highest SAR region was invariably found for the
11.2 x 19.2 cm area immediately below the Cardbus Adapter for the "Above-lap" Configuration
1 and above the projected area of the antenna for the "Edge-on" Configuration 2. The coarse
scans for these highest SAR regions are given in Appendix F, Figs. F.1 to F.12. In these figures,
the two axes are marked in units of step size of 8§ mm. Also shown in these figures are the
respective antenna outlines overlaid on the SAR contours. It is interesting to note that the
highest SAR regions are immediately above the two antennas used for this Cardbus Adapter.
Also given in Appendix F as Tables F.1 to F.12 are the SAR distributions for the highest SAR
region of volume 10 x 10 x 10 mm for which the coarse scans are given in Figs. F.1 to F.12,
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 22.7 + 0.2°C..

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

The SAR measurement results for the Senao Model NL-5354 CB Plus Aries2 Cardbus
Adapter (FCC ID# NI3-AT53V214) inserted into Dell Model PPOIL Host Computer are
summarized in Table 3. 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 Senao Model NL-5354 CB Plus Aries2 Cardbus
Adapter (FCC ID# NI3-AT53V214) inserted into Dell Model PPOIL Host Computer, the
measured peak 1-g SARs vary from 0.105 to 0.638 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 Senao Model NL-5354 CB Plus Aries2 Cardbus Adapter (FCC ID#
NI3-AT53V214) inserted into Dell Model PPO1L Host Computer for
normal and turbo modes.

Frequenc Art. Settin Peak Conducted RF Power
Channel MHz 0o (dBm)
Normal Mode
1 5180 13.5 15.9
4 5240 13.5 15.29
5 5260 16 17.88
8 5320 16 17.9
9 5745 11.5 14.1
12 5805 13 14.62
Turbo Mode
1 5210 14 16.55
2 5250 14 16.83
3 5290 15.5 17.36
4 5760 11.5 14.54
5 5800 11.5 14.72
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Table 2.  Dielectric parameters for body phantom for the frequency band 5.2 to

5.8 GHz [2].
Frequency c
(GHz) €r (S/m) Reference
3.0 52.0 2.73 Ref. 2
5.8 48.2 6.00 Ref. 2
5.25 48.9 5.36 Interpolated
53 48.9 5.42 Interpolated
5.4 48.7 5.53 Interpolated
5.6 48.5 5.77 Interpolated
5.7 48.3 5.88 Interpolated
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Table 3. The SAR measurement results for the normal and turbo modes of Senao Model NL-
5354 CB Plus Aries2 Cardbus Adapter (FCC ID# NI3-AT53V214) inserted into Dell
Model PPO1L Host Computer.

Liquid temperature = 22.7 + 0.2°C
Measurement date: January 29, 2004

Separatio Conducted RF
Config- n Frequenc Output Power l-g See See
uration from Mode y (dBm) SAR | App.F | App.F
Phantom GHz Before After W/kg Table | Figure
(cm)
0 Normal 5.26 17.88 17.91 0.237 F.1 F.1
0 Normal 5.32 17.90 17.89 0.263 F.2 F.2
1 0 Normal 5.805 14.62 14.65 0.253 F.3 F.3
0 Turbo 5.25 16.83 16.81 0.244 F.4 F.4
0 Turbo 5.29 17.36 17.39 0.116 F.5 F.5
0 Turbo 5.80 14.72 14.76 0.236 F.6 F.6
0 Normal 5.26 17.88 17.83 0.213 F.7 F.7
0 Normal 5.32 17.90 17.87 0.265 F.8 F.8
) 0 Normal 5.805 14.62 14.66 0.638 F.9 F.9
0 Turbo 5.25 16.83 16.87 0.113 F.10 F.10
0 Turbo 5.29 17.36 17.38 0.105 F.11 F.11
0 Turbo 5.80 14.72 14.69 0.180 F.12 F.12
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a. Top cover with screen open.

Fig. 1. Photograph of the Dell Model PPO1L Host Computer with Senao Model NL-
5354 CB Plus Aries2 Cardbus Adapter inserted in it.
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b. View from the bottom side of the laptop computer.

