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Rotate (0) | Rotate (90) | Rotate (180) | Rotate (270)
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S11 (dB) -10.04 -10.5 -10.2 -12.18
SAR 1.00824 1.44388 0.88072 0.67414
Reduction
(w/kg)
SAR 38.6 % 55.29 % 33.72 % 25.8 %
Reduction (%)
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Reduction
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55,85 A s 5,8 15 SRR Gilises la s > 9 SAR tals ol5ee O-F Jsu

Rotate 0 Rotate 90 Rotate 180 Rotate 270

SAR 1g 2.35517 2.00389 2.36579 2.01528
(w/kg)

Su (dB) -10.04 -10.09 -10.10 -10.11

SAR 0.25545 0.60727 0.24537 0.59588
Reduction
(w/kg)

SAR 9.78 % 23.25 % 9.39 % 22.82 %
Reduction
(%)
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SAR 1g 1.56001 0.982426 1.57891 1.08284
(W/kg)

Su (dB) -10.463 -10.109 -10.119 -11.751

SAR 0.85144 1.429024 0.83254 1.32861
Reduction
(w/kg)

SAR 353 % 59.25 % 345 % 55.09%
Reduction

(%)
,s dhin wire L SRR 5l eslizul cdl> 5 SAR fals flime 95 oo saalive a5 jsboilon
thin 903 SRR L aslie ,s thin wire b SRR sl bl ccenl ;oS thin wire 50 SRR b auslis
32,8 9 SAR Lzals e A-F 5 V-F la Jgaz o canl aibl jtalS 4245 hB jsbas wire
P VA g0 o uilS )8 )0 s 5 4y dhinwire L SRR 3l eolawl plSin ;o (65luS>o8
o558 0 2o 3 YAIVA 590+ ilS 18 10 0o ,0 OF/AY (63luS>sS wo o (pl .anl salionls yLis

\-Y



55,080 Ar LuilS 8 58 3lucSasS woys 5 SAR Lials mls V-F Jsusr

owdls do yo

SAR (1g)

SRR with thin wire 2325 % -10.0952 18.85x18.85 54.87 %
SRR without thin 55.29 % -10.544 41x41 =
wire

5,080 YA+ uilS 3 s 65luSmsS wo,s 5 SAR fals mli A-F Jsu

SAR (1g)

SRR with thin 59.25 % -10.109 21x21 48.78 %
wire

SRR without thin 64.38 % -10.142 41x41 =
wire

ol yorr yali 19,0 (6,5 ,1,8 Hhai 5l el VAL« S 3 s thinwire L oo 1, SRR olal

PCB 5 (»2ai5 g o colyon il (39,0 25,90 SRR jiin (g g W ealiloo b
2 U 0gd oo al> 09250 slad B,k Jl> 0 SRR .l jials SAR Lolie U w5 o )l,8
PIFA 51 51, -10dB I jaS polie (28,5 )15 0 LSAR (zalS e oy i a5 e Coles
odlooloylid Yeo-F SG )0 ol e yali g, ,lais a0 SRR CoxBos Do LRFs AR oo
oaoslo ylid YV-F S jo 5,08 YA+ iS5 48 10 o0l (65lwdcss SAR l5ae (pized .Col
35S oo 418 ol e a5 0 SRR &S il ases ;o .l 157897 WIKQ il py )l5ue () a5 ]

el ol o515 ey 53 SRR a5 e b degliie 1 a5 sl o 20lS wao o PF.OY SAR ol

\-f



g oo Jol> (5 50S SAR oS ol

7= R

\—— -

ol yodd y2li' 49,0 thin wire LSRR (g 38,1 8 Jxo Yo-F JSC&

ol yor ;yali 9,0 SRR a5 Jloj o35,080 YA+ + 5,8 5 PIFA Q;:.;T St yal,b YY-F S o
P YA G5 )8 10 S11 (e gl oo cnaline 45 jebyles Ll suliools lis 015 o )8

il o0 -10.07 dB i,

SAR (f=1.8) [1] (10)

Frequency 8 GHz

Minimum 0 W/kg

Al 50 3 K0 YAee ils 8 ;0 SAR 5w YV-F ST
ol jodd x5 14930 SRR (g ;51,8

ARIA



de

20 ereeeereeesenresaneaaneanad ARTCDTEORRERREE SRR e B foreeen e
_22 H H .

