
�������������
	���������������������	������������ ���!�!�#"��#$�%&'��(��*)���+,�-�.�/�#�102"��-�3��)��4�5��"602��$#�4������)7�8��$9���!:<;=�#+,(>	?����)�@
�A��� �!�5�
B?CED�D#FHG 0I"8�-�3��)��#���8��;J��)7�A	!�K���@L(�)��8�!$ F�D#D#F
MN�#+,�AOJ�#)�PRQHST@
�#"8	����8�#�!�

UWV�X7Y�Z�[]\^X`_#aKb�c d>e�f�gihEjAkmlonipAkIqre�s�hutvtmhrlwtmx�hrnynip�z{nWhE|2}-qrk^|2k^f7nig�~��W��� �����!� �]���W��� ���������y���3}-lik^gig~��W��z�g�z���x�f�t�nihre�f�e��>�����{�#���W��z�f-j�������huf�nipAk2�]e�lw|�e��>z�n�l�xAnip�niz{ -qrk��2¡Wqug�eA��hu|2} qrk^|2k^f7nWnip-hug�qre�s�huttmhrlwtmx-hrnLx-gihufAs�qre�s�hut¢g�£5|v *e�qEgm��z�f�j2x�gihEfAsWz�gw|¤z�quqAf3x�|1 ¥kml
e��¥f5¦8twp�z�f-fAk^q�§�~1¨5©
�!�og?z�f�jI} x�quqª¦8xA}vlik^gihugin�e�lwgm�
«�¬ \^�X3Y�c �.e2®olwhun�k�e�xAn6nip�k�n�lwxAnip�niz{ -qrk���hun¢hEg¢k^z�gihrk^g�n6n�e2¯�l�g�n6x�g�k�°Wk�§±e�lis�z�f�²³g�´.z^®�n�e2likm®ylwhrn�k�nipAkk��5}�lik^gigihue�f/hufµnip�k1�]e�quqre�®�hufAs2�]e�lw|�~����¶� �����!� ���W�y�H�����3�o�op�hugyz�qr®>z�£3gWkm·{z�qux�z{n�k^g�n�eJz=qre�s�hutmz�q#¸mkmliek��At�km}�no®ypAk^f/z�quq¥nipAk�n�kmlw|¹gohuf�nipAkv~�ºTz{lik1qre�s�hEtmz�q�»�gm�!�op�k�n�lwxAnip�niz{ -qrkvhug

����� ���W� ���W� ~����» » » »» » � »» � » �» � � »� » » »� » � »� � » »� � � »
�opAk6tmhrl�tmx�hrnLnip�z{n�hu|2}-quk^|2k^f�nigLnip�hEgLtmz�f¤ *k¢k^z�gihEqr£� -x�hEqrn#®yhunipIe�fAko�¦8hufA}-xAn
��~�º¼s�z{n�k��7e�fAky�¦8hufA}-x�nL�W¡��W°s�z{n�k�� z�f-jµe�fAk1huf7·�kmlin�kml^��j-hrlik^t�niqr£=�½lie�|¾nipAk�k��5}�lik^gigihue�f��?�opAk�qre�s�hut�gi£3|v ¥e�q�hu|2}-qrk^|¤k^f�niz{nihre�fµhEg

IN1

IN2

IN3

OUT

ºokm} quz�tmhufAsInipAk1que�s�hut�g�£5|1 ¥e�qug¢®yhunip�nipAk^hrly��§�~1¨�qre�s�hut�t�e�x�f7n�kmli}-z{lwnigos�hr·�k^g6nip�k1tmhrlwtmx�hun

OUT

IN1

IN2

IN3



UWV�X7Y�Z�[]\^X¼_#aE¿¥c ¡���e�lin�e�fÀk^Á3x�hr·{z�qrk^f�n�fAkmn8®>e�liÂ�hEg1x�g�k^jNn�e�k��5tmhrn�k�z�fAe�f�quhuf�k^z{l�lik^gihugin�e�l�z�gIgipAe®yf ¥k^qre�®1�Ã�opAkµs�lwz{} p�hutmz�q6ÄK¦�ÅHtwp-z{lwz�t�n�kmlwhug�nihEt±nip�z{n¹j�km¯-fAk^g2nipAk±f�e�f�quhufAk^z{l2lwk^gihug�n�e�l¹hEg¤z�qug�e`gip�e�®yfÆ ¥k^qre®��°Wkmn�kmlw|¤huf�kvnipAkIn�kmlw|¹huf�z�q#tmx�lilik^f7n�Ä8Ç*ÈHz�f�j�nipAk�n�kmlw|¤huf�z�q.·�e�qrniz{s�k2Å�Ç*ÈNe��!nipAk2fAe�f�quhuf�k^z{lylik^gihEg�n�e�l��]e�l�z�quq·{z�quxAk^g6e��
ÉmÇ��!ÊWhuf7nmË�t�e�f�gihuj�kmlyx�gihuf�s�qre�z�jA¦8quhufAk�z�f�z�qr£5gihug¢n�e¹s�z�huf±huf�gwhrs�p�nm�

IN RN

INR

vNR

+

-

iNR

vNR
VN

GN
Nonlinear
Resistor

«�¬ \^�X3Y�c d>e�f�gwhujAkml
x�gihufAsWqre�z�jIquhufAk>z�f�z�qr£5gihugm�L�opAkmlik¢z{lik¢n8®>e�j�hªÌ¥kmlik^f7nLtmz�gik^gm��e�fAk¢®ypAk^fIÍ�Ç#ÉmÇNÎ9Ï-Çz�f�jµe�f�k�®ypAk^f±Í Ç É ÇNÐ Ï Ç �!�op�k�qre�z�j±quhuf�k^g>z{lwk1jAlwz�®Ñhuf�nipAk�¯-s�xAlik� ¥k^qre�®
iNR

vNR

Nonlinear
Resistor

Norton

VNRNIN

IN

iNR

vNR

Nonlinear
Resistor

Norton

VN RNIN

IN

Í�Ç#ÉmÇNÎ9Ï-Ç Í�Ç#ÉmÇ Ð Ï�Ç��e�®�t�e�f�nihEf7xAk�®yhrnip/nipAkv|¹z{nip����op�k1¯�lwgin�tmz�g�k��¥®ypAk^f�Í Ç É Ç Î�Ï Ç �¥hugyk^z�gi£ Ë6Ä Ç*È �T»=gie=Å Ç*È �RÍ Ç É Ç ��opAkvg�k^t�e�f�j�tmz�g�k�hEgonipAk�fAe�f±n�lwhu·3huz�q�e�fAk��o�opAk1tmx�lilik^f7nynipAlie�x�s�p±nipAk�fAe�f�quhuf�k^z{l6lik^gihug�n�e�lWhugo}-lie�}¥e�linihre�f�z�qn�e�Å Ç*È�Ò Ï Ç'Ó Ä Ç*È ��Ô Ç �]Å Ç È1Ò Ï Ç ���LÕ'l�hrnihufAs�Ö�d¢´/z{n�nip�k6}*e�gwhrnihr·�k¢n�kmlw|¤huf-z�q7e��¥nipAkof�e�f�quhufAk^z{l
lik^gwhug�n�e�l£5hrk^quj�g6»1� Ò ÉmÇJ�R×iØ�ÙÚ Ø �¼Ô�Ç¢�]Å{Ç*È Ò Ï-ÇL���¢¨3e�qr·5hufAsI�½e�lyÅ{Ç*È's�hr·�k^g
Å{Ç*È�� ÉmÇJ�¼Ï-ÇLÔ�ÇÛÚ Ø �ÃÔ Ç ®ypAk^fÜÍ�Ç.ÉmÇ Ð Ï-Ç

¨5xA  g�nihrnixAnihuf�s�huf�nip�k�k��3}�lwk^gigihre�f��]e�lyÄ8Ç*È`huf�n�kml�|¤g6e��
Å�Ç È`z{ ¥e·�k��-®>k�¯-f�j
Ä8Ç*È�� Í�Ç.ÉmÇ Ò Ï-ÇÛÝ Ø �Þ� ®�pAk^fßÍ�Ç#ÉmÇ Ð Ï�Ç

