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Y+]3[&)�beUZ'*_ ghb(dQ2&'*)+_ acb�UZUX',dZ$Ë�(g�b($oUX'*$r$cb( �beUé Z',i*�!$&_FdZ', Z�!$cbe$&i*'e�9b=<SKT ��V i,[rU�\5<GSKT�Þ ��V i,[rUS�9�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ó Ñ
ó �áÞ u
Y+]3[&)�beUZ'*_Dghb(d$2c',)+_¨acbeU�UX',dZ$`�(g�b($oUX',$&$cb( #beU�UXW&Y^dZ_¨dZ', Z�!$&b($&i*'e�
b=<bSKT

��V i*[
UM\"<]SKT Þ ��V i*[
US�¥�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ó Ñ
ó � Ì�� � [&dZd�'*$oUX é�!$Fu
Y^'*d�a&Y+$& �ÐnYqà>_&Y+a¥�!)^';beUéb�<Z2cdZ �UédZ', Z�!$cbe$&i*'e �Ñ>�dce:( K\5<

 Z',i*�!$&_tdZ', Z�!$cbe$&i*'e  Ì(Ì �dce:e &i�<�UZW&Y+d�_/d�'* ��!$cb($&i,'(  � â��dce: �N�l�T�N�T� ó è
ó � Ì!Ì � [&dZd�'*$oUX ��!$�\¥�¹� àñ_rY+a¥�!)+'NbeU�b=<G2cd� �U�dZ'* ��!$cb($ri*'( �Ñ;�Zc]:( ¬\5<� �'*i*�($&_

dZ', Z�!$cbe$&i*'e  Ì(Ì �dce:e &i�<�UZW&Y+d�_/d�'* ��!$cb($&i,'(  � â��dce:7�N�T�N�N�T�N�l�T�N�T� ó!ó

ô � Ì "�d�dXbSxN�(g&U��|��gpdXb(ijU»b()n �m�[&b(dZ'q)^�
�(a& *�5u
'*a&b(dXbeUZY+�!$T_&Y+ �U»b($ri*'�Y^ kUZW&'� �W&���#$
b( qUXWr'N_rY+ �UXb($&i,'N\¥',U��|'*',$�UXWr'N',_&%!', M�(gkUXWr'N',)+',]�',$nUZ *���N�N�T�N�l�T�N�T� ó Þ
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ô � � b=< Ý b(d
2c',)+_PacbeU�UX'*d�$& Tb($&_æ\5<�u Ì!Ì Y+$&ar[rUlY+]Da¬',_cb($&i,' ]ñb�UXi»W&',_æUZ��Ñ �N gp�!dTUZW&';)+���!aÏ'*)+',]�',$oUX 7[& �'*_ Y+$ÏUXW&'¨bedZdXbSx� 7�(g�UZW&Y+ 3i»Wcb(arUZ'*d*�>��Wr'
dZ',)�beUZY^�!'� �Y;:,'* #�(gkUXW&'�U��|��)^�
�!ar �Y+ �_&dZb��#$/Y+$r Z',U�Y^$gfhb=<j� �N�T�N�l�T�N�T� ô!�

ô �áà ��',)�beUZY^�('�%!',�!]D',UXd�x>gp�!dTUZW&'�U��|�Pb(d�dXbSx� 3[& �Y+$&%>b�<TstY^$&Ð(���# �Ð�Y� Zmn[cb(d�'
)+���!a>'*)^'*]D'*$oUX , kb($&_æ\5<�[& ZY^$&%t �U»b($r_cb(dZ_æ Zmn[cbedZ'D)+���!a>'*)^'*]D'*$oUX ,�D��Wr'
 Zacbei*'N\¬'jU���','*$�UZW&'T',)+',]�',$nUZ MY^ #Y+$&i,dZ'Sbe Z'*_/gp�!dqUXWr'3b(d�dXbSx¨�#Y^UZW/gpdZb(i,UXb()
'*)^'*]D'*$oUX ,�¬�N�T�N�N�T�l�N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ôrÌ

ô �ãâ 4M�!d�]ñbe)+Y;:,'*_w Ô �Y+]7[&)+beUX',_Ï_rY+dZ',i,UZY^��Y^U�x>a&beUZUZ'*dZ$r Tgp�!d3Ñ/',)+'*]D'*$oU* =å��!)^a&W
�
� W&'*\ox� ZWr',�¥  � �áà=F� Zacbei*'*_�)+Y+$r'Sb(dlb(d�dXbSxP Zi*b($&$&',_�UX� Ì Ñ �hV �ñ��Wr'DUZW&dZ','
a&)+�eUX Ô ZW&���#$7Y^$&i*)^[&_&'1UXWr'| �Y+]7[&)+beUX',_lacbeUZUZ'*d�$& 5[& �Y+$&%#gpdXbei,U»be)o Zmn[cb(d�'�'*)^'j�
]�',$oUX * n �m�[&b(dZ'�'*)^'*]D'*$oUX , rb($r_DUZW&'MY^_&'Sbe)&acbeU�UX'*d�$ñbe |'86ra¥'*ijUX',_ñ�#Y^UZW&�![rU
]7[rUZ[cb()wi,�![&a&)^Y+$&%&�ß�l�N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ôo�

ô �çÑ u
Y+]3[&)�beUZ'*_ d�'*i*',Y^�('*_Da¬���|'*d
\nx3UXW&'#'*$r_ñ'*)^'*]D'*$oUK�(g¥UXW&'�b(d�dXbSx7�#Y�UXW UXW&'
�(UXWr'*d�âD'*)+',]�',$oUX #dXb(_rY�beUZY+$&%7$r�!dZ]�b()+)�x!�&�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ô à

ô �áè ��',)�beUZY^�('�%!',�!]D',UXd�x>gp�!dTUZW&'�U��|�Pb(d�dXbSx� 3[& �Y+$&%>b�<TstY^$&Ð(���# �Ð�Y� Zmn[cb(d�'
)+���!a>'*)^'*]D'*$oUX , kb($&_æ\5<�[& ZY^$&%t �U»b($r_cb(dZ_æ Zmn[cbedZ'D)+���!a>'*)^'*]D'*$oUX ,�D��Wr'
UX�(UXb()q�#Y+_
UXW9�(gMUXW&'�b(dZdZbSx Y+ D]ñb(Y^$oU»b(Y^$&'*_ gp�!d UXW&'/U���� b(dZdZb�x� ,� ��Wr'
'*_&%('j��UZ�e��',_&%!'> �'*acb(dZbeUXY^�!$ò\¬'jU���','*$ UXW&'P'*)^'*]D'*$oUX `Y^ ¨ ZY+]DY+)+b(dégp�!d;UXW&'
U�����b(d�dXbSx� *���T�N�N�T�l�N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ô Ñ

ô � ó u
Y+]3[&)�beUZ'*_�_rY+dZ',i,UZY^��Y^U�xtacbeU�UX'*d�$& �gp�!d�b/Ññ',)+'*]D'*$oU*  � Ê Ñ�Fæ Za&b(i*',_�b(d�dXbSx
�(g1 �m�[&b(dZ'7',)+',]�',$nUZ �b($&_�b ó ',)+'*]D'*$oU*  � Ê àoÑ�F> Za&b(i*',_Pb(dZdZb�x/�(g1gpdZb(i,UXb()
'*)^'*]D'*$oUX , �\¬�eUXW  ZiSbe$&$&'*_ UX� Ì Ñ ��V  �[&$&Y�gp�!dZ]D)^xF'�6
i,Y^UX',_w �b($r_ WcbS��Y+$r%
'*mn[cb()
UX�(UXb()
)+'*$r%(UXW& ,��"�)^ Z��ar)+�(U�UX'*_ b(dZ'DUXW&';Y^_&'Sbe)|acb�UZUX',dZ$& �eg�UXW&';Ñ
b($&_ ó '*)^'*]D'*$oUDb(d�dXbSx� 7�#Y^UXW [&$rY^gp�!d�]�'86ri,Y^UXbeUXY^�!$H$&'*%()+'*ijUXY^$&%�]7[rUZ[cb()
i*�![ra&)+Y^$&%&�=�N�T�N�N�T�l�N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ô Ñ
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� � Ì ��',)+'j�(be$nU#d�',gp',dZ'*$ri*'* �gp�!dqgpdXbei,U»be)�b($oUX',$&$cb( � Z�!d�UX',_t\ox¨i*beUX',%!�!d�x(�é�T�N�T� Ì��

â&� Ì v1)+'*ijUXd�Y+iSbe)wa&dZ�(a¬',d�UXY^'* ��(g� Z[r\& �UZdXbeUZ'* �[& Z',_��(gkgp�!dqghb(\&d�Y+i*beUXY^�!$ �l�T�N�T� � Ñ

Ñ
� Ì å�Y+d�'*i,UZY^��Y^U�x _&beU»b�gp�!dDUXW&'>)^�
�(a b($oUX',$&$cb( ¨���!',d;�eb(d�x�Y+$r% Y+$&_r'*$oU»beUZY+�!$
�#Y+_rUZW& �be$&_�gpdXbei,U»be)kY�UX',dXbeUZY+�!$& ,�#"�)+)Ô�(g5UXW&'3b($oUX'*$r$cb( �b(d�'3d�'* Z�($cb($oUlbeU
UXW&'l Zb(]�'�gpd�'*mn[&',$&i,x(���N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� â!â

èr� Ì cM',Y+%!WoU�b($&_T)+'*$r%(UXWN�(gcä���i»WTgpdZb(i,UXb()nb($oUX',$&$cb( �Y+$lUX'*d�]� Ô�(g
�qbS�('*)+',$&%(UZW& 
beU#dZ', Z�!$&b($&i*'e� �N�T�l�N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� Ñeâ

èr� � ��'*$&%(UZWt�eg='Sbei»W� �UZdXb(Y^%!WoU# Z',i,UXY^�!$��eg�UZW&'NgpdZb(i,UXb()wUXd�'*'�gp�!d�UXWr'd2&dZ �U]2&�('
Y^UZ'*dXb�UXY+�($& *�Ë�T�N�N�T�l�N�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� Ñ(è

èr�áà ��'*$&%(UZW �(g#'*b(i»WH Z',%!]�',$oU �(g�UXWr'ñUXW&d�'*';_rY+]D'*$& �Y+�!$cbe)KgpdZb(i,UXb()KUXdZ','ñgp�!d
UXW&'[2cd� �UG2&�('TY�UX'*dZbeUXY^�!$& ,�t�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� è Ì

ô � Ì u
a¥'*i*Y72ciSb�UXY+�($& =[& �'*_DY+$7UXWr'�_&'* �Y+%!$é�(g¬b(d�dXbSx� 1 ZW&���#Y+$r%Nd�'*_&[ri*'*_D]7[rUZ[cb()
i*�![ra&)+Y^$&%7�#Y^UZW`gpdZb(i,UXb()w',)+'*]D'*$oUZ *�k�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ôrÌ

ô � � u
a¥'*i*Y72ciSb�UXY+�($& �[& �'*_`Y+$DUXW&'�_&'* �Y+%!$¨�(gkbedZdXbSx� q �W&���#Y+$&% _&',$& Z',d�acb(i»ÐnY+$r%
�#Y^UZW`gpdZb(i,UXb()w',)+'*]D'*$oUZ *�
�T�N�T�N�N�T�N�T�N�l�T�N�N�T�N�T�N�N�T�N�l�T�N�T� ô â
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�|�|�![&)+_`)^Y+Ð('�UZ� UXWcb($rÐ;]3x¨be_r��Y+ Z�(d* cú1dZ�egp'* Z ��!d��|b(WoxobD�Mb(Wr]ñbeU���urbe]�Y^Y  !gp�!d�W&Y^ �Y+_&'*b( * 
 Z[ra&a¬�(d�U
b($&_é%![rY+_cb($ri*'�UZW&dZ�![r%!W&�![rU1UZW&Y+ ����!d�Ð��1�k�|�![&)^_éb()+ ���)+Y+Ðe'�UX��UZWcb($&Ð7úKd��(gp'* � Z�!d� 
��beUX �[&����UZ�!Wtb($&_/v1)+)+Y^�(UZUq��dZ���#$`gp�!d� Z',d���Y+$r%��!$/]3xñ]ñb( �UX',dZ �UXW&', ZY^ �i,�!]D]�Y�UZUX','(�

�=b()^ Z��UZWcb($&Ð7]Tx i*�!)^)+'*b(%![&', =Y+$Dú1dZ�(gp', Z ��!d=�|b(WoxobN�Mb(Wr]ñbeU���urbe]�Y^Y�rã �d�'* Z'*b(dZi»W�%!dZ�([&a
beU�¢ � �Ô"T &gp�!d�UXW&',Y+d#b(_
�
Y^i*'lb($r_t_&Y^ Zi,[& Z �Y+�!$& ,�

u
a¥'*i*Y+b()5UZWcb($&Ðn lY+ lb()^ Z�¨%!Y��!',$æUZ�/]Tx�acb(d�'*$oUX Nb($r_Pghbe]�Y^)^x`gp�!d�UXWr'*Y+d� Z[&a&a¥�!d�U3be$&_
'*$ri*�![&dZb(%!',]�',$nU#UZW&dZ�![r%!W�be)+)f�eg5]3x;a&[&dZ �[&Y^UZ #�¹�('*d#UXW&'�x('Sb(d� *�

"�)^ Z�& nUXW&Y^ 
�|�!d�Ðé��b( | Z[&a&a¥�!d�UX'*_¨Y^$�a&b(d�U|\oxDUZW&'�¢�u�"�d�]3xD�#'* Z'*b(dZi»W Íts i*'M[&$&_&',d
i*�($nUZdXb(ijUMå�"M"
c � âe��Þ!è¹� Ì � � à ô Þr�
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y�z|{�}�~����K}q�M�����rz|����z
stb( �UZ'*d#�(g=u
i*Y^'*$&i,'NY^$/vK)^'*ijUXdZY^iSb()wvK$r%!Y+$&','*d�Y+$&%
¢�$&Y^�('*d� ZY^U�x;�(g � be)+Y^gp�(dZ$&Y+br r���! #"M$&%!'*)^'* ,  �(�!�!�
ú1dZ�(gp', Z ��!d#�|beWnx!b���b(W&]�beU���urb(]DY+Y¡  � Wcb(Y^d

r Ý dZb(i,UXb()+ 3rf��',dZ'O2cdZ �U3_r'32c$&',_�\oxæ��',$&�!Y^UTstb($&_&',)+\&d��(UNY+$ Ì Þ ó Ñ¨b( Nb;��b�xP�egqi*)+b( ��
 ZY�gÚx�Y+$&%� �UXd�[&i,UZ[&dZ', ��#W&�! �'7_&Y+]D'*$r ZY+�($& ��|'*d�' $&�(UM�#W&�!)+'T$n[&]7\¥'*dZ ,����W&', Z' %!',�!]�'jUXd�Y+'* 
WcbS�!'�\¥'*'*$�[& Z',_ña&d�',��Y+�([& Z)�x7UX�Ni»Wcb(dZb(i,UZ'*dZY@:*'�[&$&Y^m�[r'���i*i,[&dZd�'*$&i,'* |Y+$é$cbeUZ[&dZ'#UXWcb�U
�|'*d�'
_&Y s i,[&)^U�UX�¨_&'�2c$&' �#Y^UZWÏv1[&i,)+Y^_&'Sb($>%('*�!]D',UZdZY+', * �Y^$&i*)^[&_&Y+$r%�UXWr'D)^'*$&%eUXW>�(g
i*�!b( �UZ)+Y+$r'* * 
UXWr'N_r'*$& �Y^U�x`�(g�i*)^�![&_& , cb($&_`UXW&'l\&dZb($&i»W&Y^$&%D�(g�UZdZ','* *�

"�$oUX',$&$cb/_&'* �Y+%!$PiSbe$Ï\¥'*$&'�2&UNgpdZ�!]ù �UX[r_rx�Y+$&%`UXW&', Z'é%!',�!]�'jUXd�Y+'* ,�é���
�!ÐnY^$&%`beUl%!'¶�
�!]D',UZdZY+', q�#W&�! �'N_rY+]D'*$& �Y+�!$& #bedZ'l$&�(U#)^Y+]DY^UX',_ñUX�éY^$nUZ'*%!',dZ #]�b�xñ)+'*b(_¨UX� UXW&'l_&Y^ Zi,�¹�('*d�x
�(g#be$nUZ'*$&$&b( T�#Y�UXW�Y^]�ardZ���!',_�i»Wcb(dZb(i,UZ'*d�Y+ �UZY+i, 3���!',dTUXW&beUT�#WrY+i»W '86rY^ �UTUX��_cbSx!� Ý dXb(ijU»b()
b($oUX',$&$cb( MWcbS�!'7 �W&���#$�UXW&'Ta¬�( Z ZY^\&Y+)^Y^U�x�UX�ñ]DY+$rY�beUZ[&dZY@:*'�b($oUZ'*$&$cbe �b($&_/UX�ñY^]�ardZ���!'NY+$
�
a&[rUN]�beUXi»WrY+$&%&� � ',d�UXb(Y+$æi*)+b( Z �'* N�(g|gpdZb(i,UXb()Kb($oUX',$&$cb( NiSbe$Ï\¥'éi*�!$?2&%![&dZ',_æUZ�t�(a¬',dXbeUZ'
'3J¬'*ijUXY��!'*)�x`beU��eb(d�Y+�![& qgpd�'*mn[&',$&i,x/\cb($r_& *�

��W&'*d�'7b(d�'�UXW&d�'*'3_rY+ �UZY+$&ijU�b(_r�eb($oU»be%!'* #�#W&Y+i»W�b(dZ'N �UZ[&_&Y^'*_/Y+$`UXW&Y^ #UZW&'* �Y+ �\ox`[& ZY^$&%
gpdXbei,U»be)#b($oUX'*$r$cb( *� Ý Y+d� �US 
gpdXb(ijU»b()�%('*�!]D',UZdZY+', iSb($F\¬'/Y+]Da&)^'*]D'*$oUX',_ UZ�Ï]DY+$rY�beUZ[&dZY@:*'
dZ', Z�!$&b($oUT)^�
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a&)^�!Y^UZY+$&%�UZW&'t\¥'*$r'32&UZ ñ�(g�gpdXb(ijU»b()^ éY+$Ëb($oUX',$&$cb
 �x� �UX'*]D Mb(dZ'la&Wcbe Z'*_�b(dZdZbSx
 , c�#W&'*d�'NgpdZb(i,UXb()+ qi*b($�d�'*_&[ri*'N]7[rUX[&b()wi*�([&a&)+Y^$&%Db($&_tb()+)^���
gp�!d�)^�¹�|'*d# �iSb($tb($&%!)^'* ,�
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Dipoles

Increase Input Impedance
Minimize Heights

Loops

Increase Input Impedance
Minimize Size

Multiband

Separation Distance

Applications
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0° 1± 2²
Fractal Iteration³0.60
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Scaling factor for resonance for square loop (width = λ/4)
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Directivity patterns ¿ φ = 90ο

Indentation width = 0.333   Iteration = 1
À
Indentation width = 0.333   Iteration = 2
À
Indentation width = 0.500   Iteration = 1
À
Indentation width = 0.500   Iteration = 2
À
Indentation width = 0.666   Iteration = 1
À
Indentation width = 0.666   Iteration = 2
À
Indentation width = 0.800   Iteration = 1
À
Indentation width = 0.800   Iteration = 2
À
Indentation width = 0.900   Iteration = 1
À
Indentation width = 0.900   Iteration = 2
À
Square loop
Á
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Three Dimensional Fractal Tree¹
Far field pattern in primary cut in plane of dipoleº

Iteration 0
Iteration 1
Iteration 2
Iteration 3
Iteration 4
Iteration 5

ò�ó�ô�õÃö6÷$2wø�C?2wû�A=�Ã÷[�6ó�G\õÃýnâ�� ÷%þ1þÃónö{÷'ÿ�� ó��7ó����1�Ãâ��	�6÷'ö	
U�#��
�ö}�	�Ã÷$�oâ�ö6ó�
�õ��vó�� ÷%ö â��6ó�
�
��&
*�V�7�w÷
�7�wö6÷'÷�þÃó�Gf÷�
��{ó�
�
Ãâ�ý��Óö â�ÿ��Aâ�ýj� ö{÷'÷\þÃó���
�ýn÷�ø}A=�Ã÷f��â��	� ÷%ö	
ió��}�Aâ�®�÷�
 ó�
1�7�w÷B% ª»'*)vÿ%õU��ó�

�7�w÷h�wý â*
Ã÷�
��<�	�Ã÷3¤Fþwónö6÷%ÿ��6÷'þ/þÃó��8
�ýn÷vâ���ö6÷��	
�
�â�
Ãÿ'÷oø

*�;�7�Ã÷3��� ö âoónô�����þÃó���
�ý�÷�ø
x
y�¼ ^#_/`Z�baU`��H�� ���}s���g½e}q¡ �#`T_s ¥¢w}s�#¢
A=�Ã÷�ñ¡÷�
Ã÷$ü��7�V
*�s�7�w÷���âoö6ó�
�õ��u�Óö âoÿ��Aâoýwô�÷�
�Gk÷�� ö{ón÷���ÿ�â*
qñ¡÷
ÿ�
�GP��â�ö{÷'þ"ø e ýný�
*�s�7�Ã÷
þÃó���
�ýn÷��
�7�Ãâ��	â�ö{÷ ÿ�
�GH�Ãâ�ö6÷%þ ó�
��7�Ãó��$�6÷%ÿ��6ó�
�
Y��ây��÷d�7�Ã÷d� â*Gf÷d���Aâ�ö�� ó�
wô+�Ã÷%ónô�����ø1A=�Ã÷����Aâ�ö�� ó�
wôô�÷�
�Gk÷�� ö��kó���âFö6÷��	
�
�â�
D�GþÃó��8
�ýn÷=�	��â��Gó���M7øúùuÿ�G ó�
 ý�÷�
Ãô��7�k.7ö6÷��	
�
�â�
D�Gó�
H�	�Ã÷#¾6¿=� ñ�â�
Ãþâ��$C?,�'�'@E1§}¤�ø3A=�Ã÷	ö{÷'ýnâ�� ó���÷�ô�÷�
�Gf÷��6ö0�z
*��â�ý�ý<
*�T�	�Ã÷\ÿ�
�GH�Ãâ�ö6÷%þiþÃó��8
�ýn÷���ó��#�	�U
�>�
 ó�
ò�ó�ô�õÃö6÷32�ø�C�M7ø

A=�Ã÷,ñ�÷�
Ã÷%üU�7��
*�´õ��6ó�
Ãôqâf�Óö â�ÿ��Aâ�ý"ô�÷�
�Gf÷��6ö0� â�ö6÷�þÃ÷���÷�
ÃþÃ÷�
D�}
�
W�7�w÷#�����¡÷3
*�j�Óö â�ÿ��Aâ�ý
�7�Ãâ��Zó��´ÿ���
��{÷�
"ø e ÿ�
�GP��â�ö6ó��	
�
$
*�/�7�Ã÷qGkó�
Ãó â��6õÃö6ó�¤�â��6ó�
�
3
*�s�	�Ã÷
â*
�� ÷�
�
�â*�Zñ���ó�
Ãÿ%ö6÷�â��6ó�
wô