-151,1 : -10.070665

1.5 1.6 1.7 1.8 1.9 2

Frequency / GHz

ol po sl (49,5 SRR (635 )18 <o (gl ¥ 80 YA++ wils )3 ;3 PIFA 1T Sut el )y Y- JsCi

oolawls 50 550 (g0lgal 8 Lzl wim b o golpain thinwire 500 SRR Lzl A-F Jgu> o

5 PIFA 5T lls ol jemyals 58,5 )18 51 b SAR rals ylie Hlai 5l ccaliSes gl 4o

g damlio llo slul 5 5,050 A e (W53 )3 (Fgo (wled Slas )5 Cu o Jae Syl

6olgal 3 sla izl ST 51 Lo (golpainn HLislu ol 04 co colive a5 H5b ylas .l 00l oy 2

SAR als liwe b golpiin jLole odleas bl oo 5Sao5 (Ve S0 50 ool

G Lo golpainn LSl 655 5l olad cpl a5 wuS o ol bzl plo @ cand |y (g iy
il o K0 SYlEe 40 0l Byae slalisle 4

Slgel B sl slasl g PIFA 5T L ol e yals 51 56 SAR zalS olie 56 Vo=F Jga ,o

5o SYle Ko j0 oolaiwlsge o lizle Lo L thin wire a0 <> 50 (SRR) (solgris

S Lo (golpring JLsle 0gi o cvnline a5 jeblan .cul ool anglio 35,086 YA+ S )3

3,18 swguxa (5,5 ol g SAR polie yrals (a1 le Lisle plo a

\-F



5,080 e uils8 o o lisle Lo b oolgiiny sl slal 5 SAR _2alS sanlio A-F Jsu

-

FEEE < YYITY OY x ¥4 YV/O x VV/E <Y x ¥Y TV x £

u‘;;_gls Q‘}-.‘.-" AR /AN TAYIY 1. SAIY 7. 00/Y4

SAR (%)

5o VA LulS 5 0 boylisle Lo b eolyriny ,tsle slyl 3 SAR tals cawglio Vo—F Jsu

--

FEEE < YYIYY YVOx VWY Ve x DO xBO  FY XYY TV x £

ol ol w0 1 fY 24 LEYIY L OAYA LAY IRATAR

SAR (%)

dBi
7.19
113
Phi 453

-11
-17.1
231

dBi

-32.8

(@) ()

3 30K0 Qe (&) 9 WA+ () Gl uils 48 yo JLaiI SRR (g PIFA (5T il (g YYF-F Ui

VoV



dBi

dBi
111
1.05
-5.01
-11.1
-17.1

() (A

Sy ol o (il iy 4o thin wire (ygus SRR Jlas! edls yo PIFA 5T il oo YF-F Ui
355880 Qe () 9 Ve (W) Lo il 3 10 SAR ialS L I SRR dicy (id y2 g Cazbgo

(<) (&

Caxbgo 5y ol yod pili iy 58 thin wire b SRR Jlail cdls o PIFA il iuli go5I ¥O-F U
35,250 Qe () 9 VA++ (W) Lo wils 8 ;5 SAR ials Lk I SRR diuky s >

iy 4 YO-F 5 YF-F S 50 9 SRR Jlasl 5l L3 PIFA 5T ool o3 PY-F S o
20 cenlin i3, g Caadge jo Jlasl thin wire sy SRR Jlasl b 1, PIFA 5T il 6o5]
Sl oo ools lis 35,06 VAL e g9 sla il )8 jo thinwire L SRR 4 ol e yali oty

> 9 0l il il 663 b Jlns ;53U SRR a5 el cosdly onl sbsS mls 0!
il sl (b ol cate 3l Wlgs e 3 lge pam o

