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• W _�J`J`_�F�JaE<«G_�\�LNUV\�_�H`UG_�M¬_�\�BCMh\�E<Mo«G_�>*@g_�H}JaE<HkfBcJaZhLjU<>*\�LjU<«VE<Z®JA_�>*«<BCUV>*M¬_I>"\�¯CfVMh_�>_�U°EGJAZOMhZO>aBPUNJ,EVU°MhLC±jZO\�Z¬_IM�«G_�H}FI>`LjMhEGJaZ¬LNU²«V_�\�ZOH`\�EVZ¬J,«<BCUV>,Mh_�«VLj³�BCZhUV_�JA_�³,@gLNH}_IM Q´ BPfg_�H<µ© ;g¶©_·«VLj³(BPZhUV_�¸¹HkF�ºEV_�UNJaZ¬_�M©E�JaZOMhZh>`F�JaHABP«<Z®JaZhLjU<UG_�MOM¬_�³,_�UNJ'_IU W�»!¼ @SLjE<H�>`LjUBP@GJaZ®JaE<«G_�½�JaH`BCZ®JA_�H1M¬_I>*@<HkLjf<M¬¾�³,_�>"«V_�«<Z®¿©E<>AZ¬LNU8_�J7«V_�@<H}LN@<BP±NB6JAZhLjUÀ_�>kJ7EVUÀLNfV>kJdBP\�M¬_
_�U�@<HkF�>`_�U<\�_·«V_ÁUGLNUÂ�MhZOUGF�BPH`Z®JAF�>�;
• Ã Zh>kJALNHkZOºEG_I³�_�UNJ Q MÅÄ�_�¿©_�J�«G_Æ@g_�BPEÇMh_�M¬LNUG±È«V_�>�ÉMO>�BÊF�JAFË\�BPMO\�EVMhFx«BPU<>�Mh_«VLj³�BCZhUV_v¸¹H}FIºEG_�UNJaZh_�M�Ì�l�Í¬Â3Ì�Î�Í�; W _�J`JA_�BC@V@<HkL�\^]V_�@g_IHk³,_�J�«ÏÄ�_�ÐV@VH`Zh³,_�H?¸ÑBC\�ZhMh_�³�_�UNJ�½MÑÄ�BPZO«G_4«G_�>Ò¸ÓLjU<\9JaZ¬LNUV>!«G_·Ô!_I>A>`_�MVMÕB�>`LjMOE�JaZ¬LNUv_9Ð<BP\�J`_�«V_�MÅÄÖZO³,@gF�«BPU<\�_�ZOUNJ`_IHkUV_�«VE�ÉMÅ;

∗ ×CØ�ÙSÚ^ÛÝÜ�Þ©ÜIßI×jà�Ü�Ú�áÓâÝãÅä�åæá<Ù[Ü�ÞNçdÚPè3é�çdÚa×jßjê�ëKßCâÝìdáíîðïÝñ®áÓìAâæßCòKëkêKó�ë*Ú^ìAâOáÓïÝô3áÓï©ÜPáæõKáÕö�ß6÷�âOî�ô3åæáÅø
† Ü�ù<×jÚdßIÙ[ÜGèAçPèGúaçA×Cû�ßoêKü�ßcØVã�ø�×õ}ý�ìdî�âÕõÿþVá�� ä�ôaß��kê��Kó}ó�èdý�ì�� ý�ì`ï¹á[Ü6áæõ}áOöKßc÷�âOî�ô9åæáÑø
‡ Ü�ù<Ø<à�íî�âÝä ï©á¹ñ���ôdä�ã�áÓâæïÝä�ñ
	<í�î�âÝä ïgÚ^ìdõ�ß6àÒî�ñ��	��Ïî�ñ�ä��¹ìdáÝß�����ñ�ø��dëkó�ßNò}ê����}ó��oâæï¹î��ðß�÷�âOî�ô3åæáÑø
§ W LjUV±jHk¾�> W�»'¼ m�� Q ´ BPZOUNJ ¼ BPMhL Q�� Â��vB! GHkZOM[l6mCm��G; » «VZ¬JAZhLjU�«<E�mjÎ�B" GH`ZOM lPmCm��G;

#
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D LjE<H�H}_" j_�U<ZhH�BPE�«GLN³�BPZOUG_4JA_�³,@SLjHk_�M Q MÕBÁHkF�@gLNUV>`_�ZO³,@<EVMO>AZ¬LjU<UV_�MhMh_�«V_?MÑÄÖZO³,@gF�«BPU<\�__�>kJ�«GLNUVUVF�_�@<BCH>=*HABPU<>k¸ÓLjH`³�F�_�«V_ YGLjE<H`Z¬_�H@?ðU  j_�H`>`_(Ì�l�Í�;
• ?Å\�Z Q UGLNEV>'@VHkLN@gLj>`LNUV>�«ÏÄ�BP@<@<MhZhºEV_�H%MÕB�JA]VF�LNHkZh_4«<E�\IBPMh\�EVMG¸¹HABP\9JaZ¬LNUVUBPZOHk_�½�MÑÄ�BPUB�ÂM,AG>`_·JA_�³,@gLNHk_�MhMh_�_�U�@BPH}JdBPUNJ�«ÿÄ�EVUV_�BP@<@VHkLIÐVZh³(BcJaZ¬LNU�«G_ÁMÑÄÖ_9ÐV@<H}_I>A>AZ¬LjU(¸¹HkF�ºEV_�UNJaZ¬_�MOM¬_
«V_xMÑÄ�Zh³,@gFI«<BCUV\�_ ZhUNJA_�H`UV_ «ÿÄ�EVU \�LNUV«<EV\�J`_IEVH$\BAGMOZhU<«VH`ZhºEV_j; W _�J`JA_�BP@<@VHkLIÐVZh³(BcJaZ¬LNU@<H}FI>`_�H  j_�MOB$\�BCEV>aBCMhZ¬J`Fv«V_vMÕB�HkF�@gLNUV>`_ÀJA_�³,@gLNHk_�MhMh_j;Ï¶ÿ_v\IBPMh\�EVM1@BPH�MOB$³�F�Ja]VL�«G_�«V_
MOB(«VF�H`Z
 jF�_Á¸¹HABP\9JaZ¬LNUVUBPZOHk_�_�>kJ�\�LN³,@<BCHkF8½(MÕBC=*HABPU<>k¸ÓLjH`³�F�_8«V_�YGLNEVH`Zh_�HD?ÅU  j_IHk>`_ «VE
\�BCMh\�E<MX_�¿X_�\9JaEVF�«BPU<>�Mh_Á«GLN³�BPZOUG_�¸¹H}FIºEG_�UNJaZh_�MÑ;

E F ¥�¦HGJILKNMDOQP@R�ªLS�§TK ¦HKUI"Væª�W MYX ¦TZÒ¢�¨[K ªk¢�£5KÏ¤<¢TK
\']_^ `Ta'bdc6egf�hjilkdmnk�fpoqb�r�f/hjisk�cji�rCt�mnkdh[uvcjf�i�mxwzy�{�a'bdm�i[egf�m�t
¶©_�>�F�ºEBcJaZhLjU<>�«V_ ¼ B�Ð5|�_�MOM7>`LjUNJÁF�\�H`Z¬J`_I>·@gLNEVH�E<U�³�ZhMhZh_�E fgLNU�\�LNUV«<E<\9JA_�EVH~}ð¶©LNZ
«ÏÄ i ]V³�� −→

j = σ
−→
E � _�U�>AE<@<@gLj>aBCUNJ ºEG_�M¬_�\�LjE<H`BCUNJ8«G_�«GFI@VMÕBP\�_�³,_�UNJ·_�>kJ8UVF�±NMhZ�Â±C_�BPf<M¬_Á«G_" PBCUNJ4Mh_�\�LjE<H`BCUNJ�«V_�\�LNUV«<EV\�JAZhLjU�_�J�ºEÏÄÖZOM UÿÄ�A�B,@<BC>�«ÏÄ�BC\�\�E<³ E<MOB6JAZhLjU�«V_