2*K



Fractal Tree Dipole

3D Fractal Tree Dipole

Koch Dipole

Iteration 3 Iteration 4Iteration 0 Iteration 1 Iteration 2 Iteration 5

ò�ó�ô�õÃö6÷&2wø�C�M�û<A=�Ãö6÷%÷}�oâ�ö{ó�
�õ��T�Óö6â�ÿ�� â�ý�ô�÷�
*Gk÷�� ö6ó�÷���â�ö{÷�ÿ�
�
wü�ô�õwö6÷'þ â*��þÃó��8
�ýn÷���.Äó�
wÿ'ýnõwþÃó�
Ãôâfp3
7ÿ��1�Óö6â�ÿ�� â�ýÀ.ÃâB�Óö6â�ÿ�� â�ýk� ö{÷'÷*.¡â*
wþ1â[�7�Ãö{÷'÷FþÃó�Gf÷�
��{ó�
�
Ãâ�ýb�Óö âoÿ��Aâoýk� ö6÷%÷�ø�A=�w÷m���Aâ�ö�� ó�
wô
�6ó�¤'÷3
*�´÷�â�ÿ��z
*�;�7�Ã÷,ô�÷�
�Gf÷�� ö{ón÷���â�ö6÷,ónþw÷�
�� ó�ÿ�â�ý�¾6¿=�@ñ�â*
Ãþ/þÃó���
�ý�÷��%ø

2�ù



0° 1µ 2³ 3± 4Á 5Â
Fractal Iteration

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

R
es

on
an

t F
re

qu
en

cy
 (

M
H

z)
Ã

Koch Dipole
Fractal Tree Dipole
3D Fractal Tree Dipole

ò�ó�ô�õÃö6÷$2wø�C?Rwû�A=�Ã÷\ö{÷��	
*
�â*
����Óö6÷�l7õw÷�
Ãÿ��S��
�ö3÷'â�ÿ��F
*�V�7�w÷$�Óö â�ÿ��Aâ�ý´â*
�� ÷�
�
�â*�#��÷'ö0�6õ����7�w÷

Äõ�G\ñ¡÷'ö3
*�só��6÷'ö â�� ó�
*
��9��
�ö,âXp�
�ÿ��E�Óö âoÿ��AâoýÀ. âW�Óö â�ÿ��Aâ�ý<� ö6÷%÷*.µâ*
Ãþ±â��7�Ãö{÷'÷qþÃó�Gk÷�
��6ó�
�
�â�ý
�Óö âoÿ��Aâoýb� ö{÷'÷,ó�
/â	þÃó��8
�ý�÷vÿ�
�
�ü�ô�õÃö6â�� ó�
�
/â*���6ó�G�õÃý â��6÷'þ�>�ó��7�W�7�Ã÷3GP
�Gf÷�
���Gk÷��7��
7þ"ø
�7�w÷h
Äõ�G�ñ�÷%ö&
���ô�÷�
Ã÷'ö6â�� ó�
Ãôqó��6÷'ö â�� ó�
*
��Gó��
þw÷��Ãó�ÿ�� ÷%þ2ô�ö â*���wónÿ�âoýný��kó�
Xò´ónô�õÃö{÷32wø�C?Rwø

IJ��ÿ'â*
	ñ�÷!�6÷%÷�
f�7�Ãâ��u�	�Ã÷qGfó�
Ãónâ�� õwö6ó�¤'â�� ó�
�
�ñ¡÷�
Ã÷$ü��7�v
���ñ�
*�	�m��>!
�þÃó�Gf÷�
U�6ó�
*
�â�ýD�0�6ö6õÃÿn�
� õwö6÷���.��	�Ã÷�p�
7ÿ��+�Óö âoÿ��Aâoý´â�
Ãþ1�	�Ã÷m�Óö6â�ÿ�� â�ý�� ö6÷%÷*.�â�ö6÷h��÷%ö0�1�6ó�Gfónýnâ�ö'ø6A=�Ã÷uñ�÷�
Ã÷%ü��#
*�v�7�w÷
�7�wö6÷'÷,þÃó�Gk÷�
��6ó�
�
�â�ý8�Óö â�ÿ��Aâ�ýk�6ö6÷%÷*./��
?>s÷���÷%ö�.¡ó��=GP
�ö6÷��wö	
�
�
�õ�
Ãÿ'÷%þ"ø¢v��÷�
F�	��
�õÃô��1�7�Ã÷h�7�Ãö{÷'÷\þÃó�Gk÷�
��6ó�
�
�â�ý��Óö6â�ÿ�� â�ýjGkó�
Ãó â��6õÃö6ó�¤'÷����	�Ã÷	â*
��6÷�
�
�â â��vö{÷��	
��

�â*
wÿ'÷��7
fâ	ô�ö6÷'â�� ÷%ö
þÃ÷'ô�ö6÷'÷��	��â*
W�7�Ã÷3
*�	�Ã÷'ö��Óö6â�ÿ�� â�ý���.U�7�w÷Fó�
��ÃõU�Gö6÷��{ó����Aâ*
Ãÿ%÷uó��Gý�
?>s÷'ö{÷'þñ��2âP�{ónô�
Ãó¹ü�ÿ�â�
D��â*GP
�õ�
���.�â��&>s÷'ý�ý ø�IJ��ÿ�â*
2ñ�÷h�6÷%÷�
+�Óö0
�GJò�ó�ô�õÃö{÷m2�ø�C?,[�7�Ãâ��}�	�Ã÷Fó�
��Ãõ��ö6÷��6ó��0�Aâ�
Ãÿ'÷[
*�V�	�Ã÷qp�
�ÿ�� â*
ÃþS�Óö6â�ÿ�� â�ýu�6ö6÷'÷	þwó��8
�ýn÷��3þÃö0
����#�7
W
w÷�â�ö3@�'W¬Tâ��,ö{÷��0
�
�â*
Ãÿ%÷
��
�öf�	�Ã÷@ü����7� ó��6÷'ö â�� ó�
*
"øÀ£ ó�®o÷�>�ó��{÷*.6�7�Ã÷Xó�
U�ÃõU�fö6÷��6ó����Aâ*
wÿ'÷�
*�9�	�Ã÷W�7�Ãö{÷'÷XþÃó�Gk÷�
��6ó�
�
�â�ý
�Óö âoÿ��Aâoý;�6ö6÷'÷	þwö	
����}�7
zQ*'�¬~þÃõw÷f�7
d�	�Ã÷\ó�
wÿ'ö6÷'â*�6÷%þ â*GH
�õ�
��#
*��ÿ�
�
ÃþÃõÃÿ�� ó�
Ãô@ñÃö â�
Ãÿ��Ã÷��%ø
A=�Ãó���>q
�õwýnþXþÃ÷'ÿ%ö6÷'â*�6÷3�7�Ã÷3Gkâ�� ÿ����	
fâkù�'[¬(�Ó÷'÷%þ2ý�ó�
Ã÷oøvA=�Ã÷��Óö âoÿ��Aâoý®ô�÷�
�Gk÷�� ö�� ÿ���
��{÷�


2�2



0
Ä

1Å 2Æ 3Ç 4È 5
É

Fractal Iteration

10

15

20

25

30

35

40

45

50

55

60

In
pu

t R
es

is
ta

nc
e

Ê

Koch Dipole
Ë
Fractal Tree Dipole
Ì
3D Fractal Tree DipoleÇ

ò�ó�ô�õÃö6÷v2wø�Cy,wûj��ó�G\õÃý â�� ÷'þ�ó�
��ÃõU�"ö6÷��{ó����Aâ*
Ãÿ%÷T��÷'ö0�6õ��j�7�w÷T
7õUG\ñ�÷%öj
*�7ô�÷�
Ã÷%ö â��6ó�
Ãô
ó�� ÷%ö â��6ó�
�
��
��
�ö��	�Ãö6÷%÷3�Óö6â�ÿ�� â�ý�â*
�� ÷�
�
�â*�%ø
��
�ö)â[��â�ö�� ónÿ%õÃý âoö�â*���Ãý�ónÿ�â�� ó�
*
d>q
�õÃýnþz��ây��÷3�7
B>�÷%ónô����7�w÷h�6ö â�þÃ÷n��
*�1ñ�÷���>�÷%÷�
1ó�
Ãÿ'ö{÷�â*�{÷'þ
Gfó�
Ãónâ�� õÃö{ó�¤'â�� ó�
�
P��÷'ö0�6õ���ó�
��Ãõ���ö6÷��{ó����Aâ*
Ãÿ%÷�ø

IJ�	ÿ�â�
Àñ�÷��{÷'÷�
o�Óö	
�Gx�7�Ã÷d�Ãý�
*�	�$
*�=�	�Ã÷��{ó�G\õÃýnâ�� ÷%þeó�
��ÃõU�$G â��6ÿ��o��
�öm�	�Ã÷d�oâ�ö{ó�
�õ��þÃó���
�ý�÷����7�Ãâ��<�	�Ã÷��uâ�ö{÷�âoýnýD
�â�ö{ö	
?>Àñ�â*
wþ	â*
�� ÷�
�
�â*�%øvA=�Ã÷q�{ó�G\õwý â��6÷'þm@�þ/Í ñ�â*
ÃþU>�ó�þU�7�m
*�
�7�w÷sþÃó���
�ýn÷Zâ*
��6÷�
�
�â)ó��µâ�ñ8
�õU�uQ�øLKDÎ ø<A=�wó��µÿ�â*
Fñ�÷�ÿ�
*GH��âoö6÷'þ3>�ó��	�h�	�Ã÷6@)þ�Í±ñ�â*
wþU>�ónþU�	�

*�;�7�Ã÷3�{ó�G\õÃýnâ�� ÷%þW�Óö â�ÿ��Aâ�ý��Gô�÷�
w÷'ö â�� ÷'þz�Óö	
�GÏ�7�Ã÷3�Ãó�ô��Ã÷��0�&
Äõ�G\ñ¡÷'ö�
*�´ó�� ÷%ö â��6ó�
�
U��.�>��wónÿ��
��ây��÷��7�w÷@ý�
?>�÷��0�fö6÷��	
�
Ãâ*
��H�Óö{÷�lÄõÃ÷�
wÿ���øZA=�Ã÷��6ó�G\õÃýnâ�� ÷%þÀñ�â*
ÃþU>�ó�þU�7�Y��
�öf�	�Ã÷��Ãónô*�Ã÷����ó��6÷'ö6â�� ó�
�
�
*�;�7�Ã÷hÐ�
7ÿ��/þwó��8
�ýn÷vó���â�ö	
�õ�
Ãþz@wø�C�Î ø�òs
�ö��7�Ã÷vü����	�2ó�� ÷%ö â��6ó�
�
�
��<�	�Ã÷#�Óö â�ÿ��Aâ�ý
� ö{÷'÷	þÃó���
�ýn÷*.��7�Ã÷[�{ó�G\õÃýnâ�� ÷%þiñ�â*
Ãþ�>�ónþU�	� ó���KÃø4Q�Î ø$A=�Ã÷B�6ó�G\õÃýnâ�� ÷%þiñ�â*
ÃþU>�ó�þU�7�E
*�6�7�w÷ü����	�@ó�� ÷%ö â��6ó�
�
d
*�j�7�Ã÷9�	�Ãö6÷%÷�þÃó�Gf÷�
U�6ó�
*
�â�ýs�Óö â�ÿ��Aâ�ý8� ö6÷%÷�ó��#C?Q�øiM*ÎW.�ñÃõU��
�
wý��P��â*��âm�¥M�øiM�ùþ/Í ó�
��wõU��G â�� ÿ��/â��)ö6÷��	
�
�â�
Ãÿ'÷oø

