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Abstract

In nowadays communication system, the input signal will be quantized by an analog-

to-digital converter to provide follow-up digital circuit to execute more complicated signal-

processing. The progress of technology makes digital signal-processing system reach

higher operation rate with smaller chip area. To accompany with the diminution of the

transistor size, the supply voltage decreases. Today, the trend of integrated circuit design

integrates the analog-to-digital converter with the huge digital signal-processing system

in the same chip. Therefore, the analog-to-digital converter has to be operated in the same

voltage as digital circuit is.

The subject of the thesis is to design a 200MS/s pipelined analog-to-digital-converter

under a 1V power supply. It adopts the architecture of 2.5-bit/stage to raise the opera-

tion rate of the analog-to-digital converter. It also combines with digital calibration tech-

niqhe to compensate the errors causing by offset voltage of the comparator, capacitors

mismatch and finite amplifier gain. Duing to amplifier is the main power-comsumption

iii



of whole analog-to-digital converter. We can reduce it to about half of original power-

comsumpltion by using switched-Opamp technique. However, a calibration alogrithm is

prposed for nonlinear error duing to low-gain amplifier. We can extract nonlinear param-

eters and calibrate it in digital domain.
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2 a; 1. ï¡

Storage Media
Disk
Tape
Bubble

Digital
VLSI

System

Audio I/O

Transmission Media
Wire Pairs
Coax
Fiber
RF

Physical Sensors & Actuators

Imagers & Displays

Power
Source

Analog/Digital Interfaces

% 1.1: ó�õvfÝ+«.

1.1 �^

vfó�»ð ÝTàP�&ðÂ½�ÜñPaç­�Ù(wireless communication

system) �Íß��é�(cellar phone)�ó�Å¯�Ù (digital video system)�{>

óA^(high speed modem)õØHç­�Ù(Ethernet system)��Kòyvfó�

»ð TàÝP��ãÍTàP�Ý�!�CWvfó�»ð Ìb&P&ø

�!Ý!}6O�ô.h�ß�&9�!Ýé­Úx�A"nPvfó�»ð

 (Flash ADC)�ÑaPvfó�»ð (Pipelined ADC)�Äãøvfó�»ð

 (Sigma-Delta ADC)����

3Í¡Z�&Æx�êýÎ'�×ÍE®3 1VÝ�®éDì�NJ2000gã

ø0ÑPvfó�»ð �2àNù2.5-bit���ÝÚxè{JÍvfó�»ð

 ÝºÕ>��¬�)ó�lÑ*�¦�Ef´ Ý�ÉéD� ��h²�¿

à×°aPlÑÝ]°��|;�é��<gõw� b§¦ÇÝÅ(�è{J

�vfó�»ð Ý[� [6][7][8][9][10] [11][12][13][14][15]�

1.2 ¡Zà�

ÍS¡Z�/�ÚxAì�3¡ZÝÏ×a��´���vfó�»ð �¥�

P�±éD'�ÝÄQ�T�¬Eh×vfó�»ð Ý@~�^õ'�¥F�

�MÝ1��



1.2. ¡Zà� 3

3¡ZÝÏÞa��&ÆÞEÑaPvfó�»ð Úx�×1�¬5�Í8

n©P|CETÝó.�îP�¬vD¡Ñaù�Ý0-¼Ù�t¡&Æ+ÛÝ

×ÍÑaùÝé­@¨]P��âbíá�nÝ�D é­�f´ é­�|C

FÙÝËùw� é­�!`ô+ÛÝãøé�õ/0é�Â��X�Ý]°�

3¡ZÝÏëa�&ÆÞEvfó�»ð �X2àÝw� é­Ý'���

ÞÝ1��´�Ã�&ÆXm�Ý�Ù!}�#ì¼x�"D&ÆX2àÝw�

 õFÙËÁw� Ýf´�¬Þhw� Tày6ðw� ÝÑaPvfó�

»ð ��

3¡ZÝÏ°a��jE�GÑaPvfó�»ð ÝaP0-lÑ]°®×

Í"D�¬+ÛÑaPvfó�»ð à6ðPé�X@¨Ýé­®×ÍD¡�

¬vÞé­ÿaXÿÝ¢ó��áJÍvfó�»ð ¼��Ùÿa��JÎÍ

��X�Ý!}�

3¡ZÝÏ"a��Ey.
w� ¦Ç�È�X0HJÍvfó�»ð �

¨Ý&aPÝ®Þ�®×ÍD¡�¿à�GXè�ÝaPlÑ]°�XÿÕÝ£

G�&Æè�×Í�Õ°��|ÞJÍvfó�»ð Ý&aP;ó�0�¼¬

v�9/��

3¡ZÝÏ0a��&ÆÞE9S¡Z�ÍÀ��¬D¡¡�Ý@~��È
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ÏÞa

ÑaPvfó�»ð Ý�®æ§

2.1 �+

%2.1�î×ÍÌbPÁÝFÙÑaPvfó�»ð ÝÚx�Í�ÝN×ÁÝÚ

xKÎ×øÝ�%2.2�îN×ÁÝ/IÚx�Í��âÝ×Í±���Ýgvf

ó�»ð (sub-ADC)õ×Ígó�vf»ð (sub-DAC)|C×Í3° õw�

 �3ÑðÝE®ì�N×Áº�ÞG×ÁÝí���®ãøõ1¹�¬Þhv

f*rBã±���Ýgvfó�»ð ®ß�ó�D��Þhó�D��X�

gó�vf»ð ®ß�×ÍvféDÂ�¬ÞhvféDÂõ1¹ÝéD�8

3��Bãw� ®ßí�����X�ì×Á�µh×àÞ*rFXì��ó

�_D ÞN×ÁX®ßÝó�D�8��ÿÕt¡Ýó�Dí����

ÑaPvfó�»ð Ý?�ÎÌb�{Ýí�£(thoughput rate)�ô.
N

o,1D o,2D o,3D o,PD

V1 V2 V3 VP VP+1

1D 2D PD

Stage
    1

    1
Encoder

Stage
    2

    2
Encoder

Stage
    P

    P
Encoder

% 2.1: ÑaPvfó�»ð .

5



6 a; 2. ÑAPvfó�»ð Ýì®æ�

Aj
da

(D )j

Vj+1
Gj

jD

Vj

DAC
sub

ADC
sub

% 2.2: ×ùÑaùÝ]sî�%.

×ÁK©jEG×ÁÝí�®ãøõ1¹Ý�®�X|N×ÁK�|!`Ý¬�

�§�h²�A�¿à"nPvfó�»ð 	®Îgvfó�»ð �J»ð

` ©m�×Í`�ÝËÍ8�Ç��W�X|t"Ýí�£µÎ`����À

�ÝÁóãXm�Ý���¼X���J�»ð Ý>�JãN×Á8!� ã

øõ1¹ÝH�` (settling time)XX��

2.2 ×�ó.à�


Ý?
×MÝà�9Ávfó�»ð ��|×Á¼®
���A%2.2Xî�

��ÏVj ��ÏjÁÝvfíá�¸à"nPvfó�»ð 	®Îgvfó�»

ð �Jf´ Ýí�Î×àó�á�D(thermometer code)�&ÆàDj¼�î�

A�bMÍf´ �Jº®ß (M+1)Í��Ýó�D�#ì¼Ýgó�vf»ð

 (sub-DAC)�ÞµAó�D Dj¼®ßXETÝ (M+1)ÍvféDÂ Ada
j (Dj)�

õíá�83�9×Í83ÝéD-(Vj − Ada
j (Dj))êÌ
"õÂ(residue)DÄ¦

Ç
GjÝw� ®ßVj+1í�Õì×Á��Vj+1�A%2.1Xî×ÍÌb�#PÍ

8!ÁÝî�%(P��t¡×Á)�EN×Á(�hàìý j¼�î)Ýó�DDj �

Ìb(M+1)Í��Ýó�D��|à0(00...0)�1(00...1)ÕM(11...1)¼�î�E�

�×Í��ÝDj�&Æ�|Þ"õÂVj+1àVj
ÐóÝ]�P¼�î�

Vj+1 = Gj × [Vj − Ada
j (Dj)] (2.1)



2.3. tçÃã
2Ý»ð 'l 7

�]�P(2.1)�&Æô�|DÄ¼ÞVjàVj+1¼�î�

Vj = Ada
j (Dj) +

Vj+1

Gj

(2.2)

= Ada
j (Dj) +

Ada
j+1

Gj

+
Vj+2

GjGj+1
(2.3)

qA(2.3)Ý."�&Æ�|ÞJÍPÁÑaPvfó�»ð ÝíáV1àì�P

�¼�î�

V1 = Ada
1 (D1) +

Ada
2

G1
+

Ada
3

G1G2
+ · · · +

Ada
P

G1G2 · · · GP−1
+Q (2.4)

9�Q = VP+1/(G1G2 · · · GP )��JÍvfó�»ðÝ�;0- (quantization

error)�

2.3 t�Ãã
2Ý»ð '�

	JÍÑaPvfó�»ð ÎàXÛÝ”t�Ãã
2Ý'�”`�JJÍ»ð 

Ýó�í�Do��|�N×ùÝó�í�DDj�Bã!Mõ�É�¡�8�ÿ

Õ�9�XÛt�Ãã
2Ý'�[9]�ÇÎ3JÍÑaPvfó�»ð �ÝN

×Áw� Ý¦ÇKÎ
ÞÝ�ó�t�;Ý'�Ý×Íx�©P�ÎíáP

�â?ÎÝJó¦ÇGjÝÅóÝJó¹�ôµÎíáP��Jó¦ÇGj�	Ý

5v�N×Í�	
∆V = 2/Gj (3h�'íáP�
-1õ+1)�.h&Æm�Ý

f´ óê
 M�ô�yGj − 1��N×Íf´ Ý¢�éD V
ref
j 
V

ref
j (Dj) =

−1 + (Dj + 1)∆V = −1 + (Dj + 1)2/Gj� EXbÝ0 ≤ Dj < M� Eygó�v

f»ð Ý¢�éDã�Ada
j (Dj) ÝóêôÎGj��v¢�éDã�Ada

j (Dj) ô

Î∆V = 2/GjÝJó¹� Ada
j (Dj) = −1 + (Dj + 1/2)∆V = −1 + (Dj + 1/2)2/Gj�

Í� 0 ≤ Dj < M�%2.3Xî�&Æ"îÝ¦Ç5½
2,3,4Ýt�Ãã'��!