Fig. 1. Photograph of the Dell Model PPOIL Host Computer with Senao Model NL-
5354 CB Plus Aries2 Cardbus Adapter inserted in it.
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c. Side view showing the Cardbus Card edge.

Fig. 1. Photograph of the Dell Model PPOIL Host Computer with Senao Model NL-
5354 CB Plus Aries2 Cardbus Adapter inserted in it.
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Fig. 2. Photograph of the bottom of the Dell Model PPO1L Host Computer with Senao
Model NL-5354 CB Plus Aries2 Cardbus Adapter pressed against the bottom of
the planar phantom. This Configuration 1 — Laptop position for SAR testing.
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Fig. 3.

Photograph of the Dell Model PPO1L Host Computer at 90° with the edge of the Senao
Model NL-5354 CB Plus Aries2 Cardbus Adapter pressed against the bottom of the
planar phantom. This is Configuration 2 for SAR testing and represents the case of a
bystander at a distance of 0 cm from the edge of the Cardbus Adapter.
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-

Fig. 4. Photograph of the three-dimensional stepper-motor-controlled SAR measurement
system using a planar phantom.
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Fig. 5. The plastic holder used to support the portable PC for SAR measurements.
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Fig. 6a. 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. 6b. 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. 7. Photograph of the Narda Model 8021 Broadband Electric Field
Probe used for SAR measurements.
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Fig. 8. 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.

Rl

AR SR RN

Fig. 9. The microwave circuit arrangement used for SAR system verification for the 802.11a
band.
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Fig. 10.  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. 10. 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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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. 9 of the SAR Report. As shown in this figure, the irradiation system uses a
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WR187 rectangular waveguide (see Fig. 8 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.4 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 and turbo modes,
for several frequencies of the 802.11a band, 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 Normal Mode
3 T T T T T T T T

251

Local SAR (W/kg)

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 Normal Mode
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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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5.29 GHz Turbo Mode
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Fig. A.3. Comparison of the SAR for CW or OFDM modulated signals for the turbo mode at
5.29 GHz.
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5.76 GHz Turbo Mode
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Fig. A.4. Comparison of the SAR for CW or OFDM modulated signals for the turbo mode at
5.76 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 January 29, 2004 — The SAR plot at 5.25 GHz
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Scan Region (Resolution = & mm) SAR (Wikg)

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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January 29, 2003

1-g SAR = 3.63 W/kg

. At depth of 1 mm

8.831
9.501
9.796
9.243
8.630

9.640
10.001
10.342
9.876
9.004

. At depth of 3 mm

4.338
4.633
4.706
4.509
4.188

4.718
4.956
5.036
4.860
4.482

. At depth of S mm

2.053 2.218
2.167 2.342
2.165 2.337
2.102 2.291
1.930 2.125

. At depth of 7 mm
1.029 1.104
1.070 1.143
1.057 1.131
1.029 1.128
0.926 1.034

At depth of 9 mm
0.592 0.639
0.613 0.632
0.600 0.627
0.582 0.631
0.515 0.565

9.763
10.356
10.435
10.079
9.515

4.796
5.105
5.159
5.001
4.649

2273
2.407
2.432
2.371
2.172

1.139
1.181
1.185
1.161
1.064

0.652
0.656
0.653
0.640
0.600
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9.142
10.194
10.333
9.815
9.343

4.570
4.964
5.036
4.825
4.532

2.200
2319
2.351
2.268
2.105

1.100
1.141
1.151
1.112
1.033

0.610
0.640
0.641
0.623
0.589

8.527
9.299
9.409
9.197
8.606

4.293
4.604
4.665
4.520
4.220

2.077
2.180
2.213
2.119
1.982

1.037
1.066
1.088
1.032
0.978

0.570
0.582
0.603
0.573
0.558



For January 29, 2004 — The SAR plot at 5.80 GHz
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Fig. B.2. Coarse scans of the measured SAR distribution for the WR187 rectangular waveguide
irradiation system for system verification at 5.80 GHz. Also shown is the outline of the
rectangular waveguide overlaid on the SAR contours. Radiated power = 100 mW.
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January 29, 2004