2�M



Ñ¯ÒÔÓÖÕ­×ÙØ�Ú Û

Ü ÝFÞ�ßvàyáSâfãFä å�æVâ$ç�ßuâfÞ Ó ã�ßvè�ãFãSâ$é

��
S��ê�ö�.V
�
Ãý����7�w÷W�	�/ê�ÿ%÷W�7êy�7ó�
Ãô ñ¡÷�
Ã÷$ü��7�B
*���Óö	ê�ÿ��7ê�ý�ê*
��6÷�
�
/ê��[�/êy��÷Xñ�÷%÷�
 ÷�ë��Ãý�
�ó��6÷'þ"ø
A=�Ã÷%ö6÷
ó��vê*
�
*�	�Ã÷'öv�wö	
��¡÷'ö����$
*�s�Óö	ê�ÿ��7ê�ý��;�7�/ê���ÿyê*
qñ¡÷GõU�6ónýnó�¤'÷%þ�ó�
fê*
�� ÷�
U
/ê�ÿ�
�
���� ö{õÃÿ��6ó�
�
"øò�ö7ê�ÿ���ê�ý����/êy��÷6�6÷%ý��ì���{ó�Gfóný�ê�ö6ó����
ó�
��7�w÷'ónö ô�÷�
�Gf÷��6ö0��.�>��Ãó�ÿ��uó��<ê��Ó÷�ê�� õÃö{÷T>��Ã÷'ö{÷qê��6÷%ÿ�� ó�
�
3
*�
�7�w÷}�Óö7êoÿ���êoýbê*�U��÷�ê�ö	�6�7�Ã÷#�	ê*Gf÷3ö6÷%ô�ê�ö{þÃýn÷��	�q
��j��
?>íGdê*
��B� ó�Gk÷��6�	�Ã÷#�{÷'ÿ��6ó�
�
 ó��q¤�
�
*Gk÷%þó�
 õ��8
�
"øZ�7÷'ý��ì�J�6ó�Gkó�ýìê�ö{ó����ió�
o�7�Ã÷Xô�÷�
�Gk÷�� ö�� ÿ'ö{÷yê��6÷��f÷���÷'ÿ�� ó���÷zê*
�� ÷�
U
/ê*�P
*�3þwó���÷'ö6÷�
��
�6ÿ�ê�ýn÷��'øTA=�Ãó���ÿyê*
fýn÷�ê�þP�	
mG�õÃý��6ónñ/ê*
wþ	ÿ��/ê�ö7êoÿ�� ÷%ö6ó��0� ó�ÿ���ó�
Hê*
�� ÷�
�
/ê*��.X>��wónÿ�� ó���þÃó��0�Ãýìêy��÷%þ
>��Ã÷�
Sê*
zê*
�� ÷�
�
/êB
��¡÷'ö7ê�� ÷��=>�ó��7�1êB�{ó�Gfóný�ê�ö!�¡÷'ö���
�ö	GHê*
Ãÿ%÷3ê�����ê�ö6ó�
�õ����Óö6÷�lÄõÃ÷�
Ãÿ%ón÷��'ø

A=�Ã÷f
�ñDî{÷'ÿ��9
*�T�7�wó��)ÿ��/ê*�U�6÷'övó��&�	
d�	�U
�>ï��
?>ð�Óö	ê�ÿ��7ê�ý��)ÿyê*
+ñ�÷uõ��6÷%þEê*�9G\õwý��7ò�ñ/ê*
Ãþ
ê*
�� ÷�
�
/ê*�%øóA=�Ã÷\��ò�÷'ö0��ò�
��0®Dò9�	ò�÷���÷S�Óö7ê�ÿ���ê�ý}ò�� ÿ���
*�6÷�
pê*���	�Ã÷Fô�÷�
*Gk÷�� ö0�Z�7
o�6÷����W�7��ò��
�Ó÷yê�� õÃö{÷)þwõÃ÷=�7
3ò��	�Vê*�0�	
�õ�
Ãþ�ò�
�ôh�	ò�GPòný�ê�ö	ò��7ò�÷��jò�
B�¡÷'ö0��
�ö	GHê*
Ãÿ'÷�ê��!ê�
Hê�
D�6÷�
�
�êmê��V��ê�ö0ò�
�õ��
�Óö6÷�lÄõÃ÷�
Ãÿ�òn÷��'øõA=��ò��[�����¡÷z
*�9�Óö	ê�ÿ��7ê�ý�ê*�Pê*
|ê*
�� ÷�
U
/ê±ÿ�ê*
|ñ¡÷/ÿ�
�GP�/ê�ö{÷'þr�7
�ê�ñ8
?>=�7ò�÷þ�ò���
�ý�÷�ê*
�� ÷�
�
/êwøVIJ�)ÿyê�
1ñ¡÷#�Ó÷'þzò�
zê[�	ò�GHò�ýìê�ö6��ê*�	��ò�
�
�ê*���	�U
�>�
1ò�
zöuò�ô�õÃö6÷�M�ø�C�ø

A=��ò����Óö	ê�ÿ��7ê�ý�ê*
��6÷�
�
/ê[�/ê���ê�ý��0
[ñ�÷%÷�
Xÿ'ý�
��6÷%ý������ õÃþUòn÷'þzê��q�7�Ã÷h¾<
�ý��D� ÷%ÿ���
�ònÿ3÷&ø�ò�ù*ú�û¥ü
ý ò�þ�ÿ����v¿�ê�þ�ê�����ø�ò�ê���Í�ê*û
	�ú�����ø/ê��s��
/ê*ò�ø�ñ�ÿ1¿�ê*û���ú ý ¾���ú�ø�þ7ú�ü�Í�ê���òìê*û��/ê�������������� �"!$#

%'&�ò ý þ�ÿ�
8ú(���mê*ø�þ7ú�øUø/ê���)*&Uò���ú+ø+�*þ�ñ8ú�ò�øUô,��û	ú�-.��ú�ø+	�ÿíò�ø+��ú"
�ú�ø+��ú�ø�þ��9ñ+�Uþ/&�ê?ùXò�ø�ô
ý ú�ù�ú�û7ê���ñ/ê*ø+� ý ���/û0ú ý �*ø/ê*ø+	�ú�� 	�ê*øfñ8ú0	"� 12
�ê*û	ú"�3)�ò�þ
&3	���ê ý	ý ò�	�ê�� ��û	ú"-��Uú�ø+	�ÿfò�ø���ú�
8ú�ø+�Uú�ø�þ
ê*ø�þ7ú�ø�ø/ê ý$ý �+	4&Zê ý ����ô�ü5
�ú�û	ò�����ò�	 ý ê*ø+� ý 
�ò�û	ê�� ý #6%'&Uú ý ú�ê�øDþ	ú�ø�ø�ê ý ê*û	úHò�ø�ù�ú ý þ	ò�ô�ê�þ	ú��Yò�ø
��ú�þ�ê*ò��6ò�ø7�98;:�!<#/=Jþ$ò ý ®Dø+�>)�øoþ
&/ê�þ?��û	ú�-.��ú�ø+	�ÿ\ò�ø���ú�
8ú�ø+�Uú�ø+	�úWò ý ê1û0ú ý ����þ@���=û	ú�þ�ê*ò�ø�ò�ø�ô
ê ý ò�1Pò���ê*û ý &/ê�
�ú+ê�þA1Hê*ø�ÿ ý 	�ê���ú ý #B=Jþdò ý ò�ø�þ7ú�û	ú ý þ7ò�ø�ô\þ
�C
D��ò�ø�þ2� �UþHþE&/ê�þF)*&�ò���ú�þE&�ò ý

: G



öuò�ô �Uû	ú?HI#�� JLK�ò�ú�û

Uò�ø ý ®Xò ý ò�ú�ù�úM��û7ê�	�þ�ê��N��ú��1ê ý êO�Uò�
D� ��ú�#


�û�� 
�ú�û0þ�ÿP�Q��û ý 
Uò�û7ê�� ý ê�ø+�R����ô�ü5
�ú�û	ò��I��ò�	 ý &+� ��� ý ê ý þ
&�ú ý úzê*ø�þ7ú�øUø/ê ý ô�û��S)T�ìê�û	ô�ú�û��vþE&Uú
ý ú"���ìü ý ò�1Pò���ê*û	ò�þ�ÿU���<þE&�úM��û7ê�	�þ�ê��kò ý 	"��ø�þ�ê*ò�ø�ú��zò�øWò�þ ý ú"���uê*ø+�/�+�Xú ý ø+�*þ�û0ú�-.��ò�û0úhê��+��ò�þ7ò��*ø/ê��
ê*û0úyê�#

V�W�X Y[Z]\�^`_�\ba/cedgf[dgZ]\h_�iLZj\bf[klcBdmi0nodp_�Z+q

%'&�ú�K�ò�ú�û

Uò�ø ý�r ò ý ò�ú�ù�ú&ò ý ê�ô ���I�[únë�ê�12
+��ú'���bê ý ú����ìü ý ò�1Hò��ìê*û<ê*ø�þ7ú�ø�ø/ê�þE&/ê�þ ý &+�>) ý 13�+��þ	ò�ü
ñ/ê*ø��Hñ8ú�&/êyùXò��*û�#s%'&�ú&ô�ú�ø�ú�û	ê�þ7ò���øO���bþ
&�ú'��û7ê�	�þ�ê��/ò ýTý &+�>)�ødò�øPöuò�ô �Uû	útHI#vuI#sweK�ò�ú�û

Uò�ø ý�r ò
ý ò�ú�ù*ú���ò�
N� ��ú/	yê*øõñ8úzúyê ý ò���ÿR	"� 1F
/ê*û	ú"�|þ
�oê\ñD�>)=þ7ò�ú6��ò�
N����úzê*ø�þ7ú�ø�ø/ê���)*&�ò�	4&õò ý þE&Uú
ô�ú�ø�ú�û	ê�þE��û3þE�6	�û0úyê�þ	úHþE&Uú2��û7ê�	�þ�ê��$#A%'&�úx1Hò��+�+��úfþ
&�ò�û��\þ	û	òìê�ø�ô ��ú[ò ý û0ú�1F�?ù�ú��P��û
� 1 þE&Uú
ñD�S)=þ	ò�ú&ê*ø�þ7ú�ø�ø/ê�����ú�êyù�ò�ø�ô3þE&�û0ú�ú&ú�-.�/ê�����ÿ ý ò�y�ú"�Hþ	û	òìê�ø�ô ��ú ý � )*&�ò�	4&�ê*û0ú�&�ê����8þE&�út&�ú�ò�ô &�þL���
þE&UúU��û	ò�ô�ò�ø/ê��;ñD�>)=þ7ò�ú�#?%'&�úO
�û
��	�ú ý	ý ���6û	ú"12�?ùXò�ø�ôHþE&�úU1Pò��+����úmþ
&�ò�û��Fò ý þ
&�ú�øEû0ú�
8úyê�þ	ú��
��øYú�ê�	4&R���=þE&�údø�ú")Ïþ7û0òìê*ø�ô���ú ý #Fö]��ûfê�øYò���ú�ê��L��û	ê�	�þ7ê��$�<þE&�ò ý 
�û��I	�ú ý	ý ô���ú ý ��ø,�Q��û$ê*ø
ò�øIz/ø�ò�þ	ú�ø.�+1fñ8ú�û*���;þ7ò�1Pú ý #

K�ò�ø�	�ú&ê*øPò�ø�z/øUò�þ7úqø���1fñ�ú�ûb���bò�þ7ú�û7ê�þ	ò���ø ý ò ý ò�1F
N� ý	ý ò�ñ+��ú6þE�hê�	4&�ò�ú�ù*ú���êMz�ø�ò�þ	ú&ø.�+1$ñ�ú�û
	yê�ø�ñ8úF� ý ú��\þE� ý &+�>)gþ
&�ú213�+��þ	ò�ñ/ê*ø��{	4&�ê*û7ê�	�þ7ú�û	ò ý þ7ò�	 ý ���qþ
&�úHê*ø�þ7ú�øUø/ê�#x%'&Uú ý &�ê�
�ú ý