`¸ô"î�N×ÁÝíáVjõí�Vj+1Ý»ÉÐóÝn;%�3§�ÝÝ�µ

ì�»ÉÐóÎ×Íû
Ï�©�N×ÁÝíáP�õ"õ(residue)ÂÝw�í

�P�K3Ñ�Ý¢�éDã�� (3h
-1Õ+1)�tâÝ�;0-Q�§×3

2/GP

0 ≤ Q ≤
2

G1G2 · · · GP

≈
2
GP

(2.5)
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Vj

Vj+1

ADC DAC

Vj

Vj+1

ADC DAC

Vj

Vj+1

ADC DAC

0
−1

+1

0

+0.5

+0.5

−0.5

−0.5

0 1

0
−1

+1

0

+2/3−2/3

210

−2/3

+2/3

−1/3

+1/3

1 2 30

+1/4 +3/40−3/4 −1/4

−0.25

−1

+0.25

+0.75

+1

−0.75

−0.5

0

+0.5

% 2.3: t�Ãã'�.



2.4. 0
¼ÙõÌb�Õf´ Ýó�DÝý0?Ñ 9

§¡î�×Í§�ÝNÍ�-vfó�»ð XETÝ�;0-
2/2N�&Æ

ô�LW 1 LSB(last significant bit)�h²�×ÍLSBô�|�LWíáP�(3h


-1Õ+1)õ¦ÇÝn;�

1LSB =
2
GP

(2.6)

qA2.6&Æ�Lb[Ý�-Neff
�

Neff = log2(
2

1LSB
) = P log2(G) (2.7)

JN×ÁÝb[Ý�-neff
�

neff = log2(G) (2.8)

Et�Ãã
2Ý»ð ���G = 2n�ôµÎb[�-neff = n�&ÆÞN×

ÁMÍ�-Ýá�D»WnÍ�-ÝÞ
�D��ÞJÍPÁÝÍ½Ýn�-µ�

É���)WNÍ�-(N=nP)�Ç
JÍ»ð Ýí����

2.4 0-¼ÙõÌb9õf´ Ýó�DÝý0?Ñ

×ÍÑaPvfó�»ð Ý[�Î�|ìÝ0-X§×��Í��ÀÝgvf

ó�»ð õgó�vf»ð X®ßÝ&aP0-�|C3N×ÁõN×Á�

 ¦Ç�!XCWÝ¦Ç0-�gvfó�»ð X®ßÝ0-�âÝf´ Ý

�ÉéD(offset)õ¢�éDÝ0-�9ËÍ0-Kº0lgvfó�»ð Ý¾

\ã�®ß�É�gó�vf»ð X®ßÝ0-�âÝ�ÉéD(offset)�¦Ç

0-õ&aP0-�A�&Æà6ðé�Ý]P¼@¨¦ÇÁ�J¦Ç0-Ý®

ßÎ.
é��<g0-õw� Ýb§¦ÇXCW�#ì¼Ýa;&Æº�Õ

9×°0-¼Ù�

´���Egvfó�»ð Ý0-¼�1����'gó�vf»ð õw

�¦Ç3N×ÁKÎ§�Ý�;ðgvfó�»ð Îà"nPvfó�»ð 

¼@¨�×�Ýf´ ×ÐK#íá�¨×ÐJ#×à¢�éD�f´ËÍíá

ÐÝ-Â�Q¡X�í�8ETÝó�D�	ËÍíáéDã��#�`�A�

f´ Í�bÝ�ÉéD(offset)TïÎ¢�éDÍ�bÝ0-�Kº¸ÿf´ 

Ýf´�ã®ß�É�.�®ßý0Ýó�D��gó�vf»ð µAhó�
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Vj+1

Vj

−1

0

0 +1

+1

−1

2−bit/stage

% 2.4: f´ �ã®ß�É`Ý»ð©P`a .

DX®ßÝvféDõíá�83�ôº.�®ßý0�|×Í×ÁÎËÍ�-

Ý»����f´ Ýf´�ã®ß�ÉX®ßÝ[T�3í�áÝ»É`a%

�|�¨�¼�A%2.4Xî�"õéD�B�yì×ÁíáéDÝP��9×ð

øÄP�Ýíá*rÞ�ºb�¢�ã��®f´�ôµÎ�ãö´�ó�D�

º3�GÝ���A%2.5Xî�

#ì¼�Egó�vf»ð Ý0-�1��gó�vf»ð µAgvfó

�»ð í�XÿÝó�D�®ßvféDÝí��.hJÍgó�vf»ð 

Ý¦Ç0-õ&a;0-ºÎJÍ»ð 0-Ý¥�¼Ù�A%2.6Xî�9°&

§�Ý0-E»ÉÐóXCWÝÅ(�%2.7J
9°&§�Ý0-EJÍ»ð

 ©PXCWÝÅ((3h�'©bÏ×Áb0-�yõÝÁóKÎ§�Ý��ì



2.4. 0
¼ÙõÌb�Õf´ Ýó�DÝý0?Ñ 11

Do

V1

−1

0

0 +1

+1

−1

2−bit/stage

missing decision levels

missing decision levels

% 2.5: f´ �ã®ß�É`Ýó�vf»ð »ð©P .
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Vj+1

Vj

−1

0

0 +1

+1

−1

2−bit/stage

% 2.6: Ìb&§�gó�vf»ð `Ý»ð©P`a .
Do

V1

−1

0

0 +1

+1

−1

2−bit/stage

missing codes

missing decision levels

missing codes

% 2.7: Ìb&§�gó�vf»ð `Ýó�vf»ð »ð©P .



2.4. 0
¼ÙõÌb�Õf´ Ýó�DÝý0?Ñ 13

XÿÝ��)�ã%�á�gó�vf»ð Ý&§�©Pº0ló�DÞö´õ

ý0Ý¾\ã��

t¡jE¦ÇÁÝ0-�1��	¦ÇÁbÝ¦Ç0-|¡�ºEJÍ»ð 

©PCWÅ(�A%2.8Xî�Î	¦ÇÁÝ¦ÇH�`�XCWÝ0-º¸ÿJ

�Ý»ð »ð©P®ßó�Dö´�A%2.9Xî�D��	¦ÇH�`�J

ºCWI	íá.
ø�íáP�P°��D�ôµÎ�ãö´�A�N×ÁÝ

¦ÇK�!`�JJÍ»ÉÐó��º!`D3ó�Dö´õ�ãö´�3!�

P��;�0�Ý%�ì�×�ºà6ðPé�¼@¨JÍÑaPvfó�»ð

 �¦ÇÁÝ¦Ç0-;ðÎ.
é�Ý�<g�w� Ýb§¦Çõb§�´

XCW�

ã|îÝD¡�|ÿát�Ãã
ÞÝÑaPvfó�»ð '��ETyé

­Ý&§�©PX®ßÝ0-�»Af´ Ý�ã®ß�É�gó�vf»ð 

Ý&aP0-�õN×Á� ¦Ç�!XCWÝ¦Ç0-�Kb��®ßó�D

Þºö´TÎbI	ÝíáÂP°��D�Å(Î&ð�Ý��ÊA%2.8Xî

Ý»ÉÐó%��î3&Á¦Ç� ®ßÝ¦Ç0-�%2.9X��ÝÎ.
9

Í0-XCWÝJ�vfó�»ð Ý»ð©P�b×°ó�DÞºö´�¬A

�&ÆÞíáÝP�¦��¸ÿG×ÁÝí�P��9×ÁÝíáP�X�â�

J9×Í®Þµ�|��X�.
yõÂÍ��âÝI	$Î�G×$�; X

�;ÝÂC.
f´ �ÉéDXCWÝ0-Â�¬©�DACÎã@Ý��¦�

ÝyõÂ)ºETÑ@ÝDC�ð­�1�íá*rÝ£G3ØË��î¼1Î

^bö´Ý�©�ÏÞùf´ �|�§Ý»ðP��yÏ×ùf´ Ýí�P

��JÏ×ù.�ÉéDXCWÝý0µ�|�lÑ/¼�9ôµÎó�DÝý

0? Ñ�
Ý¸ÿ¸ÿG×ÁÝí�P��íáP�X�â�&Æ�|¦�f´

 Ýóê�ôµÎ¯M > Gj − 1Tïª±&Á� Ý¦Ç�×�Ýé­@¨î�

&Æ9¸à¦�f´ Ý]°�.
Ah×¼&Á� Ý¦Ç)QÎÞÝ�ó�

¸à¦�×Íf´ Ý»�¼�1��XETÝ»ð©P`aA%2.10Xî�õ

t�;'�(minimal)¼�f´�JV
ref
j (Dj)õAda

j (Dj)5½3�×Í∆V = 2/Gj�

J V
ref
j (Dj) = −1 + (Dj + 1/2)∆V�A = −1 +Dj∆V�Í� Dj ∈ {0, 1, 2}�9øÝ

H4êÌ
Nù1.5�-ÝÑaù�&Æ�|:�X�&ÝøÄP�
1/Gj�
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Vj+1

Vj

−1

0

0 +1

+1

−1

2−bit/stage

% 2.8: ×ÍÑaùÌb¦Ç0-`Ý»ð©P`a.
Do

V1

−1

0

0 +1

+1

−1

2−bit/stage

missing codes

% 2.9: Ìb¦Ç0-`Ýó�vf»ð »ð©P .
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Vj+1

Vj

ADC DAC

Minimal+1

−2

+2

0

−0.5

+0.5

+1

−1

−1−1.5 0 +1.5+1

1 20

% 2.10: Ìb9õf´ ÝÑaù»ð©P.

2.5 !�P���é­Ý@¨

%2.2"îÝ×ÍÑaùÝ]sî�%�3¨*Ý!�P���%�*�� ×

ÍÑaùÝé­@¨9ã�âb×àf´ é­®
sub-ADC� õ6ðPé

�¶�PÝó�vf»ð (Multiplying digital-to-analog converter, MDAC) �Í

�MDACJ!`)¿Ýãøõ1¹�ó�vf»ð �3° |CéDw�

 Ý�� [6][16]�× Í6ðPé�ÝMDACÎã×ÍºÕw� õé�/0

Ýç­XxW�%2.11 Xî
×Í1.5�-ÝÑaPvfó�»ð Í�Ý×

Á�ÍETÝ»É`aJA %2.12Xî�gó�vf»ð ãËÍf´ Xà

W�×Íf´ Ý×Ð íá#+0.25Vr�¨×Íf´ Ý×Ðíá#−0.25Vr�

�MDACJã×ÍºÕw�  õËÍé�XàWÝç­X�W�Í�®æ§A

%2.13Xî�3`� φ1`�VjÂ�é�CsõCfXãø�!`VjôDÄf´ õ

¢ �éD−0.25Vrõ+0.25Vr�f´�ÿÕó�Ýí�DDj ∈ {−1, 0,+1}� 3`

�φ2`�é�Cf#ºÕw� Ýí�Ð�é�CsJ#Õf´ í�XETÝé

D−Vr, 0,+Vr�Bãé�F­Ýæ§5��í�Vj+1�ÿAì«ÝP��

Vj+1 = Ĝj × [Vj − ˆAda
j (Dj) − Aos

j ] (2.9)
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1

1

2Vj Djx

2

Vj

Vj+1

Dj

Cf

Cs 1
−0.25+0.25

Encoder

% 2.11: 1.5�-Ý6ðPé�Ñaù.