VoA



9 Sy Aoels

ol

\-Q

w’ J.»aé
* 0’0



S S aii -1 -0

4 by pe b G155 oo G 50 e (SBLI)! hlog jleslital @ 08 b 2l sla Lo o
ol o2l 0594 it 599 oy 5l LS| hlwy (asbolineg xSl zlgal (5520 50 Ll (28 5)1,8
ol LA gupblisog xSl 2l gy 2 & 0%yl 50 ssbiie e el a8l al53l s
2 oSl (5l gl sradign ol janyals S a5 Jloj ol alS Cgz o) al, dll 5 s b
&S o mils B o PIFA (il slls 00 ataiisn ol jenpali G g 55 p0lKe A0+ (5157 Luils )
sl 00 A2 13 35055 )13 e ke gl 45 35,0080 VAC - g Qe

oy OSbe 42 Byyne SAR polie ow)p Suz g (nl 50 0ol esliinl ju pgild Jas
50 oolitwls g olyem sl Jow pizmed ol wladl CST casbels 5l ' SCd, g0 ]
dloo L33 59, slasigliSS b Billae g gz (slod sl dagssluards

Flie ;o JSiomye SRR SG 5l eolitul SAR alS cuz o cnl 5o oleian by
Hr g shio & gyl by, (milS 13 0 a8 sl suls >k (slaigSa SRR .ol ol yayals 5]
g g0 iy iS58 50 chBgi il Sy sl 4 e Jale (pl S el e

e 5o Sy ol el (il 5 adadd Gl 4 Sl D50 cpl 4 SAR el auls
Sros 4y (LU (g5 B &y jpoeie loadle (o 5o (L2 (nl @bl 9 95800 SRR (sladil>
5800 SAR (18l 4 3 5

cel SRR 5 o Jow 5 olyenyili Ol w08 oo )3 ol e yali blie 50 SRR a5 s
S0 pekaie ek 4 09l sl 5V (lauilS B Caaws 4 SRR il uils )3 a5 090 oo
5o i oS B )0 0ads (b GLSRR (6518 5l ey ¢l 3 oty (ol a3l
SAR (12l5 ¢l (i b SRR 5 058 jaseiie Uasgig05] by 3l eolil b ol e ydls i

o ond >1b SRR U ] il (uilS 3 ] iomem 59 oo bl oles SRR lsieay

1 Specifc Anthropomorphic Mannequin

Y.



S oo e |y (ouilS 2 ool (e (5] g, IS 52

A Comd S g2 50 SRR @iged jlgicay ail S50 wlgh oo SAR alS 500 0 SRR S
Syl Jos asly i SAR pals ol Jole oplas o)ls 6 5V b > aje8 JSOslo wls SRR

Ol &l Y5 olge iz el 30 SAR (i 2alS 0 a5 ola il 5l s (S
oo Cowd (gt SAR jialS i 4y puiled oo il 6 3VL & Syl Y 5 a> 0 a5 O 90
Oeod 4 .03 o Ll SRR ol ialS (o (65350 uai Yher b a5 sl oolawl pl 5 ogdle oS
g5 Wb wix asw <ol a5 Rogers RO3210 aY 1 « jiagh cnl ;9 SRR >,k ly jshate
WP VEI S LRI R

SRR (5,5 ,1,8 5l o a5 o .ol g;,;wl}sbSAR ﬁoLEAWJJg;Q?o;JTUSRR salold
S lwesly OWRE s SAR ials -l L gl u.ul U SRR (salold oy g col o yals u-“‘ Flas o
Sg oo DBl Jos o

ca ol 9,1 SAR 2alS |5 ege i 55T b SRR (saluls § SRR (6,515 Coabye
el gz x5 SRR iowlio alolé o 5T Wlis 13 SRR (55,5 5| s SAR ials
D5 (yad SAR 1alS e S Tas Gl 5l caslie Joro U o9l oo

3% SRR g5 g0 55l Ae e (uilS 3 50 uSla T L ol jenali SAR polis jials cue
thin wire -0y SRR a5 Jloj SAR alS ol iSlas ol )b thin wire L 4 thin wire
aS I 0 .l 3849 %l 005 oo )3 Sl 5T 4 Cand imlio galold § Cuadge jo
Blas a5zl S5 4 p3Y aib 0 28.26 % dhinwire L SRR Ly SAR als e 2STos
Dgd o aid F a5 1010 dB eV aled (gl 5T S11 yxalyb sl g8 BB e

