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"$#&%�')(+*,(.-/%102-43�%1#5%60+3,*87�3,#:9,;<=-4;�<>3,<@?@AB73,#:91;<C-D;<�E

F AG<D;HC(+H=-4(I91;�0J%1')'K;<�(IH�LKHC;'M-43N*,(.9,;�HDL)77;�HDHC(I9,;POQ<4%17R-4(I3,#KH�31O	%S<C;�OQ;<C;#K7�;
9,3,0.-/%1*,;6T

FVU %67/WX')(I9Y(+'K;�'S'K3[Z@#N9,3,0.-/%1*1;\OQ<4%67�-4(I3,#S'K<C(I91;H8%�7�LK<D<C;#:-^] _K<C3,_`31<C-4(I3,#5%10a-D3
-4WK;�9,310I-/%6*,;1])-DWK<D31LK*,W&%�<C;HC(+HC-D3,<T

FXb WK;c7LK<C<D;#:-�-4WK<C3,LK*,Wd-4W);e<D;HC(+H=-43,<CH�7%1#Xf`;cHCZ@(.-47/WK;�'V-D3g-DWK;c(+#K_)L)-�31O>%
7LK<C<D;#:-�-4389,310I-/%6*,;�73,#:91;<C-D;<�T

FXb WK;S7L)<D<D;�#:-h-43V9,3,0.-/%1*,;P731#i91;<=-4;<hHDLKj�H�%10I0k31O�-4W);lHCZ@(.-47/WK;�'B7LK<C<D;�#i-DH
-43�*,;�#K;<D%6-4;c%&913,0I-4%1*,;�31L)-4_KLm-8_K<D31_`3,<=-4(I3,#5%10 -43�-DWK;�fK(I#5%1<CnP96%10+L);�31Oo-4W);
HCZ@(I-D7/WK;H�T

"$#p%1#5%10I3,*�;�0+;7R-4<C3,#K(+7�HqZr;�'K;%10!Z@(I-DWg73,#:-4(I#iLK3,LKHC0Inh96%1<C(J%1f)0+;�siL5%6#i-D(I-D(+;H�HCLK7/W
%6H�7LK<C<D;#:-t3,<q913,0I-4%1*,;�Z@WK(I7/Wp7%1#gW5%^9,;�%1#:n�96%10ILK;�Z@(I-DWK(+#g%e_u;<Cj\(IHDHD(IfK0+;	<4%1#)*,;1T
b W);HD;�913,0I-4%1*,;�H�3,<v7�LK<D<C;#:-4He7%1#w-4W);#xfu;�LKHD;�'x-43S<C;_K<C;HD;�#:-c73,#:-4(I#iLK3,LKHe<C;^%10
Zy3,<C0+'e96%1<D(+%1fK0+;�HoHDLK7/Wh%1Ho_u3,HD(.-4(+31#z]m91;0+3Y7(.-$n,]5_K<C;HCHDLK<C;1]20+(I*,W:-o(+#:-4;�#KHD(.-$ne;�-D71T

