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I§n�jKJV`�^ k sML�n�_�z�z�j x�L�`�~�^ z�NOI§n�j `�l j � ~�^ k m ` P�j l j ~ q�sQLV�L�§� { n�_�z�z�`�zÄ_�k k c��Ej kO^ z2R�z�^ r j	m `�~�^ z�N
x _ r j z�m s��DI§n�jC`�q2S j m r ^ P�jV`,T�r n�^ k | `�l yO^ kMr `�^ ~�j z�r ^ T sOr n�jV�E_���^ �E_�x�_�m n�^ j P�_�q�x jVU r l _�z�k �E^ r WMl _�r j k�` P�j l
z�`�^ k s�X�~�j x _ s�a m `�z�k r l _�^ z�j ~Om n�_�z�z�j x k X�l j T j l l j ~Or `C_�k	U Y Z [�W a m _,\�_�m ^ r sV]_^` | ^ r n=YL~�j z�`�r ^ z�NVr _�l N�j rLj l l `�l\�l `�q�_�q�^ x ^ r s\_�z�~a[3m `�~�^ z�NEx _�r j z�m sU P�^ }��Cq�x `�m y\x j z�N�r n�W �	b3jO^ z,P�j k r ^ N�_�r j�_cT _��E^ x s\` T�q�x `�m y\m `�~�j k
q�_�k j ~�`�zP_4\�l `�q�_�q�^ x ^ k r ^ mCm `�z�k r l c�m r ^ `�zPr n�_ rC_�\�\�l `�_�m n�j kC~�j x _ s�a m `�z�k r l _�^ z�j ~Pm _�\�_�m ^ r sPm x `�k j x s\_�z�~
\�l ` P�_�q�x s	_�m n�^ j P�j k§r n�j { n�_�z�z�`�z	x ^ �E^ r�` P�j l§_�z\_�~�~�^ r ^ P�j | n�^ r j_dC_�c�k k ^ _�z	z�`�^ k jVU e�bfd�J_WLm n�_�z�z�j x �
b3j�_�x k `4\�l j k j z�r�_�z�^ �c\�l ` P�j ~�m `�z�k r l c�m r ^ `�z�`,TL_K\�l `�q�_�q�^ x ^ k r ^ m@m `�~�j | ^ r nQ- 7 + + ( ? *,8 ( FOm `�~�j | `�l ~�k X
j z�n�_�z�m ^ z�N«^ r kE_�k s��c\�r ` r ^ m\~�^ k r _�z�m j\q�sÄ^ z�r l `�~�c�m ^ z�N�_«k \�j m ^ R�m\_��E`�c�z�rE` T@m `�l l j x _�r ^ `�zÄq�j r | j j z
m `�~�j | `�l ~�k ��eCz�_�x s�r ^ m _�x�l j k c�x r kLk n�` | r n�_�r X�^ T�r n�jVm `�l l j x _ r ^ `�zOm `�j gEm ^ j z�r k�_�l jVm n�`�k j z	c�z�^ T `�l �Ex s�r `
q�jchVi j�U klhmi,W X | n�j l j=kW~�j z�`�r j kVr n�j�z�c���q�j lC` TLm `�~�j | `�l ~�k X�r n�j�m `�l l j k \�`�z�~�^ z�N4\�l `�q�_�q�^ x ^ k r ^ m
m `�~�j@^ k§_�k s��c\�r `�r ^ m _�x x saU ^ z	r n�j@k j z�k j@`,TMq�x `�m y	x j z�N�r n�WLr n�jan q�j k r a o�p q r st�u v,w m `�~�j �
xay,z�{=|�} ~��,�	e�bfd�JVX { n�_�z�z�`�z\x ^ �E^ r X2\�l `�q�_�q�^ x ^ k r ^ mCm `�~�j k X�m `�~�^ z�NEx _ r j z�m s�X�U Y Z [�W a m _,\�_�m ^ r s
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r ` | ^ r n�^ z\n�c�z�~�l j ~�r n�kV`,TM_E~�j m ^ q�j x�_ r§r n�j@j �2\�j z�k j�`,T�P�j l sPx `�z�NOq�x `�m y	x j z�N�r n�k �
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{ n�_�z�z�`�z3x ^ �E^ rCq�j m `��Ej kV\�l `�q�x j �E_ r ^ m��4I!`Pm `�z�k r l c�m r=N�`�`�~3q�x `�m y�m `�~�j k X!r n�jE�E_ S `�l_\�_�l _��Ej r j l k
` TC^ z�r j l j k rE_�l j	r n�jK\�l `�q�_�q�^ x ^ r s3` TCq�x `�m ymU | `�l ~�W�~�j m `�~�^ z�N�j l l `�l	��
�XLr n�j\m `�~�j\q�x `�m y3x j z�N�r n[�X
_�z�~3r n�j	l _�r j�O��I§n�j { n�_�z�z�`�zMJV`�^ k sML�n�_�z�z�j x�L�`�~�^ z�NOI§n�j `�l j ��� � �§k r _�r j kOr n�_ r XL^ T	� ^ k�x j k k
r n�_�z�r n�j { n�_�z�z�`�z«x ^ �E^ r�]=X!z�`\�E_�r r j lCn�` | m x `�k j�r n�j s�_�l j X!k c�l j x sPr n�j l jOj ��^ k r�m `�~�j k�T `�l | n�^ m n
r n�j | `�l ~3j l l `�l_\�l `�q�_�q�^ x ^ r s� 
 q�j m `��Ej k@k �E_�x x!j �2\�`�z�j z�r ^ _�x x s | ^ r n«^ z�m l j _�k ^ z�NK[!�4I§n�j l jE_�l j XM` T
m `�c�l k j X�\�l ^ m j kMr `�q�j�\�_�^ ~=T `�lL^ z�m l j _�k ^ z�NCr n�jVq�x `�m y�x j z�N r nHX�`�z�jV`,T | n�^ m nE^ k�- 7 F,3 A��_? *,8 ( A�- 9��De�rLr n�j
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^ kLr n�jCk _��EjCm _�k jVr n�_�r§~�j m `�~�^ z�NO_�x k `�l j ��c�^ l j k§_Om `��c\�x j r jCm `�~�j | `�l ~���I§n�j@q�x `�m yEx j z�N�r n4[�^ kLr n�c�k
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I§n�j { n�_�z�z�`�z@x ^ �E^ r�_�k k c��Ej k�^ z2R�z�^ r jMm `�~�^ z�N§x _ r j z�m s�X q�c�r!^ z_\�l _�m r ^ m jL_�z�sC_�\�\�x ^ m _�r ^ `�zC`,T�^ z�r j l j k r