à Y�á-â
ã]X3ä _#aKb�c ©Ae�qEqre�®yhEfAs/nipAkJfAe5jAk=|2kmnip�e3j��
jAkm·�k^qre�}Æz�g�kmnve���gihu|�x�qrniz�fAkme�x�g1k^Á7x-z{nihre�f�gv�½e�l�nipAkfAkmn4®�e�liÂ5g1gwpAe�®yf� ¥k^qre®�nip�z{n1tmz�f' ¥k¤g�e�qu·�k^j�n�e/jAkmn�kmlw|¤hEfAkInipAk¹x�fAÂ5fAe®yf�fAe3j�k�·�e�quniz{s�k^gm�=���3}�lwk^gig�nipAkg�kmnoe��Lk^Á3x�z{nihre�f�g�huf�nipAk��]e�lw|
Ô åæ

çIè Ûè�éè�ê
ëíì
î ��ï



®ypAkmlwk�ÔÜhug2z���ðN�`z{lilwz^£He���t�e�f�j�x-t�niz�f�t�k±n�kmlw|¤g¹z�f�j9ï�hEg2z��±ð,�µ·�k^t�n�e�lJe���n�kmlw|¹g¹huf7·�e�qr·5hufAs�nipAkÄ�ñ�ò è�ó*è ñ�ò è ñ�ô6g�e�x�lwt�k^gm�
õ�e�x/f�kmk^j±fAe�nyg�e�qu·�k�nipAk�g�kmnoe��
k^Á3x�z{nihre�f�go�½e�lonip�k�fAe3j�k�·�e�qrniz{s�k^gm�

+
−

G(e3-e2)

i

R1

R2

R3
R4 R5

e1

e2 e3

VRi

I +
−

αi

i

R1

R2

R3

R4

R5

e1
e2

V

e3

R6

��kmn8®>e�liÂ���¡�� ��kmn8®>e�liÂ���öo�
«�¬ \^�X3Y�c Õ'k�jAkm·�k^qre�}=e�xAl!t�e�f�j-x�t�nihre�f¹|¹z{n�lwhª�I 7£I}¥kmli�]e�lw|¤hufAs�Ö�d¢´�z{n�nipAk�f�e3jAk^g!p�z^·5hufAs�x�f�Â3fAe®yf·�e�qrniz{s�k^gmË è Û � è é �7z�f�j è ê �?¡�g�z�qr®>z�£3g^��®>kyz{likys�hu·�k^f2nipAk�t�pAe�hut�koe���gix-|¤|¤hufAs�tmxAlwlik^f�nig!k^f�n�kml�hufAs�e�l�quk^z^·5hufAsnipAk1f�e3jAk���©�e�lynip�hug¢}-lie� -qrk^|µ�5®>k�®yhuqEq  ¥k�g�kmn�nihuf�s¤nipAk�gix�|¾e��.nipAkvtmxAlilik^f7nig�÷uøiù{úû½ü7ýµnipAk�fAe5jAk�n�e¤¸mkmlieA�þ X7ÿ��á Y���� «��©Ae�l>�ykmn4®�e�liÂ���¡�����®>k�z{}-}-qr£vÖ�d¢´/n�e1nipAkyf�e3jAk^g?z{n�®yp�hut�pInipAkyx�f�Â3fAe®yf2fAe5jAk6·�e�qrniz{s�k^g¢z{likyj�km¯-fAk^j��¡¢n è Û Ë Ô Û � è Û Ò è^é � Ò É Ò Ô2� è�ê Ò è�é �?�Þ»¡¢n è�é Ë Ô Û � è�é Ò è Û �#�¼Ô é � è^é Ò Í�Ä����¼Ô ê � è�é Ò è^ê ���¶»Õ'kvtmz�f±lik^quz{n�k�Ä�n�e¤nipAk�fAe5jAk�·�e�qrniz{s�k^gWz�f�j±t�e�f�j-x�t�niz�f�t�k^gmËÄL��Ô�����Ï Ò è^ê �®yp�hEtwp�®>k1tmz�f/gix� -g�nihrnixAn�k�huf7n�e2nipAk1Ö�d¢´�k^Á7x�z{nihue�f±z{n è^é ËÔ Û � è^é Ò è Û ���¼Ô é � è�é Ò Í1Ô�����Ï Ò è^ê ���#�¼Ô ê � è^é Ò è^ê �?�Þ»©
huf�z�ququ£��5z{n è^ê Ô ê � è�ê Ò è^é ���¼Ô�	�� è^ê Ò »����ÃÔ2� è^ê Ò è^é ���¼Ô���� è�ê Ò Ï����Þ»Õ'kvtmz�f/fAe�®T}-xAn¢nipAk�nipAlwkmk�Ö�d¢´�k^Á7x-z{nihre�f�gohuf/z2g�niz�f�j�z{lwj±�½e�lw|±Ë

è Û ��Ô Û ��� è�é ��Ô Ò Ô Û ��� è^ê � Ò Ô1���ÞÉ
è Û � Ò Ô Û ��� è�é ��Ô Û �ÆÔ é �ÆÔ ê ��� è�ê ��Ô é Í1Ô�� Ò Ô ê �?�ÑÔ é Í1Ô���Ïè Û ��»���� è é � Ò Ô ê Ò Ô���� è ê ��Ô ê �¼Ô 	 �¼Ô9�ÆÔ � ����Ô � Ï�op�hEg6tmz�fµ ¥k�k^z�gihuqr£=�½e�lw|¹z{n�n�k^j±n�e¹£5hrk^qujJnipAkvt�e�f�j�x�t�nihre�fµ|¹z{n�lwhª�¥Ëåæ

ç Ô Û Ô Ò Ô Û Ò ÔÒ Ô Û Ô Û �¼Ô é �ÆÔ ê Ô é Ô��mÍ Ò Ô ê» Ò Ô ê Ò Ô Ô9�¼Ô ê �¼Ô 	 �¼Ô �
ë ì
î
åæ
ç è Ûè^éè ê

ë ì
î � åæ

ç ÉÔ é Ô��mÍ1ÏÔ � Ï
ë ì
î



þ X7ÿ��á Y�����
 �¨5hu|¹huquz{lwqr£��A�]e�l��ykmn4®�e�lwÂH��öo���¥®�kIz{}�}-qu£±Ö�d¢´Àn�e�nipAkIfAe5jAk^g�z{n�®yp-hutwp�nipAkIx�fAÂ5fAe�®yf�fAe5jAk1·�e�qrniz{s�k^gz{lik1j�km¯-fAk^j��?¡¢n è Û Ë Ô Û � è Û Ò Ïv���ÆÔ é � è Û Ò »��#�ÆÔ ê � è Û Ò è^é ���Þ»¡¢n è�é Ë Ô ê � è é Ò è Û ���¼Ô 	 � è é Ò »����¼Ô � � è é Ò è ê ����#Ä
�Þ»Õ'kvtmz�f±lik^quz{n�k�Ä�n�e¤nipAk�fAe5jAk�·�e�qrniz{s�k^gWz�f�j±t�e�f�j-x�t�niz�f�t�k^gmË
ÄL��Ô���� è�ê Ò »��

®yp�hEtwp�®>k1tmz�f/gix� -g�nihrnixAn�k�huf7n�e¤huf�nipAkvÖ�d¢´�k^Á7x-z{nihre�f±z{n è�é ËÔ ê � è ê Ò è Û ���¼Ô 	 � è é Ò »����ÃÔ � � è é Ò è ê ����
Ô � � è ê Ò »����Þ»
©
huf�z�ququ£��5z{n è^ê Ë Ô���� è^ê Ò è�é ���¼Ô���� è�ê Ò »����Þ»Õ'kvtmz�f/fAe�®T}-xAn¢nipAk�nipAlwkmk�Ö�d¢´�k^Á7x-z{nihre�f�gohuf/z2g�niz�f�j�z{lwj±�½e�lw|±Ë

è Û ��Ô Û �¼Ô é �ÃÔ ê ��� è^é � Ò Ô ê ��� è^ê ��»��!��ÏIÔ Û
è Û � Ò Ô ê ��� è�é ��Ô ê �¼Ô�	��ÃÔ������ è^ê � Ò Ô��!�¼Ô������¶»

è Û ��»���� è�é � Ò Ô������ è�ê ��Ô��!�¼Ô������¶»�op�hEg6tmz�fµ ¥k�k^z�gihuqr£=�½e�lw|¹z{n�n�k^j±n�e¹£5hrk^qujJnipAkvt�e�f�j�x�t�nihre�fµ|¹z{n�lwhª�¥Ëåæ
ç Ô Û �ÃÔ é �¼Ô ê Ò Ô ê »Ò Ô ê Ô ê �¼Ô 	 �ÃÔ � Ò Ô � ��
Ô �» Ò Ô�� Ô��!�¼Ô��

ëíì
î
åæ
ç2è Ûè éè^ê

ëíì
î � åæ

ç Ï�Ô Û»»
ëíì
î

à Y�á-â
ã]X3ä _�aE¿¥c °�kmn�kml�|¤hufAk¤nip�k¤�opAkm·�k^f�huf�k^Á3x�hr·{z�qrk^f7n�e���k^z�t�pNfAkmn4®�e�lwÂ�gip�e�®yf' ¥k^qre®��2�ye�n�k¹nip�z{nnipAk^g�kvfAkmn8®>e�liÂ5gyt�e�f7niz�huf/jAkm}¥k^f�j�k^f�n6g�e�xAl�t�k^gm�

R

i

+

-

αi

i

+

-

αi+
−

R1 R2

V

+

-

R1 R2I

i

αi

��kmn8®>e�liÂ���¡�� �ykmn4®�e�liÂ���öo� ��kmn8®>e�liÂ���do�



«�¬ \^�X3Y�cþ X7ÿ��á Y���� «���.e�¯ f�jJnipAkW�ypAkm·�k^f�hufJk^Á3x�hr·{z�qrk^f�n¢tmhrlwtmx-hrnm�7®>k�}¥kmli�½e�l�| f�e3j�z�q*z�f�z�qr£5gihug^�7s�hr·�k^fµz�·{z�quxAkWe��#Å��/z�f�j�Ä��z{nonipAk1e�xAn�}-xAn6}¥e�linigm��z�gyquz{ ¥k^qrk^jµhuf�nipAk�tmhrl�tmx�hrn¢ ¥k^qre�®��

R

i

+

-

αi vP

iP

��e�n�k/nip�z{n2Ä�z�f�jHÄ � hufHnipAkµ¯�s�xAlwk±z{lik±fAe�n¤nipAk±gwz�|2k/tmxAlilwk^f�nigm�Æ�Wqrnihu|¤z{n�k^qu£���®>k±®yhugwpNn�e�¯-f�jÆz��x�f�t�nihre�fJlik^quz{nihEfAsvÄ��/z�f�jJÅ��/hufJn�kmlw|¤g>e��#nip�kWlwk^gihug�n�e�loÍRz�f�jJnipAk�twp�z{l�z�t�n�kmlwhug�nihut�t�e3k��¹tmhrk^f7n��!���opAk·�e�qrniz{s�k2Å � hugWk^Á3x�z�qLn�eJnip�kv·�e�qrniz{s�k¤j�lie�}�z�t�lwe�gig�nipAkIlik^gihugin�e�lWÍI�¥®yp�hEtwp�|2k^z�f�gWÅ � �RÍ�Äi��Õ'l�hrnihufAsÖ�d¢´�z{nonip�k�n�e�}/fAe5jAk�e��LnipAk1tmhrlwtmx-hrn¢s�hr·�k ��Ä Ò Ä¥�ÀÄ � �Þ»
¨3e�qr·5hufAsI�]e�loÄ!z�f�j/x�gihufAsInipAk1lik^quz{nihre�f�Ä?� ×��Ú ��®�k�¯ f�j�Ë

Ä��µ� � Ò �Í Å��
d>e�f�gwhujAkml6nipAk�s�k^fAkml�z�q��opAkm·�k^f�hEf�k^Á7x�hu·�z�qrk^f7notmhrlwtmx-hrn¢ *k^que�®��

REq

+

-

vP

iP

VTh
+
−

¨3e�qr·5hufAsI�]e�loÅ���z�f�j±Ä���x-gihufAs¹ÏR�ÞÉ�Í }�lwe3j�x-t�k^gmË
Å�� Ò Ï������ÞÍ�����Ä��

e�l Ä��µ� �Í ��� �^Å�� Ò Ï����Í ������op�hEg#��x�f�t�nihre�fIp�z�g
n�e� ¥k¢k^Á3x�hr·{z�qrk^f�n
n�e�nipAk6e�fAk¢®>k6�½e�x-f�j��½e�l?nipAk6jAkm}¥k^f�j�k^f�n?g�e�xAl�t�k¢tmhulwtmx�hrnL ¥k^tmz�x�g�knipAkJ�opAkm·�k^f�huf`k^Á7x�hu·�z�qrk^f7n�tmhrlwtmx-hrn1p�z�g1nipAk¹giz�|2k=Å�¦�ÄWlik^quz{nihre�f-gip�hr}`z{n�hrnig�n�kmlw|¹huf�z�qugm�. 7£'jAkm¯ f�hrnihre�f���op�hEg�k^|¤}*e®�kml�gyx�g¢n�e¤lwk^quz{n�k�t�e7k��=tmhrk^f�nig�huf�nipAk�n4®�e=k^Á7x�z{nihue�f�gm�?Õ'k1Â5fAe®�nip�z{nonipAk�t�e3k��¹tmhrk^f7nigoe��nipAk�Å���n�kmlw| huf�k^z�t�p±k^Á3x�z{nihre�f±|�x�g�ny *k�nipAkvgiz�|2k1hr�.nipAk1tmhrl�tmx�hrnig¢z{lik�n�e¤ ¥k�k^Á3x�hr·{z�qrk^f7nmË�Í� "! � � Ò �Í®yp�hEtwp�s�hr·�k^g�x�gmË Í������ Í� Ò �



�opAkmlwk�hug6fAe¹t�e�f�giniz�f�non�kml�| huf�e�xAlyk^Á7x�z{nihue�fµ�½e�lyÄ��#��®�p�hutwpµ|¤k^z�f�gÏ#���1�Þ»
þ X7ÿ��á Y�����
 �¡�s�z�huf��An�e¤¯-f-j�nipAk��opAkm·�k^f�hEf�k^Á7x�hu·�z�qrk^f7notmhrlwtmx-hrnm�5®�k�}¥kmli�]e�lw|�fAe5j�z�q�z�f�z�qu£3gihEgm�5s�hr·�k^f±z2·{z�quxAk�e��
Å �z�f�jµÄ���z{nonip�k�e�xAn�}-xAn6}¥e�linigm��z�g�quz{ ¥k^qrk^j�huf�nipAk1tmhulwtmx�hrn¢ ¥k^qre�®1�

i

+

-

αi+
−

R1 R2

V vP

iP

e

¡�s�z�huf��*®�k�®>z�f7n�n�e=¯ f�j/z�f�k^Á7x-z{nihre�f�lik^quz{nihufAs=Ä��'z�f�j�Å$�`hEf±n�kmlw|¤gWe���nip�k1·�e�qrniz{s�k¤g�e�x�lwt�k���Ï¤�¥nipAklik^gihEg�n�e�lwgm�¥Í Û z�f�j�Í é ��z�f�j�nipAkItwp�z{l�z�t�n�kmlwhug�nihut�t�e3k��¹tmhrk^f7nm�%����©
hrlwg�nm�*®�kIjAk^gihus�f�z{n�k�z=s�lie�x�f-j�fAe5jAk®yp�hEtwp±z�quque�®ygox-g6n�e¹jAkm¯-f�k�nipAk1fAe5jAk�·�e�qrniz{s�k�� è � z�gygipAe®yfµe�f/nipAk1z{ ¥e�·�kv¯�s�xAlik��'&Lkmli�]e�lw|¤hEfAs¤Ö�d6´e�fµnipAkvtmxAlilik^f7nigvø�ü)(8ø+*�û½ü7ýJnip�k1fAe5jAk è �A®>k�s�kmnmËÄ¥��#Ä¥�ÀÄ����Þ»Õ'kvtmz�f/x�g�kvÏ �ÞÉ�Í n�e¹e� �niz�hufµnipAk�z�j-j�hrnihre�f�z�q¥lwk^quz{nihre�f�gip-hr}-gmËÏ Ò èÍ Û �ÞÄ
z�f�j Å �=Ò èÍ é