££ thin wire ;505 SRR 4 s thinwire b SRR slal a5 el op) S0 a5 b8 oasSs
5 easl Sislsl 3 SAR (2lS e &) o SRR SrsS olad 1 tinlpliy iy o 20lS 000
D9 on oolaiwl SAR alS” g thin wire g0 SRR

BB



thin wire L 4 thin wire ;300 SRR g4 g0 PIFA 5T glls of jonnyals SAR jzalS jglatea,
A2 ol 1) SAR woliendls ety o (5 e ee /) abold j5 65 E L L el o (b
o el il Ldbs 35 saliuss 4 SRR &5 053 o sleiing o 1o siloosly g opdloay
08,5 e olyon il iy

Yeoo BAPY. QA LAY ilS,8 so5L y0 jeuepac &b g0 lls thin wire 50 SRR
Al e 3,086 YA e 9 gl uilS 8,0 SAR als cyz o el

42553 )50 ol e il iy 13 SRR (6,515 5| Lo PIFA 5T SAR ials ol a5 glasSs
Ry 41.131 G5B adl e az oYY g VAL Qe e 4 SRR &S el (pl 0,5 oo 18
clio (652518 oee (et 51 5wy SAR (falS (it oS (o U s j2r oo ol ool ity o
VA e g8 uilS)8 90 10 10 SRR g5 90 12 (gly 090 (asine s o0 &) ol e pali Sty )
db:l ol jorr yali iy ;0 SRR a>,0 4 i > cll> 0 SAR als ol o ion 5,08
YAe e 900 Gl uils 3 50 «ews 5 asthinwire a0 SRR (gl SAR jialS 50 (ol 08l o
il o 2o s FEIVA 5 DOV 55 ,alKe

3,2 YA+ e L85 0 SAR el cgs thinwire :jsus SRR (65,50 saslllas S o
OY & > e 5o SAR LalS Jlade o ity 45 28,5 3 ol yannili iglasamas lis )
039y yiaS 3,10 )8 ol pamjali ity 0 SRR a5 > L avlin ;0 SAR als pl aw) doyo
Coiy 10 SRR &S el (> 55 5l (Sl )lge cpl 0l glwosly cabld 55 e Ll 5l g
Syl 148 ol en yals

b 5,8 VA e 5 Qe Gla uilS )8 0 SAR ials cye thin wire L SRR g4 g0
s YY/IYO e a0 | SAR a0 A+ iz > >y sl Jomo 10 (6,051,851 o a5 0o
3 SAR ials e cplols jials 5,a8e YA 500 gl ilS 3 50 i 4y as,0 0/YO
slal lg5 oo dhinwire L SRR 5l oolaul b gz .aisl co S thin wire :jsus SRR L awslio

WY



Sls 2alS o s FAIVA 5 OF/IAY 55 0Ke YA+ 53+ + sla uilS 3 5 i 4 |, SRR
oo >,b SRR ol a0 58l s 5 (65658 g thin wire L SRR cawlis go3lailay g5 L
Olyee Sl e )3 &5 285 JIEPCB g (rinis g G ol pea il (98 YA+ (53 )0
D55 o0 s ol yoi yils iy 15 SRR a5 Ul b aglie ,o .05l o oy YEIOY SAR jials
ilie 565 oo 18 ol oyl oty 13 SRR a8 il ¢l by .l 1208 SAR falS ol
il e sl las 3,5 gl s SAR ials cyz >
O5as alie ,s saeslinul gl lislo b (gl Jsly slul s SAR 2als olime L 5o
Golgdion JLS L (65 5l Colso bl .l ool aslie 35,086 VA 5 Q0 sl ils )8 (6l
Sl Ko sle lisle 4 s e
SVl plo dy s 72t SAR pliee ol Sz gl (nl o 45 Gaazr sboony] abex |
2,5 0,1 55 9)lge 4 lgi o0 0l 00y IS
5 olyerili il blis jo 655,18 5 Gy SRR S sty (e e )
oo rasls iS5 5 SRR 1L
il o a5 BB e ;0 a5 ol anyali U SRR (salold g candge (oo olsl Y
& e piios SAR ialS 5 oogdle a5 SRR >b > caslio a0 5 5 oolawl .V
D380 pilig)) S8 Wiz 3855 5 SRR slul hals
Sawslio g SAR als e dhin wire ;ysas o thin wire L SRR gg g0 5l oolizwl .¥
oy o ,Sdos
o5l s ol e yals 51 56 SAR yyolie 2alS s SRR cilise slo s o oy .0
> oy ilio Gl o PIFA
J31s 5 Ghaleiamio (5, ol yali oty ;3 SRR JLasil L SAR (1S’ e gy -7
Joe o oslanal LB LY