"$#X'K(+*1(I-/%60r;0I;7R-4<D31#K(+7�H]{sYLK%1#:-4(I-D(+;�H�%1<D;c<D;�_K<D;�HD;�#i-D;'wf:nN#iLKj�f`;�<DH�Z@WK(+7/WV%1<D;
-DWK;j�HD;�0I91;Hc<D;�_K<D;�HD;#:-D;'|f:n�'K(+HC7<D;R-4;�9,310I-/%6*,;�0+;R9,;�0+HT~}m(I#K7;�j�L)7/W�36O	j�3Y'K;<C#
-D;7/WK#)3,0+3,*6n�(+H>f5%1HD;�'p31#g-DWK;8LKHC;�36Oy')(+*,(.-/%10�73,j�_KL)-D;<CH]�(I-q(+Hq#K;�7;�HDH4%6<Cn�-43eWK%[91;
j�;�-DWK3Y'KHy36O�3,f)-4%1(+#K(I#K*	%1#�%1#K%10+3,*t3,L)-D_KL)-{OQ<D3,j�%t'K(+*,(.-/%10)73,j�_KL)-D;<>��?@A|731#i91;<��
HC(+3,#5�aHC3	-DW5%6-y73,j�_KL)-D;<DH{7^%6#v;R�m;�<D7(IHD;�73,#:-4<C3,023[9,;<{-4WK;�;R�Y-D;<D#K%10uZy3,<C0+'\%1#K'�%60+HD3
(.-k(+Hk#K;�7;HCH4%1<=np-D3&WK%[91;vj�;�-DWK3m')Ht36O�3,f)-4%1(+#)(+#K*c%cHD(I*,#5%10a(I#p'K(I*,(I-4%10�OQ31<Dj�Z@WK(I7/W
(IH�7�3,j�_5%6-4(IfK0+;�Z@(.-4Wh')(+*,(.-/%10z7�3,j�_KL)-4;�<DH���Aq?�73,#:9,;�<DHC(+3,#2��%1#K'&Z@W)(+7/W�<C;_K<C;HD;�#:-4H
-DWK;k73,#)'K(I-D(+3,#KHo(I#�-4WK;k7�3,#:-4(+#iLK31LKHD0.n�96%1<D(+%1fK0+;><D;^%60zZr3,<C0+'zT

?q(I*,(I-4%10>7�3,j\_)L)-4;�<DHc7^%1<C<CnM3,Lm-c7^%10I7LK0+%6-4(I3,#KHe(+#MfK(I#5%1<=nM%1<D(.-4WKj�;�-D(+76]@-DW5%6-�(+H
L)HD(+#)*c%�#YL)j�f`;�<qHCnYH=-4;j�Z@W);<D;�-DWK;8'K(I*,(I-DH>%1<C;��1H�%1#)'N�^HT b WK;8_u3,HD(.-4(+31#�31Oa-4W);
')(+*,(.-r(IHrLKHC;'e-438<C;_K<C;HD;�#:-�-DWK;qHC(+*,#K(.�57^%6#K7;q36O�-4WK;q#iLKj�f`;�<�HD3�-DW5%6-@%�7�3,#:9,;<CHD(I3,#
OQ<C3,j�f)(+#5%1<=n�-43�'K(I*,(I-4%10u<D;_)<D;HC;#:-/%�-4(+31#&Zy3,LK0+'cfu;1E

�1�)�[�)�,�^�)�[�K���^�����o���� �¡6¢u£��� �¡�¤u£l�� �¡6¥5£l�� �¡6¦2£��� \¡:§m£l�� �¡6¨���©iª1«z¬�®��¯��=°

"$#P3,<D');<q-43c<C;_K<C;HD;�#:-	-DWK(+Hqf)(+#5%1<=n�#iLKj�fu;<k(I#�;0+;�7�-D<D3,#K(I7H�]±%cf)LKH]�-$nY_K(+7%10+0.n
36Oo;(I*,W:-	Z@(I<D;H	(+#P_5%1<D%10+0I;0²]�Zy3,LK0I'lfu;vLKHC;'S(I#pZ@WK(I7/WN%h��³´HD(I*,#5%10 3,#P-4WK;�Z@(+<D;