�,Ä�� Ó è �,Å�� Ò Ä��*Í é¨5xA  g�nihrnixAnihuf�s¤nipAk^g�k�n8®>eµk^Á7x-z{nihre�f�g�huf7n�e=nipAk�e�lwhrs�hEf�z�q#e�f�k�z{ ¥e�·�k2s�hu·�k^gWx-gWz�f�k^Á3x�z{nihre�f�lik^quz{nihEfAs=Ä��z�f�jµÅ��.Ë Ä��±� �Ú-,Û/.10 �ÀÍ é
�^Å�� Ò ÏÚ2,Û/.10 �HÍ é��e�®H®�k¢tmz�fIx�g�k�nipAk�lwk^gix�qrn.�½lie�|T}-z{lin¢��¡��#k��5}�lik^gigwhufAsoÄ � hEf�n�kmlw|¤gLe���Å � hufvnipAk��ypAkm·�k^f�huf1k^Á7x�hu·�z�qrk^f7ntmhrlwtmx-hrn¢n�e¤lik^quz{n�k1t�e3k��¹tmhrk^f7nigyz{s�z�hEfµn�e¹¯-f-jµÏ����2z�f�j±Í�34���Õ'k�Â5fAe�®Þnip�z{n¢nipAk�t�e3k��¹tmhrk^f7nig¢e���nipAk�Å��±n�kmlw| huf=k^z�twpµk^Á3x�z{nihre�f�|�x�g�n> *kWnipAk�giz�|2k�hr��nip�kWtmhrl�tmx�hrnigz{lik�n�e¹ *k�k^Á3x�hr·{z�qrk^f7nmË �Í���� � �Ú ,Û/.10 �ÀÍ é®yp�hEtwp�s�hr·�k^g�x�gmË

Í������ Í Û���� �HÍ é¨5hu|¹huquz{lwqr£��7®�k1Â3fAe®Ñnip�z{not�e�f-g�niz�f�n�n�kmlw|¤gohEf� *e�nip±k^Á7x�z{nihue�f�go|�x�g�n6 ¥k�k^Á7x-hr·�z�quk^f�nmËÏ#���Í���� � ÏÚ-,Û/.10 �ÆÍ é¨3e�qr·5hufAsI�]e�lWÏ����7�-®�k�s�kmnmË Ï#�5���ÑÏ



þ X7ÿ��á Y����76 �¡�s�z�huf���®>k��]e�quqre®�nipAk2giz�|2k2|2kmnipAe5j'z�g��]e�l�nipAkIe�nipAkml�n8®>e±fAkmn8®>e�liÂ5gm��Õ'k¤jAkm¯-fAkIzJs�lie�x�f�j�fAe5jAk��fAe5jAk�·�e�qrniz{s�k^gm�*z�f�j±zI}¥e�lin6·�e�qrniz{s�k�z�f�j±tmxAlwlik^f�noz�g�huf�nipAk�¯-s�xAlik� ¥k^qre�®��
+

-

R1 R2I

i

αi

vP

iP

e

��e�nihut�k�nip�z{n6nipAkW·�e�qrniz{s�k è z{n¢nipAk�qrkm�]n>fAe5jAk�hug%8�x-g�n!Å �2Ò �#Äi�!�op�kWz{lik^z�k^f�tmque�g�k^j� 7£¹nipAk�jAe�n�n�k^jµquhufAkhufJnipAk�¯�s�x�lik�z{ *e·�k1tmz�fµ ¥k�t�e�f�gihujAkmlwk^jµz2gixA}¥kmlwfAe5jAk��LÕ'lwhrnihufAs2Ö�d¢´'�]e�l6nipAk�tmxAlilwk^f�nig6qrk^z�·3hEfAsInip�z{nfAe5jAk�s�hr·�k^gmË Ò Ä��2� Å��Í é
�ÀÄ Ò ÉI�Þ»

©Alie�|�ÏT�¶É�Í ®>k1tmz�f±®ol�hrn�k Ä
� Å$� Ò �#ÄÍ ÛÕ'kvtmz�f±likm®olwhrn�k�nip-hug¢n�e¤¯-f�j�Ä>z�goz2��x�f�t�nihre�f�e��
Å��
ÄL� Å$�Í Û ���op�hEg6tmz�fµ ¥k�gixA -g�nihunixAn�k^jµhuf7n�e2nipAk1Ö�d¢´`k��5}�lik^gigwhre�fµz{ ¥e�·�k�n�e¤¯ f�j�Ë

Ä��µ�:9 �Í é
� �Í Û �;�=< Å$� Ò É

¡�s�z�huf¶®>k`tmz�f�x�g�k�nipAk'��z�t�n±nip�z{nµnip�hEg�k^Á7x�z{nihue�f¶|vx�ginµ *k�k^Á3x�hr·{z�qrk^f7nJn�eÃnipAk`�opAkm·�k^f�hEf,tmhulwtmx�hrnk^Á3x�z{nihre�f Ä��µ� �Í���� �^Å�� Ò Ï����Í���� �©Alie�| nip�hug¢®>k�¯-f�j�Ë Í������>9 �Í é
� �Í Û ��?<A@ Û ����Í Û ��
��BCB Í éÏ����1�ÞÉ�������Í Û ��
��BCB Í é �



à Y�á-â
ã]X3ä _�aED�c �op�hug
}-lie� -qrk^| ginix�j�hrk^g?nip�kyn8®>e{¦8g�niz{s�k�f5¦8t�p�z�f�fAk^q*§�~�¨A©L���Ãz�|2} quhr¯�kml�gip�e�®yf2 ¥k^qre®���opAkyn8®>e�g�niz{s�k^g¢z{likW -x�hEqrn
®yhrnip¹hEjAk^f�nihEtmz�q-§�~1¨5©
�!�og�z�f�j¤}-x-quqª¦8xA}2lik^gwhug�n�e�lwgm�?¡¶gihE|2}-quhr¯-k^j�|¤e3jAk^q��½e�l>nipAk§�~�¨5©
�!�ÀhugLz�qug�eWs�hr·�k^f1 ¥k^qre®��
�opAk�gwhu|2}-quhu¯-tmz{nihre�f�hug.nip�z{nLnipAk�n�l�hre3j�k!likms�hre�fve���e�}¥kmlwz{nihre�f�hugLt�e�|2}�lik^gwg�k^je�f7n�e/nipAk¹tmx�li·�k¤Ä�F¶�HG�Å éF2I�J �3�.®�p�hutwp` *k^t�e�|¤k^g1z±t�e�|¤|¤e�f�tmxAli·�k=e��¢e�}*kml�z{nihre�f'�]e�l1ÅLK2I Ò Ï ��M Å�F2I7�ÊWhuf�noz¹qre�z�j5¦8quhuf�k�z�f-z�qr£3gwhug¢|¤z^£µpAk^qr}±gie�qr·�k�nip�hug¢}-lie� -qrk^|µ�
��¡��2°Wkmn�kmlw|¤huf�k�nipAk�lwz�f�s�k�e���Å�N Ç e·�kmlo®yp�hEtwp=§�~�¨5©
���Þ§N�We�}¥kmlwz{n�k^g6huf¹tmx�n�e{ÌL�!¡Wqug�eA�AjAkmn�kml�|¤hufAk�Å�OPN F�]e�lonip�hug¢e�}¥kmlwz{nihuf�s2lwz�fAs�k��
��öo��¡Wgigix�|¤hEfAs�nip�z{n�§�~�¨5©
�!�Ã§N�6e�}¥kmlwz{n�k^g�huf2hrnig�giz{nix�lwz{nihre�f2likms�hue�f��7jAkmn�kml�|¤hufAk¢Å OPN F�z�g!z���x�f�t�nihre�fIe��Å�N Ç �!¡Wqug�eA��j�kmn�kmlw|¤hufAk�nip�k�lwz�fAs�k�e��LÅQOPN F z�f-jµnipAk�lwz�fAs�k1e��.Å�N Ç nip�z{nyt�e�lilik^gi}*e�f-j�n�e¤nipAk1giz{nix�lwz{n�k^je�}¥kmlwz{nihre�fµe��?§�~�¨5©
�!�Ñ§N�{�
��do�=©Ae�lI·{z�quxAk^g�e��6Å N ÇÞnip�z{n�z{lik�z{ *e·�k=nip�k¹lwz�fAs�k=�½e�x-f�j�hufR&Lz{lwn���öo���?§�~�¨A©L��� §N�¤e�}¥kmlwz{n�k^gIhufNhrnign�lwhre5jAk>likms�hre�f���®�p�hutwpIhuf�nipAk6|2e5jAk^q3 ¥k^qre�®¼hEgLt�e�|¤}�lik^gig�k^jIe�f7n�e�nipAk6tmxAli·�k6Ä/F��SG�Å éF2I J �3��°Wkmn�kmlw|¹hufAkÅ OPN F��]e�lyÅ N ÇNhuf�nip�hug6l�z�fAs�k�e��
e�}*kml�z{nihre�f��
��°��I�WgihufAs�nipAkµlik^gix-qrnig1e���&
z{linig±��¡����y��ö6�2z�f�j¶��do����jAkmn�kmlw|¤hEfAk=ÅLT1U � z�g2z��]x�f-t�nihre�f�e��WÅQOPN F �]e�l2nipAktmxAn�e{Ì
� giz{nix�lwz{nihre�f/z�f-jµn�lwhre5jAk�likms�hre�f-g6e��
e�}*kml�z{nihre�f±e���§�~�¨5©
�!�Ñ§��3�¢©Ae�l�k^z�t�p/lwkms�hre�f���g�niz{n�k�nipAkt�e�lilik^gi}*e�f-j�hufAs�e�}¥kmlwz{nihufAs2lwz�f�s�k�e��.Å OPN FHz�f�jµÅ T1U � �
���>�/¡Wgigix�|¤hEfAs�nip�z{n> ¥e�nipJ§�~�¨5©
�!�yg!e�}¥kmlwz{n�k�huf¹nipAk^hrl¢giz{nixAlwz{nihre�f=likms�hre�f-gm�3j�kmn�kmlw|¤hufAk�Å T1U � z�g>z���x�f�t�¦nihre�f�e���Å N Ç���¡�qugieA�¥j�kmn�kmlw|¤hufAkvnipAkIlwz�fAs�kIe���Å OPN FÃz�f-j/nipAk^f�nip�k�t�e�lilwk^g�}¥e�f�j�hufAs¹lwz�fAs�kIe��!Å N ÇÆe·�kml®yp�hEtwp� ¥e�nip/§�~�¨5©
�!�og¢e�}¥kmlwz{n�kvhuf�nipAk^hrlygwz{nixAlwz{nihre�fµlwkms�hre�f�gm�
��©���°Wkmn�kmlw|¤huf�k�nipAk�gi|¤z�qEqª¦8gihrs�f�z�q�s�z�huf¹e��#nipAkWz�|¤}-quhr¯�kml�z�g>zv��x�f�t�nihre�f=e���nipAkWe�}*kml�z{nihufAs{¦�}¥e�huf7n�hufA} xAn>Ï N Çz�gigix-|¤hufAs�nip�z{n!nip�hug?e�}¥kmlwz{nihuf�s�}¥e�huf�n?��z�ququg
®�hrnip�hufInipAkylwz�fAs�ky�]e�x�f�j2hEfV&
z{linW���¢���7�op�z{n�hugm��jAkmn�kml�|¤hufAkò�Å T1U � J ò�Å N ÇÀkm·�z�qEx�z{n�k^j±z{nWÏ N Ç!�
��W��v´�kmnXG � » � »���¡�Y�Z é �
Í�F��ß�¤Â#[��?Ï)Iµ�Ü�m»�Z z�f-jÀÏ � ���\Zv�]&!qre�n�Å OPN F¶z�g�z±��x�f�t�nihre�f�e��6Å N Ç�]e�l�»¹ÎÃÅ�N Ç ÎÞ�^Z��¥~�f±nipAkvgiz�|¤k�s�lwz{}-p��-}-qre�noÅLT1U � z�gyz¹�]x�f-t�nihre�fµe��
Å�N Ç e·�kml�nip�kvgiz�|2k1lwz�fAs�k1e��Å N Ç��!ÊWhuf7nmË?nip�hug¢hug¢}-z{lwnihutmx�quz{lwqu£¤gihu|2}-quk�hr�.£�e�xµz{lik��]z�|¹huquhuz{l>®yhrnip±§�z{ni´#z{ ±e�fµ¡¢nip�k^f�z5�>~W -gikmli·�k�nipAkj�hªÌ¥kmlik^f�t�k^goe��.nipAk1n8®>e¤}-qre�nigm�_ ù{ú�øIùa`cbed)fabhgifLb�jk*il�b{÷mjk(�ûnb{ü#lX(�bVoAø�÷ dqp?ûr(soutvb�w¹ø+p'b�*exayXzL{

R

VS

vOUT

vMIDvIN
+
−

R

iD =K(vGS-vT)2

0≤(vGS-vT)≤vDS
MOSFET Saturation:

iD

vDS

iD= K
2 vDS

2

vGS-VT >vDS

iD= K
2 (vGS-VT)2

0≤vGS-VT ≤ vDS

vGS-VT ≤0
iD=0
Cutoff

Triode

Saturation



«�¬ \^�X3Y�c��¡��2©Ae�l�§�~�¨5©
�!�R§��{�¥Å K2I �ÑÅ�N Ç ���opAkv§�~�¨5©
�!�Te�}¥kmlwz{n�k^g�huf±nip�kvtmxAn�e{Ì�lwkms�hre�f/�]e�lWÅ K2I�Ò Ï �}| »5��op�hEg>|¤k^z�f�g6nip�z{n�§N��hug6hufµtmx�n�e{Ì��]e�loÅ N Ç | Ï � ��ÕÞpAk^f/§N��hugohEfJtmx�n�e{ÌL��Ä/F'�¶»5��Õ,hunipµfAe¤tmxAlilik^f7nnipAlie�x�s�pµnipAk�}-x�qEqª¦8xA}Jlik^gihug�n�e�l��AÅ OPN F`��Ï)I����öo��©Ae�lonip�kW¯-lwg�n6§�~�¨A©L�����3®�k�p�z�·�k�Å�OPN F �,Å F2I z�f-j=Å�N Ç �,Å K2I ��¡�qugieA�3®>k�tmz�f�®olwhrn�k2��Ï I6Ò ÅQOPN F �?�Ä�FLÍI�?¨5kmn�nihufAs�nip�hug.·�z�qExAk��]e�l?Ä�Fµk^Á3x�z�q5n�e�nipAk¢k��5}�lik^gigihue�f1�]e�l
Ä�F±®yp�k^fvnip�k¢§�~�¨5©
�!�Hhug
huf�giz{nixAl�z{nihre�fs�hr·�k^gynipAk��½e�qEqre�®yhEfAsIk^Á7x�z{nihue�f�Ë
Ï)I Ò Å OPN F'� Í�G� ��Å N Ç Ò Å � � ée�l Å OPN F'��Ï)I Ò Í�G� ��Å N Ç Ò Å � � é©Ae�l¤§�~�¨5©
�!� §��=n�e/ ¥k¤e�}¥kmlwz{nihuf�s�huf`hunigvgiz{nix�lwz{nihre�f`lwkms�hu|2k��
nipAk=hEfAk^Á7x-z�quhrn8£�Å OPN F Ð Å N Ç Ò Ï �|�x�g�n1 ¥k¹gwz{nihug�¯�k^j��µÕÞpAk^fNÅ OPN FÑ� Å N Ç Ò Ï � ��§��Jqrk^z^·�k^g�nipAkJgiz{nixAlwz{nihue�f�likms�hue�f��?z�f�j`k^f7n�kmlwg�nipAkn�lwhre5jAk¢likms�hre�f��.ÕÞpAk^f2»v�,Å N Ç Ò Ï � �7§N�6qrk^z^·�k^g!nipAk6giz{nixAlwz{nihue�f2likms�hre�f2z�f�jIk^f7n�kmlwg?nip�kotmxAn�e{ÌJlwkms�hre�f��©
huf�j�hEfAsµÅ N Ç¶t�e�lilik^g�}¥e�f�j�hEfAs±n�e�nipAk=n�l�hre3j�k�Y�giz{nixAlwz{nihre�fNlikms�hre�fN ¥e�lwjAkml�hug1z�|¤z{n�n�kml2e��yg�e�qu·3huf�s±nipAkÁ3x�z�jAlwz{nihut�k^Á3x�z{nihre�f Å$N Ç�Ò Ï � ��Ï I�Ò Í�G� �]Å�N Ç�Ò Ï � � é�.eJgihE|2}-quhr�]£¤nipAkI|¤z{nip��*®>k�²³quq#g�e�qu·�kvnip�hEgo�]e�l�Å N Ç Ò Ï � � z�f�jV8ix�g�n�z�j-j�Ï � n�eJnipAkvlwk^gix�qrnon�eJ¯-f�j±Å N Ç���WgihufAs2nipAk�Á3x�z�jAl�z{nihut��½e�l�|vx�qEz5�A®�k�¯ f�j
Å N Ç�� Ò �!�;~ �!�Æ�{Í�G`Ï IÍ�G �ÃÏ �

�opAkI}¥e�gihrnihu·�k�gihus�f�®¢z�g�t�pAe�g�k^f'�]e�l�nipAk2giÁ3x�z{likIlie3e�n�n�kmlw|Ühuf�e�lwjAkml�n�eµk^f�gwxAlik�nip�z{n�Å N Ç Ò Ï ��M »5��opAkµz�f�z�qu£3gihEgve��WnipAk±tmxAn�e{Ì%Y�giz{nixAl�z{nihre�fÆlikms�hre�fH ¥e�lwj�kmlIhEgIniz{Â�k^fÆ�½lwe�|�&
z{lin/��¡������ypAk�lwz�fAs�k^g2�]e�lÅ OPN FNz�f-jµÅ N Ç��]e�lo®yp�hEtwp±§N��hugohuf�nip�k�giz{nixAlwz{nihre�f±likms�hu|2k1z{lwk�nipAk^f
Ï � ÎÆÅ N ÇNÎ Ò �>�;~ ���Æ�{Í�G`Ï)IÍ�G �ÆÏ �
Ò �!� ~ ���Æ�{Í�G`Ï)IÍ�G Î¼Å�OPN F ÎÃÏ I

��do�¹Õ'k1Â5fAe®Ñ�]lie�| z{ ¥e�·�kvnip�z{nyÅ OPN F��TÏ5I Ò Í¶��Ä�F!�¢�opAk�ÅQF2I�e���§��vhug6Å OPN F��-g�e¹®>k1tmz�f�likm®olwhun�k�nip�hugk^Á3x�z{nihre�f±z�gmË Å OPN F'��Ï)I Ò Í�G� Å éOPN F�WgihufAs2nipAk�Á3x�z�jAl�z{nihut��½e�l�|vx�qEzIn�e¹g�e�qr·�k�nip�hEg6k^Á7x-z{nihre�fµ�]e�loÅ OPN F�s�hr·�k^g^Ë
ÅQOPN F � Ò ���;~ �>�Æ�{Í�G`Ï5IÍ�G��e�n�k1nip�z{nonip-hug6hug¢nipAk1que�®>kmly ¥e�x�f�jJ�]e�loÅQOPN F �]e�x�f�jµhuf�&Lz{lwnv��öo���



��°��I�opAk¹n8®>e�z�|2} quhr¯�kml�g�niz{s�k^gIz{likJhujAk^f7nihutmz�qK�.®yp�hut�p`|2k^z�f�g1nip�z{nvnip�k¹hufA}-x�n�¦�e�xAn�}-xAn�t�p�z{lik^t�n�kmlwhuginihutmg1e�� ¥e�nip2g�niz{s�k^g�®�huquq3 ¥k¢hEjAk^f�nihEtmz�qK�L�ypAk6z�f�g�®>kmlwg?�]lie�| }-z{linigy��¡���� ��öo����z�f�j���do�Ltmz�f2 ¥k6lik^x�g�k^j��Lºykm}-quz�t�kÅ N Ç�®�hrnip�Å OPN FNz�f�j±Å OPN FN®yhrnip±Å T1U � n�e¤e� �niz�hEf�Ë
d¢xAn�e{Ì��fA}-xAn6ºyz�f�s�k Å OPN F Ò Ï � | »~�xAn�}-xAn6ºyz�f�s�k ÅLT1U � ��Ï I

¨5z{nixAl�z{nihre�f��fA}-xAn6ºyz�f�s�k »2ÎÆÅQOPN F�Ò Ï � Î @ Û/.2� Û/. é Ú��A���Ú��~�xAn�}-xAn6ºyz�f�s�k @ Û/. � Û/. é Ú)�A���Ú)� ÎÆÅ T1U � Î9Ï5I~�x�n�}-xAn6©�x�f�t�nihue�f Å T1U � ��Ï)I Ò Ú)�
é
�]Å OPN F Ò Ï � � é��f/�#lwhue3jAk��fA}-xAn6ºyz�f�s�k Å OPN F Ò Ï ��M @ Û/. � Û/. é Ú��A���Ú��~�xAn�}-xAn6ºyz�f�s�k Å T1U � � @ Û/. � Û/. é Ú��A���Ú��

���>�±ÕÞhrnipµ ¥e�nip/§�~�¨5©
�!��¨JhEf�nipAk^hrlygiz{nix�lwz{nihre�fµlikms�hE|2k^gm��®>k�Â5fAe�®�nip-z{nyÅQOPN F �ÑÏ IWÒ Ú��
é
�]Å�N Ç�Ò Ï � � éz�f�jµÅ T1U � ��Ï)I Ò Ú��

é
�]Å OPN F Ò Ï � � é ���ypAk^g�k�n8®>e¹k^Á3x�z{nihre�f-gotmz�f± ¥k�t�e�|v -hufAk^j�n�e¤£5hrk^quj�Ë
Å T1U � ��Ï)I Ò Í�G� ��Ï)I Ò Ï ��Ò Í�G� �]Å N Ç Ò Ï � � é � é©Alie�| }-z{lin¹��°����#®>k¤Â5fAe�®<nip�z{n��]e�lv§�~�¨5©
�!� §���n�e� *k¤hEf�nipAk¹giz{nixAl�z{nihre�f'likms�hu|¤k��.»�Î Å OPN F ÒÏ � Î @ Û/. � Û/. é Ú)�A� �Ú�� � ©Alie�| } z{lin/öW�o®>k`Â3f�e�® nip-z{n±®yp�huquk'§N�`hug/huf¶nipAk`giz{nix�lwz{nihre�f�lwkms�hu|2k��

@ Û/. � Û/. é Ú)�A���Ú)� Î Å OPN F Î Ï5I7��z�f-jÆ»ÃÎ�Å N Ç Ò Ï � Î @ Û/. � Û/. é Ú��A���Ú�� �H�ypAk�nihrs�p�n�k^gin¤lik^g�n�lwhEt�nihre�f�ge�fµÅ OPN FHz{lik�nipAk^f�Ë
|¤z�����Ï ��� Ò ���;~ ���Æ�{Í�G`Ï)IÍ�G � ÎÆÅQOPN F Î¼|¹huf���Ï I � Ò �!�;~ �!�Æ�{Í�G`Ï)IÍ�G �ÆÏ � �

©Ae�l6nipAk�}-x�li}¥e�g�k^g!e��.nip�hug>g�e�quxAnihue�f���z�f-j=nip�k�f3x�|v ¥kmlwg!s�hu·�k^fµhuf¹} z{lin���W������A®�k�®yhEquq-t�e�f�gwhujAkml¢nip�hug�n�elik^j�x-t�k�n�eAË Ï � ÎÆÅ OPN FÀÎ Ò ���;~ �>�Æ�{Í�G`Ï5IÍ�G �¼Ï �
�WgihufAs2nipAk�k��5}�lik^gwgihre�f�®>k��½e�x-f�jµhuf�}-z{lin1��¡��¢�]e�loÅ OPN FÀz�gyz2��x�f�t�nihre�f�e��LÅ N Ç!�A®>k�¯-f-j�nip�z{nmË

Ï � �S� �Í�G ��Ï IWÒ Ï � � Ð Å�N Ç�Ð Ï � � ���� �Í�G �AÏ IWÒ Ï � Ò Ò �!�;~ �>�Æ�{Í�G`Ï5IÍ�G �
��©���Õ'k1Â5fAe®�nip�z{nWÏ)T1U � �ÑÏ IWÒ Ú��

é
�]Å�OPN F�Ò Ï � � é ���WgihufAs2nipAkvtwp�z�huf�l�x�qrk��A®>k1tmz�fµ®olwhun�k�Ëò�Å T1U �ò�Å N Ç � Ò Í�GÆ��Ï5OPN F�Ò Ï � � ò�Å OPN Fò�Å N Ç´#huÂ�km®yhug�k�Ë ò�Å OPN Fò�Å N Ç � Ò Í�GÆ��Ï N Ç Ò Ï � �



�WgihufAs2nip�hEg6z�f�g�®>kmlyhuf�nipAk�k^Á3x�z{nihre�f/z{ *e·�k1s�hr·�k^g^Ë
ò�Å T1U �ò�Å�N Ç �¶Í é G é ��Ï OPN F Ò Ï � ����Ï N Ç Ò Ï � �

��e�nihut�k�nip�z{nonip-hugohug�8ix�g�n6nipAk�}-lie3j-x�t�n6e��.nip�k1gi|¤z�quqr¦8gihrs�f�z�q*s�z�hufµe��Lk^z�twp�g�niz{s�k��
��W��I¨5pAe®yf¤ ¥k^qre®,hEg�nipAkWs�lwz{}-p=t�lik^z{n�k^jµx�gihuf�s�nipAkW§�z{ni´#z{ µt�e5jAk�z{n�niz�twpAk^j�n�e�nipAkWk^f�j¤e���nip�k�g�e�qux�nihre�f�gm�

0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

6

7

8

9

10

11

v
MID

 (Solid)  &  v
OUT

 (Dashed)  Versus  v
IN

v
IN

  [V]

v M
ID

  &
  v

O
U

T
  [

V
]

à Y�á-â
ã]X3ä _#ar_�c ¡WfJ��&!�Ñ -hr}¥e�quz{l%8�x-f�t�nihre�fJn�lwz�f�gihEg�n�e�l����?&��ÑöA������hug¢zInipAlwkmk�¦�n�kmlw|¤huf�z�q¥jAkm·5hut�k��?��nign�kmlw|¤hEf�z�qug6z{lik�likm�]kmlilik^j±n�e¹z�g6nipAk�  z�g�k��AnipAk1t�e�ququk^t�n�e�l�z�f�j�nipAk1k^|¤hrn�n�kml^�!�ypAk�g�£3|v ¥e�q¥�½e�lynipAk1��&!�RöP���hug6gip�e�®yfµ ¥k^qre®���z�qre�fAs2®�hrnip�nipAk�·�e�qrniz{s�k�z�f�j±tmxAlwlik^f�noj�km¯-f�hrnihre�f-g��]e�lonip�hEg6öP���¶®ypAk^f/hrnohug¢·5hrkm®�k^j/z�gyzn8®>e{¦�}¥e�lin¢jAkm·3hEt�k��
Ê�kmlik��5nipAkWö>z�gik�¦8�!|¤hrn�n�kml>}¥e�lin!z�t�nig¢z�g>zvt�e�f7n�lie�q }*e�lwn!z�f�j¤nip�k�d>e�ququk^t�n�e�l�¦8�!|¤hun�n�kml�}¥e�linz�t�nig>z�g!z�}¥e�®>kml!}¥e�linm�7|vx�t�p¹quhuÂ�k6nipAk�W�z{n�k�¦�¨3e�x�lwt�kWz�f-j¤°Wlwz�huf5¦�¨3e�x�lwt�k6}¥e�linig�e���z�f¤f5¦8t�p�z�f�fAk^q §�~�¨A©L�����lik^g�}¥k^t�nihr·�k^qu£��
©
hrs�xAlwk^g¤�¤z�f�j`�� ¥k^qre® jAk^git�l�hr ¥kvnipAkJýQ*iøiùQ(�÷mf¹hujAk^z�qEhr¸mk^j� ¥k^p�z^·5hre�l�e��6z�f`��&!� öA��� huf�n�kml�|¤g�e��6hrnig}¥e�lin6·{z{lwhuz{ -qrk^g^�
©
hrs�x�lik¤��jAk^git�l�hr ¥k^g�nip�k� ¥k^p�z^·5hre�l6e��
nipAk1t�e�f7n�lie�q�}¥e�linm��z�f�j/gipAe�®�gopAe�®TÄ���hug6lik^qEz{n�k^jµn�eÅQ�k3#�µ©
hrs�xAlikJ�±jAk^git�l�hr ¥k^g�nipAk¤ ¥k^p�z�·3hre�lve��¢nipAk¹}¥e�®>kml�}*e�lwnm�.z�f�jNgipAe�®�g1pAe®<Ä/�Ãhug�lik^qEz{n�k^j`n�e�ÅQ�#3N�]e�l·{z{lwhre�x�g¢·{z�quxAk^g6e��
Ä � ����f�s�k^fAkmlwz�q����½e�lyÄ �qM »2z�f�jµÅ �k3�M »5��Ä � ����Ä � ®yp�kmlik��Nhug6z¤s�z�huf±t�e�f�g�niz�f7nm�
�op-hugo}�lwe� -qrk^| hEf�·�k^g�nihus�z{n�k^g�nipAk�x-g�kve��!nipAk���&!� öP��� jAk^git�lwhr ¥k^jµ 3£/©
hrs�xAlwk^gv��z�f�j'�¤n�eµt�e�f�gin�lwx�t�nz�f±z�|2} quhr¯�kml^�?�op�k�z�|2}-quhr¯-kml¢hEg6gipAe�®�f±hufµ©
hrs�xAlik1�3��¡�gigwx�|2k�nip�z{nWÏ)I M Ï�F��

��¡��2°Wkmn�kmlw|¤huf�k�Ä��Jz�g?z��]x�f-t�nihre�f1e�� Å N Ç��!¨3Â�kmnitwp2z�f-j�tmquk^z{lwqr£1quz{ ¥k^q�nipAk¢lik^gix�qrnm�LÊ�hEf�nmËLzWque�z�j5¦8quhufAk�z�f�z�qr£5gihug|¤hrs�p7n6}�lie·3hEjAk�x�g�km��x�q¥huf�gihus�p�n¢s�hr·�k^f/nipAk�fAe�f�quhEfAk^z{l¢ *k^p-z^·5hre�lygipAe®yf±hufµ©
hrs�x�lik2�{�
��öo��°Wkmn�kmlw|¤huf�koÅ T1U � z�g�z���x�f�t�nihre�f¤e��*Ä/���5fAe�n�k�nip�z{n�Å T1U � �9ÅQ�#3J�]e�l�nipAkWz�|2}-quhu¯�kml�gipAe®yf¤huf¤©
hrs�x�liky�3�¨3Â�kmnit�p¤z�f�j2tmqrk^z{lwqu£1quz{ ¥k^q3nipAk¢lik^gix�qrnm�
ÊWhuf�nmËLz�qre�z�j5¦8quhEfAk>z�f-z�qr£3gwhug.|¹hrs�p�n
}�lwe�·5hujAk6x�g�km��x�q3huf�gihrs�p7nLs�hr·�k^fnipAk1f�e�f�quhufAk^z{l¢ ¥k^p�z�·3hre�logwpAe�®yf/hufµ©
hrs�xAlik1�3�



��do��d>e�|v -hufAk�nipAk�lik^gwx�qrnig¢e���&
z{linig���¡��>z�f-j`��ö6�¢n�e¤jAkmn�kmlw|¤huf�kWÅ T1U � z�gozI�]x-f�t�nihre�fJe��.Å N Ç���¨3Â�kmnitwp�z�f�jtmqrk^z{lwqu£Jquz{ ¥k^q*nipAk�lwk^gix�qrnm��i�v���\���  �¡��A¢�£¤�?¥�¦¨§H©�ª¬«®h¦2���«^¯ °�c±?²^¥2©´³
Collector

