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�����! �"$#%�'&)(+*-,/.102,3&)*�45#$�6(+"7&)"$&)8�,9*90:�;#%8	<= ><=,3&�4?8@(+��AB&	CED'"%"F G4�0IH'&)"$"%&)HJA! K(
8)D'*�*9&��L,M<�0:D'*98�&+NPO@Q6N'#$�2R6(+*3(S"%"%&�"T.U#F,3VW(�<�VLD'�!,�#$45RB&)H6(S�'8)&YX�Z\[^]/_

���`8�D'*9*�&)�!,a<�0:D'*98�&�H'*�#$b:&�<c(d8)0:�'<=,e(+�!,a8�D'*9*�&)�!,f,9V'*90+D'g:Vh(+�! i8)#$*98�D'#$,58)0:�Ij
�'&)8k,3&�HW,90l#$,@_nmoV'&p8)#%*�8)D'#F,o<� I4	AB0:"TD'<9&�HWCE0:*U(	8�D'*9*�&)�!,M<90:D;*98)&p#$<q,/.q0r#$�L,9&)*sj
<9&�8�,3#$�'gr8)#$*98)"$&)<U(+<U<�V'0t.U�G#%�a,9V'&pH'#u(+g+*3(+4W_

Unknown
I S Zout

v #%g:D'*�&pw+x;_Fy:z|{M0:*�,90:�2&)}LD'#$bS(+"$&)�!,M8)#$*98)D;#$,@_

moV;#%<o,3V'&�0:*9&�4�#%<~,9V'&p8)0:4�R'"%&�45&��!,U0+CnmoV1�&�b:&��'#%����<M,3V'&�0:*9&�4�A'D;,MD'<9&�<-8�D'*9*�&)�!,
<90:D'*�8)&�<�(+�;HW8)(+�2,3V'&�*9&�CE0+*9&pg:#$b+&Y(+�W(+"$,9&)*9�'(S,3#Fb:&p(+�6(S"$ I<9#$<~b>#$&�.URB0:#%�!,oCE0:*o8�#%*�8)D'#F,3<)_
moV'&50+�'&5H;#%<3(SH;bS(+�!,e(+g:&r#$<p,9V6(S,Y&k�;(+4�R'"$&)<Y0+Cq8�0:�'<=,e(+�!,	8�D'*9*�&)�!,�<90:D'*�8)&�<	(+*�&5�'0S,
(+<o*9&)(+H'#%"F a(@bS(+#%"%(+A'"$&�(+<U&k�;(+4�R'"$&)<o0+C7b:0:"F,e(+g+&�<90:D'*�8)&�<)_� &)*�V6(+R'<U,3V'&�<�#%4�R'"%&�<�,~.q(@ a0+C�bI#%&k.U#%�'g�(	8)D;*9*9&��!,�<�0:D'*98�&�#%<~,90rbI#$<9D6(+"$#%��&�#$,o(+<
(�V'#$g:V�b+0:"$,3(+g:&M<90:D;*98)&-#%��<9&�*9#%&�<1.U#F,3Vc(Y"u(+*�g:&U<9&�*9#%&�<1*�&)<�#%<�,90:*)N>(+<1<9V'0t.U�c#$� v #$g:D'*9&
w+x;_�w>_

Current
Source

large
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R

extR

v #$g:D'*9&YwSx;_�wIz��qD'*9*�&)�!,�<�0:D'*�8)&+_
� w
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v 0:*�(�.U#%H'&2*3(S�'g:&W0+C�&^�>,9&)*��6(+"%"F �8)0+�'�'&)8k,3&�H�*9&�<9#%<=,30:*�<)N�,3V'&W8)D'*�*9&��L,5.U#%"$"~AT&
&�<9<�&)�!,3#%(+"%"F c#%�;H'&)RB&)�'H;&)�!,�0SC�,9V'&p&k�I,3&�*9�6(+"�*�&)<9#$<�,3(+�'8)&pAB&)8)(+D'<9&Y#$Csz