Y



5 o lailiwl 53T L @llhe (3 Slipos coled ol o a0l potnyals 51 10 0 0 A
Lo 59, slasselsss

1) L SAR polic 4255 L6 5 jeliciise juals b soleidny SRR HLSLo wods b 4,
Lol oail,y Slaass |15 -l Glosl

Ol Loy - Y-0
5G sl )5 (sl olyemils (1als” liee ooy )
Syl jlosliiul 5 (6 pgad (wled (Sluyply oo )5 ln SAR (oS (5o (o)
Cawd Joo 59, 5 SAR 1alS lie (o n
132 CSRR 5 SRR Luwgi SAR zals .¥
SRR (s;),] Lawssi SAR LialS ws,ys .0
EBG _~/,b Luwg SAR Lials .7
oFSS Lowsi SAR ials .V
2z AMC 1L Liwg SAR _als A

oS SAR L was ol >l Lwg SAR ials .9

Msﬂ@uslﬁd&bwﬂé@;ﬁ‘d%ﬁMSARJ@Lﬂ;»))-: ."

£\ fF



&L

*

[1] V. B. Kumar, “Evaluation of Electromagnetic Absorption in Human Head from
Mobile Phones,” IOSR J. Eng., vol. 4, no. 4, pp. 44-49, 2014, doi: 10.9790/3021-
04464449.

[2] E.R. Adair and R. C. Petersen, “Biological effects of radio-frequency/microwave
radiation,” IEEE Trans. Microw. Theory Tech., vol. 50, no. 3, pp. 953-962, 2002, doi:
10.1109/22.989978.

[3] J. M. Osepchuk and R. C. Petersen, “Safety standards,” IEEE Microw. Mag., vol.
2, no. 2, pp. 57-69, 2001, doi: 10.1109/6668.924919.

[4] M.R. I Faruque, M. T. Islam, and M. A. M. Ali, “A new design of metamaterials
for SAR reduction,” Meas. Sci. Rev., vol. 13, no. 2, pp. 70-74, 2013, doi: 10.2478/msr-
2013-0011.

[5] R.J. Aitken, L. E. Bennetts, D. Sawyer, A. M. Wiklendt, and B. V. King, “Impact
of radio frequency electromagnetic radiation on DNA integrity in the male germline,” Int.
J. Androl., vol. 28, no. 3, pp. 171-179, 2005, doi: 10.1111/j.1365-2605.2005.00531.x.

[6] Scenihr, “Possible effects of Electromagnetic Fields ( EMF ) on Human Health,”
Sci. Comm. Emerg. New. ldentified Heal. Risks, no. March, pp. 1-64, 2007, [Online].
Available:
https://ec.europa.eu/health/scientific_committees/opinions_layman/en/electromagnetic-
fields07/I-2/1-electromagnetic-fields.htm.

[7] European Commisson, “EU-funded research into the impact of electromagnetic
fields and mobile telephones on health,” Heal. Electromagn. fields, vol. 1994, pp. 1-4,
2006, [Online]. Available:
http://www.tandfonline.com/doi/abs/10.1080/08870440701520973.

[8] G. Oftedal, J. Wilén, M. Sandstrém, and K. H. Mild, “Symptoms experienced in
connection with mobile phone use,” Occup. Med. (Chic. Ill)., vol. 50, no. 4, pp. 237-245,
2000, doi: 10.1093/occmed/50.4.237.