Base

Emitter

iB

iC

vCE

vBE

+

-

+

-

iB

vBE
VD°�c±?²^¥2©>µ °�c±?²^¥2©�¶

vCE

iC

iB=i0

iB=i1

iB=i2

iB=i3

βi1

βi2

βi3
+
−

+
−

vOUT
vIN

RB

RC

VS +

-

«�¬ \^�X3Y�c
��¡��2�opAkmlwk�z{lik�n8®>e±tmz�g�k^g��]e�l�nipAk�que�z�j�qEhufAk�� z�g�gip�e�®yf�huf�nipAk�n8®>eµ¯�s�xAlik^g� ¥k^qre�®��WÕÞpAk^f�Å$N Ç | Ï F fAetmxAlilwk^f�n¸·-e�®yg�huf�n�e1nipAky -z�gikoe���nipAkon�lwz�f-gihug�n�e�l^�
ÕÞpAk^f¤Å N Ç M Ï5F�ÅQ�k3�hug!t�e�f-g�niz�f�nm�5z�f�j¹Ä�¹1� ×�º Ø @ ��»Ú)¼ �

iB

vBE
VD

vIN

RB

vIN

iB

vBE
VD

vIN

RB

vIN

vIN-VD

RB

vIN
VD

RB

1

iB

´�e�z�j/´.hufAkÅ N Ç | Ï5F ´�e�z�j�´#hufAkÅ N Ç M Ï�F Ä���·3gyÅ N Ç
��öo��ö>£=huf-g�}¥k^t�nihre�f���®>k�tmz�f�®olwhrn�kWÅ T1U � ��Ï)I Ò Í��I��Ä/�L��©Alie�|�©
hrs�xAlwk��vz{ ¥e�·�k���®>kWtmz�f�lwkm®olwhrn�k�nip�hug¢z�gÅLT1U � �ÑÏ I>Ò Í � ���#Ä � ���opAkmlik�z{likWn8®>e¤j�hªÌ¥kmlik^f7n�qre�z�j�quhuf�k^g�n�e2t�e�f�gihuj�kml^�7e�f�k�®yp�k^f ���Ú�½ Î;��Ä � �Az�f�je�fAkI®ypAk^f ���Ú�½ M ��Ä � ���ypAk�que�z�j�qEhufAk1z�f�z�qu£3gihEgy�]e�l�nip�hugWz�|2}-quhr¯-kml�hugWjAlwz�®yf� *k^que�®��WÕ,p�k^f�Ä � �R»5�



Å T1U � �ÑÏ5I7��¡Wg¢Ä/��huf�t�lik^z�gik^gm�AÅ T1U � jAk^t�lik^z�gik^gv��hu|¤z{s�hEfAk�nip�k���Ä���quhufAkWn�lwz�·�k^quhufAs¤xA}�nipAk�£Jz��5hEgm�AnipAkhuf7n�kmlwg�k^t�nihre�f`e��>hrn�z�f-j'nipAk¤qre�z�j`qEhufAk2|2e�·5hufAsµn�e®>z{l�j�g�Å T1U � �<»����J~�f-t�k®��Ä�� Ð ���Ú�½ �#Ä/�Àlik^|¹z�huf�gt�e�f�g�niz�f7n�z{n ���Ú)½ �-z�f�jµÅ T1U � �Þ»5�!�op�hEg¢s�hr·�k^gmËÅ T1U � � Ï)I ®ypAk^f�Ä��/�Þ»Å T1U � � Ï)I Ò Í�����Ä/� ®ypAk^fµ» | Ä/��Î ���¾ Ú�½ÅQT1U � � » ®ypAk^f ���¾ Ú)½ | Ä �
´�e�z�j/´.hufAk���Ú)½ Î��Ä�� ´�e�z�j�´#huf�k���Ú�½ M �#Ä�� Å T1U � ·5g6Ä��

vOUT

iC

iB

βiB

VS

VS

RC

vOUT

iC

iB

βiB

VS

VS

RC

iBVS

RC

vOUT

VS

1

RC

��do�=©Alie�| }-z{lin���¡����>®>k/Â5fAe�® nip�z{n¹Ä�¹Æ� ×�º Ø @ ��»Ú�¼ ®ypAk^fÃÅ N Ç M Ï�F��oz�f�j¼Ä/��� »�®ypAk^fÃÅ N Ç | Ï�F��¨5xA  g�nihrnixAnihuf�svnip�hEg6huf�n�e¤e�xAlolwk^gix�qrn¢�]lie�|�}-z{lin1��öo�6s�hr·�k^gmËÅQT1U � � Ï I ®ypAk^f�Å�N Ç Î9Ï FÅ T1U � � Ï)I Ò Í����y× º Ø @ � »Ú ¼ ®ypAk^f/Ï5F | Å N Ç | Ï5F�� � � Ú ¼¾ Ú ½Å T1U � � » ®ypAk^f/Ï5F�� ����Ú�¼¾ Ú)½ Î¼Å N Ç
�opAk�giÂ�kmnitwp�qre7e�Â5g6quhrÂ�k�Ë

vOUT

vIN

VS

VD

RCβ
RB

VD

VSRB

RCβ



¿ À ¦1� À �ÂÁ��iÃ®©ÅÄ���¥ÇÆ^¥2���®��©'� ÈvÉ"¶^ÊLËÍÌÎÍÏ ùQ(ÑÐ#ùÓÒ _ `�*�ûÔd�(=Õ-b�*®Ö _�×�Ø ÖP*�bÓÒ�÷uø+w Ø {ÚÙ�ÛeÜ�ÝÎÍÞ ønß�ü*øáà�b{ü#l+(�ù{ü5(sl
ÂÀ��âkãäâQå4�l¹�çæ�è�é4�·5g2�çæ�â4�·3n¤�çæ��Î à�b�w?d)j#(8øVêëà�b{ü#l+(�ù{ü5(�Õ%b�*áà�b{ü-ú{ø�ü-ûKømü)`�ø Û�ì
·7�H� � Ò æ���\�í�Yÿ7�nå�î^l�î^Â)î^·3g��^æ���� J �]l�î^Â��e�ÎÍÞ ønß�ü*ø^ï�ü�d)j#( _ d5ùÓ`�ø
·5hufH� ã�[ ¬ \�ð�ñ�Z�X*�nâ3�Ôé3�ÔéQâkæ��e�ÎÍÏ�ò à]j#(�bhóõôoø�ý�ûrb{üö á Y�[W�´æ{Ëíã]X ¬%÷ ÿ�ø>�]·3huf*��� é ì·5|¤huj.�K[��v� ·3g��X ¬%ùÎÍÏ�ò _ ùQ(rjk*�ùQ(�ûrb�üúôoø�ý�ûrb�üö á Y�[W�´æ{Ëíã]X ¬%÷ ÿ�ø>�]·3huf*���[ ö ���]·3n | ��·5huf#�K[K���Xû �]·5huf#�K[K� | �¾·7n��W·7�-�����L·5|¤huj.�K[���� ·3g Ò âkãäü�î^l�î^Â)î7�]·3hEf#�K[K� Ò ·7n��+ý$å4�!X ¬%ù �X ¬%ùÎÍÏ�òþ *�ûnb�ÿ�øVôoø8ý�ûnb{ü ê ìö á Y�[W�´æ{Ëíã]X ¬%÷ ÿ�ø>�]·3huf*���[ ö ·3n��W·7� | �¾·3huf.�K[����L·5|¤huj#�K[K���¾·7�1�LX ¬%ù �X ¬%ùÎÍÏ�� à]j#(�bhóõôoø�ý�ûrb{üö á Y�[W�´æ{Ëíã]X ¬%÷ ÿ�ø>�]·3|¤hEj ���·�e�x�n��K[��I� ·5g��X ¬%ù 	 ìÎÍÏ�� _ ùQ(rjk*�ùQ(�ûrb�üúôoø�ý�ûrb�üö á Y�[W�´æ{Ëíã]X ¬%÷ ÿ�ø>�]·3|¤hEj ���[ ö ���]·3n | ��·5|¤huj.�K[����vû �]·5|¤huj.�K[�� | � ·3n��W·��-�����
·�e�xAn��K[K�2��·5g Ò âkãäü�î^l�î^Â5î7�]·5|¤huj.�K[�� Ò ·7n��+ý$å4�!X ¬%ù �X ¬%ù



ÎÍÏ�� þ *�ûnb�ÿ�øVôoø8ý�ûnb{üö á Y�[W�´æ{Ëíã]X ¬%÷ ÿ�ø>�]·3|¤hEj ��� � ì[ ö ·3n��W·7� | �¾·3|¤hEj#�K[K���.·�e�xAn��K[K�2� ·7���
X ¬�ù �X ¬%ùÎ Ö¢÷CbQ(=ôoø7l7j3÷ (slð
ã½á-ÿ7�]·5huf�� ·5|¤huj �ø.á ã ùð
ã½á-ÿ7�]·5huf�� ·�e�xAnm�����������ÿ[½ÿã]X¥���
	����������������������� � û 	����!#"�$����%��&�'�(�)�� �+*,).-/'102'3	�����#4������V#ãsñ�â�X5ã����
	�����#4�� 5
*,67��� � ì
8 ãsñ�â�X5ã����
	����������� û 	����!9",$�� 5:*,6;���


