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Use of PML Absorbing Layers for the Truncation of
the Head Model in Cellular Telephone Simulations
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Abstract—An efficient implementation of the perfectly matched [6]-[10]. These models are characterized by resolutions as low
layer (PML) boundary has been used to truncate a 3-mm res- as 1 mm, and as many as 32 tissue types have been identified.
olution head model used for cellular telephone simulations. An \15reover computer-aided design (CAD) files such as Pro-En-

extensive analysis of the model truncation effects along all three . h b dtoi h i in th deli
axes has been performed. A basic observation is that a considerable9!N€€r have been used o improve the realism in the modeling

fraction of the power radiated by a cellular telephone is absorbed Of the device [11], [12].
in the proximal ear region, and there is no interest for safety The major drawbacks of these simulations are the execution

certification and antenna design in retaining electromagnetic-field time and computer memory requirements. Several authors have
information in the weakly exposed regions. We have progressively proposed methods to reduce memory requirements, or execu-

reduced the finite-difference time-domain space in the ear-to-ear, . - .
back-to-front, and bottom-to-top directions by embedding the tion times, or both, but all the presented methods need special

weakly exposed sides of the head in the PML layers. Results showmodifications of the computer code.
that, at the lower frequency of 835 MHz, only truncations in the Okoniewski et al. [13] introduced a subgridding method

ear-to-ear direction is appropriate for specific-absorption-rate  sujtable for representing with high resolution the regions of
(SAR) accuracy. However, at the personal communication system yayimum absorption, and lower resolution the regions where

frequency of 1900 MHz, 1- and 10-g SARs within 1% of accuracy the elect fi ling i K In thi h th
can be obtained by retaining just 4% of the original volume of the € electromagnetic coupling IS weak. [n this approach, the

head model. This method indicates that high-resolution cellular Major drawback is the need to implement the subgridding
telephone simulations can be performed with tremendous savings scheme in the FDTD code. Therefore, while the method is
in execution times and memory requirements. All of the SAR extremely useful in cases where is necessary to model the entire
results presented in this paper have been obtained with a laptop 4 main, for cellular telephone certification, it is not extremely

computer, and execution times as low as 1 min have been obtainedh dv si th Lint ¢ f i testing i Vi
for the fully optimized simulations at 1900 MHz. Furthermore, andy since the real interest for compliance testing 1s only In

it is shown that by using a truncated half-model, it is possible to the 1- and 10-g average specific absorption rates (SARs) of
obtain accurate radiation patterns at both frequencies of 835 and power.

1900 MHz. Since both the SAR evaluation and radiation pattern Lazzi and Gandhi [9] have previously developed a trunca-
calculation are needed for new antenna design, this should result tion scheme that requires minimal modifications to any FDTD
in a highly efficient algorithm for electromagnetic design of new d d it perf I The d back of thi thod. h
personal wireless devices. codes, and it performs well. The drawback of this method, how-
_ ~ever, is the need to run two simulations in sequence to obtain

_Index Terms—Cellular telephone, dosimetry, electromagnetic- gy a ¢t results in the entire modeled region. Moreover, since the
field effects, FDTD methods. ..

method uses symmetry principles, the head model can be trun-

cated only in the ear-to-ear direction.

|. INTRODUCTION Tinniswoodet al.[12] introduced an expanding grid method

UMERICAL simulations are routinely used to determinéor accurate modeling of the region of interest (ear) and increas-
N whether cellular telephones comply with current Amelj-ngly coarser modeling of t.he weakly gxposed .reg!ons Of. the
ican National Standards Institute (ANSI)/IEEE safety standar yman head. The method is very efficient, but it still requires

[1]. Recently, the Federal Communications Commission (FC e uncoupled regions to be retained. It can be combined with

has started to require that every new cellular telephone be te Qﬁruncatlon methoq presentehd |rr1][9]c,jbut, dor:ce agalln, kl:))ecause
for compliance with the FCC Safety Guidelines [2]. ofthe symmetry requirement, the head model can only be trun-

The finite-difference time-domain (FDTD) method [3]-[5] isca;tedhi_n the ear—to—t_aar dir_ectionk.] fth fecil hed
the preferred numerical technique for cellular telephone simu- h this paper, we Investigate the use of the perfectly matche

lations since it allows the inclusion of arbitrarily heterogeneod yer (PML) absorbing layers [14] for the purpose of truncating

objects in the region to be simulated. Therefore, several auth § head model. The unsplit step formulation in [15] has been

have developed and successfully used highly realistic hete‘)gplemented, and the possibility of truncating the head model

geneous human head models for cellular telephone simulatié?l?” the directi_ons has been cargf_ully considered. The imple-
mented absorbing boundary conditions (ABCs) allowed trunca-
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ear-to-ear direction did not provide extremely accurate resultgith

at 1900 MHz, just a small volume beyond the ear region was
k was 0H, OH)z
found to be adequate to obtain accurate results for SAR distri- curl h = o o )
butions and peak 1- and 10-g SARs. 4
This allowed us to perform the simulations on a laptopnd
computer equipped with a Pentium Il processor, obtaining 1
outstanding performance for both execution times and memory Ip. = o curl A 4)

usage.
Furthermore, it is shown that by using only a half-truncate§hich is an integration in the time domain.

head model it is possible to achieve accurate radiation patternd? finite-difference formulation, (2)—(4) can be written as fol-

at both 835 and 1900 MHz. Therefore, when a complete chars:

terization of the handset performance is needed, it is possible to

_ g2y ;
use the proposed approach with a considerable saving for SAR curl b = H"™/2(i+1/2, 5, k+1/2)

n—1/2/. 5
evaluation and a more limited saving for radiation pattern cal- — Hy / (i=1/2,4,k+1/2)
culation in both execution time and memory requirements. +H Y24 j41/2,k+1/2)
—HIY2(i,41/2,k+1/2) (5)

Il. FDTD IMPLEMENTATION AND HEAD MODEL (i 4, k+1/2) =Ig;1(i, k, k-41/2)+-curl_h ©)

The FDTD code needs to be implemented slightly dif“_ferentl)bg(i’j7 k+1/2) = gi3(i)-gj3(j)- D" (4, j, k+1/2)
to account for the PML layers according to the formulation pre- o e e ;
sented in [15]. In fact, instead of calculating only the electric +9i2(6)-952(j)-0.5- (curl-h+gk1(k)
(E) and magneticH) fields as in the simplest FDTD scheme, Ip.(1,5,k+1/2))
in this formulation, the electric displacement fidddmust also @)
be computed. Therefore, there is a slight general increase of o )
memory usage (due to three additional arrays correspondingaere the coefficients are defined as
the three components of tiefield that must be stored and ad-

- . . . . 1 =
ditional matrices necessary in the PML region) and execution gkb (]?) zn(k)
time (three additional components that need to be calculated). gi2(i) = 1/(1 + x”(‘))
However, the advantages are the outstanding performance of 972(5) =1/ (14 2n(4))
the PML boundary conditions and the possibility of terminating gi3(1) = (1 — zn(i))/ (1 + zn(i))
without reflections any materials. This formulation is basically 9330) = (1 — 2n(5)) /(1 + #n(5)). )

equivalent to that proposed by Gedney [16], which presents an
anisotropic PML for the FDTD method that uses the clasdicalin (8), zn has been found empirically and it is given by
andH update scheme.

The implementation of the PML wit® andH fields has the en(m) =333 - < m )3
advantage of making the PML completely independent to the ’ No. PML layers
background medium, and separate from any real conductivity m=1,...,No. PML layers. 9)

in the FDTD domain. Moreover, frequency-dependent proper- . , . i
ties can be assigned with minimal modifications to the code. SiMilar equations can be derived for all the other field com-
The method can be implemented by adding fictitious dielect®PNents. _
constants and permeabilities,  andyt. that are notrelated 1ne 1-and 10-g SARs have been calculated with a post-pro-
to the real values of* used for specifying the materials in the°€SSing routine. The algorithm scans each cell of the model
FDTD space. Following closely the theory in [15], and takin%r“)d expends in the shape of a cupe ar_o_und the considered cell.
into account the conditions on the fictitious dielectric constangoundaries of the head model are identified so that the 1- or 10-g
given in [17], theD.-field component can be derived, for eX_cubes are Wlthl_n the head model, in the sense that each face of
the cube contains at least one cell of the model.

The input power has been calculated by using the discrete
) o (x) oy (y) o.(2) -1 Fourier transform (DFT) of the input voltage and current, and
Jw <1 + —> <1 + Jw—%) <1 + Jw—%) D. the obtained value is compared with the sum of radiated and

9H, OH, absorbed power to assure for the convergence of the code.
= co < 8xJ - ay) (1)  The head model has been derived from & 2 x 3 mm
resolution anatomically based model, obtained from the mag-

wheres,,, (m = =, y, or 2) are fictitious conductivities. Equa- netic resonance imaging (MRI) scans of a male volunteer. The

ample, from the following equation:

tion (1) can be rewritten as original whole-body model described in [6] has been classified
into 31 tissue types, 16 of which are present in the human head

o <1 4 0’;(96)) <1 N O'y_(y)> D. model. The dielectric properties used for the various classified
Jweo Jweo tissues are the same as reported in [6]. To simplify the present

— e <Curl_h n UZ(Z)IDZ> @ calculations, the model has been resampled with a resolution

€0 of 3 mn?, which is still adequate for SAR calculations at the
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cellular telephone frequencies of 835 and 1900 MHz. The re- TABLE |

: : 1 e : 1-g AVERAGE SARS IN WATTS PERKILOGRAM FOR THE HUMAN HEAD
samplmg algomhm first subdivides the model to a resolution OI/IODgEL FOR THEASSUMED CELLULAR TELEPHONEUSING A A/4 ANTENNA.

1 mm, and then it groups 27 cells at the time to create the 3-MRequency = 1900 MHz. RADIATED POWER= 125 mW. TRUNCATION FOR

resolution model by majority of the tissues present in each sub- THE x-DIRECTION ALONE GIVES A MAXIMUM ERROR OF0.6%. THE
volume of 27 cells MAXIMUM ERROR FORALL THE CONSIDEREDCASES 1S0.8%

Another f';matomica!ly based mod_el with a resolution of less % Trancation in the Ear-to-Ear (x) direction
than 1 mm is also available [11], but it has not been used for the
purpose of illustrating the present truncation method. 0% 67% 74 % 81%
(Full) (A) B ©
° 0% 1.114 1.114 1.107 1.109
[ll. DESCRIPTION OF THECONSIDEREDCASES <5 R
=3 24% - 1.114 1.111 1.109
First, the complete head model simulation has been runto £ ¢ _ - 5 30 7
obtain the correct results at the irradiation frequencies of 835 §§§ B) ' ' '
and 1900 MHz, typical of today’s cellular telephones. For the {2 .£ ?é)% - 1.118 L116 L116
purpose of this paper, the telephones have been modeled by
using a plastic-covered metal box of dimensions 2.5.4 x
TABLE I

15_ cm equ_lpped WIFh 3/4 anter_ma. The p|aStIC cover is 3-mm 1-g AVERAGE SARS IN WATTS PERKILOGRAM FOR THE HUMAN HEAD
thick and its electrical properties atg = 1.6, = 0. Thé  MopEL FOR THEASSUMED CELLULAR TELEPHONEUSING A A/4 ANTENNA.
antenna has been placed on the top of the telephone at a di$REQUENCY= 835 MHz. RADIATED POWER= 600 mW. TRUNCATION
: FOR THE 2-DIRECTION ALONE GIVES A MAXIMUM ERROR OF1.6%.

ta_‘nce of 3 mm from the distal _S,urface and 3 mm from the from THE MAXIMUM ERROR FORALL THE CONSIDEREDCASES 1S22%. THE
side. To understand the capability of the PML layers to terminataximum ERRORS AREOBTAINED FOR MODELS C FOR THE y-DIRECTION
the head model, we have progressively limited the FDTD space (61% TRUNCATION IN THE y-DIRECTION)

in the ear-to-ear directior:(direction) by gradually immersing

the uncoupled side of the head into the PML layers. Later, we

% Truncation in the Ear-to-Ear (x) direction

have gradually reduced the back to front size of the FDTD space 0% 7% 4% 31 %
(y-direction) by progressively immersing the back and the nose (Full) (A) (B) ©
. . 0% 2.490 2.530 2.492 2.506

and eyes of the head model into the absorbing layers. Lastly, & _ (Full)
in some cases, we have reduced the bottom-to-top size of the g § f:)% - 2491 2.503 2490
FDTD space £-direction) by removing as many layers as per- ki g 7% . 2245 2213 2230
mitted by the physical extent of the antenna from the top of the £2€ |®

k . . . Eo D |61% - 1.950 1.970 2.003
head model. This has been possible due to the particular imple- =&3 |

mentation of the PML boundaries that allows immersing parts
of the head model into the absorbing layers, regardless of thej
dielectric constants.

In this way, we have progressively reduced theirectio
of the head model from 69 to 19 cells (73% reduction) and
the y-direction from 76 to 30 cells (61% reduction). However?
since we have used a six-layer PML boundary, the actual num

of cells used for the SAR computation is 13 in thelirection .
to the nomenclature used in Tables | and II, the model “AB”

(19 — 6, 81% reduction) and 18 in thedirection 0 — 6 — 6, . L
76% reduction). The-direction has been reduced by 0%—18%r,efers to a model truncated by 67% in thelirection and 37%

; the y-direction, respectively.

depending upon the length of the antenna. inthey ' .

Overall, the original head model composed by 445740 cu—AS shown, at thg Iower_freq.uency of 835 MHz, truncations
bical cells has been progressively reduced down to a minim the head model in thgc'ilrectmn (back.-to—front) that gxceed
of 39900 cells model, corresponding to a volume saving of a 0% causes the error to increase considerably. In this case, re-
proximately 91% C()'nsidering as mentioned above. that glts accurate to within 1% have been obtained for all the con-
cells of the head.model in thﬁairection and 12 cells 'of the sidered truncation in the-direction (ear-to-ear direction), down
head model in thg-direction were actually unused in the SARO retain only 19% of the head model. However, truncations in
computation since they were immersed in the PML layers, tH‘éey—dwectlon give progresswely.lncreasmg error (up to .22%)
actual numbers of cells for the truncated head model is as Iéwhe frequency of 835 MHz, which suggests that, for this fre-

as 16 380. This corresponds to a reduction in the volume of tﬂgency,olt 1S not dgswa_ble to trunc_ate the_ head model by more
head model by as much as 96%. than 30% in they-direction. We attribute this to the fact that, at

this frequency, the actual shape of the head in proximity to the
ear region affects the radiation from the cellular telephone and
IV. SAR REsULTS its radiated power.

Tables | and Il show the actual 1-g average SARs values ob-Remarkably, at the higher frequency of 1900 MHz, truncation
tained at the two considered frequencies of 1900 and 835 Mhizbothz- andy-directions resulted in extremely accurate results
respectively, for some of the considered truncated modedince the absorbed power is extremely concentrated in the ear
The radiated power is 125 mW at 1900 MHz and 600 mW atgion and a very small volume behind it. Truncations up to 81%

r5 MHz, and the antenna lengthlig4 in both cases. We also

n give in the same table the truncation percentage inrthend
-directions, as well as the nomenclature used to identify each
the truncated models. We will refer in some of the presented
§ults as relative to models identified by two letters, related to
e z- andy-truncations, respectively. For example, according
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Fig. 1. x—y cross section of the SAR distribution in the human head model for the: (a) full model and truncated models: (b) “Af,” (c) “Cf,” and (d) “CC” at the
frequency of 1900 MHz for a layer that is 6 mm below the antenna feed-point.

TABLE I TABLE IV
10-g AVERAGE SARS IN WATTS PERKILOGRAM FOR THE HUMAN HEAD 10-g AVERAGE SARS IN WATTS PERKILOGRAM FOR THE HUMAN HEAD
MODEL FOR THEASSUMED CELLULAR TELEPHONEUSING A A /4 ANTENNA. MODEL FOR THEASSUMED CELLULAR TELEPHONEUSING A A /4 ANTENNA.
FREQUENCY= 1900 MHz. RADIATED POWER = 125 mW. TRUNCATION FOR FREQUENCY = 835 MHz. RADIATED POWER = 600 mW. TRUNCATION
THE x-DIRECTION ALONE GIVES A MAXIMUM ERROR OF0.4%. THE FOR THE 2-DIRECTION ALONE GIVES A MAXIMUM ERROR OF1.9%.
MAXIMUM ERROR FORALL THE CONSIDEREDCASES 1S1.5% THE MAXIMUM ERROR FORALL THE CONSIDEREDCASES 1S18%. THE