\3]<BCH}±j_�>�;
D LjE<H�E<U \�LjU<«<EV\9JA_�E<H?\BAGMOZhU<«VH`ZOºEG_v«G_ÀHAB"ANLjU

r = a
}ðY[Z¬±;�� � Q MOB�«G_IUV>AZ¬J`FÀ«G_v\�LNEÂHABPUNJ�_I>kJ�>AEV@<@gLN>`F�_·UÏÄ�B! jLNZhH�ºEV_�MÕB8>`_IEVMh_·\�LNUNJAH`ZOfVEGJaZ¬LjU�MhLjUV±jZ¬JAE<«<ZhUBPM¬_N;<¶©_�\�LjE<HABPUNJ

_�>kJ�F�±NBPMh_�³�_�UNJ�>AE<@V@gLN>`F�ZOUV«VF�@g_�U<«BPUNJ�«V_
θ
;�e4_ @VMOEV> Q LjU
UV_-\�LjU<>AZh«V¾�Hk_�@<BC>�MÕB@<H}LN@<BP±NB6JAZhLjU�Mh_�MhLjUV±,«G_�MÑÄ�B�ÐG_

z
;

Y[Z¬±NEVHk_��C; �'�������2�)�����������$���B�����8�3���)�������[�)���"���B�5�����%�<�p���)�$�2�B�6�
D LjE<H�«GF�\�HkZOHk_�MÑÄÖZO³,@gF�«BPU<\�_�ZhUNJA_�H`UG_�«ÏÄÖE<U�ÉM Q ZhMÿ¸ÑBCE�J?\�LNUVUB8� �®JaHk_�MÕB�HkF�@BPH}JaZ®JaZ¬LNU�«V_MOB «G_�U<>AZ®JAF «V_ \�LjE<HABPUNJ�½ MÅÄÖZhUNJAF�H`Zh_�EVH(«VE \�LNUV«<EV\�J`_IEVH�; W _�MhMh_9Â�\�Z�_I>kJ$«VF�\�H`Z®JA_ @BPHMÑÄÖF�ºEBcJaZ¬LNU�«G_Á«<Z®¿©E<>AZ¬LNU�ºEVZ >�ÄÖF�\�H`Z®J��
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∂2jz(r, t)

∂r2
+

1

r

∂jz(r, t)

∂r
− σµ

∂jz(r, t)

∂t
= 0

» UÀBP@<@VMOZhºEBPUNJ1EVUV_ ="HABCUV>k¸ÓLNHk³,F�_!«V_�YGLjE<HkZh_�H:}¹ZOUNJ`F�±jHABcJaZ¬LNU�>AE<H"Mh_!JA_�³�@V> t � MÑÄ�FIºE<BcÂJaZ¬LNU�BPE�Ð�«VF�H`Z
 NF�_�>�@BPH}JaZ¬_IMhM¬_I>�«V_  GZ¬_�UNJ4EVUV_�F�ºE<B6JaZ¬LjU�«VZ¬¿XF�Hk_�UNJaZ¬_�MOM¬_?LNH`«VZOU<BCZhHk_ �
d2ĵz(r)

dr2
+

1

r

dĵz(r)

dr
− jωσµĵz(r) = 0

¶1Ä�Zh³,@gFI«<BCUV\�_�ZhUNJA_�H`UV_�@BPH�EVU<Z®JAFÁ«G_ÁMhLjUV±jEV_�EVH�_�>kJ4BCM¬LjH`>4«GLNUVUVF�_�@<BCH�ÌÖÎcÍ Q Ì � Í Q Ì���Íz�
}L� � Ẑ ≡ Ẑint =

Êz(a)

Î
=

k

2πaσ
· J0(ka)

J1(ka)

L��
J0

_�J
J1

>`LNUNJ�M¬_�>�¸ÓLjU<\9JaZ¬LNUV>�«V_vÔ!_�>A>`_IM[B�AoBPUNJ?@gLNEVH?BCHk±jE<³�_�UNJ�\�Lj³,@<M¬_�ÐG_
k =√−jωσµ

; W _�J`JA_�_9ÐV@<H}_I>A>AZ¬LjU�JAHABC«VE<Z®J�MÑÄÖ_�¿X_�J�«V_�MOB8¸¹HkF�ºEV_�U<\�_Á>AEVH�MOBv«<Zh>kJaH`ZhfVEGJaZ¬LNU«<EÊ\�LjE<H`BCUNJ�«<BCUV>(MOBx>`_�\9JaZ¬LNU²«<E°\�LjU<«VE<\9JA_�E<H �!@<MhE<>�MOB ¸¹H}FIºEG_�U<\�_�BCEG±N³�_�UNJA_�_�J
@<MhE<>!Mh_4\�LNEVHABCUNJ�UV_�\�ZhH`\�E<M¬_4ºEG_�>AE<H!MÕB·@SF�H`Zh@<]GF�H`Zh_j; » U,«ÏÄ�BCE�JaHk_�>ÒJA_�H`³�_�> Q @gLjE<H'EVUV_¸¹HkF�ºEV_�UV\�_�«GLNUVUVF�_ Q JALjEGJ4>`_�@<BC>A>`_·\�LN³,³�_�>AZÏM¬_�\�LNEVHABCUNJ�«VZ¬¿©E<>aBPZ®J  j_�H`>�MÅÄÖZhUNJAF�H`Zh_�EVH
«<E-\�LjU<«VE<\9JA_�E<H4>AE<H�E<UG_8@<HkLP¸ÓLNUV«V_�E<H�F�±NBCM¬_8½,MÅÄ�F�@BPZO>A>`_�E<H�«V_8@g_IBCEÿ;Ï¶1ÄÖZO³,@gF�«BPU<\�_
ZhUNJA_�H`UV_�«<E�\�LjU<«VE<\9JA_�E<H�BPEV±j³,_�UNJA_�B! j_�\�MOB8¸¹HkF�ºEV_�U<\�_C}ðY[Z¬±;Sl � ;
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Y[Z¬±NEVHk_ l; � �p�<�5��������� ���)�+�3� � � ��� ��������� ���[�$� �p�6���B��� � ��� � � �������7�! 

Ã BPf<Z®JaEV_�MhMh_�³�_�UNJ Q @gLjE<H$EVUV_ HkF�>`LjMOE�JaZ¬LNU «BPU<>$M¬_ «GLN³�BPZOUG_-¸¹HkF�ºEV_�UNJaZ¬_�M Q >`_�E<M¬_ MÕB@BPH}JaZ¬_�H}F�_�MhMh_Ò«G_�\�_�J`JA_�Zh³,@gFI«<BCUV\�_!ZhUNJA_�H`UG_!_�>kJ"EGJaZhMhZO>`F�_!\IBPH MÕB�@BPH}JaZ¬_�Zh³�BP±jZOU<BCZhHk_%_�>kJ
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UVF�±jMOZ¬±C_�BPf<M¬_�«V_  CBPUNJ�MÅÄÖZOUV«<EV\�JaBCUV\�_�_9Ð�JA_�H`UV_�«<E�\�¯CfVMh_j;5="LjEGJA_�¸ÓLjZO>�\�_�J`JA_·ZOUV«<E<\9JdBPU<\�_
ZhUNJA_�H`UV_�«GLNZ®J���JaH}_�\�LNUV>`_IH� NF�_�>AZgMÑÄ�LNU,>`LjE<]BPZ®JA_�Hk_  j_IUVZOHÒ«BPU<>'Mh_�«GLN³�BPZOUG_�JA_�³,@gLNH}_IMÑ;
» U$_�¿X_�J Q _�MhMh_�@g_�H`³�_�J�«V_�\�LjU<>`_�H  j_�H�Mh_�>�@<H}LN@VH`ZhF�JAF�>�«V_�\�BCEV>aBCMhZ¬J`F�BPE�JaHAB" N_�H`>�«V_�MÕB=*H`BCUV>k¸ÓLNH`³�F�_·«V_8YGLjE<HkZh_�H ?ðU  j_�H`>`_j;
\'] \ � idcjt��'rgm�kdmnt��3m	��
dy�m�r�rgf�hjisk�m t��7f/u�
 {�kdc�i� mnf�i[egm y i�m
¶©_�>�«GF" j_�MhLj@<@g_�³�_�UNJa>�MOZh³,Z¬J`FI>�«G_�MÑÄÖ_9ÐV@VHk_�>A>AZhLjU�_9Ð<BC\9JA_·>`LjUNJ�\�LjU<UE<>�@gLNEVH�MOBÀf<BC>A>`_
¸¹HkF�ºEV_�UV\�_C}ÓF�ºS;�}ðl � � _�J�MOBv]BPEGJA_�¸¹H}FIºEG_�U<\�_~}ÓF�ºS;�}¹Î � � Ì�l�Í'Ì�ÎcÍ��
}ðl � Ẑbf = Rdc + jωLbf =