Vj+1

Vj

+0.75Vr+0.25Vr−0.25Vr−0.75Vr

+Vr

−VrDj

+0.5Vr
+0.25Vr

+0.25Vr
+0.5Vr

DACADC
0

00

b

a

+1

−1

% 2.12: 1.5�-Ý6ðPé�ÑaùÝ»ð©P.
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Vj+1
Cp CL

Cf

Cs
DjrV x

φ2
Cf

Cs
Vj Vj+1

Cp CL

φ1 =1=1

% 2.13: 1.5�-Ý6ðPé�ÑaùÝé­E®.

Í�

Ĝj =
Cs + Cf

Cf

×
1

1
A0

· Cs+Cf+Cp

Cf

(2.10)

Âda
j (Dj) = Vr ·

Cs

Cs + Cf

×Dj (2.11)

Í�ĜjX��ÝÎÏjÁÝËÑ¦Ç�Aos
j Îw� íáX��Ý� [�

É�Âda
j ��sub-DACÝËÑí�Â�3§�Ý��ì�A0 = ∞vCs = Cf�Xÿ

Ý¦ÇĜj = 2vÂda
j (Dj = 0.5Vr ×Dj�

µFÙÝ'�î�
Ý�¸ÿJ�Ýó�vf»ð Ý[�.
w� 

Ý¦Ç�È��CW Ý[�ìª�&ÆK�T.w� Ý¦Ç�Ý÷�÷

?�A%2.14Xî� 9Î×ÍËùÝw� � Ï×ùÎ2àÀPP(cascode)Ý

Úx��ÀÝM1�M2���M8|C�ÿ/0ÝM13õM14� |èºx�Ý¦

Ç�ÏÞùx�Îà¼¯í�¾Õt�Y»�X|�m�99éþ�©àÝ

M9��M12|C�ÿ/0ÝM15õM16�.
àÝËùÝw� �X|µm��

9é� Cc1��Cc4‘|èº�ÈÝ8�\j�¸ÿw� �|E®3%�ÝÏV�

¬Îô.
�9é�X|JÍw� º��´9Ý�£�|C>�P°E®3{

>Ý�®�£�ì�th�²�2àÀPPÝÚx�¬P°Êày÷¼÷±Ý�

®éDì�

Eyãøé�õ/0é���Ýóã�x�Îãé�X®ßÝ#ÓG(KT/C)X

X��H�Ýé�Âº��?9Ý�£�H�Ýé��º®ßH�Ý#ÓG�X

|9Íé�Â;ðÎãvfó�»ð �Xm�Ý!}XX���ÊNÍ�-Ý

vfó�»ð �íáÝGr��
 VFS�ãøé�
Cs�J	&Æ©b�Êé

�Ý#ÓGõ�;0-`�JÍ»ð ÝGrÓGf(SNR)�|ãP�(4.1)XX
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Cc1

Cc3

3M

5M

11M

9M

15M 13M

Vip

Vop

Vcf2

1M

7M

Vcf1

Vb2

Vb3

Vb4

Vcf214M

2M

4M

6M
Von

10M

16M

Vin

12M
Cc4

Cc2

8M

VSS

VDD

% 2.14: Ìb{¦ÇÝw� é­'�.
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% 2.15: SNR vsé���.

��

SNR = 10 × log [
V 2
FS/2

KT
Cs

+ (2VFS/2N )2

12

] (2.12)

A%2.15Xî�ETy�!Ýé���ÝSNRÂ�&Æ�|qAX�Ý�Ù!

}�¼X�Xm�Ýãøé�Â���

ãy&ÆÞíáGrà##ÕÏ×ÍÑaù�A%2.11Xî�íáGrBãã

ø�n1Eãøé�õ/0é�
��éÝ�®�
�íáGrãøÝ�®�


Ý�¹íáãø�nXCWÝ&aPé [Tõé�¥áÝÅ(�CWJ�»ð

 Ý[�ìª�3íáÐÝ&Æ¸àÝ�×NMOS¼®
ãø�n�.h&Æ3

ÝàÁÐ¸àÝ�D �A% 2.16�%�Xí�ÝéDVg�º�½íáéDVi�

�;�¸ÿíá�nÝ30;Ý`Î�NMOSÝVgséDº1¹3×ü�Â�|3

KNMOS�nÝ&aPé [T�¸ÿJ�»ð Ý[��º.
ãø�n�b
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φ

φ

φ

C1 C2 Cb

Vo
Vi

1M 2M
3M

8M

10M

11M 12M
7M

4M

6M

5M

9M

Vg
φ

φ

φ

VDD

% 2.16: ãøíá�nÝ�D é­.

XÅ(�

%2.17�
&ÆX¸àÝf´ ÝÚx�Gù¸àÝ-�-5ÝGÐw� �

¡«#Õ�ß�(regeneration latch)�M7�M8�M9õM10xWÝGÐw�Xm�

Ýx��µ�ÞéøGr»WéDGrí��#Õ�ß�ÝËÍNMOSíá�Þ

íáËÐÝéD»Wéø-Âí��M13�M14�M17õM18xW�ß�Xm�

ÝÑ/0�	φ = 1`�©�ËÍíáÝNMOSéþ�×0;�µº
á÷õ �

Þéø-ÂDÄî«ÝÑ/0é­�í�t¡Ý���

2.6 �¡

39Ía;�&ÆD¡ÝÑaPvfó�»ð Ý�®æ§õó.�îP�|C

ÍETÝ0-¼Ù�9×°0-�3»ð Ý»ð©P`aîK�|:Ý�¼�

��EJ�»ð Ýó�í����®ßö´DTïÎb×°íáP�P°ET

Õ8ETÝó�D�t¡&Æ+ÛÝ×ÍÑaùÝé­@¨]P��âbíá�

nÝ�D é­�sub-ADC�Ýf´ é­�|CMDAC�FÙÝËùw� é

­�!`ô+ÛÝãøé�õ/0é�Â��X�Ý]°�
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1M 3M 2M 4M

6M5M

7M 9M 10M 8M

Vin

Van

Vip
VRP VRN

Vap

VB1

Vop

11M 12M

19M

17M
15M 16M

18M

14M13M

Van

Von

Vap

φ

φ φ

Differential−Difference Preamplifier

Regenerative latch

VSS

VDD

VDD

VSS

% 2.17: sub-ADCÝf´ é­.
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Ïëa

1V 200MS/sÝMDACé­'�

3.1 �+

9×Ía;+Û×Í1V 200MS/sÝMDACé­Ý'��ãybÝó�ÝaPlÑ

*��X|&Æ�|.w� Ý¦Çª±×°�'�×Í¦Ç�{¬ÎÌb{>

õ{í�Y»Ýw� �th�²�&Æ�|¿à6ðw� Ý*»�3^b¸

àw� `�Þw� n*�¼;6�£Ý���£��|;6°WÝ�£�

��

3.2 ÑaPvfó�»ð ÝÚx

%3.1�î×ÍÑaPvfó�»ð Ý]s%��âvfI5õó�ÝI5�

×�Î"ù�N×ùÎ2.5Í�-t¡��î°Í�-Ýf´ �©bG«ëùº

�aPÝó�lÑ�vfGr¸à��-�Gr�|�¹®ßÞg×®�CW

Gr´Ë�ó�I5J�âó�lÑõó�_D �EyN×ÍÑaù/Ié

­Ý'���â�D �f´ ��yî×at¡×;+ÛÄÝ�|ìx�j

EMDAC�Xm�Ý{>w� �¼�'��

3.3 vfé­'�

�g�{Ý%�ì�-�Ý;¼÷¼÷y�Í²¦Ç(intrinsic gain)÷¼÷��¬

23
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V1 V2 V3 V4 V5

1D 2D 3D 4D 5D

o,1D

Stage
    1

Stage
    2

Stage
    3

Stage
    4

4−Bit
Flash

Calibration Processor and Output Encoder

% 3.1: ÑaPvfó�»ð ÝÚx%.

ÎE®>�÷¼÷"[1][2][3][5]�Í;&Æè�Ý×Í¦Ç��¬>�È"Ýw

� '��A%3.2Xî�&Æ'�ÝËùÝw� ��!yFÙÝËùw� 

Ý'��&ÆÞw� Ýx�¦Çw3ÏÞù�ãí�ÐX:ÕÝ�µé�Â�

¼X�w� ÝxÁFÝ�H�Ï×ùé­x�Îà¼èºÏÞùíáÏÞùí

áÝ�D�|Cèº¦ÇV
ÞÝw�®à��X®ßÝÏÞÍÁFÝ�H�Î

ãÏ×Áí�ÐX:ÕÝÓ÷é�õ�[ Â¼X��ãy&ÆX'�Ýw� 

^b�9é��X|ÏÞÍÁFÄ6õxÁFÝ�H5ÝÈ����|�¹.


w� �%�X®ßè��

#ì¼&Æº�ÞÝD¡w� '�Ýø��¬v3'�ÝÄ���3���

ÙÝ!}�O�ì��Õ�£��t�ÝêÝ�&Æ�|Þw� ÝËù&½5

�¼D¡�ãyé­Î��-�w�Ýé­�X|&Æ©mjE×�Ýé­¼5

�Ç��3h&Æ�Ê%3.2��\Ýé­�´��&Æ�EÏÞù¼D¡�9�

|Ú
Î×Í�ÁÌb�×ÁFÝw� �.h&Æ�|ÿÕ�T/­Ý��M

$(T�

Vout(t) = Vstep · (1 − e−t/τ) = Vstep · (1 − e−t·β·ωu) (3.1)

Í��VstepÎ¼íáÝM${��τÎ¼H�(settling)Ý` ðó�βÎ¼]0

.��ωuÎ¼w� Ý��¦Ç�´�
Ý�¹éD�;>£(slew rate)HXEí

�XCWÝ´ËÅ(�éD�;>£Ä6��yí�t�ÝE£�ôµÎ

SR ≥
d

dt
Vout(t) = Vstep · β · ωu (3.2)

Í�

SR =
2I

Co,load

(3.3)
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VopVon
Vin Vip

Vb1

Vb3

3Mn

6Mn

8Mp

5Mn

1Mn 2Mn

4Mn 9Mp

7Mn

Vfb Vfb

AB

VSS

VDD

% 3.2: {>±¦ÇÝËùw� .

