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1.  Please submit mix procedures for 5 GHz liquid.
Response:

As given in Table 2, we have tried three different fluids (fluids 2, 3, 4) for SAR
determination in the 5 GHz band and found all of them to be capable of giving the
expected/calculated peak 1-g SAR for the FCC-recommended body-simulant fluid [1] within
+1.5%. Because of the desirable transparency of fluid 5 consisting of sugar/water/HEC, we used
this fluid for 1-g SAR determination of the EUT. For this composition, HEC and sugar were
mixed thoroughly and water added gradually thereafter. The mixture was stirred as more and
more water was added to dissolve HEC/sugar combination into water.

2. Please submit printout/output/screen-dump from dielectric test system icluding several
frequencies within band.

Response:

At the outset, it must be mentioned that no tissue-simulant fluids have been suggested in
any of the existing standards or draft standards for 1- or 10-g SAR determination for personal
wireless devices for frequencies above 3 GHz [1-4]. Because of this limitation, some of the
standards are only written for frequencies up to 3 GHz [e.g. refs. 2, 3]. 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 [1]. 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.
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The screen-dumps for some of the representative fluids studied are given in Figs. 1-5,
respectively. For each of the cases, the conductivity ¢ for the fluid may be obtained by



multiplying &" by we, where o=2nfand g, is the permittivity of free space, 8.854 x 1072
F/m. The measured €', o thus determined for frequencies of 5.25 and 5.8 GHz typical of
802.11a band are given in Table 1. Looking at Table 1, 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 [5, attached as Appendix A]. Given in Table 2 are
the peak 1-g SARs determined for fluids 3, 4, and 5 (of Table 1). 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 1), the peak 1-g SAR is within + 1.5% of
that for the FCC-recommended dielectric properties [1] 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 [6, attached as
Appendix B]. In this study, we have taken conductivities that are up to 150% of the values
recommended by FCC [1] 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 B). As explained in [6],
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. 6 and 7 for 5.25 and 5.8 GHz,
respectively.

3. SAR report refers to deionized water and methanol dielectric tests — please describe test
procedures and include measured values, at least for deionized water compared to
theoretical.

Response:
The measured variation of €' and &" for deionized water is given in Fig. 1. The values
g =7297,6=554S/mat525GHzand ¢ =71.82,6=6.61 S/m at 5.8 GHz given in Table 1

(fluidl) are in good agreement with theoretical values for deionized water.

4.  What is the distance from bottom of card slot to flat phantom for lapheld position
(Configuration 1)?



Response:

The distance from bottom of the card slot to flat phantom for lapheld position
(Configuration 1) is 13.7 mm.

5. Please submit close-up edge view photo of card in laptop slot.

Response:
A close-up edge view photograph of card in laptop slot is attached here as Fig. 8.

6. EMC and SAR reports show identical output powers. SAR report refers to these as
average powers, EMC as peak. Please describe procedures used to ensure card was
transmitting at max power for SAR tests, including average power test results as
appropriate.

Response:

This is a typo. The caption of Table 1 on p.12 of the SAR test report submitted on July 17,2003 should read '
Peak conducted RF power outputs' rather than 'Average conducted RF power outputs'.

The procedure for conducted output power measurements used the channel power function of the spectrum
analyzer Model FSEK 30. The procedure and the results obtained for the various channels are given in
Appendix C.
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Table 1. The measured dielectric constants and conductivities ¢ for some fluids for
frequencies 5.25 and 5.8 GHz.

5.25 GHz 5.8 GHz
Fluid , o} , c
¢ 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




Table 2. Comparison of the measured and calculated peak 1-g SAR at 5.25 and 5.8 GHz.

5.25 GHz 5.8 GHz
l-g l-g
¢ S;’m SAR | ¢ S;’m SAR
W/kg W/kg

FCC body [1]; calculated 48.9 5.36 3.57 48.2 6.00 3.95
Fluid 3 of Table 1, water/PEP/HEC;
measured 493 4.77 3.55 48.0 5.64 391
Fluid 4 of Table 1, Mannitol/water/HEC;
measured 47.6 5.80 3.59 473 6.74 393
Fluid S of Table 1, sugar/water/HEC;
measured 48.8 6.82 3.62 46.9 7.83 3.94




e

W

—— —f - T ms =

|
|
—
|

|REER] PO) FOR

-
s

Adog um

JeJjsucwag

The output of the measured &', " for deionized water for the frequency band 5 to 6

GHz.