��� �=¡£¢=¤�¥ ��¤§¦ ] ,3V'&�� ¨ ���s¡£¢=¤�-���s¡£¢=¤�©��-¤§¦ ]~ª ¨ � �s¡£¢=¤�����s¡£¢=¤Y« O)Q
v 0:*�8)0:4�R6(+*�#%<90+�¬R'D'*�RT0+<9&)<�N�,3V'&f8eV6(+*3(S8�,3&�*9#$<�,3#$8f8�D'*�b+&)<	CE0:*­(Jb:0:"F,e(+g+&f<90+D'*98�&

(S�'HWCE0+*U(r8�D'*9*�&)�!,-<90:D'*�8)&Y(+*�&Y<�V'0t.U�G#$� v #%g:D'*�&pw+x;_ � _

V

Voltage source

I

Current source

I

Vv #%g:D'*�&Yw+x;_ � z�®�̄�°±8eV6(+*9(+8�,9&)*�#%<�,9#%8�<M0SC�b+0:"$,3(+g:&p(+�'HW8)D;*9*9&��!,�<�0:D'*98�&)<�_
² �5450IH'&)"$"%#$�'g�8)#$*98�D'#$,|H'&kbI#%8)&�<~(+�;H5<= ><=,3&�45<�N;&)#F,3V'&�*�,3V'&MmoV1�&�b+&)�'#$�c0:*�,3V;&�{M0:*=j

,90:��(+R;R'*90!(S8eV�8@(+�GAT&Y,e(+³S&)��A'D>,�,3V;&­8eV6(+*9(+8�,9&)*�#%<�,9#%8�<�0+C�,9V'&­H'&kbI#%8)&�AT&�#%�'g5450IH>j
&�"%"$&)HG<�V'0:D'"$H�AT&�&k�;(+4�#%�'&�H�(+�'HG#$C�,3V;&­8eV6(+*9(+8�,9&)*�#%<�,9#%8�<�(+R'R'*�0@�;#$4f(�,3&p,30f,9V'0:<9&­0+C
(­b+0:"$,3(+g:&-<90:D'*�8)&�́E<9&)& v #%g:D'*�&�w+x>_ �!µ ,3V'&��2,9V'&�moV1�&kb:&��'#%�W45&k,3V'0IHc#$<o(+R'R'*�0:R'*�#u(S,9&+_² CT,3V'&UH'&kbI#%8)&U8eV6(S*3(+8k,3&)*�#%<=,3#%8M(+R;R'*90@�>#%45(S,3&�<�,3V'&U8�D'*9*�&)�!,q<�0:D'*�8)&+NL,3V;&)�r,3V'&M{-0+*�,30+�
(SR'R'*90:(+8eVJ#$<o450+*9&p(+R'R;*90:R'*�#u(S,9&+_¶ �;(+4�R'"%&�<f0+C�H;&�bI#%8�&)<a(+�;H·<� I<=,3&)4�<f.UV'&�*9&G,9V'&GmoV1�&�b:&��'#%�̧ (SR'R'*90:(+8eV�#%<5(+R>j
R;*90:R'*�#u(S,9&	(+*�&+zMA6(S,�,3&)*�#%&�<)N¹H'#$0>H;&)<)N¹ºp�±8�0:�'<=,e(+�!,�b:0+"$,e(Sg:&­RB0t.q&�*�<9D'R'R;"%#%&�<)N»(SD'H'#%0
(S�'HK¼ v <9#%g+�6(+"ng+&)�'&�*3(S,90:*9<�N¹"%&)(+HK(+8)#$H�A6(S,�,3&�*� J8eV6(+*9g+&)*9<�_ ¶ �;(+4�R'"%&�<�0+C�<9D;#$,e(SA'"%&
(SR'R'"%#$8@(S,9#%0:�;<f0+Cp,3V;&K{-0:*=,30:�̧ (+�'(+"$ I<9#$<a(+R'R;*90!(+8eV½(+*�&+z¾R;V'0+,30IH'#$0>H'&�<c#%�h*�&�b+&)*9<�&
A;#u(+<�N;0:D;,9R'D;,o8eV'(+*3(+8k,3&�*9#%<=,3#$8)<~0+C�,9*3(+�'<�#%<=,30:*�<o(+�'H v�¶ mo<o#$�a(+4�R'"%#F¿6&)*�<)N>{-#��qHfA6(S,�j
,9&)*= 58eV'(+*9g:&�*9<�N;8)0+�'<�,3(+�!,o8)D'*�*9&��L,q<9D'R;R'"%#$&)<1CE0+*|À'D'0:*9&�<98�&)�!,U"u(+4�R'<�(+�'H5"u(+AB0:*9(S,30:*= 
<�RT&�8�,9*3(+"»"%(+45R;<)_Á &�.U#$"%"�<�&)&�#%�K,3V'&r.q0+*9³+&�H�&k�;(+4�R'"%&�<�,3V6(S,Y#F,�#$<p&@(+<= d,90J8�0:�!b:&�*�,­CE*�0:4?0:�'&
4�0IH'&)"7,302(+�'0S,3V'&�*�<902#$,�#%<�RB0:<�<9#%A;"%&�,90a450IH'&�"n8)#$*98�D'#$,�<� I<�,9&)4�<Y}LD'#F,3&	&kÂ�&�8�,9#$b:&�"$ 
D;<9#%�;g�&�#$,9V'&)*o4�&�,9V'0>H�_|Ã-0t.q&kb:&�*)NB<90:4�&�#%�'<�#%g:V!,U#$�L,90l,3V'&p8)#$*98�D'#$,o<= I<�,3&�4�#%<o"$0:<�,U#FC
(S�J#$�6(+R'R'*�0:R'*�#u(S,9&�4�0>H'&�"¹#%<UD'<�&)H¹_

moV'&�*9&	#$<-CE*�&)}LD'&)�!,9"$ G(58)0+�L,9*90:"�R6(+�'&�"n(SH�Ä�D'<�,945&��!,�CE0:*M,3V'&�moVq�&�b+&)�'#$��b:0:"F,e(+g:&
0+*U,9V'&Y{-0:*=,30:�28�D'*9*�&)�!,�<�0:D'*�8)&p.UV'#%8eVG(+"%"$0Å.U<1,3V'&Y0:RB&)*3(�,30:*~,90�<�&�,M,3V'&p0:D>,3R'D;,U,90
,9V'&�*9&)}LD'#$*9&�H¬bS(+"%D'&S_2Æ��'8)&5<9&k,@N�,9V'&�<� I<�,9&)4Ç,3V'&��¾g:#$b+&)<Y8)0:�;<�,e(S�L,­0:D;,9R'D;,@_fÈ�0+D
<�V'0:D'"$HW,3(+³+&Y8@(S*9&�.U#$,9VW,9V'&pD'<3(+g+&Y0SCn,3V;&p,9&)*�45<obS(+*9#%(+A'"$&+N;¿;�>&�H�(+�'HW8)0+�'<�,3(+�!,�(+<
(SR'R'"%#$&)Hc,90�b+0:"$,3(+g:&p(+�'H28�D'*9*�&)�!,�<�0:D'*�8)&)<�_² ��0:*�H'&)*-,30a4�&@(+<�D'*9&­,9V'&l{M0:*�,90:��&)}LD'#FbS(+"%&��L,�0+C�(+�! �8�#%*98�D'#$,)NT#F,�#$<�0:�'"F W�'&)8̂ j
&�<9<9(+*� a,90�4�&@(S<9D'*�&p,9V'&p0:RB&)�W8)#%*�8)D'#F,~b:0+"$,e(Sg:&p(+�'H2,3V'&p<�V'0:*�,M8�#%*98�D'#$,~8)D'*�*9&)�!,)_
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��moV'&p8)D'*�*9&��L,-<90+D'*98�&Y#$<Ug:#$b+&)�2A! Tz�O@Q «ÛÚ V'0+*�,U8)#$*98�D'#$,U8�D'*9*�&)�!,t_
��moV'&p0:D;,9R'D;,M#%4�RT&�H6(+�'8�&�#%<og:#Fb:&��JA! Bz1X|Z\[^] «`Ü3ÝuÞ/ß%àUá%â�ã�á%ä�â åæEç�è ÝÓãÓå'á%â�ã�á%ä�â å