: |



öuò�ô �Uû	ú?HI#vuIJL}�ú�ø�ú�û7ê�þ	ò���ø/���uêFK�ò�ú�û

�ò�ø ý
r ò ý ò�ú�ù*ú�� ý þ7ê*û0þ	ò�ø�ôU)�ò�þE&zêPñD�>)=þ7ò�ú3ê*ø�þ7ú�øUø/ê�#

Sierpinski 2 Sierpinski 3 Bow 2 Bow 1Bow 3

öuò�ô���û	ú?HI#�~�Jb��ú���ê�þ7ò�ù�ú ý ò�y�ú ý ���vê*ø�þ	ú�ø�ø/ê ý � ý ú����Q��û'1@�+��þ7ò�ñ/ê*ø+��	"� 12
�ê*û	ò ý ��øp#

þE&�ê�þhê*û	úPê*ø�ê���ÿ�y�ú"�P&Uú�û	úPê*û0ú ý &+�>)�ø�ò�ø�öuò�ô �Uû	úOHI#�~�#OwoK�ò�ú�û

Uò�ø ý�r ò��Uò�
D� ��ú[ê�øDþ	ú�ø�ø�êzò ý
	���12
/ê�û	ú��\þE�+ñD�>)=þ7ò�úx��ò�
N� ��ú ý )*&�ò�	4&rê�û	ú ý 	yê���ú���ù*ú�û ý ò��*ø ý ����þ
&�ú�ú��bú"	�þ7ò�ù�úWê�øDþ	ú�ø�ø�ê ý
	��*øDþ7ê*ò�øUú��zò�ø ý ò���ú#þ
&�ú3ô�ú�� 1Pú�þ	û0ÿx���<þ
&�ú�K�ò�ú�û

�ò�ø ý
r òjê*ø�þ	ú�ø�ø/êI#

V�W�� �ef�_�dgfMf[\��ef[\ba�qt�+���

%'&�ú1ê*ø�þ7ú�ø�ø/ê ý ê*û	ú���ú"�{ê ý ��ò�
N����úWê*ø�þ	ú�ø�ø/ê ý �=ê ý ��ú"
�ò�	�þ7ú"�|ò�ø|ö<ò�ô ��û0ú�HI#�� #����>)¦þE&Uú
ê*ø�þ7ú�ø�ø/êWò ý ��ú��Eò ý ò���ú�ø�þ7ò�	�ê��<þ
�A&+�>)óê�ñN�>)=þ7ò�ú@��ò�
N� ��ú$ê�øDþ	ú�ø�ø�ê�)0� �+���Fñ�ú���ú��p#?%'&�ú�û0ú
ò ý êWù�ú�û�ÿ ý &+��û�þ ý ú�ô 1Pú�ø�þ3����)�ò�û0úPþ
&/ê�þ�	���ø�øUú�	�þ ý þ
&�úHþ�)0��&/ê��������!þE&�ú2��ò�
D� ��ú ý #x%'&�ú
ô�ú�ø�ú�û	ê�þE��û�ò ý 
+�ìê�	�ú���ò�øWþ
&�ú�	�ú�ø�þ	ú�ût���<þ
&�ò ý=ý 1dê���� ý ú�ô 1Pú�ø�þ�#

%'&�ú���û	ê�	�þ7ê�� ý �Uû���ê�	�ú?)qê ý9ý ��ñ ý ú�	�þ	ò���øUú��Sò�øDþ
�[þ7û	ò�ê*ø�ô ���ìê*û���ê�	�ú�þ ý #�%'&�úhô�ú"� 1Hú�þ7û�ÿ����
þE&Uú2��ê�	�ú�þ ý ê*û	ú ý &+�>)�ørò�ø�öuò�ô �Uû	úxHI#�86�Q��û�&�ê����'���=þE&�ú2��ò�
D� ��úHê*ø�þ7ú�ø�ø/ê�#6%'&�úx��ú�ú���ò�ø�ô
)�ò�û0ú9ò ýqý &��S)�ø�ò�ødû	ú"�Wò�øPþE&�ú#ñD�*þ0þE� 1�����þ
&�ú�z/ô �Uû	ú�#�%'&Uú���û	ò�����ù ����þ�ê�ô�ú ý � ��û
	�ú��+� ý ú���þ
�

H��



öuò�ô �Uû	ú�HI#�8+J�%;û	ò�ê*ø�ô �+��ê*û���ê�	�ú�þ ý ê�ø+����ú�ú��/)�ò�û0ú��Q�*ûtK�ò�ú�û

�ò�ø ý
r ò�ê*ø�þ	ú�ø�ø/ê ý ò�1@�+��ê�þ7ò���ø ý #

ú�ëI	�ò�þ7ú}þE&�ú���ú�ú���ò�ø�ô@)�ò�û0ú���ò ý 	"��ø�ø�ú"	�þ	ú��WþE�fþ
&�ú#ñD�*þ	þ
� 1 ú�ø+�����jþ
&�ò ý )�ò�û	ú}ò�ødþ
&�ú�z/ô���û	ú�#
w�� ý �+�vê ý 1Hê����b	"��ø�ø�ú"	�þ7ò�ø�ô+þ	û	òìê�ø�ô ��úO)qê ý ê��+�Uú��oþE�1þE&�ú ý þ7û��+	�þ
��û	ú�þ
�Fê������>)�	��Uû	û	ú�ø�þ ý
þE�O�]�>)���û�� 1���ø�ú ý � ��ò���þ	û	ò�ê*ø�ô ��ú[���uþ
&�ú ý ò�ú�ù�úhþE�[þE&Uúmø�únëXþ�#�%'&Uò ý 	���øUø�ú�	�þ7ò�øUôHþ7û0òìê*øUô ��ú
û
����ø+��ú"�6� ��þ&þ
&�ú�&+� ��ú ý 	���þ}ò�øWþE&�úM��û7ê�	�þ�ê��$#

%'&�ú�&�ú�ò�ô &�þ*���;þE&�úM��ê*û	ô�ú ý þ&ê*ø�þ	ú�ø�ø/ê ý ��þE&Uú3KXò�ú�û�
�ò�ø ý
r ò�~Bê*ø+�zÍ��>)�~[ê�øDþ	ú�ø�ø�ê ý �8ê*û0ú
u uU121�#b%'&�ò ý &�ú�ò�ô &�þ}ò ý 	4&+� ý ú�ø ý �+	4&+þ
&/ê�þ�þE&Uú?z/û ý þ9ê*ø+� ý ú"	���ø+�+û	ú ý ��ø/ê*ø�	�ú ý ���uþ
&�ú ý ú
ê*ø�þ7ú�ø�ø/ê ý )0� �+���R��ò�ú�ò�ø�	"� 1F12��ø���ÿ{� ý ú"�{ñ/ê�ø+� ý #R%'&�ú�z/û ý þPû	ú ý ��ø�ê*ø+	�ú���	�	��Uû ý ò�ø��
ñ/ê*ø��zøUúyê*û��U}���y3ê*ø+�Wþ
&�ú ý ú�	"��ø+�zû	ú ý ��ø/ê�ø+	�ú?�I	"	���û ý ò�ø���ñ/ê*ø��zøUúyê*ûM� ��}���y�#�%'&�ú
&�ú�ò�ô &�þ0���kþE&Uú��*þ
&�ú�ûqê*ø�þ7ú�øUø/ê ý ê*û0ú�����1F1��Q��û6þ
&�úMKXò�ú�û�
�ò�ø ý
r òpuhê*ø+�dÍ��>)eu$ê*ø�þ7ú�ø�ø/ê ý #
%'&�ú�Í��>)��Wê*ø�þ7ú�ø�ø/êFò ý �I#���121 &�ò�ô�&p#¡%'&�ú ý 1Hê�����ú�ûhô�ú"� 1Hú�þ7û0ò�ú ý ê*û	údþ
&�ú�û0ú�
8úyê�þ	ú��
ý ú"���ìü ý ò�1Pò���ê*û ý 	�ê���ú ý þE&/ê�þU	�� 1F
�û0ò ý úHþE&�ú/KXò�ú�û�
�ò�ø ý
r ò'~Fê*ø�þ7ú�ø�ø/ê�#{%'&�ú�ÿrê*û	úHþ7ú ý þ7ú"�R�Q�*û
	���12
/ê�û	ò ý ��ø�
���û

D� ý ú ý #[%'&Uú ý 1Hê�����ú�û&ê*ø�þ7ú�ø�ø/ê ý ê�û	ú$únëI
�ú"	�þ7ú"�FþE�x��
�ú�û7ê�þ	ú�)�ò�þ
&Sú�-.�/ê��

8ú�û��Q�*û
1Hê*ø+	�ú3ê ý þ
&�ú ý 	�ê���ú"�1ú��bú"	�þ7ò�ù�úhê*ø�þ7ú�ø�ø/ê ý ���;þE&�úM�Q�+���`��û7ê�	�þ�ê��$#

%'&�ú���ú�ú��Uò�ø�ôO)�ò�û0úhò ý �?1F1¦ò�ø���ú�ø�ô�þE&1ê*ø+�zò ý�ý ��ñ ý ú�	�þ7ò���ø�ú��1ò�ø�þE�2~U
�ò�ú"	�ú ý #�w�þ&þE&Uú
z/û ý þmû	ú ý ��ø/ê*ø�	�úA���'�6}���y��<þ
&�ò ý ��ú�ø�ô*þ
&�ò ý ú"-���ê��6þ
���I#v���>H6¢�#A%'&�ú2��òìê�1Pú�þ	ú�û����!þE&�ò ý

HI�



0
£

5
¤

10
£

15
¤

20
£

25
¤

30
£

35
¤

40
£

Frequency (GHz)¥
−15

−12

−9

−6

−3

0

S
11

 (
dB

)

Sierpinski Sieve¦
Simulated input matched to 50 § Ω

Bow 1
¨
Bow 2
¨
Bow 3
¨
Sierpinski 2
©
Sierpinski 3
©

öuò�ô �Uû	ú�HI#v�IJLK�ò�1@�+��ê�þ7ú"�Wò�ø+
+��þ*1dê�þ
	4&6���vê*ø�þ	ú�ø�ø/ê ý 1Hê�þE	4&Uú��WþE�x���Oª[#

ý �Uñ ý ú"	�þ7ò���ø+ò ý ��#�� ���SHU¢Sê�þ=þ
&�ò ý ��û0ú�-.��ú�ø+	�ÿ�#

V�W5« �ef�_�dgfMf[\­¬¯®[\�Z]\�^`_�dmZ°�±�._]��^��

%'&�úzê*ø�þ7ú�ø�ø/ê ý )!ú�û0úzê*ø/ê���ÿIy�ú��R� ý ò�ø�ôSþ
&�ú�12��1Hú�øDþ@1Hú�þE&+���p#\ösû�� 1xþE&�ò ý �vþE&UúWò�ø+
+��þ
1Hê�þE	4&6���uþ
&�úfê*ø�þ	ú�ø�ø/ê ý ê*û0ú$ê�þ0þ�ê*ò�ø�ú��1ê ý&ý &+�>)�øSò�ø+ö<ò�ô ��û0ú�HI#���#'%'&�û	ú�ú3��ò ý þ7ò�ø+	�þ&û0ú ý ��ü
ø/ê*ø�	�ú ý 	yê�ø1ñ8ú ý ú�ú�ø+ò�øWþE&�ú�
+���*þ*���sKN� � #