¡,µ1ª
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<D;_)<D;HC;#:-4Hy%�0+3,*1(+7^%60)��(+#8-DWK;o73,<C<D;�HD_u3,#K'K(I#K*k_`3,HC(I-D(+3,#831O2-DWK;@fK(+#5%6<Cn�#iLKj�f`;�< %1#K'
%vª�³�3,#&-DWK;	Z@(I<D;k<D;�_K<D;�HD;�#i-DHk%�0I3,*,(I7^%10!�	(+#c-4WK;	73,<C<D;�HD_u3,#K'K(I#K*\_u3,HC(I-4(I3,#�31O�-DWK;
fK(+#5%6<Cnt#iLKj�fu;<T b WK;ofK(I#5%1<Cnt;�sYL)(I96%10+;�#:-!31O2©iª�'K;7�(+j\%10²]ÏZ@WK;#8_)0J%17�;'83,#8%6#8Ð>fK(.-
fKLKH]zZy3,LK0I'�*,(I91;�-4WK;�913,0I-4%1*,;	73,#)�K*,LK<4%�-4(+31#�HDWK3[Z@#P(+#�Ñ�(I*,LK<C;�ª6©KT.�,T b WK;8-4;�<Dj�H
j\HCf&%6#K'&0IHDfc<D;�_K<D;�HD;�#i->j\31HC-�%1#K'c0I;^%1H=-�HC(+*,#)(I�57%1#:-ofK(I-T

Binary number

lsb

msb

0
1
1
0
1

0
0
1

8 bit data bus Voltage levels

Reference ground

0V
5V
5V
0V
5V

0V
0V
5V

Ñ�(+*,L)<D;kª6©)TI�,E Òy(+#5%1<=n�#iLKj�fu;<�%1#)'&7�3,<D<C;HD_u3,#K')(+#K*89,310I-/%6*,;�0+;R9,;0IH@3,#�-DWK;kfKLKH�T

Ñ53,<>HD(+j�_K0I(+7(.-$n,]5Zy;�Z@(I0+0�'K(+HC7LKHCH�'K(+*1(I-/%60�-D3c%1#5%10I3,*v7�3,#:9,;<CHD(I3,#p(I#�-4;�<Dj�Hq31OyÐ
fK(I-�'5%�-/%�fKLKHC;Hvf)L)-�WK(+*,W);<�<D;�HD3,0IL)-4(I3,#KH831O��Ï¡m]��^©P%1#K'��[¶Pf)(I-4H�%6<D;eOQ<D;�sYL);#:-40.n
LKHD;�'zT "$#h%�?@AB73,#:9,;�<DHC(+3,#�Zr;k731#i91;<=-�-DWK;q9,3,0.-/%1*1;�0+;�91;0IH�31#c-DWK;k;(I*,W:-�Z@(+<C;H@31O
-4WK;kfKLKH@(I#i-D3�%�HC(+#K*10+;q9,310I-/%6*,;�0+;R9,;0±%�-�%�HC(+#K*10+;k%1#5%60+3,*83,Lm-4_KL)-T

Ñ�(+<DH=-^]�Zr;pHD;�-�-4W);p<D%1#K*,;g31O	-4WK;g3,L)-D_KL)-T b nm_)(+7^%60+0In�-4WK(IHcZy3,LK0I'Ófu;gOQ<D3,j
��³Ô-D3V�z³ÕfKL)-\(I-�(IH�HC-4<D%1(+*1Wi-COQ3,<CZr%1<C'X-D3p7/W5%6#K*,;c-4WK;�HD7%10+;6T b WK;hÐP'5%�-/%gfK(I-DH
73,<C<D;HC_`31#K'�-43c%�<4%6#K*,;�OQ<C3,j��1�,�,�,�,�1�,�\-43c%�j\%��m(+j�LKjÖ31O��,�,�,�,�1�,�,��(I#�fK(+#K%1<Cn
Z@WK(+7/Wd731<D<D;�HD_u3,#K'KH�-43P%�<D%1#K*,;�OQ<C3,j×��-43p¡,ª1ªh(+#d'K;7�(+j\%10²Tl}m3g(+#)HC-4;%1'd31O>%1#
%1#5%10I3,*�9,3,0.-/%1*1; Z@W)(+7/W	96%1<C(+;�H�7�3,#:-4(I#YL)3,LKHD0.nqOQ<D31jB��³d-43t�z³XZy;r7%1#t3,#K0Inq*,;#K;�<4%6-D;
%cHC;�-k31O�¡,ª1¶�')(+HD7�<D;R-4;896%10+LK;�H�HD_5%67;'p%6-k(I#i-D;<=91%60+Hq31O §¦$¢$Ø �ÚÙ)ÛÝÜaj�³Þ%1_5%6<C-^T b WK;
<D;HC3,0+Lm-4(+31#e31O�-DWK;kHCnYHC-D;jÖ(+HoHD%1(+'c-43�fu;	ÙmTÝÜ!j�³�T2ß�<D;%6-4;�<@<D;HC3,0+Lm-4(+31#�(IHo3,f)-4%1(+#K;�'
fin�LKHD(I#K*�j\3,<C;�fK(I-DH�%1#K'�%�0+%1<D*1;<�<D%1#K*,;�31O�fK(+#K%1<Cnv#YL)j�f`;�<T