[9] C. Richardson, C. R. Hamann, D. Hamann, and J. P. Thyssen, “Mobile phone
dermatitis in children and adults: A review of the literature,” Pediatr. Allergy, Immunol.
Pulmonol., vol. 27, no. 2, pp. 60-69, 2014, doi: 10.1089/ped.2013.0308.

\RIN



[10]J. Wang and O. Fujiwara, “Reduction of electromagnetic absorption in the human
head for portable telephones by a ferrite sheet attachment,” IEICE Trans. Commun., vol.
80, no. 12, pp. 1810-1815, 1997.

[11]J. Wang, O. Fujiwarat, and T. Takagi, “Effects of ferrite sheet attachment to
portable telephone in reducing electromagnetic absorption in human head,” IEEE Int.
Symp.  Electromagn.  Compat., wvol. 2, pp. 822-825, 1999, doi:
10.1109/ISEMC.1999.810126.

[12]M. T. Islam, M. R. I. Faruque, and N. Misran, “Design analysis of ferrite sheet
attachment for sar reduction in human head,” Prog. Electromagn. Res., vol. 98, pp. 191-
205, 2009, doi: 10.2528/PIER09082902.

[13] M. R. L. Faruque, N. Misran, and M. T. Islam, “EM absorption reduction of helix
with shielding material for mobile phone applications,” INECCE 2011 - Int. Conf. Electr.
Control Comput. Eng., no. 2, pp. 17-21, 2011, doi: 10.1109/INECCE.2011.5953842.

[14] L. K. Ragha and M. S. Bhatia, “Evaluation of SAR Reduction for Mobile Phones
Using RF Shields.,” Int. J. Comput. Appl., vol. 1, no. 13, pp. 81-87, 2010, doi:
10.5120/277-437.

[15] K. H. Chan, K. M. Chow, L. C. Fung, and S. W. Leung, “Effects of using
conductive materials for SAR reduction in mobile phones,” Microw. Opt. Technol. Lett.,
vol. 44, no. 2, pp. 140-144, 2005, doi: 10.1002/mop.20569.

[L6]N. H. M. Hanafi, M. T. Islam, N. Misran, and M. R. 1. Faruque, “Numerical
analysis of aluminium sheet for SAR reduction,” 2011 IEEE Int. Conf. Sp. Sci. Commun.
“Towards Explor. Equatorial Phenomena”, Iconsp. 2011 - Proc., no. July, pp. 281-285,
2011, doi: 10.1109/I1ConSpace.2011.6015901.

[17] M. I. Hossain, M. R. I. Faruque, M. T. Islam, and H. Arshad, “Design and analysis
of mobile phone casing for the reduction of em absorption,” Int. J. Appl. Electromagn.
Mech., vol. 49, no. 3, pp. 395-403, 2015, doi: 10.3233/JAE-150045.

[18] B. Anoob, C. Unni, and S. S. Babu, “Investigation on specific absorption rate for
handset antenna with electromagnetic band gap structure background,” Int. J. Eng. Sci.
Innov. Technol., vol. 3, no. 4, 2014.

[19] D. Shi, Y. Gao, and X. Lu, “SAR reduction on a GSM terminal with EBG
structure,” Proc. - 2012 6th Asia-Pacific Conf. Environ. Electromagn. CEEM 2012, pp.
333-336, 2012, doi: 10.1109/CEEM.2012.6410636.

[20]S. Il Kwak, D. U. Sim, and J. H. Kwon, “Design of optimized multilayer PIFA

\\F



with the EBG structure for SAR reduction in mobile applications,” |IEEE Trans.
Electromagn. Compat.,, wvol. 53, no. 2, pp. 325-331, 2011, doi:
10.1109/TEMC.2011.2134101.

[21] R. Ikeuchi and A. Hirata, “Dipole antenna above EBG substrate for local SAR
reduction,” IEEE Antennas Wirel. Propag. Lett., vol. 10, no. 4 6, pp. 904-906, 2011, doi:
10.1109/LAWP.2011.21671109.

[22] V. Hariharan, S. Maheshwaran, S. Selvam, and N. Gunavathi, “Comparison of
electromagnetic band gap (EBG) structures for specific absorption rate (SAR) reduction,”
12th IEEE Int. Conf. Electron. Energy, Environ. Commun. Comput. Control (E3-C3),
INDICON 2015, pp. 4-7, 2016, doi: 10.1109/INDICON.2015.7443616.