ωu = 2 ·
gm,Mn7

Co,load

(3.4)

9�ÝCo,loadÎ¼í�ÐX:ÕÝ�[é���ÀÝ/0ÐÝ�[é��ì×

ùÝãøé�|CÓ÷é��Í��P�(3.4)�Ýðó2���ÝÎÏ×ù¦Ç

3J�w� ��¦Ç�´XCWÝÅ(�©�éD�;>£È"�^bEí

�CWÅ(�J^b��H�Ýí�XCWÝ©ÎaP0-���th�²�

éD�;>£õ��¦Ç�´� ;ðºb8!Ýn;�X|P°&½}ñ

Ý�&½�J�;ð´�ÝéD�;>£ô�æï´�Ý��¦Ç�´�ãP

�(3.3)�(3.4)�&Æ�|ÿÕéD�;>£õ��¦Ç�´Ýn;�

SR =
2I · ωu

2 · gm,Mn7
≥ Vstep · β · ωu (3.5)


Ý�¹åÕéD�;>£ÝÅ(�&Æ�|ÿàÁÝÄ,�éDVovõíá

M${�Ýn;�Ä6��|ìÝn;�

Vov

Vstep

≥ 2 · β (3.6)

!§�Ey��¦Ç�´���
Ý��w� Ýí�Ä6H�3t¡Â

Ý1/2N�/�Xm�ÝH�` 
�

Tsettling > N · τ ln 2 = N ·
1

βωu

· ln 2 (3.7)
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ÞTsettling = Ts/2 = 1/2f2õτ = 1/β · ωu�áîP�&Æ�|ÿÕ3���ÙX

mÝ��¦Ç�´Ý��ì�gm,Mn7XmÝÝt�Â�

gm,Mn7 >
N

β
· fs · ln 2 · Co,load (3.8)

Í�fsÎãø�£�CloadÎw� í�ÐX:ÕÝ�[é�Â��|¶W

Co,load =
Cf · (Cs + Cp)
Cf + Cs + Cp

+ Co,para + Cnext,load (3.9)

CsõCfXm�ÝÂ�ÎqA�Ù!}Xm�Ý���N�ã#W�ÓGKT/CX

X��AP�(??)Xî�Cnext,load = Cs,next+Cf,nextÎí�ÐX:ÕÝì×ù�µ�

©�Ï×ùX��Ý�-óX��JÏÞùÝCs,nextõCf,nextô�|�X��ôÎ

ã#W�ÓGKT/CXX��Co,paraÎí�ÐÝÓ÷é��;ðÎ -�Í�EÃ

Ì(subtrate)ÝØßé��

ãP�(3.5)õ(3.7)�qA���éþ�ÝéøÝ2P�&Æ�|X�í�é

øÝt�Â�

Id =
1
2
· gm,Mn7Vov > N · fs · ln 2 · Co,load · Vstep (3.10)

ã|îÝP�(3.10)�&Æ�|ÿÕí�ùXm�Ýt�í�éø�

.h�©�qA�ÙXm�Ý!}�A���(N�-)�ãø��Ý�£fs�

t�í� Y»(Swing)õ]0.�β����×Ë�X��¡�&Æ�|qAP

�(3.6) �(3.8)õ(3.10)�0�gm,Mn7õVov'�Ýt�§×�|CXm�Ýt�í

�éø�¼Eí��£��
�t·;Ý'��Í�]0.�βÝX��ÎãX

yN×ÍÑaùÝÚxÎ2à×ù��9K�-ì�3MDAC�"õÂ(residue)Ý

w�¦Ç�36ðPé�ÝTàî�9ÍÂ;ðãé�f»¼X��

×Ë»0gm,Mn7õàÁÝÄ,�éDVov�X��¡�í�ùÝXm�Ýt�é

øõ-�M�f»(W/L)µ�|�X��#ì¼E-�M�f»óã�1��§

¡î�3ü�-�M�f»�ì���L÷y�´�Wô�|�f»Ý¼�y�

�¬�|3K-�Í�EÃ�ÝØßé�[T�ô!`ô�|è{-�Í�ÝE

®>��

%3.3õ%3.4�5½Îéþ�Ý^c�£ftEyàÁÄ,�éDVovÝn;|C

éþ�ÝÍ²¦ÇgmroEyàÁÄ,�éD VovÝn;�ÑAG«X��éþ�

Ý��÷y�^c�£÷{�>�÷"�¬Î�% 3.4�|:���½éþ�Ý
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0 0.1 0.2 0.3 0.4 0.5

1e+12

2e+12

3e+12

4e+12

5e+12

6e+12

7e+12

0 0.1 0.2 0.3 0.4 0.5

1e+12

2e+12

3e+12

4e+12

5e+12

6e+12

7e+12

0 0.1 0.2 0.3 0.4 0.5

1e+12

2e+12

3e+12

4e+12

5e+12

6e+12

7e+12

0 0.1 0.2 0.3 0.4 0.5
Vov

1e+12

2e+12

3e+12

4e+12

5e+12

6e+12

7e+12

L=100nm

L=180nm

L=270nm
L=360nm

ft

% 3.3: ^c�£ftEyàÁÄ,�éDVovÝn;.

0 0.1 0.2 0.3 0.4 0.50

10

20

30

40

50

gm
. r

o

0 0.1 0.2 0.3 0.4 0.50

10

20

30

40

50

0 0.1 0.2 0.3 0.4 0.5
Vov

0

10

20

30

40

50

0 0.1 0.2 0.3 0.4 0.50

10

20

30

40

50

L=100nm

L=180nm

L=270nm

L=360nm

% 3.4: Í²¦ÇgmroEyàÁÄ,�éDVovÝn;.
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Ib1 Mn7

Mp9Mpb1

Vop

Mp8

Mn6

VonVcm

C1

1 2

21

Vcb

C3

12

2 1
C4

Vcb

Vcm

C2

VDD

VSS

% 3.5: w� Ý�ÿ/0é­.

��÷y�Í²¦Ç÷��4Q3&ÆÝ'��Oî�.
bÝó�ÝaPl

Ñ�X|Ey¦ÇÝ��Ý�Oî�|w´�K�¬Î	¦ÇËÝÎH�Ý`

Î��¬3íáÐX:ÕÝÓGº���¸ÿJ�Ý*rÓGf» (signal-to-noise

ratio,SNR)�-�w� Í�Ý&aP[T�ôº.
¦ÇH±P°D9���

í�ÐÞh&aP[T�¨�¼�ôº¸ÿJÍvfí�»ð Ý[��-�.

h�4Qt�Ýéþ����|¾Õ>�t"Ý�O�¬Îãy¦Ç@3H��

39�Ý'��OîP°���.hóãt���ÝË¹
&ÆÝ'����h

²�ãyy;¼[TÝsß�	&Æ¸àt���'�`�éþ�Í�ÝÛ&é

Dºf¸à&t���Ýéþ�ÝÛ&éD¼Ý�Ý9�CW�D'�îÝæp

��×Ë��(L)X�¡�µï�áÝ-�M�f»(W/L)�Ç�X�´�(W)�

ãy&ÆX'�Ýw� Î×Í��-�ÝÚx�X|3w� Ýí�ÐÄ6

b×Í�ÿ/0é­Ý'��¼%��ÿ*rÝí��¸ÿíáÝ-�*r��

y.
�ÿ*rÝ���bÅ(�&ÆX2àÝ�ÿ/0é­Î¸à6ðé�P

Ý�ÿ/0�A%3.5Xî�Í�Ý/0�×*rÎ#ÕPMOSéþ�ÝàùÐ�

¿àXèºÝ¦Ç¼%�í�Ý�ÿéD�

#ì¼�&ÆE�	éøÙÝPMOSéþ�Mp9¼'��×Ëí�éøX��

¡�J»0gm,Mp9 õàÁÝÄ,�éDVov,Mp9� µbÝ×�Ýn;�ãG«X

D¡Ý���
Ý�¸ ÿí�Ý¦ÇªÕH±�éþ�Mp9Ý'�î�ô�¸

àt�Ý���39�&Æ)QóCõ Mn7×ø¸àt���ÝË¹�
Ýb

´"ÝE®>��3�Å(í�Y»(swing)Ý��ì��|ÞMp9ÝàÁÄ,�
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éDVov,Mp9}�Ýè{×°�4Q9øºb[Ýª±�ÿ/0Ý¦Ç�ãy�ÿ

/0é­Ýí�ÐX:ÕÝé��µõ-�Ð×ø�v�ÿ/0é­ÝE®0

�ôÄ6����Ù!}X�OÝ>��ã%�|:��í�Vop(Von)ÎDÄé

�C1(C3) /0ÕÝéþ�Mp9(Mp8)ÝàÁÐ��Êéþ�Mp9ÝàÁÐÝÓ÷

é�[T�Ey�ÿ/0Ý/0.�βcmfb�

βcmfb =
C1

C1 + Cmp9,para
(3.11)

Í�Cmp9,para�ÀÝéþ�àÁé�õ�n-�ÝÓ÷é��.h×Ëé

þ�ÝM� ���J�[ÝàÁé�ôº«½aPÝ�f���¸ÿβcmfb�

��>��X� 9ôÎ¨²×Í'�îÝ§×f��
Ý�¸ÿ�ÿ/0é

­ÝE®>�Å(ÕÑðÝ-� í�ÝE®�&ÆÄ6.�ÿ/0é­ÝE

®�£'�Ýf-�í�ÝE®�£{×°�ô µÎβcmfb · ωu,cmfb ≥ β · ωu�

Í�ωu = gm,Mp9/Co,load�ωu J
P�(3.3)�JMp9(Mp8)õMn7(Mn6)� Ý»

0gmn;
�

gm,Mp9 ≥
β

βcmfb
· 2 · gm,Mn7 (3.12)

Í�βõgm,Mn7�B�G«ÝD¡XX��ãygm,Mp9ÂÝX�ôµX�Ý -

�M�f»(W/L)�àÁÐÝØßé�ô.��X�Ý�ãP�(3.11)&Æÿá

gm,Mp9õβcmfb¬�ÎÍ½}ñX�Ý��Îb8!n;Ý�39Í'�� βÝÂ


1/4�A�&ÆÊ	ÝóãC1�¸ÿβcmfbÝf»V
 1/3 ∼ 1/2�J&Æ�|

ÿÕgm,Mp7XmÝt�Â�×ËéøIdõ»0 gm,Mp9X��¡�àÁÝÄ,�é

DVov,Mp9bËÍf��|ÿÕ�×ÎãP� (3.12)õéø2PÿÕì�Ýf�P�

Vov,Mp9 ≤ Id ·
βcmfb

β
·

1
gm,Mn7

(3.13)

¨×Í�ãí�Ýt�Y»¼X��ôµÎVovÄ6��yV DD3*í�ÝX

mÝt�Y»�vãyhw� E®36ðPé�ÝÑaPvfó�»ð ÝT

àî�3íáãøÝ����/�w� ÎE®3¥Hî�í�º¥HÕ�ÿé

D�3#ì¼Ý�Í��/�w�-�*r�.hE�ÿ*r����ÿí��

ºbH�ÝY»�X|^b�Ê�ÿÝéD�;>£(slew rate)�

#ì¼'�Ï×ùé­�ã%3.2�á�Ï×ùé­�âÝ-�íáÐMn1õ

Mn2��µMn3õMn4|CéøÙMn5�Ï×ùé­ôÎw� ÝÏÞÁFX3�
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% 3.6: w� Ý�£(T.