1-g SAR = 3.97 W/kg

a. Atdepth of 1 mm

10.810
11.608
11.899
11.941
11.552

11.467
11.877
12.198
12.148
11.530

b. At depth of 3 mm

4.748
5.029
5.133
5.148
4.983

4.948
5.179
5.287
5.259
5.044

c. At depth of 5 mm

1.933
1.997
2.020
2.031
1.962

1.953
2.064
2.086
2.087
2.026

d. At depth of 7 mm

0.879 0.860
0.879 0.901
0.879 0.900
0.896 0.910
0.855 0.891
e. At depth of 9 mm
0.554 0.544
0.542 0.554
0.544 0.549
0.567 0.544
0.529 0.541

11.310
12.007
12.140
11.950
11.865

4.920
5.236
5.312
5.258
5.125

1.969
2.097
2.116
2.117
2.029

0.879
0.921
0.909
0.921
0.892

0.552
0.553
0.542
0.548
0.548
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11.294
11.982
12.101
11.952
11.575

4.897
5.146
5.226
5.184
5.027

1.956
2.020
2.072
2.052
2.005

0.872
0.883
0.908
0.889
0.888

0.541
0.546
0.548
0.539
0.552

10.684
11.098
11.269
11.520
11.263

4.720
4.871
4.986
5.001
4.859

1.919
1.975
2.024
1.990
1.929

0.850
0.882
0.890
0.874
0.860

0.514
0.536
0.536
0.538
0.542



APPENDIX C

SIMULANT FLUID

SCREEN DUMPS FOR THE UNIVERSITY OF UTAH TISSUE
FOR THE FREQUENCY BAND 5.0 TO 6.0 GHz (FIVE REPEATED MEASUREMENTS)

eeq >

il BL20
0L CLL e dag

ZH9 "9 ZHI G

0z

09

08

jo|esal 10} JON
Ados uonyesjsuowaq

14 559.d ‘djay Jod v

" WON
~ G9¥S'8L  £991°8¢ ZHS 000000000°9
9009'8L  9ZLZ'8F ZHO 0000000S6'G
18€6°8L  £257°8F ZHO 000000006'S
2bEG'8L  GZEV'8F  ZHO 000000068'S
0009'8L ve¥y'8y ZHO 000000008
89£9'8L  9LZv'8F ZHO 000000052 'S
€60G'81 €295°'8¢ ZHO 000000002°%
8526’81  6EEG'8Y ZHS 0000000SY'S
L2¥'8L  989°8%  ZHO 000000009'S
Z65v'8L  6/9.°8¢ ZHO 0000000SS'S
696v'8L  2292°8¢ ZHO 00000000S'S
LWEY'8L  6Z68'8F 2ZHO 00000D00SY'S
GEZV'8L  G958'8F ZHO 00000000Y'S
PPOFAL  €096'8¢ ZHO O0DDDDOSE'S
990£'8L  SBLO'6Y ZHO 000OOOOOE'S
189781  9556'8F ZHO 000000062 S
GrOZ'8L  €960°6¢ ZHO 00000000Z'S
€091°'8)  ZE0L'6F ZHO 0000000G)'S
9LL0'8L  8%.0°6F ZHO 00000000L°S
€216'ZL  908Z°6¢ ZHO 0000000S0°S
b 86€8°'Z1  ZGZE'6F  ZHO 000000000'S
I w3 2 Kouanbaiy
Yed 2120 300 Iy Jequwaden
jojesal 10} JON
v Adon uonesjsuowaq
d @

=

=1+ 2 %wo ul Hinh « FfF e BE S
defl seduempld Aedsia ogel WRYD eansesy uopeiged MR ¥pdl o
POZ0GH sa18ojouyaa) |8y

Fig. C.1.