MAXIMUM ERRORS AREOBTAINED FOR MODELS C FOR THE y-DIRECTION
(61% TRUNCATION IN THE y-DIRECTION)

% Truncation in the Ear-to-Ear (x) direction

% Truncation in the Ear-to-Ear (x) direction

0% 67% 74 % 81%
(Full) @A) (B) ©)
0,
. 0 /oll 0.507 0.506 0.506 0.505 0% 7% 74 % 81 %
g 5 gﬁ/ 0.508 0511 0.507 (fud @ ®) ¥
= o - - - - N 0% 1.400 1,407 1397 1.427
g3 (A) = (Full)
55 = [37% - 0.513 0515 0512 £Z  [23% N 1.408 1.404 1.413
sz (B EE |l®
ESE [61% B 0514 0.514 0.512 §E o [37% - 1.292 1.270 1283
a3 | E22 ®
%8 [e1% - 1.143 1155 1170
fm3 ©

in thez-direction and up to 76% in the-direction did not affect

the accuracy of the results for the 1-g SARs. Tables Il and IV

show the 10-g average SARs for the same set of 12 truncabedhe y-direction, Fig. 2(d)]. As shown, the agreement of the

head models. Accuracies similar to those of Tables | and Il ha8&R distributions between the truncated models and the full

been obtained in these cases as well. model is excellent. Results are shown in logarithmic scale so
Fig. 1 shows anc—y cross section of the SAR distributionthat even the smallest SAR values near the truncation bound-

in the human head model for the full model [see Fig. 1(a)] araties may also be shown. It is possible to observe that virtually

truncated models [see Fig. 1(b)—(d)] at the frequency of 1900 reflection arises from either truncation, in theor -direc-

MHz for a layer that is 6 mm below the antenna feed pointions.

The truncated models are, respectively: “Af” [67% truncation Figs. 2 and 3 show the SAR variations for lines parallel to the

in the z-direction and 0% in they-direction, Fig. 2(b)], “Cf" z-axis passing through the two ears at the feed-point elevation

[81% truncation in ther-direction and 0% in the-direction, and 6 mm below the feed point, respectively for the four models

Fig. 2(c)], and “CC" [81% truncation in the-direction and 61% considered in Fig. 1 (“Full,” “Af,” “Cf,” and “CC"). Both SAR
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Fig. 2. SAR distributions on an imaginary line passing from ear to ear at tl 0
feed-point elevation for the four models considered in Fig. 2 (“Full,” “Af,” “Cf,” 0 500 1000 1500 2000 2500 3000
and “CC"). (a) Linear scale. (b) Logarithmic scale. Full Model SAR (mW/kg)
500 Fig. 4. SAR for each cell of the models “Af,” “Bf,” and “Cf" plotted as a
— Full Model function of the SAR for the full model at the same cell. (a) “Af": “Full.” (b)
400 AfModel 1 “Bf”: “Full.” (c) “Cf": “Full.”
Gl Af Model -- OfModd
E 300} CC Model (|
5200 TABLE V
el MEMORY REQUIREMENTS AND SIMULATION TIMES FORALL THE CONSIDERED
* ool i HEAD MODELS. FREQUENCY= 1900 MHz. SMULATION TIMES FOR THE
835-MHz FREQUENCY AREAPPROXIMATELY TWICE THESE VALUES. DATA
0 R ! ! * REFERS TO ALAPTOP COMPUTER EQUIPPED WITH APENTIUM || PROCESSOR
10 40 50 60 70 80
Cell No
% Truncation in the Ear-to-Ear (x) direction
T T T
e \ - ;‘f"m 0% 7% 74 % 81%
— R Cf Moddl (Full) (A) (B) ©)
2 | Mem. | Time | Mem. | Time | Mem. | Time | Mem. | Time
> CCModel | Mb mins. Mb mins. | Mb mins. | Mb mins,
: . . . . .
EWO 1 © 0% 60 16 [34 [53 [31 [46 (27 |4
o Cf Model g (Full)
5 CCModel | Af Model g2 24% - - 27 38 [24 |34 [22 |29
£ |w
e~ S= o [37% - - 23 32 [21 |29 [19 |27
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K B % 40 % &0 70 & E38 [61% B N 17 |21 [15 |19 |13 |14+
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Fig. 3. SAR distributions on an imaginary line passing from ear to ear 6 mm *: One additional model with truncation by 18% in tkedirection from the top of the
below the feed p_ointforthe four model_s COUSidGVEd in Fig. 2 (“Full,” “Af,” “Cf,” head model needed a reduced memory of 11 Mb and an execution time of 1 min.
and “CC"). (a) Linear scale. (b) Logarithmic scale.

. . N Pentium Il processor. The savings in both memory and execu-
lines are shown in linear and logarithmic scales so that both the .. . :
. ionh times is remarkable. Memory savings on the order of 80%
accuracy of the peak values and the details can be observe S . : .
ardd execution time reduction over 90% are achieved by using

As shown, the accuracy of the results for the various truncat .
. . e proposed method. At the frequency of 835 MHz, execution
head models is excellent. The accuracy of the SARs in all the : .
. . ) . Imes are approximately twice of these values. At the frequency
points of the truncated models is also evident from Fig. 4, wher? . .
e e S e . 0r1900 MHz, it was possible to also truncate the top of the head
the SAR for each cell of the models “Af,” “Bf,” and “Cf,” is ; ) S
. model by 18%. This led to a 1-min execution time (94% reduc-
plotted as a function of the SAR for the full model at the same . )
. . : fon) and 11-Mb memory usage (82% reduction) for this case,
cell. A perfect straight line at 45angle would give the perfect still maintaining the error within 1%
agreement of the SAR in every location of the head model, andI 9 ’
the considered cases are remarkably close to the ideal case.
Table V shows the performance in terms of memory usage
and execution times at the frequency of 1900 MHz for the var- We have also calculated the radiation pattern in presence of
ious truncated models in the andy-directions. The simula- the human head model, and have compared the radiation pat-

tions have been performed on a laptop computer equipped withns of the considered cellular telephone in presence of the trun-

V. RADIATION PATTERN RESULTS



2038 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000

Full Model
* * * Half Model

Full Model
* * * Half Model

Fig. 6. Radiation patterns for the “full” (line) and “truncated half” (*) models.
Fig. 5. Radiation patterns for the “full” (line) and “truncated half” (*) mOdels-Fr?equency: 835 MIF—)Iz. (tine) ©

Frequency: 1900 MHz.

cated models and full model. Since a near-to-far-field transfor- VI ConcLUSIONS

mation using the Green’s theorem has been implemented, th&V/e have shown that by using a PML ABC it is possible to

scattering structure needs to be entirely enclosed in the surfacessiderably reduce the size of the FDTD space to be consid-
of the region used to calculate the equivalent currents. Theeged for cellular telephone simulations. Different from the previ-

fore, for the radiation pattern subroutine, an approximation hassly proposed techniques, this method allows truncation along
been made where the fields calculated in the uncoupled regahthree axes. Reductions of the head volume down to 4% of the
of the head are considered to be in air. For radiation pattern aafiginal volume have been achieved, and memory savings of up
culations, this corresponds to have physically terminated head82% have been obtained. Execution times are consequently
model, while the field components have been calculated in e more than 7% of the original values. This approach makes
ality by assuming absorbing layers in the missing part of thiepossible to perform SAR simulations on a commonly avail-

model rather than air. able computer as opposed to a high-end workstation generally

By using this method, it is found that no less than a half-trukequired to handle the full simulations. When the radiation pat-
cated model should be used to obtain accurate results. In reafyn is also of interest, the truncated half-models provide better
the use of a half-truncated model corresponds to the actual @sguracy. The method may be used for repetitive simulations
of the electromagnetic field only in approximately one-third ofeeded for optimized designs of antennas and personal wireless
the model itself since six cells are used in immersing the heg@Vvices.
model into the absorbing boundaries, and two cells of distance
between boundaries and surfaces for radiation pattern computa- REFERENCES
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