%'&�ú ý úHþ
&�û	ú�úHû0ú ý �*ø/ê*ø+	�ú ý û0ú���ê�þ7ú[þE��þE&UúBþ
&�û	ú�ú ý ò�y�ú ý ���qþ
&�úHñD�>)=þ7ò�úBê*ø�þ7ú�øUø/ê ý ê�ø+�
þE&UúEþ
&�û	ú�ú ý ú����ìü ý ò�1Hò��ìê*û ý ò�y�ú ý ò�ø ý ò���úSþE&UúCKXò�ú�û�
�ò�ø ý
r ò3ê*ø�þ7ú�ø�ø/ê ý #T%'&�ú{
+&�ÿ ý ò�	yê�� ý ò�y�ú ý
���!þE&�ú ý úPû	ú���ê�þ7ú"� ý þ7û��+	�þ
��û	ú ý ê*û0úPò���ú�ø�þ	ò�	yê��$#Uw­þ7û���úHò�ø�þ7ú�û�
�û	ú�þ�ê�þ	ò���ø(	�ê*ø\ñ8úO��ñUþ7ê*ò�ø�ú"�
ñ�ÿ¡	���12
/ê�û	ò�øUô�þE&�ú[û0ú ý �*ø/ê*ø+	�ú ý ���!þ
&�ú2K�ò�ú�û

�ò�ø ý
r ò�~�ê*ø�þ	ú�ø�ø/ê�)�ò�þ
&FþE&�úfþ
&�û	ú�úPñD�>)=þ7ò�ú
ê*ø�þ7ú�ø�ø/ê ý þE&/ê�þ�&/êyù�úmþE&�ú ý ê�1Pú ý &/ê�
8úfê ý þE&�ú3þE&Uû	ú�ú ý 	yê���ú ý �Q� ��ø+�1ò�øzþE&�ú@K�ò�ú�û

�ò�ø ý
r òg~
ý &�ê�
�ú�#s%'&�ú�K�ò�ú�û

Uò�ø ý�r ò+~�ê*ø�þ7ú�øUø/êM1dê�þ
	4&�ú ý ê�þuþE&�û0ú�ú=û	ú ý ��ø�ê*ø+	�ú ý #b%'&�ú'��ê*û	ô�ú ý þTñD�>)=þ7ò�ú
ê*ø�þ7ú�ø�ø/ê��jñD�>)�~��`1dê�þ
	4&�ú ý ê�þ9þE&�ú ý ê�1Hú3��û0ú�-.��ú�ø+	�ÿ�ê ý þ
&�úU1Hê�þE	4&�ú ý ����K�ò�ú�û

�ò�ø ý
r ò�~�#
%'&�úA���UþE��ò�ø�úPê*û0úyêzþ
&/ê�þhþE&�ú ý údþ�)0�Eê*ø�þ7ú�ø�ø/ê ý �I	"	��+
�ÿ�ê*û	úPþE&�ú ý ê�1Pú��uê*ø+��þ
&.� ý þ
&�ú�ò�û

H u



10
£ 9

10
10

10
11

Frequency (Hz)

−15

−10

−5

0

S
11

 (
dB

)

S11 matched to 50 ohms²
as computed by Method of Moments³I´

Bow 1
¨
Bow 2
¨
Bow 3
¨
Sierpinski 2
©
Sierpinski 3
©

öuò�ô ��û	ú@HI#�:�J�=�ø+
��Uþ�1dê�þE	4&¡���!ê*ø�þ7ú�ø�ø/ê ý 1Hê�þ
	4&�ú��FþE������ªµ
+���*þ	þ	ú����*ø\êA����ô�ê*û0ò�þ
&+1Hò�	
ý 	�ê���ú�#

���>)!ú ý þ3û	ú ý ��ø/ê*ø�	�ú ý ê*û0ú$þE&Uú ý ê�1Pú���ê ý )qú"���<#?%'&Uú ý 1Hê�����ú ý þ9ñN�>)=þ	ò�ú[ê*ø�þ	ú�ø�ø/êI�p)*&�ò�	4&Fò ý
þE&Uú ý ê�1Hú ý ò�y�ú#ê ý þE&Uú}þE&Uò�û
� ý ú"��� ý ò�1Pò��ìê�ûTò�þ7ú�û7ê�þ	ò���øO���bþE&�ú[K�ò�ú�û

�ò�ø ý
r ò�ê*ø�þ7ú�øUø/ê31Hê�þE	4&�ú ý
ê�þ=þ
&�ú�þE&�ò�û
��û	ú ý ��ø/ê�ø+	�ú?���;þE&�ú�K�ò�ú�û

Uò�ø ý�r òjê�øDþ	ú�ø�ø�ê�#

%'&�ú�&�ò�ô &�ú ý þh��û0ú�-.��ú�ø+	�ÿ$û	ú ý ��ø/ê*ø�	�ú��Q��û;þE&�ú�K�ò�ú�û

�ò�ø ý
r òI~#ê*ø�þ7ú�ø�ø/ê9ò ý ê�� ý �&þE&�úL�Q� ��û0þ
&
û	ú ý ��ø�ê*ø+	�ú�����þE&�ú��ìê*û0ô�ú ý þ�ñD�>)=þ7ò�ú}ê*ø�þ7ú�ø�ø/ê��UñN�>)¶~�#s%'&Uò ý únë�ú�1F
+��ò�z/ú ý þE&�ú[����ô�ê*û0ò�þ
&+1Hò�	
ø/ê�þ
��û	ú����kþE&Uú�ê*ø�þ7ú�ø�ø/ê�#L·����*þ0þ7ú"�dò�ø�öuò�ô �Uû	ú�HI#v:mò ý þ
&�ú9ò�ø+
+�Uþ�1dê�þE	4&dù*ú�û ý � ý ��û	ú"-��Uú�ø+	�ÿ
��øHê�����ô�ê*û0ò�þE&�1Hò�	 ý 	yê���ú�#s%'&�ú}ú�ù*ú�øA����ô�ê*û0ò�þE&�1Hò�	 ý 
�ê�	�ò�ø�ômñ8ú�þ�)!ú�ú�ødþE&Uú}û0ú ý �*ø/ê*ø+	�ú ý 	�ê*ø
ñ8ú ý ú�ú�ø[ò�ømþE&Uò ý 
����*þ�#h¸Vê�	4&fû0ú ý ��ø/ê*ø+	�ú�ò ý ê�
+
�û��yëUò�1dê�þ7ú���ÿ#þ�)�ò�	�ú!þ
&/ê�þs����þE&�ú���ø�úqñ8ú"�Q�*û	ú�#
%'&�ò ý ò ý )*&/ê�þ�)0� �+����ñ8ú#ò�ø�þE�Uò�þ7ò�ù�ú"��ÿBú�ëI
8ú�	�þ7ú�� r ø+�>)�ò�øUôfþE&/ê�þ!þE&�ú ý ú����ìü ý ò�1Pò��ìê�ûh��úyê�þ
��û	ú ý
���;þE&�ú3ô�ú"� 1Pú�þ7û�ÿ�ê*û0ú ý 	yê���ú��zñ�ÿ�êU��ê�	�þ
��û'���;þ�)��O�Q��û=úyê�	4&+ô�ú�ø�ú�û	ê�þ7ò�ø�ôBò�þ7ú�û7ê�þ	ò���ø`#

%'&�úqñ�ê*ø+��)�ò��UþE&�����ú�ê�	4&@����þE&�ú6ñ/ê*ø+� ý ò ý ø+��þ7ò�	�úyê*ñ���ÿ ý 1dê�����ú�ûkþE&/ê*øhþE&/ê�þ¹���sê&ñD�>)=þ7ò�ú
ê*ø�þ7ú�ø�ø/ê�#sº»&Uò���ú=þ
&�ú[KXò�ú�û�
�ò�ø ý
r ò8ê*ø�þ7ú�øUø/ê�	�ê*øx
+&�ÿ ý ò�	yê�����ÿBñ8ú�	"� 1F
/ê*û	ú"�Pþ
�mþ
&�ú}ñD�>)=þ7ò�ú
ê*ø�þ7ú�ø�ø/ê���þ
&�úhñ/ê*ø+��)�ò��UþE&�ò ý �*ø+��ÿ��>G�ÎÙê�þ&þ
&�ú�&�ò�ô�&�ú ý þ}ñ�ê*ø+�p#b%'&�ú3ñ/ê*ø���)�ò��Uþ
&6���uþE&Uú
ñD�S)=þ	ò�ú3ê*ø�þ	ú�ø�ø/êPò ý �?ù�ú�ût~ ��ÎA#

H�~



0
¼

30
¼

60
¼

90
¼

120½ 150¾ 180¿ 210À 240Á 270Â 300
¼

330Ã 360Ä
ThetaÅ

−50

−40

−30

−20

−10

0

10

20

G
ai

n 
(d

B
)

Far Field PatternÆ
First Resonance  Phi = 0Ç

Bow 1 @ 24 GHz
Bow 2 @ 11 GHz
Bow 3 @ 5 GHZ
Sierpinski 2 @ 11 GHz
Sierpinski 3 @ 5 GHz

È ê;É

0
¼

30
¼

60
¼

90
¼

120½ 150¾ 180¿ 210À 240Á 270Â 300
¼

330Ã 360Ä
ThetaÅ

−50

−40

−30

−20

−10

0

10

20

G
ai

n 
(d

B
)

Far Field PatternÆ
First Resonance  Phi = 90Ê

Bow 1 @ 24 GHz
Bow 2 @ 11 GHz
Bow 3 @ 5 GHz
Sierpinski 2 @ 11 GHz
Sierpinksi 3 @ 5 GHz

È ñ]É
öuò�ô ��û	ú�HI#vHIJ*KXò�1@�+��ê�þ7ú"����ê�ûtz/ú"���6
/ê�þ	þ	ú�û0ø����Vê�øDþ	ú�ø�ø�ê ý ê�þtz/û ý þ#û0ú ý �*ø/ê*ø+	�ú�#}ê;É�Ë6Ìµ��Í
	���þ}ñ]ÉtË�Ìe| ��Í'	���þ�#

%'&�úhñ�ú�ø�ú"z�þ ý ���uþE&Uú?13�+��þ	ò�ñ/ê*ø��Wñ�ú"&/êyù�ò���û��]&��S)!ú�ù*ú�û"�`	yê�ø1ñ8ú ý ú�ú�ø+ò�ø�þ
&�ú���ê*û�z/ú����

/ê�þ0þ7ú�û	øB
����*þ ý �Q�*ûzþ
&�ú ý úoê*ø�þ7ú�ø�ø/ê ý #Î%'&�úP��ê�û/z�ú����e
/ê�þ0þ7ú�û0ø ý �Q�*û�þ
&�ú\ê*ø�þ7ú�øUø/ê ý ê�þ
þE&Uú�ò�û2z/û ý þ�� ý ú�	"��ø+�p�#ê*ø+�õþE&Uò�û
�£û0ú ý ��ø/ê*ø+	�ú ý ê*û0ú ý &+�>)�øíò�øíöuò�ô ��û0ú¡HI#vHI�}öuò�ô �Uû	ú¡H�#vG��
ê*ø+�1öuò�ô ��û	úMHI#v|I#