37



CWNN 1d sseid

A GGr9'8L  JE0Z'6F ZHO 000000000°9
8009'8L £GZZ'6F ZHO 000000056'S
Z629'8  LLYE'6F ZHO 000000006'C ZH9 9 ZH9 'G
68¥9'8L  ZOFF'6¥ ZHO 000000058'C 0
ZVES'8L  ¥OSK6F ZHO 000000008'S
€162°8L  6EZ¥6F ZHO 0000000SL'S
029581 ¥66¢'6F ZHO 00000000Z'C |
161581  810G'6Y ZHO 0000000S9'S | o
16€5°8L  9¥YO'6F ZHO 000000009'S
vZ6¥'8L  ¥069'6F ZHO 0000000SS'S
€195'8L  0689'6F ZHO 00000000S'S
86818l  062°6F ZHO 0D00OOOSH'S
LTVl €9Z2°6F ZHO 00000000F'S eeq >
IS6E'8L  2992°6¢ ZHO 0000000SE'S
LLLE'SL  8L28°6%  ZHO 0000000OE'S a9
ZE€8Z'8L  6IL8°6F ZHO 0000000SZ'S
Griz’8L  L0S0'0S  ZHO 00000000Z°S
90EZ'8L  6EE0°0S ZHO 0OOOD00SL'S .
0S€0°8L  ZZ¥6'6F ZHO 00000000L'S U L 08
G9E6'ZL €G50S ZHO 0000000SO'S
LL¥6'ZL  8281°06 ZHS 000000000°S

oF

.2 8 Kfauanbaiy Yol +52) ,, |
0L 'L senwa ey o @@w
¥ii 0O EOUR ‘LY Setinten .
jojesal 10} JON jojesal 10} JON
Ados uonjesysuowag >aoo cc:mbm:osoo

-mmi- g% Alwl Hwie =

%n sa3UBIa0Id %.%a sqel  weyd ainseoyy cgﬁ%u Mol %u om
PO/ 0GH satdojouyaa] Jua)dy -

Fig. C.2.

38



G862°81
= 8962°81
” 1982°81
1892°81
GE6Z'81
052881
062981
£659'81
0£99°81
98c6°81L
891981
£605°81
1. 88vv'8L

= ¥8EY'8L
EV9Z'8l
908Z'81
viEC8L
g¥Zi'el
1v86'21L
86.8°L1

el
3

€LLT 6¥
092Z°6¥
8LEL°6¥
caov'ey
LGSy 6y
reGe ok
9£6E 6y
99Z¥°6¥
ZLivey
L58Y 6V
9Ly'6v
GLGY 6F
9i¥y6¥
(1744 414
045Y°6¥
r68y°6Y
9985°6V
966¥°6¥
986v°6¥
£649°6Y

68v9°6¥
a

Yed 07 LU BOBL LI JemuRUeR

ZH9 0000000009
ZH9 000000056'S
ZH9 000000006'S
ZH9 000000058°G
ZH9 000000008°S
ZH9 000000052'S
ZH9 000000004
ZH9 000000069
ZH9 000000009°S
ZH9 000000055°S
ZH9 000000005°'S
ZH9 00000005¥°S
ZH9 00000000¥'S
ZH9 0000000SE°S
ZHO 00000000E"S
ZH9 0000000SZ°S
ZH9 00000000Z°S
ZH9 0000000GL°S
ZH9 00000000L°S
ZH9 000000050
ZH9 000000000°S

Kouanbai4

i8|esal 10} JoN

Adoo uonjesysuowaq

ereq >

[ 7K te4Y
B3 A AT T2 ]

ZH9 "9 ZH9 G

j9|esal 10§ JON

Ado) uonjesysuowag

0z

or

09

08

H
i

5
d Wi e

~ 1+ 3%00° ulHinj s 66 ws AR

deH sewsiemid Aeidsid eiqel YeYD eunsealy uopeiged MR ¥ of
PO 0GY sadojouyaa] JuaNdy -

Fig.C.3

39



~ LLYG 8L
= GLEG'BL
2619'81
YIS 8L
628581
906281
8994°8L
EL158)
zZees 8l
8Z8€'81
021581
G86E'8l
£287'81
| ELVE8L
99818}
08181
8Z21'81
1801°81
£826'Z1
G206'21