1

πa2σ
+ jω

µ

8π

}ÑÎ � Ẑhf = R(ω) + jωL(ω) =
1

2πa

√
µ

σ

√
jω = Ahf

√
jω

��LjE<>,\3]G_IHk\3]VLjU<>,½ «VLjU<UG_�H�E<UV_-BP@<@<H}LIÐVZO³�BcJaZ¬LNU ºE<Z�>`LNZ®J  CBPMOBCfVMh_�«<BCUV>�J`LNE�J�Mh_
«VLj³�BCZhUV_?¸¹HkF�ºEV_�UNJaZ¬_�M B! j_�\·EVUV_Á>`_�E<M¬_�_9ÐV@VHk_�>A>AZhLjUÏ;
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Domaine HF

Y[Zh±jE<H}_�ÎV; �@�����/�z� �����"�p�3� � � � � ��� ����� ���[��� �p�j���$�$� �  

´ EVHÀMOB�É±jE<H}_�Î Q MÕB @<BCH}JAZh_�HkF�_IMhM¬_�«G_�MÅÄÖZh³�@gF�«BPU<\�_�ZhUNJA_�H`UV_(_I>kJÀHk_�@<H}FI>`_�UNJAF�_j;7¶©_�>«V_�EÐ�«VLj³�BCZhUV_�> Q f<BC>A>`_�>�¸¹H}FIºEG_�U<\�_�>Y}ÑB" N_�\
Rbf

\�LjU<>kJaBCUNJA_ � _�J�]BPEGJ`_I>�¸¹HkF�ºEV_�U<\�_�>}ÑB! j_�\
R(ω)

BCEG±N³�_�UNJdBPUNJ"½�HABCZh>`LjUÁ«V_H��mP«SÔ��6«GF�\IBP«V_ � Q A�>`LjUNJ*³�Zh>Ï_�U�F  GZO«G_IUV\�_N; i U
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Hk_�³�BCHkºEV_�ºEG_�«BPU<>'\3]BPºEV_4«VLj³�BCZhUV_4\jÄ�_�>kJ!MÕB�HkF�>AZh>kJdBPU<\�_4MOB�@<MhE<>!ZO³,@gLjH}JdBPUNJA_�ºE<Z
«VLj³,ZOUG_ ��LjU8BC>A>`L�\�Z¬_'\�_�\�Lj³�@gLjH}JA_�³�_�UNJ[½�E<U��k³�LjUNJdB6±j_'>`FIHkZh_!«V_�>*«G_�E�Ð�H}FI>AZh>kJdBPU<\�_�>
Ô�Y _�J Ã Y��d; i UË>�Ä�B6J`J`_IUV«Æ½�\�_�ºEV_(\�_�J`JA_�BC>A>`L�\�ZOB6JaZ¬LjU�>`LjZ¬J8MOB�³�LjZOUV>�_9Ð<BC\9JA_(BPEU<Z
 j_�BPE�«V_�MÕB8JAHABCUV>AZ¬JAZhLjU�_IUNJAHk_ÁM¬_I>�«VLj³�BCZhUV_�>�fBP>A>`_�_�J4]BPEGJA_·¸¹HkF�ºEV_�U<\�_j;
´ EVH"MOB�É<±NEVHk_ �<Q MÕB�@BPH}JaZ¬_�Zh³(B6±jZOU<BCZhHk_Ò«V_'MÅÄÖZO³,@gF�«BPU<\�_%ZhUNJA_�H`UV_'@<HkF�>`_�UNJA_'F�±NBCM¬_�³�_IUNJ«V_�EÐv«GLN³�BPZOUG_�>J�6fBP>A>`_I>*¸¹H}FIºEG_�U<\�_�>>}ÑB! j_I\

Lbf

_�J%EVUV_�@S_�UNJA_�«V_�l6mC«gÔ �c«VF�\�BP«V_ � _�J]BPEGJ`_I>?¸¹HkF�ºEV_�U<\�_�>�}ÑB! j_I\
L(ω)

BC>A>`L�\�Z¬F�_v½$EVUV_,@g_�UNJA_�«V_ �ImP«SÔ��c«VF�\�BC«G_ � ; W _�J`J`_¸ÓLjZO> Q «BPU<>À\^]BPºEV_�«VLj³(BPZhUV_(\jÄ�_�>kJ MÅÄÖZOUV«<EV\�JaBCUV\�_(MOB-@<MhE<>�¸ÑBCZhf<M¬_�ºEVZ�«VLj³,ZOUG_ � LjUBP>A>`L�\�Z¬_v\�_À\�Lj³,@gLNH}J`_I³�_�UNJ·½$E<U��k³�LjUNJdB6±j_ @BPHABPMOM¬¾�Mh_À«V_�>�«G_IEÐ ZhU<«VE<\9JdBPU<\�_�>�Ô�Y
_�J Ã Y��d;
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Y[Zh±jE<H}_ � ; �@�����/�z� ��� ���8�p�[�)�p����� � � � ��� ����� ���[��� �p�j���$�$� �  
¶1Ä�BPUBPM,AG>`_�«G_-MÑÄ�_�ÐV@VHk_�>A>AZhLjUÊ«G_

Zint

³�LjUNJaHk_�F�±oBPM¬_I³�_�UNJÀºEV_ M¬_�\3]<BCUG±j_�³�_�UNJ,«V_
@g_�UNJA_,>`_v¸ÑBCZ®J8½�MOB�³ ��³�_ ¸¹HkF�ºEG_IUV\�_

fc

@gLjE<HÁMOB�@BPH}JaZ¬_,HkF�_IMhM¬_v_�JÁ@gLNEVHÁMÕB�@<BCH}JAZh_
Zh³(B6±jZOU<BCZhHk_j; W _�J`JA_4¸¹H}FIºEG_�U<\�_�\�LjH`Hk_�>A@gLNUV«BPUNJ�½�MOB�@<EVMO>aBcJaZ¬LNU ωc

_�>kJ�«GF�ÉgU<Z¬_�@gLjE<H �
Rbf = <e(Zhf)|ωc

_�J
jωcLbf = =m(Zhf)|ωcW _I>�F�±oBPMOZ®JAF�>�³�¾IUG_�UNJ�BCE�³ ��³,_�HkF�>AEVM¬JdBcJ��

} � � ωc =
Rbf

Lbf

=
8

µσa2

D1MOEV>�Mh_�HAB�AjLNU�«<E�ÉgM >`_�HAB ¸ÑBCZhf<M¬_�_�J�@VMOEV>4F�Mh_  jF�_�>`_�HABvMOBv¸¹H}FIºEG_�U<\�_
fc

½�@BPH}JaZhH�«V_
MOBCºEG_IMhM¬_�ZhMÏ³�LNUNJAHk_�HABÀE<U�\�Lj³�@gLjH}JA_�³�_�UNJ	�k]BPEGJ`_�¸¹HkF�ºEV_�U<\�_
�d;
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W _�\IBPMh\�EVM ºEV_8UVLjE<>  j_�UVLjU<>�«G_�³�_IUG_�H�@gLjE<H�M¬_I>�\�LNUV«<E<\9JA_�EVH`>�\BAGMOZhU<«VH`ZOºEG_�>4@g_�EGJ
��JaHk_�BPE<>A>AZ HkFIBPMOZh>`F�@gLjE<H�M¬_�>�\�LjU<«VE<\9JA_�E<H`>4«V_�>`_�\9JaZhLjU�ºEV_�Mh\�LjU<ºEG_ �<M¬_ÁHkF�>AE<M®JdBcJ�_�>kJ
Zh«V_�UNJaZhºEV_j;