é�êMë�ì íWî-ï|ðòñ�ó=ô�õ
wSx;_$y¾�q0:�!b:&�*�,�CE*90+4ömoV1�&�b:&��'#%�l,90�{-0:*=,30:�l&�}LD'#$bS(+"$&)�!,�8�#%*98�D'#$,)z�8@(+"$8)D'"%(S,3&|,3V'&~{-0:*sj

,30:�2&�}ID;#$bS(+"%&��!,U8)#%*�8)D'#F,U0+C7,3V'&pmoV1�&kb:&)�;#%�G8�#%*�8)D'#F,U<9V'0t.U�W#%� v #%g+D'*9&Yw+x>_ É _

3V

600 ΩΩ

I S

Rout

v #%g:D;*9&Yw+x;_ É z ¶ �;(+4�R'"%&Yw+x>_$y:_

Ú V'0:*=,U8)#$*98)D;#$,U8)D;*9*9&��!,@z
moV'&Y{-0:*=,30:�28�D'*9*�&)�!,�<�0:D'*�8)&Y#%<og:#Fb:&)�2A! Bz

O@Q « O)÷§ø^Z ¡ ]Tù�ú ¡ ù�[^ú�]
« ¨ Z§[k]� Z\[^]
«

��û
ü x:x|ý

« þ 4��
Æ�RT&��W8�#%*�8)D'#F,ob:0:"F,e(+g:&Sz
moV'&p0:D;,9R'D;,Ub:0:"F,e(+g+&�CE*90:4ò,3V'&Y{-0+*�,30+�W8�#%*�8)D'#F,U#%<)z

¨ Z\[^] « ¨ Z%ÿ ¤�� ù�ú ¡ ù�[^ú�]
« O@Q�� � Z\[^]

moV'&�*9&kCE0:*9& ��û « þ 45��� � Z\[^]
� Z\[^] «

��û
þ 45�« ü x:x|ý

wSx;_�w��q0:�!b:&�*�,�CE*90+4 {M0:*�,90:� ,30hmoV1�&�b:&��'#%� &�}ID;#$bS(+"%&��!,�8)#$*98)D;#$,@z¸8)(+"%8�D'"u(S,9& ,9V'&
moV1�&�b+&)�'#$�G&�}ID;#$bS(+"%&��!,U0+C�,9V'&Y{-0:*=,30:�28�#%*98�D'#$,U<�V'0t.U�G#$� v #%g:D'*�&pw+x;_ þ _



�Y���^�s����� �Y���6�e���3�k� � þ

1A 10ΩΩ
Rout

VS

v #$g:D'*�&Yw+x;_ þ z�moV1�&�b+&)�'#$�G&�}ID;#$bS(+"%&��!,U0+C�{M0:*�,90:�W8)#%*�8)D'#F,@_

Æ�RB&)�W8)#%*�8)D'#F,~b:0+"$,e(Sg:& ¨ Z§[k] « O)Q�� � Q « y����¾ytx|ý « ytx û

Ú V'0:*=,-8�#%*�8)D'#F,o8)D'*�*9&��L,-O@÷Óø^Z ¡ ]TùEú ¡ ù�[kú�] « ¨ Q� Z\[^] « y7�

moV'&�*9&kCE0:*9& � Z\[^] « ytx û
y�� « ytx|ý

é�êMë/é ���
	���ó=ô7ð õ
w+x;_Fy¬�~(+"%8�D'"u(S,9&�,3V;&�{M0:*�,90:�W&)}LD'#$bS(+"$&)�!,U0+C7,3V'&p8�#%*98�D'#$,U<�V'0t.U�G#$� v #%g:D;*9&Yw+x;_ ü _

8V

220 ΩΩ

1kΩΩ

ΩΩ560

v #$g:D'*9&YwSx;_ ü z � *�0:A'"$&)4�wSx;_$y+_

w+x;_�wi�~(+"%8�D'"u(S,9&�,3V;&�{M0:*�,90:�W&)}LD'#$bS(+"$&)�!,U0+C7,3V'&p8�#%*98�D'#$,U<�V'0t.U�G#$� v #%g:D;*9&Yw+x;_�
>_

ΩΩ
0.1

7Vpp

2kHz

kΩΩ1.5 µµF

470 I S Zout

v #$g:D'*9&YwSx;_�
Iz � *�0:A'"$&)4�wSx;_�wI_