b W);8_K<D3,f)0+;jÕ31Oy?~-43eAÚ7�3,#:9,;<CHD(I3,#pWK%1Hq#K3[Z�f`;�;#P<D;')LK7;�'g-D3e-4WK(IHE�*,(I91;#
;(+*1Wi-�Z@(+<C;Hq*13,(+#K*�(+#:-D3�%v7�3,#:9,;<=-4;�<�7(+<C7LK(.-^]2Z@(I-DW&9,310I-/%6*,;�0I;�9,;�0+H�3,#h-4W);HD;	Z@(+<D;�H
<D;_)<D;HC;#:-4(I#K*\%1#hÐ8fK(.-@fK(+#K%1<Cnv#YL)j�f`;�<]5WK3[Z|7^%1#&%�9,3,0.-/%1*,;�fu;k*,;#);<4%�-4;'&%6-o-DWK;
3,L)-4_)L)-@31O�-DWK;t?�AB7�3,#:9,;�<C-4;�<�Z@W)(+7/Wh(IHo_K<D31_`3,<=-4(I3,#5%10u-438-4WK(IHofK(+#K%1<Cnv#YL)j�f`;�</à

á&%1#:nl7�3,#:9,;<CHD(I3,#dHCnYHC-D;j�H8W5%^9,;�fu;;�#N'K;�91;0+31_`;�'Xf)L)-�-DWK;<C;�(+H	3,#K;�H=nmH=-4;�j
Z@WK(+7/W�(+Hoj�3,HC-@7�3,j�j\3,#)0In\LKHD;�'&7%10+0I;'e-4WK;tâ�ã)¡6â�0+%1'K'K;�<o73,#:9,;�<C-D;<T

ä 31#KHD(I'K;<�-4W);a7(+<C7LK(.-�HDW)3ÏZ@#t(+#tÑ�(I*,LK<C; ª6©KTÝ¡���%:�ÌT�åp;aW5%^9,;y%�<D;ROQ;<C;#K7�;{913,0I-4%1*,;1]
æ5�$¬²ç1]iZ@WK(+7/W�(IHa-$nm_)(+7^%60+0In��z³è%1#)'\(IHr%1_)_K0+(I;'\%17<C3,HDHy%	_u31-4;�#:-4(J%605'K(I9Y(+');< 31O±âÓ%1#K'
-$Zr3p¡1âÖ<D;�HD(+H=-43,<CH8(+#N_5%6<4%10I0+;0�T b WK(+H8(IH�;siLK(.96%10+;�#i-�-43�-4WK;e_u31-D;#:-4(+%10r'K(.9Y(+'K;�<�31O
-$Zr38;�sYLK%10z<D;�HD(IHC-431<DH@%1H�HCWK3[Z@#c(+#cÑ�(I*,LK<D;qª6©KTÝ¡���f5�RT b WK;q913,0I-4%1*,;q%�-�-4WK;�7�;#:-4<C;�31O
-4WK;�_u31-4;�#:-4(J%60z'K(I9Y(I'K;<o(IHr-4WK;�#�é/êQë®ì¦ Ta"$#&Ñ�(+*1LK<D;kª�©KT�¡c��%:�R]K31#K;�31O�-4WK;	¡1âí<D;�HD(+H=-43,<CH
(+H�*,<D3,L)#K'K;'�%6-�-DWK;�fu31-C-43,j�T b WK;�36-4WK;�<q¡1â�<D;HC(+H=-43,<�*,3m;�H�-D3\-DWK;�H=Z@(I-47/W�%1#K'�(IH
;(I-DWK;<�*,<D3,L)#K'K;'�3,<�OQ;'�-43q-DWK;o(+#:91;<C-D(+#K*�(I#K_KL)-!31O`%q7LK<C<D;#:-a-D3q9,3,0.-/%1*,;r73,#:9,;�<C-D;<
7(+<C7LK(.-^T�î�HC(+#K*>-DWK;�3,_Y��%1j�_�<CLK0+;�Ho��î�#K(I-!Ù,Ü:��-4WK;{9,3,0.-/%1*,;r%6-�-DWK;�(I#i91;<=-4(+#)*q(+#K_)L)-!(IH
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ref