[23] C. Y. Wang and D. B. Lin, “Planar EBG structure in application of SAR reduction
of tablet PC,” ISAP 2014 - 2014 Int. Symp. Antennas Propagation, Conf. Proc., pp. 77—
78, 2015, doi: 10.1109/ISANP.2014.7026538.

[24] R. Das and H. Yoo, “Application of a Compact Electromagnetic Bandgap Array
in a Phone Case for Suppression of Mobile Phone Radiation Exposure,” IEEE Trans.
Microw. Theory Tech., wvol. 66, no. 5, pp. 2363-2372, 2018, doi:
10.1109/TMTT.2017.2786287.

[25] S. Bhattacharjee, M. Mitra, and S. R. B. Chaudhuri, “Improved matching and SAR
reduction with little angular instable AMC based ground plane,” in 2016 IEEE MTT-S
International Microwave and RF Conference (IMaRC), 2016, pp. 1-4.

[26]S. Can and A. E. Yilmaz, “Reduction of specific absorption rate with artificial
magnetic conductors,” Int. J. RF Microw. Comput. Eng., vol. 26, no. 4, pp. 349-354,
2016, doi: 10.1002/mmce.20974.

[27]Y. Pinto and X. Begaud, “Monopole antenna with metamaterials to reduce the
exposure,” Appl. Phys. A Mater. Sci. Process., vol. 120, no. 3, pp. 917-925, 2015, doi:
10.1007/s00339-015-9230-0.

[28] R. A. Mellita, D. S. Chandu, and S. S. Karthikeyan, “Novel approach for enhanced
reduction of SAR in a mobile phone antenna using high impedance fss,” SPCOM 2018 -
12th Int. Conf. Signal Process. Commun., pp. 110-114, 2018, doi:
10.1109/SPCOM.2018.8724446.

[29] G. S. Paul, K. Mandal, J. Acharjee, and P. P. Sarkar, “Reduction of mobile phone
radiation exposure using multi-stopband frequency selective surface,” Prog.
Electromagn. Res. M, vol. 83, no. July, pp. 9-18, 2019, doi: 10.2528/PIERM19041401.

VY



[30] J.Hwang, and F.Chen, “Reduction of the peak SAR in the human head with
metamaterials,” IEEE Trans. Antennas Propag., vol. 54, no. 12, pp. 3763-3770, 2006,
doi: 10.1109/TAP.2006.886501.

[31] M. Wang et al., “Investigation of SAR Reduction Using Flexible Antenna With
Metamaterial Structure in Wireless Body Area Network,” IEEE Trans. Antennas Propag.,
vol. 66, no. 6, pp. 3076-3086, 2018, doi: 10.1109/TAP.2018.2820733.

[32] T. Alam, M. R. I. Faruque, and M. T. Islam, “Specific absorption rate analysis of
broadband mobile antenna with negative index metamaterial,” Appl. Phys. A Mater. Sci.
Process., vol. 122, no. 3, pp. 2-7, 2016, doi: 10.1007/s00339-016-9692-8.

[33] A. Al-Zoubi, A. Alshamali, and S. Ababneh, “Reduction of the Peak SAR in the
Human Head for Mobile Phones with Metamaterials.”

[34] M. R. I. Farugue, M. I. Hossain, N. Misran, M. Singh, and M. T. Islam,
“Metamaterial-embedded low SAR PIFA for cellular phone,” PL0S One, vol. 10, no. 11,
2015, doi: 10.1371/journal.pone.0142663.

[35] T. Alam, M. T. Islam, S. Kibria, M. Cho, and M. R. 1. Faruque, “EM absorption
reduction in wireless mobile antenna using printed paper-based metamaterial,” Appl.
Phys. A Mater. Sci. Process., vol. 123, no. 1, pp. 1-4, 2017, doi: 10.1007/s00339-016-
0631-5.

[36] F. Bin Ashraf, T. Alam, S. Kibria, and M. T. Islam, “A compact meander line
elliptic split ring resonator based metamaterial for electromagnetic shielding,” Mater.
Express, vol. 8, no. 2, pp. 133-140, 2018, doi: 10.1166/mex.2018.14109.