Ý¸ÿw� í���yè��JJ�w� Ý8�\jÄ6��y65��ê

�Ê3]0.�β 
1/4Ý���ì�ÏÞÍÁFX3Ý�£�Hω2��ãìP¼

X��

ω2 ≈ βωu · 10
22.5
90 = 1.8 · βωu (3.14)

�X|&Æ�|ÞÏÞÍÁFX3Ý�£�H�'�3Ë¹Ý]­¦Ç�´Ý

2]�Ç���8�\jÝ�O�ôµÎ�

ω2 ≥ 2 · βωu (3.15)

Í�ω2 = gm,Mn4/CA�ωu = 2gm,Mn7/Co,load�ãy9�ÝÝωu�X¼ÝÎJÍw

� Ý��¦Ç�´�AP�(3.4)Xî�Í�CA
Ï×ùí�ÐX:ÕÝÓ÷é

��ôµÎ%3.2�AFX:ÕÝÓ÷é��CA = Cg,Mn7 +Cs,Mn4 +Cd,Mn2�.h&

Æ�|ÿÕMn4Ý»0gm,Mn4f�P�

gm,Mn4 ≥
CA

Co,load

· gm,Mn7 (3.16)
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ãîP&Æ�|ÿá�Ï×ùÝ»0gm,MN4õí�ù»0gm,Mn7Ýn;µÎÏ

×ùí�é�CAõÏÞùí�é�Co,loadÝf»n;�×Ëgm,Mn4X�¡�ãÏ×

ù¦Ç
Ýf��ì��|ÿ�Mn2Ý»0gm,Mn2�!`Ï×ùÝéø�ô�q

A|îÝP�(3.16)¼X��ôµÎÏ×ùÝéøõí�ùéøÝn;µÎÏ×

ùí�é�CAõÏÞùí�é�Co,loadÝf»n;�×Ëéøõ»0gmX��J

éþ�ÝàÁÝÄ,�éDVovµ�|�X��ãyÏ×ù�èºH�Ý¦Ç��

|¸àtyÝ;¼��(L)�¼¸ÿE®>�t"�%3.6Xî�ÎX'�Ýw�

 3í��µé�
2.2pFÝ��ì�Xÿa�¼Ý�£(T���±�Ý¦Ç


28.7dB���¦Ç�´
4.23GHz�v3]­¦Ç�´ (Loop-gain bandwidth)Ý

2]���8�\j�y65oÝ�O�

#ì¼&ÆÞX'�Ýw� õFÙÝËùw� µ>�õ���£¼�f

´�A% 3.7Xî�Î×ÍFÙÝËùw� Ý'��ËFÎxÁFÝX3�Ï

ÞÍÁF�yËÍí�Ð�.
9ËÍÁF�H;ðP°ÒÝ�G�X|m�×

Í{��9é� (Miller capacitor)�¼Þ9ËÍÁF5Ò�¼�¾Õ�ÈÝ8�\

j�¯w� í��Èb%�Ýí�[17][18]�&Æ�|ÿÕ9ÍFÙËùw� 

Ý��¦Ç�´õÏÞÍÁFÝ�îP�

ωu =
gm,Mn2

Cc

(3.17)

ω2 =
gm,Mn7Cc

CACo,load + CACc + CcCo,load

=
gm,Mn7

Cx

(3.18)

Í��CA 
AFÝØßé��CcÎ�9é�� Cx = CACo,load

Cc
+ CA + Co,load�A

%3.7Xî ��Ê×øÝ/0.�β = 1/4Ý���ì�õP�×ø�
Ý¾Õ

8!Ý8�\j�&ÆÞÏÞÍÁF'�3Ë¹Ý]­¦Ç�´Ý2]�õP

�(3.14)×øÝ���ì¼����ôµÎω2 = 2βωu�J&Æ�|ÿÕÏ×ùõ

ÏÞù»0 gm� Ýn;�

gm,Mn7 =
1
2
·
Cx

Cc

· gm,Mn2 (3.19)

3�Dü�Ý��ì�éøÎÑfy»0Ýn;�ôµÎ

Id,trad ∝ [1 +
Cx

2Cc

] · gm,Mn2 (3.20)
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VopVon
Vip1M 2M

3M 4M

5M6M 7M

8M 9M
Vb1Vb2

Vb3

Vb2

Vin
Cc Cc

AB

VSS

VDD

% 3.7: FÙÝËùw� .

�&ÆX'�Ýw� Ýéø���qAP�(3.15)�

Id,prop ∝ [1 +
CA

Co.load

] · gm,Mn7 (3.21)

¯ËÍw� Ý��¦Ç�´Î×øÝ���ì�¼f´X��Ýéø�ôµÎ

P� (3.3)õ(3.17)Î8�Ý��ì�FÙw� Ý»0õ&Æ'�Ýw� í�

Ý»0� Ýn;
�

gm,Mn2,trad = 2 ·
Cc

Co,load

· gm,Mn7,prop (3.22)

.h�FÙw� X��ÝéøÎ�

Id,trad ∝ [1 +
CA

Co,load

+
CA

Cc

+ 2 ·
Cc

Co,load

] · gm,Mn7 (3.23)

3î�Ý�P5�ì�ãP�(3.21)õ(3.23)�&ÆÿÕ3!øÝE®�£õ

�µ�ì�FÙw� 8´y&ÆXè�Ýw� b½´�Ýéø���h²	

E®�£÷¼÷{T�µé���`�FÙw� Ä6¦�íáùÝ»0�9!

`ôº¦�w� ÝíáÓ÷é��ª±/0.��¸ÿ>��X��v�£�

9º�ÿ?��|�

#½&ÆD¡N×ÍÑaùÝw� '��qA%3.1Xî�ãyÑaPADC

ÝN×ùº!`��¼×I5Ýó�D�X|ÏÞùÝ'�Xm�Ý���

�Oµ�m�	 Ï×ùÝ!}×ø��¬ãøé�õ/0é�Ý���|�
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STG1 STG2 STG3
Mp9/Mn7¬Ðóê 44/12 22/6 15/4
Ï×ùéøI1st(mA) 2.7 1.34 0.67
ÏÞùéøI2nd(mA) 10.22 5.10 3.42
ÀéøItotal(mA) 13 6.44 4.1
t�í�éDVo,max(V ) 0.505 0.521 0.5
�ÿ/0é�CCMFB(pF ) 0.4 0.4 0.2
ãøõ/0é�Cf + Cs(pF ) 2 1 0.5
w� íáØßé�Cin(pF ) 0.35 0.175 0.087
Ï×ùí�Øßé�CA(pF ) 0.7 0.37 0.25
í��µé�Cload(pF ) 1.2 0.8 0.8
í�Ðé�Cout(pF ) 2.2 1.582 1.31

� 3.1: w� !}õé���.

STG1 STG2 STG3
×$ÝaP¦Ça1 3.34 3.34 3.2
×$ÝaP¦Çâ1(norm.) 1 1 1
ë$&aP;óâ3(norm.) 0.0532 -0.029 -0.083
"$&aP;óâ5(norm.) -0.437 -0.218 -0.314

� 3.2: ÑaùÝaP¦ÇõÑJ;Ý&aP;ó.

��ô!`�|ÞÏÞùw� Ý'�!}´Ï×ù¼Ýê�&Æ�|qAP

�(3.7)õ(3.10)�Ê	ÝEÏÞù�ÏëùõÏ°ùÝw� ¼®'�õXóã

XmÝé�����3.1Xî�ÎqA1V�200MHz�12�-ÝÑaPADCXm�

Ý!}�390nmÝ%�f�ì�ÿaXÿÝé���õw� Ý!}�

�3.2XÿÝ���
�3.2X'�Ýé­�#WËÑÝMDACÝlPA%3.8�

Q¡3íáÐíá×Í�XÝû
®�GrM»º� ½` ÷¼÷��#½

&Æ3N×Í`����Eí�Ð®ãø�×àãøÕí�M»¾Õ &Æ

X�Ýt�í�
c�#½&ÆEXãøÝí�£]�¿àaP/hÝ�Õ

°�ÿÕ× $(aP4)�ë$õ"$Ý;ó�a1�a3�a5��3.2� XÿÝë$

õ"$Ý;ó��BÎ5½EaP4�ÑJ;(normalized)�¡Ý���ôµÎ

â3 = a3/a
3
1õâ5 = a5/a

5
1�
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1

1

2Vj Djx

2

Vj

Vj+1

Dj

Cf

Cs 1
−0.25+0.25

Encoder

% 3.8: 1.5�-Ñaùé­î�%.

3.4 6ðw� ÝÑaPvfó�»ð '�

%3.8X��ÝÎ×Í1.5�-ÝÑaùÝé­@¨]PÝî�%�ãy6ðPé

�ÝÑaPvfó�»ð �3×Í`���(φ1 = 1)�/�Îà¼Þíá*r

�ãøÝ�®�Q¡3ì×Í`���(φ2 = 1)�Þõó*r(residue)w�F�ì

×Á�A�&ÆÞw� #ÕVDDõVSSÝ2]�&�#î×Í�n�A%3.9X

î�	JÍé­3�*rãøÝ��(φ1 = 1)`�w� Î�y¥H(reset)ÝÏ

V�X|A�9`Þ9ËÍ�n�Æ�(OFF)�Þw� �n*�¬�ºÅ(J

Ívfó�»ð ÝÑð�®��v�|;6�£Ý����3õów�Ý�

�(φ2 = 1)��Þ�n�nT(ON)�¯w� ¬ÆÑðÝ�®�ãyw� ©b

�®3×�Ý`����X|§¡î�|;6×�Ý�£���¬Îãyw� 

Ý�n�®�	E®ãn(OFF)�
�(ON)3Ñð�®`�-�ÝDT` õ/

IÓ÷é�Ý�wé�Kº¸ÿw� ÝE®>��X�Å(JÍvfó�»ð

 Ý[��th�²�Ü²X¦�Ý6ð�n�Í�[é ôº¦�Ü²Ý�w

é` [19][20][21] [22]�

#ì¼�A�	&ÆÞ%3.2X'�Ýw� ày36ðw� Ý�®î�&

ÆºEE®>�®
×MÝ5��&ÆÞ6ð�n'�3í�Ð�ãyî«Ýé

øÙÎà¼Þí�*rZ{�X|î«©àPMOS	�nÇ��!§�ãyì«

Ýéþ�Îà¼Þ*rZ±�X|ì«àNMOS¼	�nÇ��A%3.10Xî�

¬Î.
�ÝîìËÍ-��n�X|�[îÎ�ÝËÍ�é 3î«�¸ÿí
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Vj+1
1

1

1

2Vj Djx

2
Cf

Cs

Vj

2

2

Cf

Cs
Vj Vj+1

Cp CL

φ1

Vj+1
Cp CL

Cf

Cs
DjrV x

φ2=1 =1

VDD

VDD
VDD

% 3.9: 6ðPé�ÝE®ÿP.