(a)

V

2R

R

 RX f

2R

+

ref

Vout

(b)

V

V

R

R

X
ref
2

Ñ�(+*,L)<D;tª6©KTÝ¡mE }Y(+#K*,0I;�LK#K(.-@31O!â�ãm¡1â�0+%1'K'K;�<o#K;�-$Zy3,<CñuT

;�siL5%10¹-D3�-4WK;�9,3,0.-/%1*,;q%6-r-DWK;q#K3,#)(+#:9,;�<C-4(I#K*8(+#)_KL)-rZ@W)(+7/Wc(+Hy*,<D3,L)#K'K;'¹T åMW);#�-4W);
H=Z@(I-D7/We(+Hr(I#v-4W);q0+;RO®-�_u3,HD(.-4(+31#z]:-4WK;qfu31-C-43,jÞ31O�-DWK;k¡1âB<D;�HD(IHC-431<r(+HyWK;0I'c%6-�*1<D3,LK#)'
913,0I-4%1*,;�3,<t��³òf:ng-4WK;�3,_u;<D%6-4(I3,#p36O�-4WK;�3,_m�$%1j�_zT�"�-	(+Hk-4WK;�<D;�OQ31<D;�%�-�%e9Y(+<C-DL5%10
*1<D3,LK#)'zT b WK;k9,3,0.-/%1*1;	%�-�-DWK;	j�(+'c_u3,(+#:-�31O�-4WK;t_`36-4;#:-D(J%10�'K(.9Y(+'K;�<]5j\%1<Dñ6;'&ó�(+#
-DWK;�7(I<D7�LK(I-])(+Hy-4WK;�<D;�OQ31<D;�(+#)'K;_u;#K');#:-�31O±-4WK;�_u3,HD(.-4(I3,#v31O�-4W);qHCZ@(.-47/W&%1#K'e(+#�-DWK(+H
7%1HD;k-4W);k913,0I-4%1*,;�(IHo*,(I91;#cf:nXé êQë®ì¦ T

b WK;c7�LK<D<C;#:-�(+#:-43�-DWK;e3,_m�$%1j\_Nô�õ±ö÷73,#:9,;�<C-D;<�(+H�-DWK;<C;�OQ3,<C;�-4WK;�913,0I-4%1*,;e%6-
_u3,(I#i->ó´')(I9Y(+'K;�'gfinh-4WK;�<D;�HD(IHC-431<q-43e-4WK;8H=Z@(I-D7/Wz]!¡6â�]zZ@WK(+7/WP*,(I91;Hkø&� é4ù¦�ú %1#)'
-DWK;�3,L)-D_KL)-k31O{-4WK;�7�LK<D<C;#:-	-D3e9,3,0.-/%1*,;87�3,#:9,;�<C-4;�<	(IHq-4WK(IH�7LK<C<D;�#i-	j�LK0.-4(I_K0+(I;'hf:n
-DWK;@OQ;;')f5%17/ñ�<D;HC(+H=-43,<yâqç:T!"$#v-DWK(+H 7^%6HD;�æKûX(+H{W5%10.Oz31O`-4WK;�<D;�OQ;�<D;�#K7;>913,0I-4%1*,;�æK�$¬�ç,]
Z@W)(+7/Wc-4WK;�<D;�OQ31<D;k*,(I91;H�E