\']�� � ���{5uvc {�a'bdf���cjt�m�i[e
R HA¯P\�_8½�MÅÄ�BCU<BCM,AG>`_�ºEG_�UVLjE<>  j_�UVLjU<>�«G_�³�_IUG_�H Q UVLjE<>�@VHkLj@SLj>`LjU<>�«G_�Hk_�@<HkF�>`_�UNJA_�H@gLNEVH�MÕBvJALPJdBPMOZ®JAF�«<E-«VLj³(BPZhUV_�¸¹HkF�ºEV_�UNJaZ¬_�M MÅÄÖZO³,@gF�«BPU<\�_�ZhUNJA_�H`UG_ «<BCUV>�Mh_8\�LjU<«<EV\3Â
JA_�E<H�½vMÑÄ�BPZO«G_�«VE�>A\^]VF�³�B8F�ºE<Z
 CBPMh_�UNJ�«G_ÁMÕB�É±jE<Hk_ n;

Y[Z¬±NEVHk_ n; � �	� � �~� ���B�5�p�����7�B�j� � � ��� ��� � ��� �)���$� �p�j���B��� � � � �5��
 �

1k 10k 100k 1M 10M 100M 1G
0

5

10

15

20

25

fréquence (Hz)

Erreur (%) par rapport à Z
int

Y[Z¬±NEVHk_ �G; �:�$���B�5� �+�)�Y�1� ���+�)�B��~�7���"�)�[�"�/�2��� �����%�����
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=  N_�\�\�_�J`JA_�Hk_�@<HkF�>`_�UNJdBcJaZhLjU Q MÅÄÖZO³,@gF�«BPU<\�_�ZOUNJ`_IHkUV_�_�>kJ4«VLjU<\ÁBP@<@VHkL�\3]GF�_�@BPH'�
}ðn � Ẑ �������	��
����� = Rdc +

jωLbf Ẑhf

jωLbf + Ẑhf

e�BCUV>�M¬_ «VLj³�BCZhUV_�¸¹HkF�ºEV_�UNJaZ¬_IM Q >`_�>(\IBPHABP\9JAF�H`ZO>kJAZOºEG_I>�>`LjUNJ�Hk_�@<H}FI>`_�UNJAF�_�>�>AE<H�Mh_�>É±jE<H}_I>1l Q Î�_�J � ;6¶1Ä�_�H`Hk_�E<H[Hk_�MÕBcJaZ
 N_!>AE<H M¬_�³�L�«<EVMh_'BP>A>`L�\�Z¬F�_!½4\�_�JkJA_�BP@<@VHkLIÐVZh³(BcJaZ¬LNU_�>kJ�BPE�³�BcÐVZh³ÀEV³ «V_8l6m�� @BPH�HABC@V@gLNH}J�½vMÕB ¸ÓLjU<\9JaZ¬LjU$_�Ð<BP\9JA_~}ÅY[Zh±<; � � ;
W _�JkJA_�«G_�H`U<Z¬¾�Hk_�@S_�H`³�_�JÁF�±NBCM¬_�³,_�UNJ�«V_(³�Z¬_�E�Ð�BP@<@VHkF�]V_�U<«G_�HÁMh_�>�«VLj³�BCZhUV_�>�@gLjE<HM¬_I>AºEG_�MOM¬_�>�M¬_�>4BP@<@VHkLIÐVZh³�B6JaZ¬LjU<> Ã YÆ_�J·Ô�YË>`LNUNJ�_9Ð<BC\9JA_�>�;�=[LNE�JA_�¸ÓLNZh> Q «BPU<>4MÕBv@VMOEÂ@BPH}J�«V_�>�\�BC> Q MÑÄ�Zh³,@SF�«<BCUV\�_?ZhUNJA_�H`UG_�«VE�\I¯Pf<M¬_?_�>kJ	�k³�BC>AºEGF�_ ��@BPH�>`LNU�ZOUV«<E<\9JdBPU<\�__9Ð�JA_�H`UV_ �G\�_�JkJA_�_�H`Hk_�EVH�UÿÄÖ_�>kJ�«VLjU<\·@<MhE<>  GZO>AZhf<M¬_j; » MOM¬_·UV_�>`_�>`_�HAB �� GEG_
��ºEV_�>AZÏMÅÄ�LjU>`_�@VMÕBP\�_�>AEVH�EVUV_ÁHkF�>`LjUBPU<\�_�«VE�\�¯Pf<MOBP±C_j;

� � XJMÁ¥'¢TR�K ¦TZÒ¢TR I�K ¦�¥ W Z%ª}¢TK £5K�W MÁ¥Ò¤+KJI
��]_^ � cjt� bdt/m y t �7m oqm eCk�m 
qm�cjb
¶ÏBÀ«<Z���\�E<M®JAF·\�LjU<>AZh>kJA_·½ _9ÐV@<HkZO³�_�H�MOBÀHkF�@gLNUV>`_�JA_�³,@gLNH}_IMhM¬_·«G_�MÑÄÖZO³,@gF�«BPU<\�_?]BPEGJA_
¸¹HkF�ºEV_�UV\�_

Zhf

«VLjUNJ�M¬_I>�@VHkLj@<H`Z¬F�JAF�>
R
_�J

L
«GF�@S_�UV«V_�UNJ�«V_xMOBÆ¸¹HkF�ºEG_IUV\�_N; » UEGJAZOMhZO>aBPUNJ�M¬_�>A\^]VF�³�B�«V_·MÕBÁÉ±jE<Hk_Án Q MOB�JA_�UV>AZhLjU�BPE$fgLNH`UG_�«G_�MÑÄÖZO³,@gF�«BPU<\�_�ZhUNJA_�H`UV_>�Ä�FI\�H`Z®J��

u1(t) =
=�Y −1

(
Ahf

√
jωÎhf(ω)

)

L��
Ahf = 1

2πa

√
µ
σ

F�JdBPZ®J�«GF�ÉU<ZÏ«<BCUV>�MÑÄÖF�ºEBcJaZ¬LNU }ÑÎ � ;D LjE<H�_�¿X_�\9JaEV_�H�\�_�\�BPMO\�E<M Q LjU�«VF�ÉgUVZ¬J4MOBx� �$�$�p����� ���1� �"�/�2�)���[�)�p��� \�Lj³,³,_ÀÌ��IÍ��
} � � D

1

2 ihf(t) ≡
∫ t

0

dihf(τ)

dτ

dτ√
π(t − τ)

=
1

2π

∫ ∞

−∞

√
jωÎhf(ω)ejωtdω =

=�Y −1

(√
jωÎhf(ω)

)
.

e4_ ³ ��³�_�ºEV_
jω

_I>kJ$MÅÄ�Lj@SF�HABcJA_�E<H,¸¹HkF�ºEV_�UNJaZ¬_�M�«V_ MOB «GF�H`Z  jF�_ @<Hk_�³,Z¬¾IH}_ Q √jω\�LNHkHk_�>A@SLjU<« ½ËMOB «GF�H`Z  jF�_ ½ËMOBÆ@<E<Zh>A>aBPU<\�_ EVU�Â�«G_�³�ZÑ;�¶1Ä�LN@gF�HABcJA_�E<H
D

1

2

BP@<@VMOZhºEVF
«V_�EÐ$¸ÓLjZO>�_�>kJ�MOBÀ«VF�H`Z
 jF�_�@<Hk_�³,Z¬¾IH}_N;
=?ZhU<>AZ MOB8JA_�U<>AZ¬LNU

u1(t)
>�ÄÖF�\�H`Z®J��

}�� � u1(t) = AhfD
1

2 (ihf(t))
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¶1ÄÖ_9ÐV@VHk_�>A>AZhLjU UE<³�F�H`ZOºEG_�«V_�MOB�«VF�H`Z
 NF�_À¸¹HABP\9JaZ¬LNUVUBPZOHk_v@S_�E�J ��JaHk_�«VF  j_IM¬Lj@<@gF�_�«V_
@<MhE<>AZ¬_�E<H`>·³�BCUVZh¾�Hk_�>ÀÌ���Íð; ��LNEV>�@VHkF�>`_IUNJ`_IH}LNUV>�MÑÄ�BP@<@VHkL�\3]G_v«V_ R H��<U |�BPMh«�Âk¶©_�JaUVZOTPL  ºE<Z \�LjU<>AZh>kJA_Á½ EGJaZhMOZh>`_�H�MÕBvHABP\�ZOUG_�«ÿÄ�EVU�Lj@gF�HAB6J`_IEVH4BPE�Ð�«<Z®¿XFIH}_IUV\�_I>�ÉgUVZh_�>�;
D LjE<H!E<U�@BP>'«V_�J`_I³,@V>