1

2

2

Cf

Cs

1

Dj Vr

1
1

Vop
Vip

Stage2

Mn4

Mn5

Mn2

Mp9

Mn7

Stage1

x

VSS

VDD

% 3.10: 6ðPw� Ýî�%.
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1

2

2

Cf

Cs

Dj Vr

Vout

Vcb

CK1

CK1b

Mp9

Mn7
CK1

CK2

x

Stage1 Stage2

VDD

VSS
% 3.11: ãø�n)¿Ýî�%.

�Y»Ý���º´æ�^b��nÝ`Î�×°�¬�Î��&ÆX�Ýí�

Y»���

!`�Eyæ�D3Ýì×ùCMOSíáãø�n�ô�5½õ9ËÍ�n)

¿�X|Eæ�Ý�wé` ¬�ºCWÜ²Ý�H�A%3.11Xî�&ÆÞæ

�#Õì×ù#ãøé�CsÝ�n�5½ãMps9õMns7Xã�Ý�¬Î#Õ/

0é�Ýãø�nµQÎD3Ý�
ÝÞ/0é�Ýãø�n�)¿*�&ÆÞ

æ�Ýí�ù�5tWËÍ×øÝ¿�Ýé­�A%3.12Xî�æ¼ÝMp9�t

WMp9aõMp9b�æ¼ì«ÝMn7�ô�tWMn7aõMn7b�%3.12¬v.6ðw

� Ý�ÿ/0é­ô�î3%îÝ�	&ÆÞ6ðw� àyÑaPvfó

�»ð `�ãy3ãø(sampling)Ý`���`�w� �yn*Ý���h

`Ýí�º5½#Õ×Í¢�ã�õì×ùÝí��X|&ÆÞæ�Ýí�ù

X5WÝËÍ¬�é­�×Íº#¢�éD�¨×ÍJ#Õì×ùÝí�Ð�
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2
2

Vop2

Cf2

Cs2

VrD2

Vop_f

Vop_s

1
1

2 Vfb1

1
1

1

Mn7a 7bMn

C12
C11

Vcb Vcb
1 Mp9bMp9a 2Vfb2

x

Stage2

a

b

Stage1

VDD

VSS

% 3.12: ãø�n)¿Ý6ðPw� õ�ÿ/0é­.

A%3.12Xî�	&ÆÞh6ðPw� TàyÑaPvfó�»ð `�JA

%3.13Xî�Ëù� Ýãø�n��Ý�¸�¿Õ6ðPw� /I�Ý��

%3.14J5½�îh6ðPw� TàyÑaPvfó�»ð `�ãøõõó

w���Ý#°�

¬Îãyæ¼Ýw� �#W6ðPw� �X|æ¼w� Ý�ÿ/0é­

ô�«½�×°ÑÑ�ã%3.12�á�Ñ;¡Ý�ÿ/0é­I	��ÀÝ�t

WË	ÝMp9õMp13�é�C1õC3|C¼�ËÍ�n�8´yæ¼Ý�ÿ/0é

­�&Æô.æ¼Ý�ÿé�C1�tWËÍ�ÿé�C11õC12�!`.æ¼¨²

ËÍ�ÿé�C3�C4õ8ETÝ6ð�n�ÉtÝ�#ì¼1�9×Í�ÿ/0

é­ÝE®æ§�

|h6ðw� ÝÑÐí�é­
»�	Ï×ù3ãø��`��tWËÍ

í�ÝÐF Vop fõVop s�5½#ÕÏÞùÝÑÐí�Vop2õØ×Íü�Ý¢�é

D D2 × Vrî�ãy�ÿ/0Ýé�C12�C11õËÍí�ÐVop f �Vop sÎ=#3×

R�X|�ÿé�Ý×Ðô5½#ÕÏÞùÝÑí�ÐVop2õØ×Íü�Ý¢�

éDD2 × Vr�!`�ÿ�nÆ��.9ËÍ�ÿé�C11 �C12Ý¨×Ð#Õ×Í

�ÿ�DVcb�.hËÍ�ÿé�C11õC12ÝËÐ5½#ÕØ×Íü�éD�é�
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1
1

1

2

2

Vi

VrD1

Cs1

Cf1

1

21

Cf2

Cs2

VrD2

1

2

2

Cf3

Cs3

VrD3x

Stage1

x

Stage2

x

Stage3

% 3.13: 6ðPw� TàyÑaùÝ=#é­.

φ1
Cf1

Cs1 Cs2

Cf3

Cs3

Cf2

VrD2

Vi

D1 Vr

Cf1

Cs1

Cf2

Cs2

Cf3

Cs3

D3 Vr

2φ

x

=1

Stage1 Stage2 Stage3

(a) sampling

x x

(b) amplifying

=1

Stage1 Stage2 Stage3

% 3.14: 6ðPw� 3ÑaùÝãøõw���`Ý#°.
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îÝ;DÝé�Q11õQ125½
�

Q11(n) = C11 · [Vcb −D2 · Vr] (3.24)

Q12(n) = C12 · [Vcb − Vop2] (3.25)

!§�36ðw� Ý�Ðí�é­�×ø.æ¼Ý�ÿé�C2tWËÍ

é�C21 õC22�3Ï×ùÎãø��`�5½#ÕÏÞùÝ�Ðí�Von2õØ

×Íü�Ý ¢�éD−D2 × Vrî�!`ô.�ÿ�nÆ��.9ËÍ�ÿé

�C21� C22Ý¨×Ð#Õ×Í�ÿ�DVcbî�J�ÿé�C21õC22îÝX;DÝ

é�Q21õQ225½
�

Q21(n) = C21 · [Vcb − (−D2 · Vr)] (3.26)

Q22(n) = C22 · [Vcb − Von2] (3.27)

Í�

D2 × Vr = Vmid + ∆V r (3.28)

−D2 × Vr = Vmid − ∆V r (3.29)

Vop2 = Vo2,cm + ∆Vo2 (3.30)

Von2 = Vo2,cm − ∆Vo2 (3.31)

A%3.15Xî�|îÝ��
φ2 = 1�Ï×ùw� 3ãø��` XÿÝ�

����ÊÏ×ùw� 3w�Ý��(φ1 = 1)`�ã%3.15Ý�\%Xî�h`

ËÍ�ÿFVfb1õVfb2Î#3×RÝ��h�L
Vfb�9`3�ÿé�îÝ;D

é�5½
�

Q11(n + 1) = C11 · [Vfb − Vop1] (3.32)

Q12(n + 1) = C12 · [Vfb − Vop1] (3.33)

Q21(n + 1) = C21 · [Vfb − Von1] (3.34)

Q22(n + 1) = C22 · [Vfb − Von1] (3.35)

3h¯C1 = C2 = C3 = C4 = C�ãé�F­Ýæ§�&Æÿá3ãøõõów

���`�é�Ä6�×ø�.h�

Q11(n)+Q12(n)+Q21(n)+Q22(n) = Q11(n+1)+Q12(n+1)+Q21(n+1)+Q22(n+1) (3.36)
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D2 Vr

Vop2
C12

C11

D2 Vr

Von2

C21

C22

Vcb

φ2 φ1

C21

C22

C12

C11

Vop1

Von1
Vfb

x

x

=1 =1

% 3.15: 6ðPw� Ý�ÿ/0E®�[é­.
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mn7bR

Rsw

Rsw

swR

Rsw

Rmp9b

Cbp

Cap

Rsw

Initial

op2V

Cf2

D2 Vr

Cs2

Rmp9a

mn7aR

      Saturation

Rsw

Rsw

swR

Rsw

Cbp

Cap

Rsw

7bMn

9bMp
C12C11

fbV

op1_fV

Cf2

op1_sV

Cs2

9aMp

7aMn

A

B

(a)

x

(b)

B

A

VDD

VSS

VDD

VSS

% 3.16: 6ðPw� ãn(OFF)Õ�(ON)Ý�[é­.

C · [4Vcb − 2Vmid − 2Vo,cm] = C · [4Vfb − 2Vop1 − 2Von1] (3.37)

.
φ1 = 1�w� 3w���`��ÿíá
ë�X|h`Ýw� ËÐ

Ý�ÿí�ôºÎ×ø�ôµÎVop1 = Von1�.h�Ï×ùÝí��ÿéDVop1�

Von1õ�ÿéDÝíáéDVfb


Vfb = Vcb (3.38)

Vop1 = Von1 =
Vo2,cm + Vmid

2
(3.39)

ãîP�|:�3w� 3w���`��ÿéDVfbºÎ&ÆX�'�Ýé

D Vcb��vh`Ý�ÿí�éDºÎ¢�éDÝ� ÂVmidõÏÞùí�Ý�ÿ

éDVo2,cmõÝ×��A�¢�éDÝ� ÂVmidõÏÞùí�Ý�ÿéD Vo2,cmË

ïÝéDã�Î×øÝ`Î�ôµÎVmid = Vo2,cm�J

Vop1 = Von1 = Vmid (3.40)

#ì¼�&Æ�D¡ÝÎ9øÚxÝ6ðw� ÝE®>��ãyw� 

ÝÏÞùX�� Ý�£�ÎJÍw� Ýx��£��Ý¼Ù�X|
Ý�

"w� 6ðÝ>��&Æ©j EÏÞùé­®�nÝ�®�Ï×ùé­Î

×à3�®Ý�	w� ãÑð�®ÕnT`� ôµÎφ1 = 1�ãyî«Ýé
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þ�Mp9a�Mp9bÝàÁÐÎ#Õ×Íü��DVcb�X|Mp9aõMp9bKÎ0;