æ5ü²ýÌþ��íÿ æK�$¬²ç
¡� �¡1â âqç 3,< �

');_u;#K'K(I#K*�3,#e-4WK;k_u3,HD(.-4(+31#e31O�-DWK;kHCZ@(.-47/WzT
A�-k-4W);�_u3,(I#i->Z@WK;<C;væK�$¬²ç�(IHk%1_K_K0I(+;'¹]z-4WK;8(I#K_KL)-k<C;HD(IHC-4%1#K7;�31O{-4W);�0+%1'K'K;�<q(+H

â|£ÓâÔ�Ô¡1âòHD3�(.O�Zr;e_)L)-8%�7�3,_:nl31Oo-DWK(+H	;0I;j�;#:-/%10{0J%6'K'K;<	(+#:-43&-4WK;�7�(+<C7LK(.-^]
Z@W);<D;@-4W);�<C(+*,W:- W5%6#K'�¡6â�-4;�<Dj�(+#5%�-4(+31#�<D;�HD(+H=-43,< (IHa0+3Y7^%6-D;'z],Zy;�')3	#K36- 'K(+H=-4LK<Cf\3,<
7/WK%1#K*,;k-4WK;k9,310I-/%6*,;H@(+#c-4W);	7�(+<D7�LK(I-T b W)(+H@(+#KHC;<=-4(+31#&7%1#hfu;k<D;_u;^%�-4;'h%�#iLKj�f`;�<
36O�-D(+j�;H@%1#K'e-DWK;k<D;HCLK0I-D(+#K*�7�(+<D7�LK(I-@(IHoHDWK3[Z@#&(+#cÑ�(I*,LK<D;tª�©KTÝÙmT

S

Vref

2R

R

2R

 0

R

2R

S1

R

2R

S 2

R

S 3

2R

 R f

+ Vout

Ñ�(I*,LK<C;tª6©KT Ù)E â�ã)¡1âí0J%1')'K;<o#K;R-$Zr31<Dñ2T



¡,µ1Ð ·¹¸mºu»:¼1½v¾Rº5¿²¼1À5Á>ºu¼1À+ÂDÃ8ÄrÀ+¾/ÅR¿�Æ4Â�º5Ç²Å/È	ÉÊ8Ë@ÆÌÇ�¼1º&Íz¼1ÎoÀ+¾/È/È

b W);y9,310I-/%6*,;{%6-�-DWK;{;siLK(I96%10I;#:-�31O5_u3,(+#:-±ó�(I#t-DWK;{;0+;�j\;�#:-/%10i0J%6'K'K;<±(IH�<C;'KLK7�;'
fin8%�O�%67�-431<a31O�¡�%1HaZy;@_K<D3,*1<D;HCH{OQ<C3,j~0I;�O®-!-D3k<D(+*1Wi-{%60+3,#K*q-DWK;@0J%1')'K;<�T!Ñ53,<a70+%1<D(.-$n,]
-4WK;q')(J%1*,<D%1jÞ3,#K0.nvHCWK3[Z@H@-DWK;q7�(+<D7�LK(I-yOQ3,<�©8fK(.-4H�31<�HC-4%1*,;Hr31O±-4WK;�0+%1'K'K;�<rfKL)-@(.-�(IH
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