∆T Q M¬_�>A\3]GFI³�B�«<Z®¿©F�Hk_�UV\�_�>7ÉgUVZh_�>'«G_?MÕB�«GF�H`Z  jF�_�@VHk_�³�Z¬¾�Hk__�>kJ�«GLNUVUVF�½ MÅÄ�BCZh«V_�«V_�>�FI\^]BPUNJaZhMOM¬LNUV>
ihf
n = ihf(nh)

�
[
dihf(t)

dt

]

n

≈
(

ihf
n − ihf

n−1

∆T

)
=

1

∆T
(Id − χ) (ihf

n )

L��
Id
_�J

χ
>`LjUNJ�M¬_�>�LN@gF�HABcJA_�E<H`>�Zh«V_�UNJaZ®JAF _�J�Hk_�JdBPH`«ÈJA_�MO>$ºEG_

Id(in) = in
_�J

χk(in) = in−k

; i U8@S_�E�JÒBCM¬LjH`>1«VF�ÉU<ZhH1MÅÄ�Lj@SF�HABcJA_�E<H"«VF�H`Z
 NF�_'¸¹H`BC\9JaZ¬LNUVUBPZOH}_�\�LN³,³�_ �
[

d
1

2 ihf(t)

dt
1

2

]

n

≈
(

1

∆T
(Id − χ)

) 1

2

(ihf
n )

i U·EGJaZhMOZh>`_%M¬_%«VF  N_�M¬LN@V@g_I³�_�UNJÿMOZh³,Z¬JAF1@SLjE<H «GF�\�HkZOHk_%MOB�«VF�H`Z
 NF�_1¸¹HABP\9JaZhLjU<U<BCZhHk_%\�Lj³�³�_ �

D
1

2 =

√
1

∆T
(Id − χ) =

1√
∆T

(
Id +

n∑

k=1

αkχ
k

)

_�U�UVLPJdBCUNJ
αk

M¬_�>�«VZ¬¿XF�Hk_�UNJA_�>�\�LjUNJaH`Zhf<E�JaZ¬LNUV>�«VE�«GF" j_�MhLj@<@g_�³�_�UNJ�MOZh³,Z¬J`F �
αk = (−1)k ·

1

2
(1

2
− 1)...(1

2
− k + 1)

k!» U(BP@<@VMOZhºEBPUNJ!\�_4HkF�>AEVM¬JdBcJ!«BPU<>H}�� � Q MÕB�JA_�U<>AZ¬LNU,BPE�ÐvfgLNHkUV_�>'«G_�MÑÄ�Zh³,@SF�«<BCUV\�_ Zhf>�Ä�FI\�H`Z®J��
}�� � u1

n =
Ahf√
∆T

(
ihf
n +

n∑

k=1

αki
hf
n−k

)
.

��] \ � hjbdy cji[eCe h�egcjt
¶1Ä�Zh³,@gFI«<BCUV\�_�ZhUNJA_�H`UV_�«VE�ÉgM _�>kJ?MÑÄ�BP>A>`L�\�ZÕBcJaZ¬LNU�«G_�>�\�LN³,@gLN>aBPUNJa> �kfBP>A>`_�>�¸¹HkF�ºEV_�UÂ
\�_�> �

Rdc

_�J
Lbf

_�J7«ÏÄÖE<Uv«VZO@��jMh_
Zhf

;oD LNEVH7\�LjU<U<B��3�®JaHk_�Mh_�\�LjE<HABPUNJ1JALPJdBPMGJaHAB" N_�H`>aBPUNJ
MÑÄ�Zh³,@SF�«<BCUV\�_�ZhUNJA_�H`UV_ Q UGLNEV>4F�\�H`Z  jLjU<>�Mh_�>�MhLjZO>�«V_	��ZOHk\3]<]GLC¿ }¹M¬LNZ «G_I>�UVL_�EV«<>�@gLjE<H
M¬_I>�\�LNEVHABPUNJa>�_�J4MhLjZÏ«V_�>�³�BCZhMOM¬_�>�@gLNEVH4M¬_I>�JA_�U<>AZ¬LjU<> � �

in = ibfn + ihf
n

un = u1

n + Rdc

(
ibfn + ihf

n

)
¶©_�>�_9ÐV@<Hk_�>A>AZ¬LNUV>$«V_�>�\�LNEVHABPUNJa>

ibfn
_�J

ihf
n

_�U ¸ÓLjU<\9JaZ¬LNU «V_xMOBËJ`_IUV>AZhLjU
un

>`LjUNJ
«VLjU<UGF�_I>�@BPH'�
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ihf
n =

1

1 + K
Ahf

R

[
un

Rbf

− ibfn−1
+ K

Ahf

R

n∑

k=1

αki
hf
n−k

]

ibfn =
1

K

[
−ihf

n +
1

Rbf

(
un + Ribfn−1

)]

L�� �
}�� � R =

Lbf

∆T
, K =

(
1 +

R

Rbf

)
.

��]�� �:f/uvf egc�e f�hjilkdb idh�u��dy�mnk �3{  ��cji[egf�t/t�hji�r
¶1ÄÖ_9ÐV@<H}_I>A>AZ¬LjU }�� � «V_vMÕB�J`_IUV>AZhLjU u1

n

>`LjE<>}Âð_IUNJ`_IUV« ºEV_�MÑÄ�LNU «GLNZ®J·J`_IUVZOH?\�Lj³�@�JA_
«V_�JALjE<>�M¬_�>'F�\3]<BCUNJaZhMhMhLjU<>!@BP>A>`FI>�; W _�\�ZXZh³,@<MhZOºEG_�ºEV_�MOBÁ³�Zh>`_�_�U��ÁE  GHk_�«VE�\�BCMh\�E<M¸¹HABP\9JaZhLjU<U<BCZhHk_�«G_I³�BPU<«G_�E<UG_�\�BP@BP\�Z¬JAF$«V_�³�FI³�LjZOH}_�Zh³,@SLjH}JdBPUNJA_�_�J�EVU°UVLj³ÀfVHk_
F�Mh_  jF�«ÿÄÖLj@gF�HAB6JAZhLjU<>�;
="LjEGJ`_�¸ÓLjZh> Q MÑÄ�BPUBPM,AG>`_%«V_!MÅÄ�_9ÐV@<Hk_�>A>AZ¬LNU·«V_!MÅÄÖZO³,@gF�«BPU<\�_%ZhUNJA_�H`UV_Ò«<E�ÉMNUGLNEV>*B�@S_�H`³,Zh>«ÏÄ�F�JdBPf<MhZOHÒ«V_�E�Ð(«GLN³�BPZOUG_�>!«G_�¸ÓLNUV\�JAZhLjU<UG_I³�_�UNJ��jMh_�«GLN³�BPZOUG_ �k]<BCE�JA_�¸¹HkF�ºEV_�UV\�_
��_�J
M¬_�«VLj³�BCZhUV_ �kf<BC>A>`_·¸¹HkF�ºEV_�U<\�_
��>`F�@BPHkF�>�@<BCH�MOB ¸¹HkF�ºEV_�U<\�_

fc

;
¶©_8\IBPMh\�EVMÿ¸¹HABP\�JAZhLjU<U<BCZhHk_�Hk_�@<H}FI>`_�UNJA_8M¬_�\�LN³,@gLNHKJA_�³,_�UNJ �k]<BCE�JA_Á¸¹HkF�ºEV_�U<\�_
��«<E�ÉM QZhMUV_4@<Hk_�U<«�_�U,\�LN³,@GJ`_4ºEG_�«V_�>  CBCHkZÕBcJaZ¬LNUV>!HABP@<Zh«V_�>Ò«V_4\�LjE<H`BCUNJ'ZOUNJ`_IH� N_�UBPUNJ!«BPU<>
«V_�>4JA_�³,@<>4ZOU�¸ÓFIHkZh_�E<Hk>�½

Tc = f−1

c
Q \�_�J`_I³,@V>�UV_8«VF�@g_�U<«<BCUNJ�ºEG_ «G_�>�\IBPHABP\9JAF�H`ZO>}ÂJaZhºEV_�>�«<E�\I¯Pf<M¬_j;

¶©_ÁUVLj³ÀfVHk_·«ÏÄ�FI\^]BPUNJaZhMOM¬LNUV>�@<H`Zh>�_�U�\�LN³,@GJ`_�@g_�EGJ4«VLjU<\ ��JaH}_ÁHkF�«<EVZ¬J�½ÀE<U�UVLj³ÀfVHk_
³,ZOUVZO³ E<³ «ÿÄÖF�\3]<BCUNJAZOMhMhLjU<>

Nc

«V_�JA_�MOM¬_�³�BPU<Z¬¾IH}_�ºEG_ �
}L��m � Nc∆T ≥ Tc

>`LjZ¬J
Nc ≥

2πLbf

∆TRbf

.