^ kM�E`�l j�`�lMx j k kMm `�z�k r l _�^ z�j ~ | ^ r nO_�R���j ~	m `�~�^ z�N@x _ r j z�m s�r n�_�rL^ kMr `�x j l _�q�x j�`�lM_���`�l ~�_�q�x j��Me r�^ k!r n�c�k
r j �c\�r ^ z�NCr `@_�k yVT `�x x ` | ^ z�N	��c�j k r ^ `�z�k � | n�_�r�^ kMr n�j§�E_���^ �E_�x�_�m n�^ j P�_�q�x j§l _ r jVc�z�~�j l�_�R���j ~Em `�~�^ z�N
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m _�\�_�m ^ r sÄk n�`�c�x ~Ä_�x k `�q�j\m _�\�_�q�x j\` T@_�m n�^ j P�^ z�N«^ r �b3j\k n�` | r n�_�r X�^ TCq�x `�m y«x j z�N r nQ[ r j z�~�kOr `
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Shannon Limit 

�M^ N�c�l j ����I§n�j��E^ z�^ ��c���l j ��c�^ l j ~Pk ^ N�z�_�x a r `�a z�`�^ k jVl _�r ^ `KU { JCh�W�q�s	r n�j { n�_�z�z�`�z\k \�n�j l j a \�_�m y�^ z�N
q�`�c�z�~MT `�lEm `�~�j k | ^ r nMP�_�l s�^ z�N3q�x `�m y3x j z�N r nm[ _�z�~ l _�r jOi�q�^ r4\�j l	k _��c\�x j,X§`,\�j l _�r ^ z�N«` P�j l	_
m `�z�r ^ z�c�`�c�k a ^ z�\�c�r�e�bmd_J m n�_�z�z�j x�_�r ��
 ��i u ' � Z i u '�� Z i u '�� Z i u '�� Z i u '�� � X�l j k \�j m r ^ P�j x s��
iPq�^ rc\�j lEk _��c\�x j X�T `�l | n�^ m nÄr n�j\�E^ z�^ �Oc�� { JCh k \�j m ^ R�j ~ q�sÄr n�j { n�_�z�z�`�z x ^ �E^ rO^ k v � u �5fLs
_,\�\�x s�^ z�NOr n�j�k \�n�j l j a \�_�m y�^ z�N\q�`�c�z�~HX �M^ N�� �Ek n�` | kVr n�_ r X�T `�l§r n�j�k _��Ej�m `�~�j�l _�r j X�r n�j��E^ z�^ �Oc��
r n�l j k n�`�x ~aT `�lCl j x ^ _�q�x j@m `��E�Oc�z�^ m _�r ^ `�zU ^ zPr n�jOk j z�k jE`,T�_�m n�^ j P�^ z�N\_Er _�l N�j r@j l l `�l�\�l `�q�_�q�^ x ^ r s�W§^ k
k ^ N�z�^ R�m _�z�r x s�n�^ N�n�j l!r n�_�z�r n�j { n�_�z�z�`�zEx ^ �E^ r X \�l ` P�^ ~�j ~Or n�_ rMr n�j§m `�~�j§q�x `�m y�x j z�N�r nO^ kMm `�z�k r l _�^ z�j ~
r `	_	l j x _ r ^ P�j x s\k �E_�x x�k ^ } j � ��`�lVk `��Ej�l j _�x a r ^ �Ej@_,\�\�x ^ m _ r ^ `�z�k | n�j l jOx _�l N�j@~�j x _ sP^ kCz�` rCr `�x j l _�q�x j X