%'&�ú3��ê*û*z/ú"����
�ê�þ	þ	ú�û	ø ý ê�þ}þE&�ú?z/û ý þ9þ�)0��û	ú ý ��ø/ê�ø+	�ú ý ê*û	úhù�ú�û0ÿ ý ò�1Pò���ê*û��Q��û&úyê�	4&����
þE&UúWê*ø�þ7ú�ø�ø/ê ý ò�øoúyê�	4&R
�û0ò�1Hê*û0ÿ{	"�Uþ�#¡%'&�ú�
�ê�þ	þ	ú�û	ø¯���=þE&�ú�K�ò�ú�û�
�ò�ø ý�r ò�~Sê*ø�þ	ú�ø�ø/êFò�ø
þE&Uú@Ë�Ì�� Í ê*ø+��Ë6Ì�| � Í 	"�Uþ ý ê�þ�þE&�ú�z/û ý þ}û	ú ý ��ø/ê*ø�	�ú3	"��û	û0ú ý 
N��ø��6)�ò�þ
&zþ
&�ú?
/ê�þ	þ	ú�û0ø ý
ò�ø\ú�-.��ò�ù*ê���ú�ø�þ3	��Uþ ý 	yê���	��+��ê�þ7ú"�Yê�þmþE&�ú ý ú�	"��ø+�rû	ú ý ��ø�ê*ø+	�ú�#�%'&�ú�
�û�� 
8ú�û0þ�ÿ{���*&�ê?ùXò�ø�ô
ý ò�1Hò��ìê*ûU
�ê�þ	þ	ú�û	ø ý ê�þdù�ê*û0ò�� � ý û	ú ý ��ø/ê�ø+	�ú ý ò ý ê�ø£ò�1F
N��û�þ�ê*ø�þF
/ê*û	ê�1Pú�þ7ú�û2�Q��ûdê*ø�þ7ú�ø�ø/ê
��ú ý ò�ô*ø�ú��/�Q��û'1@�+��þ7ò�ñ/ê*ø+��ê�
�
+��ò�	yê�þ	ò���ø ý #

H�8



0
¼

30
¼

60
¼

90
¼

120½ 150¾ 180¿ 210À 240Á 270Â 300
¼

330Ã 360Ä
ThetaÅ

−50

−40

−30

−20

−10

0

10

20
G

ai
n 

(d
B

)

Far Field PatternÆ
Second Resonance  Phi = 0Ê

Bow 2 @ 24 GHz
Bow 3 @ 11 GHz
Siepinski 2 @ 24 GHz
Sierpinski 3 @ 11 GHz

È ê;É

0
¼

30
¼

60
¼

90
¼

120½ 150¾ 180¿ 210À 240Á 270Â 300
¼

330Ã 360Ä
ThetaÅ

−50

−40

−30

−20

−10

0

10

20

G
ai

n 
(d

B
)

Far Field PatternÆ
Second Resonance  Phi = 90Ç

Bow 2 @ 24 GHz
Ï
Bow 3 @ 11 GHz
Ï
Sierpinski 2 @ 24 GHz
Sierpinski 3 @ 11 GHz

È ñ]É
öuò�ô ��û	ú�HI#�G�J¹K�ò�13�+�ìê�þ	ú��?��ê*û¹z/ú"����
/ê�þ	þ	ú�û0øU���sê*ø�þ7ú�ø�ø/ê ý ê�þ ý ú�	��*ø+�Bû	ú ý ��ø/ê*ø�	�ú�#vê;ÉhË�ÌB��Í
	���þ}ñ]ÉtË�Ìe| � Í 	���þ�#

0
¼

30
¼

60
¼

90
¼

120½ 150¾ 180¿ 210À 240Á 270Â 300
¼

330Ã 360Ä
ThetaÅ

−50

−40

−30

−20

−10

0

10

20

G
ai

n 
(d

B
)

Far Field PatternÆ
Third Resonance  Phi = 0Ç

Bow 3 @ 24 GHz
Sierpinski 3 @ 24 GHz

È ê;É

0
¼

30
¼

60
¼

90
¼

120½ 150¾ 180¿ 210À 240Á 270Â 300
¼

330Ã 360Ä
ThetaÅ

−50

−40

−30

−20

−10

0

10

20

G
ai

n 
(d

B
)

Far Field PatternÆ
Third Resonance  Phi = 90Ç�Ê

Bow 3 @ 24 GHz
Ï
Sierpinski 3 @ 24 GHz

È ñ]É
öuò�ô ��û	úMHI#v|IJbK�ò�13�+�ìê�þ	ú��x��ê�û�z/ú����/
/ê�þ	þ	ú�û0ø����uê�øDþ	ú�ø�ø�ê ý ê�þ�þE&Uò�û
�Wû0ú ý ��ø/ê*ø+	�ú�#!ê;É�Ë�ÌB� Í
	���þ}ñ]ÉtË�Ìe| ��Í'	���þ�#

H �



È ê;É È ñ]É È 	>É
öuò�ô ��û	ú6HI#��>��J¡����û	û0ú�ø�þ ý �*ø»K�ò�ú�û

�ò�ø ý
r òt~P�Uò�
D� ��úzê�þdê;É@z/û ý þ�û	ú ý ��ø�ê*ø+	�ú����C}���y��=ñ]É
ý ú"	���ø��+û	ú ý ��ø�ê*ø+	�ú��m� ��}?�ty��]	>É!þ
&�ò�û���û	ú ý ��ø/ê*ø�	�ú��Nu�82}���y

V�WÑÐ Ò�Ó[Z]ÔÕ\�^�dÖ¬,Ó[Z]Z]dgf�_+�

%g�2��ø���ú�û ý þ�ê�ø+��)*&/ê�þt
/ê�û0þt���;þE&�úmê*ø�þ7ú�ø�ø/êHò ý ñ�ú�ò�ø�ôF�Uþ	ò���ò�y�ú"��ê�þ&úyê�	4&1û	ú ý ��ø/ê*ø�	�ú��sþE&Uú
	yê���	����ìê�þ	ú�� ý �Uû���ê�	�ú�	"��û	û0ú�ø�þ ý ê*û	úM
����*þ0þ7ú��`#�%'&�ú ý ��û±��ê�	�ú�	��Uû	û	ú�ø�þ ý �Q��û�þE&�ú�K�ò�ú�û�
�ò�ø ý�r ò�~
ê*ø�þ7ú�ø�ø/êPê*ø+��þE&�ú3ñD�>)=þ7ò�ú�~Pê*ø�þ7ú�ø�ø/êPê*û	ú ý &+�>)�ø+ò�ø1ö<ò�ô ��û0ú?HI#��>�Bê*ø+�zöuò�ô���û	ú?HI#�� � #

%'&�ú@	"��û	û0ú�ø�þ[��ò ý þ	û	ò�ñ��Uþ7ò���ø��Q�*û�þ
&�ú$ñD�>)=þ7ò�ú$ê*ø�þ	ú�ø�ø/êdê*ø+�+þ
&�ú@KXò�ú�û�
�ò�ø ý
r òuê�øDþ	ú�ø�ø�ê ý
ô�ò�ù�ú ý ê�øhò�ø�þE��ò�þ7ò�ù*úvò�ø ý ò�ô�&Dþbò�ø�þE�*&+�>)�þE&�úVê�øDþ	ú�ø�ø�ê&ò ý � 
8ú�û7ê�þ7ò�øUô�ê�þ�1@�+��þ7ò�
+��úm��û	ú"-��Uú�ø+	�ò�ú ý #
%'&�ú���ò ý þ7û0ò�ñ+�Uþ	ò���ø¯���9þE&Uú�	"��û	û0ú�ø�þ2	���û0û	ú���ê�þ7ú ý )�ò�þE&rþE&Uú ý ú����ìü ý ò�1Hò��ìê*ûhô�ú"� 1Hú�þ7û�ÿ #�%'&�ú
ý �Uû���ê�	�ú�	"��û	û0ú�ø�þ ý ê*û	ú ý 	�ê���ò�ø�ô[þE&�ú"1 ý ú���ù�ú ý ò�øWþE&Uú ý ê�1Hú�1Hê*ø�ø�ú�û&ê ý þE&�úhô�ú���1Hú�þ7û0ÿ�#0w ý
)0� �+���Zñ8úzúnëI
�ú"	�þ7ú"�p�qþ
&�úzê*ø�þ7ú�øUø/ê�× ý únë�	�ò�þ7ê�þ7ò���ørò ý ��ò�1Hò�þ7ú���þE�EþE&�ú ý 	yê���ú��Zô�ú�� 1Pú�þ	û0ÿ
þE&�ê�þ*)�� �����+û0ú ý ��ø/ê�þ	ú���øzò�þ ý �S)�ø�&/ê��zò�þ&ñ�ú�ú�ø+ê*ø/ê���ÿIy�ú��6� �Uþ ý ò���ú����<þE&�ú���û7ê�	�þ�ê��$#L%'&�ú
	��Uû	û	ú�ø�þ3��ò ý þ	û	ò�ñ��Uþ7ò���ø¡���qþ
&�ú2K�ò�ú�û

�ò�ø ý
r òVê*ø�þ	ú�ø�ø/ê ý &+�>) ý þE&/ê�þ$ê�þhþ
&�úUz/û ý þ$û0ú ý ��ø/ê*ø+	�ú
�����,}���y��=þE&�ú�	"��û	û0ú�ø�þ�ò ý ��ò ý þ7û0ò�ñ+�Uþ	ú��7�?ù*ú�û�þE&UúSú�ø�þ7ò�û	ú���û	ê�	�þ7ê��$#B���>)!ú�ù�ú�û��9ê�þ�þE&Uú
þE&Uò�û
�rû0ú ý �*ø/ê*ø+	�ú��'uØ8C}���y��TþE&�ú/	��Uû	û	ú�ø�þdò ý ��ò�1Hò�þ7ú��\þE�FþE&�úWñD�*þ0þE� 1 û
�>) þ	û	òìê�ø�ô ��ú2���

H�:



È ê;É È ñ]É È 	>É
öuò�ô ��û	ú2HI#�� � J@����û	û0ú�ø�þ ý ��ø�ñD�>)o~��Uò�
D� ��úPê�þmê;É[z/û ý þ$û0ú ý ��ø/ê*ø+	�ú��b�6}?�ty��<ñ°É ý ú�	"��ø+�
û	ú ý ��ø�ê*ø+	�ú��m� ��}?�ty��]	>Éqþ
&�ò�û��Wû	ú ý ��ø/ê*ø�	�ú��Nu�8x}���y

þE&Uú���û7ê�	�þ�ê��$#s%'&�ú�	���û0û	ú�ø�þ'�Uò ý þ	û	ò�ñ+�Uþ7ò���øF����þE&�ú}ñN�>)=þ	ò�ú#ê�øDþ	ú�ø�ø�ê[ê�þqþ
&�ú�z/û ý þ=û0ú ý ��ø/ê*ø+	�ú
û	ú ý ú"1fñ+��ú ý þE&�� ý ú@���TþE&�úhþE&�û0ú�úfû0ú ý �*ø/ê*ø+	�ú ý ���Tþ
&�úOK�ò�ú�û

Uò�ø ý�r ò<ê*ø�þ7ú�ø�ø/ê�#�%'&�ú@	��Uû	û	ú�ø�þ ý
��ø�þE&�úhñD�S)=þ	ò�úhê*ø�þ7ú�ø�ø/êHê�þ�þE&�ú ý ú"	���ø��Fê*ø+��þE&�ò�û
�zû	ú ý ��ø/ê�ø+	�ú ý ê*û0ú?1F��û0ú3ù�ê*û0ò�ú"� ý ò�ø+	�ú
þE&Uúmê�øDþ	ú�ø�ø�êPò ý ø+�*þt1dê�þE	4&�ú"�+ê�þ=þ
&�ú ý ú?��û0ú�-.��ú�ø+	�ò�ú ý #