Ý��ì«Ýéþ�Mn7a�Mn7bÝàÁÐÎ#ÕÏ×ùÝí��.
Ï×ùÝ

é­¬^b�n*�ôµÎMn7aõMn7b9ËÍéþ�ôÎ0;Ý�X|	�n

ã� (ON)Õn(OFF)Ý`Î�ÏÞùé­�n*�h`AFéDº�ZÕV DD�

�BFéDº�ZÕV SS�9`ÝËÍí�ÐVop1fõVop1sº�5½#Õì×ùÝ

í�Vop2 õØ×Íü�¢�éDîD2 × Vr�A%3.14�Ý(a)%Xî�

	φ2 = 1��nãn(OFF)Õ�(ON)�w� �¬ÆÕÑð�®Ý��ì�

9`ÎJÍÏÞùw� ºbëÍ�®!`
��X�í�éDÂÝ��õí

�éDÝH�(settling) �
�Ï×Í�®Îí�ÐEAFÝéDõEBFéDÝ

�wéÄ�|CËÍí�ÐVop1f õVop1s�!éDBã�n=�Ý¿ÉÄ��ã

%3.16Ý(a)%ÿá�JÍé­3×���X:ÕÝKÎ�[é õé�Ý=#�

×��Ýí�ÐVop1f õVop1sÝéD�Îã�G;D3ì×ùÝé�Cf2õCs2îÝ

é�XX��9ËÍÐFéDºBã� Ý�n�¾Õ×Í¿ÉÂ��Ú
ËÍ

é�Ýé�¥5gÝÏµ�9×ÍÄ�;ð�"��ºÅ(ÕE®>��

!`�í�ÐEAFÝéDõEBFéDÝ�wéôº¾×Í¿ÉÂ�EAF�

�ÎEí�Ð�wéÝ�®�EBF��ÎEí�EhBF�é�9Î×Í�ö

ÝRC�wéÝÄ��Eyé�C�Î¼A�BËÍFã-�ÝÓ÷é�XQ¤Ý

é�Â��RÂ�JÎ¼�nÝ0;é Â�&Æ�|Ê	Ý¼�J9Í�né

 �¸ÿ9ÍRC;ôÝÅ(t��ãÿaXÝ���s¨XCWÝ;ôV
JÍ

���Ý1/10�X|Å(¬���ÏÞÍ�®Î-�*rÝw��©�w� Ý

'���G«Ý'�ø��JE-�*rÝw����T�õ^b�6ð`Ý�

�×ø�Î�

ÏëÍ�®JÎ�ÿ]0(common-mode feedback)ÝH�(settling)®Þ�	φ2 =

1 ��nãn(OFF)Õ�(ON)`�×��Ý�®A%3.16(a)Xî�PMOSéþ

�Mp9aõMp9b|CNMOSéþ�Mn7aõMn7b�3×��ôÎE®3aP �

�[é­Î�!×Í é �µA!G«XD¡�Î×Í�öÎRCÝ�wé�


� ×ËAFéD�VDDª±Õ×Íà ÁÝÄ,�éDVovéD�|CBFéD

�VSSî>Õ×ÍàÁÝÄ,�éDVovéD`�îìÝéþ�µE®3÷õ �

A%3.16(b)Xî� ì«ÝNMOSéþ���w�-�*r�A!ÏÞÍ�®X

D¡��î«ÝPMOSéþ���. í�H�Õ&ÆX�ÝE�ÿéD��3

æ¼w� ^b�6ð`Ý�ÿ/0é­î�Eyí�Ð3íáÐ®ãø��
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`(φ1 = 1)�í�ÝÑ�Ðº#3×R�¥HÕ�ÿéD ��X|3w���

`(φ2 = 1)�E�ÿéD��¬�ºbí�Y»Ä�ÝéD�;£Ý®Þ(slew)�

Q�36ðw� ÝE®î�ã%3.16�á�éDã V DD − Vov�;Õ&Æ�Ý

�ÿéDî�µÄ6�ÊÕ�ÿéDÝ�;£(slew rate)Ý®Þ�X|�ÿé­Ý

�ÿéDÝ�;£(slew rate)ôºbv«P�(3.12)Ý���AìXî�

Vov,Mp9

Vstep,cmfb

≥ βcmfb (3.41)

Í��Vstep,cmfbÎ¼�ÿéDÝt���P��βcmfbJA!P�(3.11) X�

L��v
Ý��>�Ý�O�éþ�Ý»0gm,Mp9ôÄ6��P�(3.12)Xî�

!`ãP�(3.13)�&ÆbÝéþ�Mp9àÁÝÄ,�éDVovéDXETÝt�

õt�ÝP��AìXî�

2Id ·
βcmfb

β
·

1
gm,Mn7

≥ Vov,Mp9 ≥ βcmfb · Vstep,cmfb (3.42)

A�P�(3.42)Ý��fP�(3.13)Ý��¼Ý�`����ÿ/0é­P°

��6ðw� E®39øÝ�£�ì�ôµÎ9øÝ6ðw� P°E®3�

ÙX�ÝE®�£�ì�

ã|îÝD¡�&Æ�|ÿá39øÝ6ðw� Úxì�JÍé­Ý>�Î

�©ã-�é­X��!`ôm��ÊÝ�ÿ/0é­ÝE®>��

3.5 ÿa��

%3.17�ÎÿaXÿÝ���3φ2 = 1Ý`Î�w� În*(OFF)Ý���í�

5½#Õì×ùÝí�|Cì×ùÝ¢�éDî�3φ1 = 1Ý`Î�w� ÎÑ

ðÝ�®�w� Ýí�ºH�Õ&Æ�Ý�ÿéDî�!`ãÿa���|:

��	w� ãn*(OFF)ÕÑð(ON)�®�Xm�Ý/Æ` (recovery time)�

VÎ×Í���Ý 1
10��6ðw� Ý�nXCWÝ�[é �VÎ20Ω�X|

ºb0.1VÝDª�th�²�ãy&Æ©jEw� Ýí�ù¼®�nÝ�®�

Eyw� ÝÏ×ù¬�®�nÝ�®�8Eyæ¼^b�nÝw� �h6ð

w� �|;6°WÝ�£���

�4.1XÿÝ���
�3.2X'�Ýé­�#WËÑÝMDACÝlPA%3.8�

Q¡3íáÐíá×Í�XÝû
®�GrM»º� ½` ÷¼÷��#½
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% 3.17: 6ðPw� ãn(OFF)Õ�(ON)Ýÿa��.

STG1 STG2 STG3
Mp9/Mn7¬Ðóê 44/12 22/6 15/4
Ï×ùéøI1st(mA) 2.7 1.34 0.67
ÏÞùéøI2nd(mA) 5.1 2.60 1.72
ÀéøItotal(mA) 7.7 3.94 2.39
t�í�éDVo,max(V ) 0.495 0.505 0.49

STG1 STG2 STG3
×$ÝaP¦Ça1 3.34 3.34 3.2
×$ÝaP¦Çâ1(norm.) 1 1 1
ë$&aP;óâ3(norm.) 0.0532 -0.029 -0.083
"$&aP;óâ5(norm.) -0.437 -0.218 -0.314

� 3.3: w� !}õé���.



3.5. ÿa�� 45

-0.4 -0.2 0 0.2 0.4
Vi

-1
-0.5

0
0.5

1

V3
_o

ut

-0.4 -0.2 0 0.2 0.4-1
-0.5

0
0.5

1

V2
_o

ut

-0.4 -0.2 0 0.2 0.4-1
-0.5

0
0.5

1

V1
_o

ut

% 3.18: G«ëùMDACÝí�Ýÿa��.
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&Æ3N×Í`����Eí�Ð®ãø�×àãøÕí�M»¾Õ &Æ

X�Ýt�í�
c�#½&ÆEXãøÝí�£]�¿àaP/hÝ�Õ

°�ÿÕ× $(aP4)�ë$õ"$Ý;ó�a1�a3�a5��3.2� XÿÝë$

õ"$Ý;ó��BÎ5½EaP4�ÑJ;(normalized)�¡Ý���ôµÎ

â3 = a3/a
3
1õâ5 = a5/a

5
1�

&ÆÞ6ðw� #W×ù2.5�-ÝMDACé­�¬v�#W°ù�A%3.1

XîÝJÍÑaPvfó�»ð î�%3.18
G«ëùMDACÝí�ÿa �

��ã%î�|:��3Ï×ùí�»5FÝ2]�3ÏÞùºb�=�Ý¨é

sß�!`3ÏÞùí�»5FÝ2]�3Ïëùºb�=�Ý¨ésß�!§

3Ï°ùôºbh¨ésß�9Í�=�¨éÝsß�Îãyw� Ý¦Ç�È

��|CíáÓ÷é�XCWÝ/0.����X0lÝ»ð`aÝ¦Ç��X

0lÝ¨é�3ì×aX+ÛÝaPlÑ*»�&Æ�|¿àaPlÑ*»¼l

Ñ.
»ð`a¦Ç��|CÍ�Ó÷[TX0lJ�vfó�»ð Ý0-�

3.6 �¡

Ía&Æx�D¡Ý×Í1V�200MHzÝÑaùADC�Ýw� é­'��&Æ

jE×Í{>�±¦ÇõÌb�Ýí�Y»Ýw� ¼�'��!`ôõFÙP

ÝËùw� ®Í�PÝf´�38!E®>��ì�&Æ'�Ýw� �|b

´�Ý�£�qA�ÙÝ!}�&Æ�|ÿÕí�ùXmÝt�éøÝ!}�!