3112 A
a

Gri6'8y
oveLoF
6ZET6F
9.1Z°6¥
UV 4
£61LE°6¥
yo8Z 6v
0ZLE°6¥
6LYY 6F
6y 6r
1G9G'6¥
90Z5° 6%
LG 6F
8EEI'6Y
L229°6¥
80L2°6¥
£968'6¥
8918'6F
£6.8°6F
GE60'06

Zren’os
()

ZH9 000000000'9
ZH9 0000000%6°S
ZH9 000000006°S
ZH9 00000008°G
ZH9 000000008
ZH9 000000064'S
ZHS 000000002'9
ZH9 000000069°S
ZHS 000000009°S
ZH9 0000000SS°S
ZH9 000000005°S
ZHO 0000000S¥"S
ZH9 00000000¥°G
ZH9 00000005 S
ZHO 00000000E'S
ZH9 000000052
ZH9 00000000Z°S
ZH9 0000000S1L°S
ZH9 000000001L°%
ZH9 000000050°%

ZH9 000000000
Kouanbai4

¥ii SZ LI IDON LE Jenmgdag

j8jesal 10} Jo0N

Ado2 uonjesjsuowa(g

ZH9 9 ZHO G

eleq >

0¢

oy

[ R 44
TORT oL aRmm A den

Ado) uonesysuowaq

08

j[esas 10} JON

- 1w-q_a‘¢

- BT

b= ]

.M\w ud 2

f
i

|

"L

IR T IEE]

a_o._u mou...o_.oWE Aeidsiq o;_n_o._. Wy sunsealy _._ozo._&_cu MoA w3 ofd

PO/ 0GH saidojouyaa] Juaydy -

Fig. C.4.

40



- WNN
A 9042°'8L ¥Zi6°'8% ZHO 0000000009
o £€6¥2'81L  08v0'6F¥ ZHO 0000000G6'S
9zL8'81  866L°6¥ ZH9 000000006'S
cLz2°'8L  ¥66L°6%¥ ZHO 000000068°S
Gv08'8L  Z¥9Z'6¥ ZHO 000000008'S
206’81  8viZ’6F ZHO 0000000%2°S
8099'8L 8E¥Z'6¥ ZHO 000000002°C
€602°'81 816Z'6¥ ZHO 0000000S9°C
9602’81  v09£’6¥ ZHS 000000009°%
1626°8L  ¥Ziv'eyr ZHO 0000000SS°G
198981  606¥'6Y ZHO 000000005 S
2609’81  619v°6¥ ZHOD 00000005y S
9G8Y'8L  L6SY'6F ZHO 00000000%°S
9806'8L 9985°6¥ ZHO 0000000%E°S
6vZ€'8L Z085'6¥ ZHO 00000000E°S
oLveE'sL 06196 ZHO 000000052°S
99cE'gL  1892°6F ZHO 00000000Z°S
€GEZ'8L  ZZ69°6F ZHO 00000006L°S
6680°8L Z¢9.°6F ZHO 00000000L°G
0ZE0'8L  LSZE'6Y  ZHO 0000000SO'S
LGE6'ZL  Z216'6¥ ZHO 000000000°G
] 8 Kouanbaiy
¥t IV B0ON LY etmedeg
; jojesal 10} J0N
> Ado) uoijesjsuowag

1 5594d ‘dioy ..om,

ZHD 9 ZH9 G
0c
114
eeq >
09
08
v&d ww& ;
0 Ly enwateg
a 0oL

jd|esal 10§ JON

Ado) uonesysuowag

- = ; Cowt
S 8 & i

- 1 ..m..”w % w? 3

£

.‘ diaH mmu:u,amo_t Mmﬁmo o_na.— ub:u ‘ugcz cozoﬁ__ou, MIIA %m 0

ol Hieh « PP ww AH 28

PO£0GH saBojouyIa| JUBBY o

Fig. C.5.

41



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

I. 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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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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a. Variation of SAR along the z-axis.
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b. Variation of SAR along the x-axis parallel to the broader dimension of the waveguide at
height z = 4 mm.

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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