� � X�RG§HI�£ Z%£ RÊ¦TK Rª�W §HILZ%£�ªK¥'¢
i U�\�LNUV>AZO«G¾IH}_�MÅÄÖZh³�@gF�«BPU<\�_�ZOUNJ`_IHkUV_�>`_�E<M¬_�«ÿÄ�EVU,ÉM©BcJ`JdBPºEVF?@<BCH'E<U,±jF�UVF�HABcJA_�E<H!«V_
JA_�U<>AZ¬LjU(«G_

1V
;G¶ÏB�\�LjUGÉ<±NEVHABcJaZhLjU�«V_?\�BCMh\�E<M\�LjH`Hk_�>A@gLNUV«$½Á\�_�MOM¬_�«ÿÄ�EVU,ÉMX«G_
	`BCEG±j_

=�� R lClx}¹«G_8HAB�AjLNU
a = 0.36mm � _�U�\�EVZ  GHk_ }

σ = 5.2107S/m � _�J�«V_8M¬LNUG±NEG_�E<H
1
³�;G¶©_�JA_�³,@<>

Tc

@gLNEVH�\�_�ÉgMS_I>kJ�«V_
6, 7µs Q BPZOUV>AZS>`_IM¬LjU(MÑÄÖF�\^]BPUNJaZOMhM¬LNUVUB6±j_�\3]GLNZh>AZ QM¬_�UVLj³ÀfVHk_�«ÿÄÖF�\^]BPUNJaZOMhM¬LNUV>�@VH`Zh>�_�U�\�LN³,@GJ`_�@gLNEVH�M¬_�\�BPMO\�EVM©JA_�³,@SLjHk_�M  PBCH`Z¬_�HABG;

¶©_Á\�LNEVHABPUNJ�\�BPMO\�E<M¬F·@BPH4MOBÀ«VF�H`Z
 NF�_�¸¹HABC\9JaZ¬LjU<U<U<BCZhHk_�>`_IH`Bv\�Lj³,@BPHkF�B! N_�\
Rbf

@gLjE<H
M¬_I>�>AZ¬±jUBPE�Ð �kf<BC>A>`_�>�¸¹HkF�ºEV_�UV\�_�> ��_�J�BCEÐ �k³�F�Ja]VL�«G_I>�\�MOBC>A>AZhºEV_�> �4ºE<Z©\�LNUV>AZO>kJA_�UNJ�½
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¸ÑBPZOHk_�Mh_�\�BCMh\�E<MÏ«<BCUV>4M¬_�«VLj³�BCZhUV_?¸¹HkF�ºEV_�UNJaZ¬_�MÏ@<EVZO>�_�¿©_�\9JaEG_IH�EVUV_Y="HABCUV>k¸ÓLNHk³(BcJaZ¬LNU
«V_-YGLjE<HkZh_�HÀZhU  j_IHk>`_N;7e?BPU<>vM¬_�«GLN³�BPZOUG_�¸¹HkF�ºEV_�UNJaZ¬_�M Q MÑÄÖZO³,@gF�«BPU<\�_(_9Ð<BP\9JA_ }L� � _�J\�_�MOM¬_�\�LjH`Hk_�>A@gLNUV«BPUNJ�BPE�>A\3]GFI³�B�FIºEVZ  PBCM¬_�UNJ }ðn � >`_�HkLNUNJ�E�JaZOMhZh>`F�_�>�;
� ]_^ `Ti ��cjrgr�m wzy {�a'b�m�i� m�� h��

Rbf
k�h�uvf�i�m

´ EVH�MOB É±jE<Hk_ � Q Mh_Á\�LjE<HABPUNJ�@gLjE<H�EVUV_�JA_�UV>AZhLjU�>AZOUEV>`L��Å«BPMh_8½ 5kHz
_�>kJ�Ljf<>`_�H  jFN;

i Uv\^]VLjZO>AZ®JÒ«V_�«VF�@V]BP>`_IH7\�_�J`JA_�JA_�U<>AZ¬LjU�B6ÉU�«V_4\�H}F�_�H1EVU�>aBCE�J!«V_�J`_IUV>AZhLjU�½ �kMÑÄ�BPMOMhE�Â
³�BP±C_
� }ÝJA_�³,@<>!«V_�³�LjUNJAF�_4F�±NBCMg½

∆T � ;j= \�_�J`JA_�¸¹HkF�ºEV_�U<\�_ Q LjU�@g_�EGJ�\�LN³,@BPHk_�H%Mh_HkF�>AE<M®JdBcJÒ½·\�_�MhE<Z�ºEV_�«VLjU<UG_IH`BCZ®J%MOB�HkF�>AZh>kJdBPU<\�_
Rbf

>`_�E<M¬_I³�_�UNJ�;P¶ÏB�\�LjH`Hk_�>A@gLjU<«BPU<\�_
_�UNJaHk_�M¬_I>�«G_�E�Ð(\�LNEVH`fg_�>�_I>kJ�ºE<BC>AZ�Â�Zh³,³�FI«VZÕBcJA_ �oe?BPU<>�M¬_�>

6
@<H}_I³,Z¬¾�Hk_�>

µs Q Mh_�\�LNEÂHABPUNJ?UV_8>AEVZ¬J?@<BC>�MOBÀJA_�U<>AZ¬LNU Q ZOM _�>kJ?«ÏÄ�BPfSLjH`«�UE<M��g\�_�\�ZÏJaHABP«<EVZ¬J?M¬_�\�LN³,@gLjH}JA_�³�_IUNJ
�k]<BCE�JA_�¸¹HkF�ºEG_IUV\�_ � }

Zhf → ∞ � «<E$ÉM @SLjE<H�M¬_Á>aBCE�J�«G_·JA_�UV>AZhLjUÏ;
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Y[Z¬±NEVHk_ �; �:�$���B�5� �+�)�Y�1� ���+�)�B��~�7���"�)�[�"�/�2��� �����%�����

D LjE<H�\�_�J`JA_�>AZh³ÀEVMÕBcJaZ¬LNU Q M¬_�@BP>�«V_ÁJA_�³,@<>�_I>kJ�«V_ 1µs
�S>`_�EVMh_�³�_�UNJ

7
F�\3]BPUNJaZhMOM¬LjU<>

LjUNJ4F�JAF�@<H`Zh>�_�U�\�LN³,@GJ`_�@gLjE<H4M¬_�\�BPMO\�EVMX¸¹HABP\9JaZhLjU<U<BCZhHk_j;

� ] \ � cji�rCt�mnk�h�uvcjf�i�mxf/i�e m y�uv{�k�f�cjfpy�m
´ EVH�MOB�É±jE<H}_ � Q Mh_À\�LjE<H`BCUNJ�@gLNEVH�E<UG_ JA_�UV>AZhLjUx½ 300kHz