H H



Ñ¯ÒÔÓÖÕ­×ÙØ�Ú Ù

Ó Ú¡Ú Þyàyç�âmßTà"ÛHãFé�ÛFÜðåzæTâfç=ßvâ$Þ Ó ãWßuè�ãFãSâfé

%'&�ú�û	úHê*û	úU1Hê*ø�ÿEê�
+
���ò�	�ê�þ7ò���ø ý þE&/ê�þ�	�ê*ø�ñ�ú�ø�ú"z�þ���û�� 1���û	ê�	�þ7ê��Vê*ø�þ7ú�ø�ø/ê ý #2Ý#ò ý 	"� ý	ý ú��
ñ8ú����>)-ê*û	ú ý ú�ù�ú�û7ê��jò���úyê ý )*&�ú�û	úM��û7ê�	�þ�ê��jê*ø�þ7ú�øUø/ê ý 	yê*ø�1Hê r úhê*ø�û	ú�ê���ò�1F
/ê�	�þ�#

%'&�ú ý �+�+��ú�øWô�û
�>)=þE&Hò�øPþE&�út)�ò�û	ú"��ú ý	ý 	"� 1F1@��ø�ò�	yê�þ	ò���øPê*û0úyê�&�ê ýqý 
�û
��øUô[êmø�ú�ú��x�Q�*û
	���12
/ê�	�þ&ò�ø�þ7ú�ô�û7ê�þ7ú��+ê*ø�þ7ú�ø�ø/ê ý #'%'&�ú ý 
/ê�	�ú ý êyùXò�øUô�ê*ñ�ò���ò�þ7ò�ú ý ���¹��û7ê�	�þ�ê�� ý þ
�dú�Þ2	�ò�ú�øDþ
��ÿ
z]���/êM��ò�1Pò�þ	ú��[ê�12� �UøDþb��� ý 
/ê�	�út	�û0úyê�þ	ú9êM��ò ý þ	ò�ø+	�þ6ê��Uù�ê*ø�þ�ê*ô*út���`� ý ò�ø�ô3ò�øDþ	ú�ô�û	ê�þ7ú"�F��û	ê�	�ü
þ�ê���ê*ø�þ7ú�ø�ø/ê ý �?ù�ú�û�¸��+	���ò���ú�ê*ø�ô�ú���1Hú�þ7û	ò�ú ý #b¸vëUê�1F
+��ú ý ���;þE&�ú ý ú3þ�ÿ�
�ú ý ���uê�
+
���ò�	�ê�þ7ò���ø ý
ò�ø�	�������ú�
8ú�û ý ��ø/ê��]&�ê*ø+��ü5&�ú����O)�ò�û	ú"��ú ý0ý ��ú�ùXò�	�ú ýVý �+	4&dê ý 	�ú�����
+&+�*ø�ú ý ê*ø+�O�*þ
&�ú�ûs)�ò�û	ú���ú ý0ý
1F��ñ�ò���ú���ú�ùXò�	�ú ý}ý �+	4&Sê ý ��ê�
Uþ
� 
 ý ��ø�)�ò�û0ú���ú ý	ýtß w[à ý ê*ø+�zø�ú�þ�)0��û r ê*ñ���ú?·bÝtw ý #

ö/û7ê�	�þ�ê��6ê*ø�þ7ú�ø�ø/ê ý 	yê*øoê�� ý �1ú�ø�û	ò�	4&oê�
+
���ò�	�ê�þ7ò���ø ý þ
&/ê�þmò�ø+	"���+��úF1@�+��þ7ò�ñ/ê*ø+�Fþ7û	ê*ø ý ü
1Pò ý	ý ò���ø ý #¯%'&�ò ý ê�û	úyê(&/ê ý 1Hê*ø�ÿ¯
D� ý	ý ò�ñ�ò���ò�þ	ò�ú ý û	ê*ø�ô�ò�ø�ô¡��û
� 1á�+�/ê�� ü�1F�I��úx
+&+��ø�ú ý þ
�
��ú�ù�ò�	�ú ý ò�ø�þ7ú�ô�û7ê�þ7ò�øUô�	"� 1213��ø�ò�	�ê�þ7ò���øHê*ø+�A���I	�ê�þ7ò���ø ý ú�û�ù�ò�	�ú ý�ý �+	4&zê ý }?·LKN�DþE&Uú9ô ����ñ/ê��

D� ý ò�þ7ò��*ø�ò�ø�ô ý ê�þ	ú�����ò�þ	ú ý #

ö/û7ê�	�þ�ê��6ê*ø�þ7ú�ø�ø/ê ý ê�� ý ����ú"	�û	ú�ê ý ú�þ
&�ú�ê�û	úyê����&ê1û0ú ý ��ø/ê*ø�þBê*ø�þ	ú�ø�ø/êI�h)*&�ò�	4&C	�� �+���
���>)!ú�û[þE&Uúzû	ê��/ê*ûO	�û
� ý0ý ü ý ú�	�þ7ò��*ø È �'�'K+É�#b%'&�ò ý ñ�ú�ø�ú"z�þ2	yê�ø|ñ8ú�ú�ëI
+���*ò�þ7ú"�rò�øR1Hò���ò�þ�ê*û�ÿ
ê�
+
���ò�	�ê�þ7ò���ø ý )*&�ú�û0úhþ
&�ú?�'�'K����;þE&Uúmê�øDþ	ú�ø�ø�êPò ý ê[ù*ú�û�ÿ/	�û
��	�òìê���
/ê*û7ê�1Hú�þ7ú�û"#

·�&/ê ý ú"�oê*û0û7êyÿFê�øDþ	ú�ø�ø�ê ý ê*û	úBê*ø��*þE&�ú�û�ú�ëUê�1F
+��úU���qê�ø\ê�
+
+��ò�	yê�þ	ò���ø1þE&/ê�þ�	�ê*øFþ�ê r ú
ê��Uù�ê*ø�þ7ê*ô�ú�����þE&�ú[1Pò�øUòìê�þ
��û	ò�yyê�þ	ò���øU���m���I��
�ê*ø+�x��ò�
D� ��ú&ú���ú�1Pú�ø�þ ý #�%'&�ò ý ò���ú�ê$ò ý ��ú�ù*ú�� ü
� 
8ú��/�Q��û0þ
&�ú�û�ò�ø�þE&�ú3ø�únë�þ ý ú"	�þ	ò���øp#

H�G



Separation Distance

öuò�ô ��û	ú�G�#�� J*w9û0û7êyÿ����Tþ�)��A��û	ê�	�þ7ê�� ý -.�/ê*û	úU���I��
 ý #[K�ú�
/ê�û7ê�þ	ò���ø6��ò ý þ�ê*ø+	�úfò ý þE&�ú ý &+�>)�ø
ê ý þE&Uú?�Uò ý þ7ê*ø+	�úhñ8ú�þ�)!ú�ú�ø1þ
&�ú3ú���ô�ú ý ���<þ
&�ú3ú���ú"1Hú�ø�þ ý #

â W�X Y[Z]\�^`_�\ba2ã�a�dgnodgf�_��j��fä�»Z]Z]\�q��ef�_�d¹fMf[\��

w9ø�ú�ø+&/ê*ø+	�ú�1Pú�ø�þ�þE�Pê@
+&/ê ý ú��1ê*û0û7êyÿ�ò ý ê$ù�ú�û�ÿ�)�ò���ú ý 	yê*øzê*øUô ��ú��I)*&�ò�	4&1û0ú�-.��ò�û0ú ý þE&Uú
ú���ú�1Pú�ø�þ ý þ
�Wñ�úfù*ú�û�ÿ(	���� ý ú$þ
��ô�ú�þ
&�ú�û"#[Íqú ý ò��Uú ý þE&UúF�*ñDùXò�� � ý ��ò�1Hò�þ�ê�þ	ò���ø/���Vþ
&�ú@)�ò��Uþ
&
���<þE&�úhú���ú�1Pú�ø�þ ý �D13�UþE�/ê���	�� �+
���ò�øUôPñ8ú�þ�)!ú�ú�ø+þE&Uúmú"��ú�1Pú�ø�þ ý ê�� ý �O��ò�1Hò�þ ý þE&�ú?1Hò�ø�ò�13�+1
ý 
�ê�	�ò�ø�ô+��)*&�ò�	4&���ú"	�û0úyê ý ú ý þE&�ú ý 	�ê*øSê�ø�ô ��ú�#

ö/û7ê�	�þ�ê�������� 
£ú���ú�1Pú�ø�þ ý ê*û0ú ý 1Hê�����ú�ûPþE&/ê�øe¸��+	"��ò���úyê*ø£û0ú ý ��ø/ê*ø�þ������ 
 ý ê�ø+�»	yê*øp�
þE&.� ý �I&�ê?ù*ú�	"��� ý ú�ûVò�ø�þ7ú�û�üJú���ú"1Hú�ø�þ ý 
/ê�	�ò�ø�ô ý )*&�ò���ú*1Hê*ò�ø�þ�ê�ò�ø�ò�ø�ô9þE&Uú&ú"��ô�únüJþE��ü�ú��Uô�ú ý ú�
/ê�ü
û7ê�þ7ò��*ø ý #bå��UþE�/ê���	�� �+
���ò�øUôU	4&/ê*ø�ô�ú ý þE&�ú3ú�ëI	�ò�þ�ê�þ7ò��*ø�	���û0û	ú�ø�þt���<úyê�	4&zú���ú�1Pú�ø�þ*	yê�� ý ò�ø�ô
��ò ý þE�*û0þ7ò���ø ý ò�ø�þ
&�ú�û	ê���òìê�þ7ò��*øP
/ê�þ	þ7ú�û	ø ý #�w9ørê�û	û7êyÿ{���=þ�)0�¡����� 
�ú"��ú"1Hú�øDþ ý ��ú"
�ò�	�þ7ò�øUô
þE&Uúhú"��ô�únüJþE��ü�ú��Uô�ú ý ú�
�ê*û7ê�þ	ò���ø/��ò ý þ7ê*ø+	�ú3ò ý=ý &+�>)�ø+ò�ø�öuò�ô���û	ú�G�#�� #

æpçÑè°çÑè éAê�ë¹ìgí ê�ëjîµì�ïSìmð]ñ�ò�óDìgô¹ñ<õÑöm÷

%'&�út��ú ý ò�ô�øF���`
+&/ê ý ú���ê�û	û7êyÿBê�øDþ	ú�ø�ø�ê ý ø�ú�ú�� ý þE�3þ�ê r ú&ò�ø�þE�hê�	"	�� ��ø�þ01@�Uþ
�/ê��]	����+
+��ò�ø�ô+#
%'&�ú!ú"��ú�	�þ ý ���]13�UþE�/ê���	"� �+
+��ò�ø�ôt� ý �/ê�����ÿ�ò�ø�	�������ú6þ
&�ú0z+����ò�ø�ô=ò�ø����/ø.�+��� ý ê*ø+�$þ
&�úqû	ê*ò ý ò�ø�ô
���;þE&�ú���ú�ù�ú"�����<ñ/ê�	 r û7ê���òìê�þ	ò���ø¡�ø8.�S!$#

ù ø�úzê�þ	þ	ú�1F
Uþ[þE�{	���ø�þ	û
� �'1@��þE�/ê���	�� �+
���ò�øUôFñ�ú�þ�)qú�ú�ø{þ
&�ú�ú���ú"1Hú�ø�þ ý ���9ê*ø{ê�û	û7êyÿ

H�|



0

-10

-20

-30

0°

30°

60°
90°

120°

150°

180°

210°

240°
270°

300°

330°

|E| dB

X

Z

Square Element
Fractal Element

λ

λ0.274

0.174

È ê;É

1.5 1.75ú 2
û

2.25
û

2.5
Frequency (GHz)ü

−40

−30

−20

−10

0

S
11

 (
dB

)

Input Match for Fractal and Square Elementsý
Matched to 50 ohmsþ
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edge-to-edge separation = 0.026λ

a)

b)
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Θ

edge-to-edge separation = 0.13λ
λd = 0.3
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