Fig. 1.



TS WNN 14 ssaud ‘diad 104

Lv6'LZ B¥BZ'Z9 ZHO 0000000009
9251°V2  69%F'£9 ZHO 0000000S6"G IHS "9 ZHD G

EELLLE 064529 ZHO 000000006°% 0
9215°V2 152919 ZHO 000000058 S
99€°V¢ 9284°19 ZHO 00000000Y S
Z0ZE'VZ 185089  ZHO 000DD00SL S
L96L°LZ  6Z56'L9 ZHO 00000000L S 0Z
96.6'02 Z/90°'89 ZH9 D000000SY'S
BOLG'0Z  LFLE'SS ZHO 000000009 S
6¥V82°0Z 09L2°89 ZHO DOOODODOSS &
GEPS'0Z Z6BE'B9 ZHO 0000000OS S oy
97¢5°0¢ 210589 ZHO 0000000SE S
¥96Z°0¢ CEBY'B9 ZHO 00000000V

69GL°0Z ZL¥2°'89 ZHO D0DOODOSE'S
— ¥980°0Z ¥Z41°89 ZHO D0000000E'S 09
Z168°61 168883 ZHO D0D0OODSE'S | epeq »

GE6Z'6L 879689 ZHO 0000DODOE S
LI19°6F  BFLL'69  ZHO 00DDDDO0SL'S
6EVE'6L  FLZZ'69 ZHO DDODDDOOL'S 08
659E°6L  ZVSZ'69 ZHO 000DDODOSO'S
YG¥Z°6L  B886E°69 ZHO 000000000'G

" ] fouanbaiy —_—
s o e U0
mmmu,_@r.m. 10} ,_r.ﬂ j2jesal 10§ JoN
Adon uonjesjsuowaq Adoo uonjesjsuowa(

& 8 e mm—~14 3%.2° o EBl i PF GG BEH 88
deH seusseply Aedsig 9|gel peyD aunsesly uonRigeD) MR Jp3 o

POL0OGEH saldojouyoa| Jua|sy -

The measured €', &" for a composition of 96% deionized water and 4% HEC for the

frequency band 5 to 6 GHz.

Fig. 2.



1FGLBL
980°9L
8097 8L
GREY' oL
or6¥ LL
1069°2L
6EDF oL
GEVZ BL
GLIEDL
609" 1L
982011
GoIEoL
128211
B8GIL'9L
cELS' Ll
96ZE£° 9L
re99'9L
9082'9L
£8CLGL
96619l
LLLESGL
.-@

Er Ly

6906'GY
068L°9F
SISl IV
rowsy
0986 1¥
9ELG O
€580 Iy
FOS0°BF
BEvE LY
OL6L'6F
CGED IV
CrirG6F
oerL'er
9¥6L'6F
LGEF 0%
G60L 6F
FI60°LS
OreeE 0%
LLE0°LG
6ILYLG
210806
2

Adoj uonesjsuowaq

., ,._!
EhEi
...m,w s

ZHS 000000000

w.

ZHD 000000056°G |

ZHD 000000006 G
ZHS 000000052°G
ZHD 000000009 G

ZHD 00000005L°G |

ZHD 00000000L'G
ZHD 000000059°G

ZHS 000000009°G |

ZHD 000000055 G

ZHD 000000005'G |

ZHS 00000005F S
ZHD 00000000F"S
ZHD 00000005E°G
ZHD 00000000E'G
ZHO 00000005Z°S
ZH9 00000000Z°G
ZHS 00000005L°S
ZHD 00000000L°G
ZHS 000000050°

ZHD 000000000°G |
Aszuenbaig |

Wd TS'TD DODT DT N2EN

i2lessl 10) JON

e

|
M 751D |

fiEpor ‘DT unsm

Ad

ZHO G

0

114

————+——t—1— 08

0oL

i2esald 10j JoN
07 uoljesjsuowa

polyethylene

16%

The measured €', &" for a composition of 82% deionized water,

powder and 2% HEC for the frequency band 5 to 6 GHz.