[37]1H. Messaoudi and T. Aguili, “Use of a Split Ring Resonators with Dipole and
PIFA Antenna to Reduce the SAR in a Spherical Multilayered Head Model,” in
International Conference on Multimedia Computing and Systems -Proceedings, 2018,
vol. 2018-May, pp. 1-6, doi: 10.1109/ICMCS.2018.8525926.

[38] T. Ramachandran, M. R. 1. Faruque, E. Ahamed, and S. Abdullah, “Specific
absorption rate reduction of multi split square ring metamaterial for L- and S-band
application,” Results Phys., vol. 15, no. September, p. 102668, 2019, doi:
10.1016/}.rinp.2019.102668.

[39]A. M. Tamim, M. R. I. Faruque, M. U. Khandaker, M. T. Islam, and D. A.
Bradley, “Electromagnetic radiation reduction using novel metamaterial for cellular
applications,” Radiat. Phys. Chem., wvol. 178, p. 108976, 2021, doi:
10.1016/j.radphyschem.2020.108976.

YA



[40] A. M. Tamim, M. R. L. Faruque, E. Ahamed, and M. T. Islam, “Electromagnetic
absorption of SRR based double-inverse E-Shaped metamaterial for DCS, EESC, 5G, and
WiMAX applications,” Chinese J. Phys., vol. 66, no. June, pp. 349-361, 2020, doi:
10.1016/j.cjph.2020.03.036.

[41] T. Ramachandran, M. R. I. Faruque, A. M. Siddiky, and M. T. Islam, “Reduction
of 5G cellular network radiation in wireless mobile phone using an asymmetric square
shaped passive metamaterial design,” Sci. Rep., vol. 11, no. 1, pp. 1-23, 2021, doi:
10.1038/s41598-021-82105-7.

[42] V. G. Veselago, “The Electrodynamic of Substances with Simultaneous Negative
Values of e and p,” Sov. Phys. Uspekhi, vol. 10, no. 4, pp. 509-514, 1968.

[43] C. Caloz and T. Itoh, Electromagnetic Metamaterials: Transmission Line Theory
and Microwave Applications: The Engineering Approach. John Wiley & Sons, 2005.

[44]J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, “Magnetism from
conductors and enhanced nonlinear phenomena,” IEEE Trans. Microw. Theory Tech.,
vol. 47, no. 11, pp. 2075-2084, 1999, doi: 10.1109/22.798002.

[45] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and S. Schultz,
“Composite medium with simultaneously negative permeability and permittivity,” Phys.

Rev. Lett., vol. 84, no. 18, pp. 4184-4187, 2000, doi: 10.1103/PhysRevL ett.84.4184.

AR






Abstract

This study aimed to demonstrate the possibility of using SRR-based metamaterials to
reduce the absorption of electromagnetic energy in human head tissue. In fact, in this
dissertation, a small and superficial metamaterial design has been used to reduce the
absorption of mobile phone waves in the head tissue.

The reduction of SAR was evaluated by two types of SRR with thin wire and without
thin wire at 900 MHz frequency for Helix antenna and PIFA antenna at 900 and 1800
MHz frequencies. The reduction in SAR due to a mobile phone with a helix antenna at a
frequency of 900 MHz by SRR without thin wire is 38.49% and by SRR with thin wire
is 26.28%. However, the dimensions of SRR with thin wire are 46% smaller than SRR
without thin wire.

The reduction rate of SAR due to telephone with PIFA antenna by SRR without thin
wire, at the frequency of 900 MHz is 55.29% and at the frequency of 1800 MHz is
64.38%.

The reduction rate of SAR due to telephone with PIFA antenna by SRR with thin wire,
at the frequency of 900 MHz is 23.25% and at the frequency of 1800 MHz is 59.25%. In
addition, the dimensions of SRR with thin wire are smaller than 54.87% and 48.78% at
900 and 1800 MHz, respectively, than the dimensions of SRR without thin wire.

Keywords: Specific Absorption Rate (SAR), Metamaterials, Split-ring resonator
(SRR), Head Model, Mobile Phone
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