r n�j { n�_�z�z�`�zOx ^ �E^ rM~�`�j kMz�`�rLm `�z�P�j sE��c�m nEc�k j T c�x�^ z2T `�l �E_�r ^ `�zHX�q�c�rMr n�j_U Y Z [�W a m _,\�_�m ^ r s�l j P�j _�x k!r n�j
c�x r ^ �E_ r jCx ^ �E^ r�^ z	k c�m nPm _�k j kV^ z�k r j _�~��Le rV^ k�k c�N�N�j k r j ~\r n�_�r X�j P�j zP^ T!_Om `�~�j@`,\�j l _�r j k�T _�l�T l `��Sr n�j
{ n�_�z�z�`�z\x ^ �E^ r§^ rV�E^ N�n�r	\�j l T `�l ��z�j _�l x s\_�k | j x x�_�k§r n�j@q�j k rVm `�~�j_\�`�k k ^ q�x jC`,T!r n�j@k _��Ej@x j z�N�r n��
e ��c�_�z�r ^ r _ r ^ P�jE` P�j l P�^ j | `,TLr n�jaU Y Z [�W a m _,\�_�m ^ r sMU c�\�\�j l@q�`�c�z�~�W�P�j l k c�k@r n�j { n�_�z�z�`�z«x ^ �E^ rC^ k

j ��n�^ q�^ r j ~Ä^ z��M^ N�� v | n�j l j\_�ze�bfd�J m n�_�z�z�j x�_�rO_ { JCh�`,T v � u ^ kOm `�z�k ^ ~�j l j ~��«e rOk n�`�c�x ~Äz�` r
q�j�k c�l \�l ^ k ^ z�NOr n�_ r X�^ T!r n�j�m `�~�j�q�x `�m y	x j z�N r nP^ kVx j k k§r n�_�z�i u � X�`�z�x s	r n�j�l _ r j kVk ^ N�z�^ R�m _�z�r x s\x ` | j l
r n�_�zEr n�j { n�_�z�z�`�z	x ^ �E^ rL_�l jV_�m n�^ j P�_�q�x j � ��`�lLj ��_��c\�x j X�m `�~�j k�` T!q�x `�m yOx j z�N r nai u�u n�_ P�jC_V\�j z�_�x r s
` T u � v q�^ r k_\�j l@k _��c\�x j | ^ r n ��
 � i u ' � X!_�z�~«j P�j z«_K\�j z�_�x r s«` T§` P�j l u � �	q�^ r k_\�j l@k _��c\�x j | ^ r n
� 
 � i u '.� � X�_�k!m `��c\�_�l j ~ | ^ r n@r n�j { n�_�z�z�`�z@x ^ �E^ r ��I§n�j { n�_�z�z�`�z�x ^ �E^ r�m _�z�q�j�_,\�\�l `�_�m n�j ~ | ^ r n�^ z
u � u ��q�^ r k	\�j l�k _��c\�x jV`�z�x scT `�l§q�x `�m yEx j z�N�r n�k�i u�u X u�u�u _�z�~KN�l j _ r j l ��e�N�_�^ zHX�^ r§^ k§j P�^ ~�j z�r§r n�_ r X�z�` r
r n�j { n�_�z�z�`�z	x ^ �E^ r X�q�c�rLr n�jVU Y Z [�W a m _�\�_�m ^ r sEk n�`�c�x ~Eq�j§j �c\�x ` s�j ~E^ zEj P�_�x c�_ r ^ z�N@__\�l _�m r ^ m _�x�m `�~�^ z�N
k m n�j �Ej | ^ r n4R�z�^ r jCq�x `�m y	x j z�N r n�k �

�Lx ` r r j ~3^ z��M^ N�k �,��_�z�~ �P_�l j	m `��c\�_�l ^ k `�z�k�` T§r n�j	k \�n�j l j a \�_�m y�^ z�N�q�`�c�z�~3_�z�~«r n�j	k \�n�j l ^ m _�x
l _�z�~�`��Oa m `�~�^ z�NVq�`�c�z�~ | ^ r nVP�_�l s�^ z�NCq�x `�m y@x j z�N r n�k �Le z=\�_�l r ^ m c�x _�l X�^ z2T `�l �E_ r ^ `�z@`�z�r n�j§c�\�\�j lM_�z�~
x ` | j l!q�`�c�z�~�k!`�z@r n�j�U Y Z [�W a m _�\�_�m ^ r s�^ k!k n�` | z��Me z@r n�^ k!k \�j m ^ R�m�k j r r ^ z�NC_�z�~_T `�l�[ ��i u�u X r n�j�c�\�\�j l
_�z�~Px ` | j lVq�`�c�z�~�kC`�z\r n�j4U Y Z [�W a m _,\�_�m ^ r s\_�l j@m x `�k j@r `,N�j r n�j lVj z�`�c�N�nHX�r n�j l j q�sP~�j x ^ P�j l ^ z�Nc\�l j m ^ k j
^ z2T `�l �E_�r ^ `�z\m `�z�m j l z�^ z�NEr n�jKU Y Z [�W a m _�\�_�m ^ r s�X | n�j l j _�k | n�j z�[ ! i u�u X�r n�jOc�\�\�j lVq�`�c�z�~�_�z�~\r n�j
x ` | j lOq�`�c�z�~ _�l j\_,\�_�l rE_�z�~3r n�j ��c�j k r ^ `�z ` T@~�j r j l �E^ z�^ z�NMU Y Z [�W a m _�\�_�m ^ r sMT `�l�r n�^ kEq�x `�m y�x j z�N r n
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Shannon Limit 

�M^ N�c�l j v � ��\�\�j l�q�`�c�z�~	`�zOU Y Z [�W a m _�\�_�m ^ r sEq�sOr n�jCk \�n�j l j a \�_�m y�^ z�NOq�`�c�z�~cT `�lLm `�~�j k | ^ r ncP�_�l s�^ z�N
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Shannon Limit 

�M^ N�c�l j ��� { ^ N�z�_�x a r `�a z�`�^ k jVl _�r ^ `Oq�s	r n�j�k \�n�j l ^ m _�x!l _�z�~�`��Oa m `�~�^ z�NOq�`�c�z�~U _�kVm `��c\�_�l j ~ | ^ r n	r n�j
k \�n�j l j a \�_�m y�^ z�N«q�`�c�z�~�W�T `�l�m `�~�j k | ^ r n�P�_�l s�^ z�N�q�x `�m y«x j z�N�r n[�XL`,\�j l _�r ^ z�NP` P�j lO_�m `�z�r ^ z�c�`�c�k a
^ z�\�c�r�e�bmd_J m n�_�z�z�j x�_�rV_ { JVh `,T v � u _�z�~ � 
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Shannon Limit 