Fig. 3.



_ rere 0f 11219y ZHS 0000000009 |
_ Fe09'0Z EVEL'LF  ZHD 0000000S6'G |
| g LLSO LE 02669 ZHS 000000006'C |
28Zroe 0iP6'9F  ZHD 00000006H°G ||
8E89°0e 966 Ly  ZHD 000000009 G
GEES'0F CoLE'9F ZHD 000000061 G
Go9G 07 198 iy ZHD 000000001 G
69EL0F 99EL" Ly ZHD 000000059°G
FBOE 02 gL8E° Iy ZHD 000000009°'C
Gi91° 08 69 iy  ZIHS 000000055°G |
6082 0¢ LO6Z° Ly ZHO 0000000056 |
9906 0¢ 9989 4y ZHD 00000006F° G |
LOL¥ 02 926’y ZHS 00000000V°G |
oroL 02 GIGY My ZHS 0000000GE'S |
FiLYV'OZ VelS iF  ZHD 00000000E'G |
| Feom°6L P65 Iy ZHD 000000052°G |
i GorL0Z FeGe i ZHSD 000000002 C
| 0E6l’6L Lozl iy ZHD 00000005L°G
209,761 60LL°8F  ZHOD 00000000L°'G |
Fasi'6L 6790°8F ZHSD 000000050°G ||
L¥¥E 6L ZEFVer ZIHS 000000000'G |
] K] fouenbaiq |

WY STLL EDDE '+F Aenagey

i|esal 101 Jopn
Ado9 uonesysuowag

il cooE v RiEmaga 4

174

e >

| OF

0%

WY 9Z.TT

1

Ado

i2lesal 10] JOM

9 uoljeljsuowa

e ——

The measured €', €”" for a composition of 31.5% mannitol, 67.5% deionized water, and

1% HEC for the frequency band 5 to 6 GHz.

Fig. 4.

10



14 ssa:d ‘djaH 404

0656'¥Z 0080’9 ZHO DODO0DO0D'9
GELS'¥YZ  ¥BYZ9Y ZHO DODODDOSE'S ZH9 "9 ZH9 °G
68¥8'¥Z  LZLZ9% ZHO DODODDODG'S Tt T T T T —i 0
EBBS'¥Z  €Z9V'9¥ ZHO DODODDOSE'S | me
B0/Z%Z BZ98'9r ZHO DODOODDOS'S et ===
ESYO'YZ  68L°Lv ZHO DODODDOSL'S | H_ | -
£88L'VZ  9G0°Zv  ZHO DOODOO0DL'S e ae ma m ——— L
VBSL'VZ  9VIG IV  ZHO 00ODO0O0SY'S | || | |
Z89E'YZ  E0BY'Zv ZHO DOODOODDY'S F et |
BEZL'EZ  IEVYZV ZHO DOODOODSS'S - m | |
LEEEZ 0Z1'8F ZHO D000000DS'S =ttt oF
BEVG'EZ  9PZ0°'8F ZHO D00ODOOSY'S | ejeq > ——n | b = |
686V'EZ  66Z1°8¢ ZHO DOODOODOY'S _m 1 i
BYLLEZ  ZZ¥I8Y ZHO DODDOODSE'S | ”.
9995°'€Z  0SYS'8Y ZHO 00O0OOOOE'S T . , 09
VISE'EZ  2581°8Y ZHO 000000OSZ'S |
EISYEZ  B096'8F ZHO 00D0ODOOZ S . — “
199€°€Z  BLSE'8Y ZHO 0000000SL'S | i |
VIOZEZ MIET6F ZHO 00DOODOOL'S 5 B MR B St Tar St e e
96Z'€Z  69¢¥'6F ZHO D0DOODOSO'S _ _ | ” _
GIS6'ZZ  6L9Y'6Y ZHO D00O0DOOD'S R i R T

“ 2 fouenbasy |  wisn 7 i _ |

Fd ¥ B0 EOOC “I0 SER

j2jesal 10} Jo N

Ado) uoinjesjsuowag

jojesal 10§ Jo N

Adoy uonesysuowag

[C3 ﬂu

o nNr.. .

u_uﬂ_ .ﬁu..s..n,_u.n_ Aedsiq  sgey t_qﬁ_ aunsealy) UoLRIGQIED  MaIA

|
e

H.Imml Ein %m G B H

PO/05Y saldojouyaay juajidy o

The measured &', €" for a composition of 31% sugar, 68% deionized water, and 1%
HEC for the frequency band 5 to 6 GHz.