_�>kJ·Hk_�@<HkF�>`_�UNJAFj; D LjE<H
\�_�J`JA_?>AZh³ÀE<MOBcJaZhLjU Q UVLjE<>�UVLjE<>�BcJ`JA_�UV«VLjU<>�½�E<U�³�B�ÐVZO³ E<³ «ÏÄ�_�H`Hk_�E<H�@<BCH'HABC@V@gLNH}J�½
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MÑÄ�Zh³,@SF�«<BCUV\�_?ZhUNJA_�H`UG_·_9Ð<BP\�J`_�«VE�ÉgMÑ; » U�_�¿X_�J�MÅÄ�F�\�BCH}J�_�UNJaH}_�M¬_�>�«G_�E�Ð$\�LjE<H`BCUNJa>�_�>kJ«V_�MÑÄ�LNH`«VHk_�«V_Àl6m���;X¶ B�@VHk_�³�Z¬¾�Hk_�Lj>A\�ZOMhMOB6JaZ¬LjU�UÿÄ�BcJ`JA_�ZhUNJ�@<BC>�M¬_Á³ ��³�_�UVZ  j_IBCE�ºEV_
M¬_I>'BCE�JaHk_�>'@gLjE<H!Mh_�>'³ ��³�_�>7HABCZh>`LjU<>'ºEG_�@<H}FI\�F�«V_�³,³�_�UNJ�;P=?EÐ�@<H}_I³,Z¬_�H`>!ZhU<>kJaBCUNJa> QMOB  CBCHkZÕBcJaZ¬LNUÆ_�>kJ JAHkLN@ HABP@<Zh«V_�_�JÀMÅÄÖZO³,@gF�«BPU<\�_  GEV_�@<BCH Mh_�\�LjE<HABPUNJv_�>kJ �kZhUGÉU<Z¬_ �
\CÄÖ_�>kJ�@gLNEVH`ºEVLjZ M¬_�\�LNEVHABPUNJ4_�>kJ4UE<MÏ_�J�UVLjU�@<BC>�³(B�ÐVZh³ÀE<³�;
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Y[Z¬±NEVHk_ �G; � �B� �$���8���B�5� ���p���������2� �8� ������	��
���
�j�p������� ���

D LjE<HÒ\�_�JkJA_4@VHk_�³,Zh¾�Hk_�>AZh³ÀE<MOBcJaZhLjU Q M¬_4@<BC>Ò«V_�JA_�³�@V>7_I>kJ!«G_ 0.1µs
�
69
F�\3]<BCUNJaZhMhMhLjU<>

LjUNJ4F�JAF�@<H`Zh>�_�U�\�LN³,@GJ`_�@gLjE<H4M¬_�\�BPMO\�EVMX¸¹HABP\9JaZhLjU<U<BCZhHk_j;
e4_�³ �I³�_ >AE<H�MÕB�É<±NEVHk_�� Q MÕB(JA_�UV>AZhLjU�Zh³,@gLN>`F�_8_I>kJ�E<UG_,ZO³,@VE<Mh>AZhLjU «VLjUNJÁM¬_�>·\�B�ÂHABP\9JAF�H`ZO>kJAZOºEG_I>�>`LjUNJ�M¬_�>�>AEVZ  CBPUNJA_�>J�

� M¬_·JA_�³,@<>�«V_�³�LNUNJAF�_�_�J�«G_Á«V_�>A\�_�UNJA_�_�>kJ�«V_ 20ns �

� MOBÀ«<EVHkF�_Á«V_�MÅÄÖZO³,@VE<Mh>AZhLjU(_�>kJ4«V_ 1.4µs
;

=?ZhU<>AZ�@gLNEVHvMh_�> ³,Lj³�_�UNJa>�\�LjH`Hk_�>A@gLjU<«BPUNJ�BPE J`_I³,@V>À«V_�³�LjUNJAF�_ Q MÕB \�LjH`Hk_�>A@gLNUÂ«BPU<\�_v_�UNJaH}_,MÕB$\�BPMO\�E<M[¸¹HABC\9JaZ¬LjU<UBPZhHk_v_�JÁ\�_�MOEVZ7B! j_�\vMÅÄÖZh³�@gF�«BPU<\�_�_9Ð<BC\9JA_À_I>kJ·JaHk¾�>
fgLNUVUV_Á³�BPZO>�@gLjE<H4«G_�>�JA_�³,@<>�@<MhE<>�MhLjUV±j> Q _�MhMh_�_�>kJ�«GF�±jHABP«VF�_j;
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� ]�� `Ti �dcjb�egm wzy {�a'b�m�i� m�� h��
Zhf

kdh[uvf�idm
¶ÏB É±jE<Hk_ ��mÆ\�LjH`Hk_�>A@gLjU<« ½ËE<UV_ _9ÐV\�Z®JdB6JAZhLjU ½

100MHz
;�e�BCUV>�\�_�J`JA_ ±NBP³�³�_

«V_Á¸¹HkF�ºEG_IUV\�_ Q MÑÄ�BC@V@<HkLIÐVZh³�B6JAZhLjU�«<E->A\^]VF�³�BÀF�ºE<Z
 CBCM¬_�UNJ4_�>kJ�JAHk¾�>�fSLjU<UG_j;Ï¶1Ä�BCMhMOEVHk_«VLjU<UGF�_�@BPHÀM¬_�\�BCMh\�E<M�«<BCUV>vMh_$«VLj³(BPZhUV_�¸¹HkF�ºEG_IUNJAZh_�M'_�J�@<BCH Mh_$\IBPMh\�EVM!JA_�³,@gLNHk_�M
«<ZhHk_�\9J�>`_Á\�LNH`H}_I>A@gLjU<«G_IUNJ�;
D LjE<H·\�_À\�BCMh\�E<M Q M¬_v@BP>�«G_ÀJA_�³,@<>?_�>kJ·JaH}¾I>?¸ÑBCZhf<M¬_ }

0.5ns � Q JALjE<>·Mh_�>?F�\3]BPUNJaZhMOM¬LjU<>«<E�>AZ¬±NU<BCM©LNUNJ�F�JAFÁ@<HkZO>�_IU�\�Lj³,@GJA_j;
´ Z M¬_·>AZh±jUBPM B! CBPZ®J4«VE<HkF�E<U$JA_�³,@<>�>AE<@gF�H`Zh_�EVH4½

Tc
Q UVLjE<>4BCEVH`ZhLjU<>�@<H`Zh>�_�U�\�Lj³�@�JA_M¬_ÁUVLj³ÀfVHk_�«ÿÄÖF�\3]<BCUNJAZOMhMhLjU<>

Nc

UVF�\�_I>A>aBPZhHk_�@gLjE<H�\�LjE  GH`ZhH�Mh_�J`_I³,@V>
Tc

}¹Zh\�Z B" N_�\�EVU
@BP>À«G_(JA_�³,@<>8«V_

0.5ns Q \�_�\�Z'UVF�\�_�>A>AZ¬JaBCZ®J 13398
F�\3]<BCUNJAZOMhMhLjU<> � �"ZhM�>�Ä�BP±jZ¬J MO½-«<EUVLj³ÀfVHk_ �}³�BcÐVZh³ÀEV³ ��«ÏÄ�F�\3]<BCUNJaZhMhMhLjU<>·BCE «G_IMO½$«<EVºEV_�M7M¬_�\�BCMh\�E<M[¸¹H`BC\9JaZ¬LNUVUBPZOH}_�UV_