�M^ N�c�l j ����eVm n�^ j P�_�q�x j�l _ r j k	q�s r n�j�k \�n�j l ^ m _�xCl _�z�~�`��Oa m `�~�^ z�N«q�`�c�z�~ U _�k	m `��c\�_�l j ~ | ^ r nÄr n�j
k \�n�j l j a \�_�m y�^ z�N«q�`�c�z�~�W�T `�l�m `�~�j k | ^ r n�P�_�l s�^ z�N�q�x `�m y«x j z�N�r n[�XL`,\�j l _�r ^ z�NP` P�j lO_�m `�z�r ^ z�c�`�c�k a
^ z�\�c�r�e�bfd�J m n�_�z�z�j x�_�rL_ { JVh5`,T v � u _�z�~ ��
 ��i u '�� ��JV`�r j�r n�_�rLr n�j§~�^ k m `�z�r ^ z�c�^ r sO^ zOr n�j§k n�`�l r
q�x `�m y�x j z�N r n\l j N�^ `�z\^ k§m _�c�k j ~Pq�s\z�c��Ej l ^ m _�x�~�^ g	m c�x r s��

l j N�^ `�z\k r ^ x x�l j �E_�^ z�k§`�\�j z��
eV~�~�^ r ^ `�z�_�x�^ z�k ^ N�n�rV^ z�r `�r n�j@^ �c\�x ^ m _ r ^ `�z�kL`,T
�M^ N�k ���E_�z�~ ���E_ s\q�j@`�q�r _�^ z�j ~\q�s\l j a j ��_��E^ z�^ z�N

r n�jO~�j R�z�^ r ^ `�z�kC` T�r n�jOk \�n�j l j a \�_�m y�^ z�NPq�`�c�z�~�_�z�~Pr n�jOk \�n�j l ^ m _�xMl _�z�~�`��Oa m `�~�^ z�N	q�`�c�z�~��VeCk | j
y�z�` | X�r n�jK\�j l T `�l �E_�z�m j\x ^ �E^ r�m `�l l j k \�`�z�~�^ z�N�r `Pr n�j\k \�n�j l j a \�_�m y�^ z�N«q�`�c�z�~ | `�c�x ~Äq�j\l j _�m n�j ~
| ^ r nPj ��c�_�x ^ r s\`�z�x sP^ T!r n�j�m `�~�j | j l j�_ ��( + 	 ( - 8!k \�n�j l ^ m _�x!m `�~�j_T `�l§r n�j�m `�z�r ^ z�c�`�c�k a ^ z�\�c�r_e�bmd_J_X
^ � j�� XM^ T§j ��c�_�x a k ^ } j ~3m `�z�j k�m `�c�x ~3q�j	~�l _ | z3_�l `�c�z�~«j P�j l s3m `�~�j | `�l ~3k `�_�k@r `Pm `��c\�x j r j x saR�x xMr n�j
[�a ~�^ �Ej z�k ^ `�z�_�x�k \�_�m j | ^ r n�`�c�rC^ z�r j l k j m r ^ z�N���eCm r c�_�x x s	r n�^ kV^ kV^ �c\�`�k k ^ q�x j�T `�lV_�x x�[ 
 �E_�z�~�k 

��� � z5r n�j«` r n�j l\n�_�z�~HX | jOP�^ k c�_�x ^ } jPr n�_�r\r n�j«k \�n�j l ^ m _�x@l _�z�~�`��Oa m `�~�^ z�N3q�`�c�z�~ ^ kcP�^ l r c�_�x x s
^ z�~�^ k r ^ z�N�c�^ k n�_�q�x jDT l `�� r n�j§k \�n�j l j a \�_�m y�^ z�N@q�`�c�z�~=T `�lMq�x `�m y�x j z�N�r n�kDN�l j _ r j l!r n�_�zO_�T j | n�c�z�~�l j ~��
I§n�j l j T `�l j\^ rO^ k@r j �c\�r ^ z�N\r `�m `�z�k r l c�m rc\�l `�q�_�q�^ x ^ k r ^ mEm `�~�j k�r `fn _�\�\�l ` ��^ �E_�r j w r n�j	j z�k j ��q�x j\` Tk \�n�j l ^ m _�x�l _�z�~�`��>m `�~�j k X�l _ r n�j l@r n�_�z3k j _�l m nT `�l�_�~�j r j l �E^ z�^ k r ^ mn q�j k r w m `�~�j | n�^ m n3~�`�j kOz�` rj ��^ k rV_�rV_�x x �
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