Fig. 5.

11



16

14

12

10

SAR (W/kg)
(0]

.... g =48.9, 0=5.36
— & =488, 0=6.82

Fig. 6.

| T
2 4 6 8 10 12 14 16 18 20
Distance from the fluid surface(mm)

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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Fig. 8. Close-up edge view of the Senao Wireless Cardbus Adapter inserted into IBM Model
2659 Notebook Computer.
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APPENDIX A

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 /EEE 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

16



shown in Fig. 2. As shown in Fig. 2, the WR187 waveguide is fed with microwave power from a
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=6.82 S/m
at 5.25 GHz; and ¢, =46.9, 6 =7.83 S/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.

17
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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

18
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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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a. Variation of SAR along the z-axis.

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. 4. Comparison of the measured and calculated SAR variations for a planar phantom of base
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waveguide radiator placed 10 mm below the bottommost surface of the lossy tissue-simulant
phantom. Frequency = 5.8 GHz.
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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
(e, =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 variations 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 em’ 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 B

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 PT622009 [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 o 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
545 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 o @ 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/¢* 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
2.93 13.2 3.37 1.72
2.45
1.35 23.4 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
353 5.27 5.9 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

4 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-
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9 mm as seen in Table 3. In fact, the peak 10-g SAR given in the last column of Table 3
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 C

1. PEAK TRANSMIT POWER MEASUREMENT

2. LIMITS OF PEAK TRANSMIT POWER MEASUREMENT

Frequency Band Limit
5.15 - 5.25GHz The lesser of 50mW (17dBm) or 4dBm + 10logB
5.25 -5.35GHz The lesser of 250mW (24dBm) or 11dBm + 10logB
5.725 - 5.825GHz The lesser of 1W (30dBm) or 17dBm + 10logB

Note: Where B is the 26dB emission bandwidth in MHz.

3. TEST INSTRUMENTS

Description & Manufacturer

Model No.

Serial No.

Calibrated Until

SPECTRUM ANALYZER

FSEK30

100049

July 24, 2003

NOTE: The calibration interval of the above test instruments is 12 months and the calibrations
are traceable to NML/ROC and NIST/USA.
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APPENDIX C


4. TEST PROCEDURE

1. The transmitter output was connected to the spectrum
analyzer.

2. Set span to encompass the entire emission bandwidth of the
signal.

3. Set RBW to 1MHz, VBW to 300kHz.

4. Using the spectrum analyzer’s channel power measurement
function to measure the output power.

5. DEVIATION FROM TEST STANDARD

No deviation

6. TEST SETUP

EUT SPECTRUM

7. EUT OPERATING CONDITIONS

The software provided by client to enable the EUT under transmission
condition continuously at specific channel frequencies individually.



8. TEST RESULTS

EUT Wireless Cardbus Adapter |MODEL SL-5354CB ARIES
ENVIRONMENTAL |25deg. C, 68%RH, INPUT POWER | .0\ o0 1y
CONDITIONS 991hPa (SYSTEM) ’
TESTED BY Ansen Lei
26dBc
CHANNEL | pEAK POWER | PEAK POWER )
Occupied
CHANNEL A FREQUENCY OUTPUT LIMIT _ PASS/FAIL
(dBm) Bandwidth
(MHz) (dBm)
(MHz)
1 5180 14.85 17.00 33.43 PASS
4 5240 14.64 17.00 34.79 PASS
5 5260 14.62 24.00 35.51 PASS
8 5320 14.82 24.00 37.27 PASS
9 5745 18.43 30.00 42.08 PASS
12 5805 18.87 30.00 43.79 PASS

NOTE: The 26dBc Occupied Bandwidth plot, please refer to the following pages.
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