«VLjU<UG_Á@BP>4«G_ÁHkF�>AE<M®JdBcJa>�@<MhE<>4@VHkF�\�ZO>�;
e�BCUV>"M¬_�\�BP>[«VE�>AZh±jUBPMNHABP@<Zh«V_'«V_'MÕB�É<±NEVHk_H��m Q Mh_!UVLj³ÀfVHk_!«ÏÄ�FI\^]BPUNJaZhMOM¬LNUV> ½4@<H}_IUV«<Hk__�U�\�LN³,@GJ`_·@g_�EGJ�_�U<\�LjHk_·@S_�E�J ��JaH}_�«<Zh³,ZOUEGF �o_IU$_�¿X_�J Q >AEVH�\�_�J`J`_·É±jE<H}_ Q Mh_·\�BCMh\�E<M¸¹HABP\9JaZhLjU<U<BCZhHk_�«VLjU<UG_�EVUÆHkF�>AE<M®JdBcJ8\�LjH`Hk_�\9J8«V¾�>ÁM¬_�>8@VHk_�³,Zh_�H`>�ZhU<>kJaBCUNJa>�;1¶ÏB�MhZO³,Z®JA_
³,ZOUVZO³ E<³ «VE UVLj³ÀfVHk_x«ÏÄ�FI\^]BPUNJaZhMOM¬LNUV>$_�>kJ�«VLjU<\ «GLNUVUVF�_�@BPH�MOB ¸¹HkF�ºEG_IUV\�_�«VE
>AZ¬±NU<BCMÑ;
="LjEGJ`_�¸ÓLjZh> Q \�LN³,³�_(LjU UV_�\�LNUVUB8� �®JÀ@BP>,B @<H`Z¬LNHkZ�M¬_�\�LjUNJA_�UE ¸¹HkF�ºEG_IUNJAZh_�M�«<E >AZ�Â±jUBPM">AEVH�Mh_�ºEV_�M LNU-\IBPMh\�EVMh_�MÅÄ�_�¿©_�J?«G_8MÅÄÖZO³,@gF�«BPU<\�_ÁZhUNJA_�H`UV_8«VE \I¯Pf<M¬_ Q Mh_8UVLj³ÀfVHk_«ÏÄ�F�\3]<BCUNJaZhMhMhLjU<>?³�BcÐVZh³ÀEV³ ½$\�LjU<>`_�H  j_�H·UG_�«VF�@g_�U<«xºEV_�«G_�>�\�BCH`BC\9JAF�H`Zh>kJaZhºEV_�>·«VE
\�¯CfVMh_j;

� ��¥!¢?¨ Ik§TRªK¥'¢
="LjEGJ�«ÿÄ�BPfgLNHk« Q MÑÄ�BPUBPM,AG>`_�«V_ MÅÄÖZO³,@gF�«BPU<\�_�ZhUNJA_�H`UV_ «ÏÄÖE<U \�LjU<«VE<\9JA_�E<H?\BAGMOZhU<«VH`ZhºEV_UVLjE<>?B,@g_�H`³,ZO>�«G_�@<HkLj@gLN>`_�H�EVU->A\3]GF�³(BÀF�ºEVZ  CBPM¬_IUNJ�; W _8>A\3]GF�³(B «VLjU<UV_ E<UG_8BC@Â@<H}LIÐVZO³�BcJaZ¬LNU$«G_Á\�_�J`JA_�Zh³,@gFI«<BCUV\�_�ZhUNJA_�H`UV_�>AE<H�JALNE�J�M¬_�«GLN³�BPZOUG_·¸¹HkF�ºEG_IUNJAZh_�MÑ;
D LjE<HÁ³�_�J`JaHk_,_�U�L_�E  GHk_�\�_�>A\3]GF�³(B�F�ºEVZ  CBPM¬_IUNJ Q ZhM!B�F�JAF�UVF�\�_�>A>aBCZhHk_,«V_�JaH}LNE  N_�HE<UG_�³�F�Ja]VL�«G_�@gLNEVH'\�BPMO\�E<M¬_�H%MÅÄ�_�¿©_�J!«V_�@S_IBPE,«BPU<>'M¬_4JA_�³,@gLNH}_IMÑ; ��LjE<>'B! jLNUV>�BPMhLjH`>
³�LNUNJAHkF�ºEV_�M¬_�\�BCMh\�E<M¸¹HABC\9JaZ¬LjU<UBPZhHk_�_�>kJÒ>AZh³,@<M¬_�½�EGJaZhMhZO>`_�H1\�BPH*JALNEV>!M¬_�>%\�L_ ��\�Z¬_IUNJA>
>`LjUNJ�\�BPMO\�E<M¬F�>�BCU<BCM,AJaZhºEV_�³�_IUNJ�;
W LN³,@BPHkF�_À½�MÕB =*HABPU<>k¸ÓLjH`³�F�_À«G_�YGLjE<H`Z¬_�H ?ÅU  j_�H`>`_v«VEx\�BPMO\�EVM[¸¹HkF�ºEV_�UNJaZ¬_�M Q MOB�³�F�ÂJa]GL�«V_�¸¹HABP\�JAZhLjU<U<BCZhHk_�@g_�H`³�_�Jv«G_�\�LjU<>`_�H  j_�HÀMÑÄ�BP@<@VHkL�\3]G_�BPUBPM7AJaZhºEV_�«<BCUV>vM¬_�«VL6Â
³�BCZhUV_8JA_�³,@SLjHk_�M*>aBPU<>�B! NLjZhH·M¬_�>·\�LjUNJaHABPZOUNJA_�>·«V_�MOB =*HABPU<>k¸ÓLjH`³�F�_À«G_�YGLNEVH`Z¬_IH�ºE<Z
UVF�\�_�>A>AZ¬J`_�EVUV_�¸Ó_�U ��JaH}_Á«ÏÄ�BCU<BCM,AG>`_·J`_I³,@gLjHk_�MOM¬_�>AE ��>aBP³�³�_�UNJ�MOBCHk±C_~}Óf<Z¬_IU�@VMOEV>4Zh³vÂ
@gLNHKJdBCUNJ`_ÀºEG_ÀMOB�«VE<HkF�_ «<E >AZ¬±jUBPM"E�JaZOM¬_ � @gLNEVH4JA_�U<ZhH�\�LN³,@GJ`_�«V_�JALNE�J�Mh_8\�LjUNJA_�UE



# � ��� �d� ��
��d�������������
���� � ���d!����$#���&'�)(�*,
"-/.�0��2�3*3� ��� +�5&6
 � 
�# *3��('� 9:�); ��* �
¸¹HkF�ºEV_�UNJaZ¬_�Mÿ«VE�>AZ¬±NU<BCMÑ;
Y[ZhUBPMh_�³�_�UNJ Q M¬_�\�BPMO\�E<M[¸¹HABC\9JaZ¬LjU<UBPZhHk_v_�>kJ�EVUV_,³�F�Ja]VL�«G_�UE<³�F�H`ZhºEV_ÀZOUNJAF�Hk_�>A>aBPUNJA_ºE<Z?@gLjE<H`HABPZ®J ��JaHk_ E�JaZhMOZh>`F�_ @gLNEVH$M¬_ \�BCMh\�E<M�«G_ @<HkLj@B6±NB6JaZ¬LjU «<BCUV>$«V_�>$³�L�«V¾�M¬_�>
JA_�³,@gLNHk_�Mh>�«V_�\�¯Pf<M¬_I>�; W _�J`JA_�³�F�JA]VL�«V_,@gLjE<H`H`BCZ®J ��JaHk_,F�±oBPMh_�³�_�UNJÁBP@<@VMOZhºEVF�_�BPE�ÐZhU<«<EV\9JdBCUV\�_I>�½vUVLgABPE�\�LjU<«VE<\9JA_�E<H9;
� X���XÏ¤�K ¢?¨ K�R
Ì,��Í ´ ;Ö=8; ´ \3]G_�MOTEVUVLP¿ Q�� �+� � �3���"�/�1� � � ��� ���/�2� � �����)�$�v� ���q��� �8�2��� � ������� � � �����2�)�

���p� �$� �)�+�����%�<�p���)�$�2����� � � �z�"�7� � Q Ô!_�MOM ´ AG>kJA_�³ ="_�\3]VU<Zh\IBPM©:CLjE<H`U<BCM Q i \9J�;'� �jÎ � ;
Ì�l�Í » ;	��LjE<f<ZhUV_ Q ��� ���[�$� �"���H�j���B��� ����
 � � � � � Q ����_  GEG_�«ÏÄ i @�JaZOºEG_
� Q � �on � ;
Ì�Î6Í R ;XYGLjE<HkUV_�J Q � �3���"�/�1� � � ��� ���/� � � � �+�)� �7�$� �������8�/�2�)�+� �7�����8�3�$� Q©¼ BP>A>`LNU Q � � �on;
Ì � Í ´ ;��BP³�LÀ:V;�·; � ]<ZhU<UV_�HLA Q =�;��'BCU�e�E���_�H Q� �z�"�7� �Y�)�[��� �)�%��� �p��� � � ���5������������2�)� � �3�������������2�B� Q ÎPH`«�_I«ÿ; Q :CLj]<U � ZhM¬_"A$BPU<« ´ LjU<> Q � � � � ;
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