`3ÑaùADCÝE®��&Æ�|µ�Þw� Ý'�f���J�|¾ÕÞ

�£t�;ÝêÝ�t¡&ÆÞX'�Ýw� Tày6ðPw� ÝTàî�

�¬�|;6�£���ô!`Þãø�n�)¿�¬D¡ÍEE®>�ÝÅ

(�t¡&ÆÞ6ðw� Tà3MDACé­î�¬v�#W4ÍÑaùMDAC�

¬vEÍJÍé­®ÿa�ÿÕÿaÝí����



Ï°a

ÑaPvfó�»ð Ýó�lÑ*�

4.1 �+

3ÏÞa&Æ+ÛÝÑaPvfó�»ð Ýæ§|C0-¼Ù�»Agvfó

�»ð Ýã�®ß�É�é�¥á�é��<g�¢�éD®ß�É|Cw

� Ýb§Ý¦Ç�����KºÅ(J�vfó�»ð Ý©P�Q��3

×°m�{���õ{aP�ÝTàî�9×°&§�Ý©P��º§×vf

ó�»ð�vfó�»ð P°¾Õ�ÙÝ�O�.h�jE9×°&§�©

PXCWÝ0-�Ê	Ý�&lÑÎbÄ�Ý�XÛÝ�&lÑÎ¼vfó�

»ð µA/IÝ×°�?é­��?Õ»ð Ý0-Â���Ê	ÝlÑ[23]

[24][25][26][27][28] [29][30]��lÑÝ]P�|5
vflÑõó�lÑ�ãy

ó�lÑ3é­Ý@¨î�f´��|åÕÓGÝÅ(�X|lÑÝ�ê�ºf

vflÑ¼Ý?�|ìjEó�lÑÝ*�¼�1��

4.2 aPÝó�lÑ*�

�hó�ÝlÑ*�ê�5
GÿlÑõeÿlÑ�XÛÝGÿlÑ�Î¼3v

fó�»ð �lÑÝ`Î�h»ð Ä6��cGrÝíá�àÕJÍ»ð 

lÑ�±���|¬ÆÑðÝ�®[6][7][8][10][11] [12][31][32][33]�.hGÿl

Ñº�\*æ¼ÑðÝ�®��v	�(®ß�;`�»Aá�Ý�;�ºT

éDÝ�;�����GÿlÑ¬P°×à¹���lÑÝ�®�9ÎGÿlÑ

47
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tx�ÝþF��XÛÝeÿlÑ¬�º�\JÍé­ÝÑð�®�»ð �|

×«3ÑðÝE®�!`×«®lÑÝ�®�.h�|�½�(Ý�;��\

Ý�&lÑ[26] [27][28][29][30]�&Æ�|�vfó�»ð Ý»ÉÐó¼1�

ó�lÑ*�ÝÃF�|×ÍPÁÝÑaPvfó�»ð 
»��'N×ÁK

Î1.5Í�-�v©bÏ×ùÁÌb¦Ç0-�ÍõÝùÝÎ§�Ý�ã»ÉÐ

ó`a%�|:Ý�¼�`a3±Vr�HbËÝ�=�F�9Îã¦ÇÝ0-X

CW�%4.1õ%4.25½ÎÁ¦Ç�yÞõ�ÞÝ���5½CWÝó�DÝö

´�õ»É`aÝ&��P�ÌaX��ÝÎ§�Ý»É`a�

3lÑ��Ý`Î�ËÍ0-º5½�ÏÞÁÕÏPÁXàWÝvfó�»ð

 X�? �¼¬Þhó�D;DR¼�3ÑðE®`�©�íá�y−1
4Vrµ.

Ï×Í0-�/��	íá�y+ 1
4Vr`µÞÏÞÍ0-3/¼�.hlÑ��¡

Ý»É`aôÎ×fàa�A%4.1Xî�¬ÎEy%4.2�3ÑðE®`�©�

íá�y− 1
4Vrµ.Ï×Í0-3/¼�	íá�y+ 1

4Vr`µÞÏÞÍ0-�/

��.hlÑ��¡Ý»É`aôÎ×fàa�|ìjEó�lÑ*�®§�Þ

Ý1��&Æá¼¦�f´ �|�9gvfó�»ð Ýã�®ß�ÉXCW

Ýý0�¬ÎEygó�v�»ð XCWý0õÁ¦Ç0-XCWÝý0JP

°�9�9µÄ6ãó�lÑ*�¼�99°ý0�P�(2.9)Î´P�(2.1)?#

�Ë@ÝÑaPvfó�»ð �&Æ�|J��É4Aos
j �Eyj = 1, · · Ṗ�©

º¸ÿ3J�vfó�»ð ®ß�É���Q�� ˆGj 6= Gj õÂda
j 6= Ada

j �º¸

ÿJ�Ývfó�»ð ®ßý0�
Ý¦�J�Ývfó�»ð Ý����

&ÆÄ60�ĜjõÂda
j �ã�P�(2.4)ÝGjõAda

j �

A�&ÆÞ��?ÝÏjÑaÁÝĜjõÂda
j �¿àÏ(j + 1)ÁÕÏPÁXàWÝ

vfó�»ð �3h&ÆàzADC¼�î�A%4.3Xî�hzADC#åÏjÁÝ

í�Vj+1	Wíá�¬Þhíá*r�;Wó�D�Dz�&Æ�|ÞVj+1�îW

|ìÝP��

Vj+1 = Ĝj × [Vj − Âda
j (Dj) − Aos

j ] =
Gz

Ĝz

·Dz + Oz +Qz (4.1)

Í�Gz/ĜzX��ÎzADCÝ¦Ç0-�ÎGz§�Ý¦ÇÂ�Ĝz ÎzADC@j
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Do

V1

−Vr Vr

1/4Vr−1/4Vr

0

Error1

Error2

Ideal
Actual
Calibrated

% 4.1: ¦Ç�yÞÝ1.5�-ÝÑaPvfó�»ð »ð©P.
Do

V1

−Vr Vr

1/4Vr−1/4Vr

0

Error2

Ideal

Error1

ActualCalibrated

% 4.2: ¦Ç�yÞÝ1.5�-ÝÑaPvfó�»ð »ð©P.
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Vj
Vj+1 zD

jD

o,jD

Stage
     j z−ADC

Encoder
    j

% 4.3: ÏjùÑaùÝó�_D.

Ý¦Ç�Oz��ÝzADC�ÉÂ�QzÎzADC�;0-�&Æô�|ÞVj�î


Vj = Âda
j (Dj) + Aos

j +
Vj+1

Ĝj

(4.2)

=
GjGz

ĜjĜz

× {
1
Gj

· [
Ĝz

Gz

[Ĝj · Âda
j (Dj)] +Dz]}

︸ ︷︷ ︸

Do,j

+[Aos
j +

Oz

Ĝj

] +
Qz

Ĝj

(4.3)

9�ÝDo,j��îÏjùÝí�ó�Dõ¡«zADCXí�Ýó�D�BÄÏjù

Ý_D�WÝí����

#ì¼�&Æ¿à%4.4¼�ÕaPlÑÝæ§�	”CAL”*r
 1`���


álÑ���×Í�áÝ*rVcºã�æ¼ÝÑðíá*rXÕÏjÁ���

×Í�áÝó�DDcôºã�æ¼ÝDj�gó�vf»ð ®ß�ETÝvf

éD�.hVj+1EVjÝ»É`a{�µ�|�zADCX�?¬v�;Wó�D�A

%4.5Xî�Vj+13aõbTïÎcõd�|5½��?�¼�3aFÝÂ�|¶W�

Vj+1,a = Ĝj × [Vc − Âda
j (Da) − Aos

j ] =
Gz

Ĝz

·Dz,a + Oz +Qz,a (4.4)

3bFÝÂô�|¶W�

Vj+1,b = Ĝj × [Vc − Âda
j (Db) − Aos

j ] =
Gz

Ĝz

·Dz,b + Oz +Qz,b (4.5)
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jD

cD

Aj (D )j
da

Gj

Vj+1
zD

Vj

Vc

CAL

DAC
subADC

sub

1

0

1

0

^

^
zADC

% 4.4: ÏjùÑaùÝó�lÑ.

Þ9ËÍ�?Ý��83�ÿ�

Vj+1,b − Vj+1,a = Ĝj × [Âda
j (Db) − Âda

j (Da)] =
Gz

Ĝz

· (Dz,b −Dz,a + (Qz,b −Qz,a) (4.6)

Bã9g�?Ý����¿í�&Æ�|ÞQz,b − Qz,a9×40-��t*�

EyDj ∈ {0, 1, 2, · · ·}�õDc > 0�BãlÑ�¡�ÿ

Ĝj × [Âda
j (1) − Âda

j (0)] =
Gz

Ĝz

· (Dz,1) (4.7)

Ĝj × [Âda
j (2) − Âda

j (1)] =
Gz

Ĝz

· (Dz,2) (4.8)

· · · · ·

Ĝj × [Âda
j (Dc) − Âda

j (Dc − 1)] =
Gz

Ĝz

· (Dz,Dc
) (4.9)

ÞîPµ�8��ÿ�

Ĝj × [Âda
j (Dc) − Âda

j (0)] =
Gz

Ĝz

· (Dz(Dc)) (4.10)

Í�

Dz(Dc) = Dz,1 +Dz,2 + · · · +Dz,Dc
(4.11)
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Vj+1

+0.75Vr+0.25Vr−0.25Vr−0.75Vr

+Vr

−Vr Vj

Rj c(D )

0

c

d

a

b

0

% 4.5: Ñaùó�lÑÝî�%.
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A�&ÆÊ	ÝóãÏjùÝ�É4Aos
j �¸ÿÂda

j (0) = 0� J&Æ�|ÿÕ

%4.5Ý»V{�Rj(Dc)�

Rj(Dc) ≡ Ĝj × Âda
j (Dc) =

Gz

Ĝz

×Wj(Dc) (4.12)

9�ÝWj(Dc)ÎRj(Dc)BÄzADCX�;Ýó�Â�

A�&ÆÞîP¥±H4��|ÿÕÝÂda
j Ý�îP

Âda
j (Dc) =

Gz

ĜjĜz

·Wj(Dc) (4.13)

ÞP�(4.1)�(4.3)õ(4.13)�)�&Æ�|ÿÕ|ìÝ�îP�

Vj =
Gz

ĜjĜz

·Wj(Dc) + Aos
j +

1

Ĝj

[
Gz

Ĝz

·Dz + Oz +Qz] (4.14)

=
GjGz

ĜjĜz

× [
Wj(Dc) +Dz

Gj

] + (Aos
j +

Oz

Ĝj

) +
Qz

Ĝj

(4.15)

=
Gjz

Ĝjz

·Do,j + Ojz +Qjz (4.16)

Í��ó�Dí�


Do,j =
Wj(Dc) +Dz

Gj

(4.17)

¦Ç0-


Gjz

Ĝjz

=
GjGz

ĜjĜz

(4.18)

�ÉÂ


Ojz = (Aos
j +

Oz

Ĝj

) (4.19)

�;0-

Qjz =
Qz

Ĝj

(4.20)

.h�)ÝÏjùõ�Ï(j + 1)ùÕt¡×ùXàWÝzADC�&ÆbÝ×

Í�Ïjù Õt¡×ùÝ±ÝzADC��Í±ÝzADCÝ»ð©P�¦Ç0-
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VP+1

PDP−1D

VP−2 VP

o,PD
P−1W PW

V1 V2 V3

1D 2D

o,2D
1W 2W

Qx

o,1D
G1 G2 GP−1 GP

o,P+1D

Stage
    P

Table Table

Stage
  P−1

Stage
    1

Stage
    2

Table Table

Stage
    X

1 1 1 1

% 4.6: 9ÍÑaùÝó�lÑ.


Gjz/Ĝjz� �É�
Ojz�õ�[Ý�;0-
Qjz = Qz/Ĝj�.h&Æá¼ ±

ÝzADCºb´æ¼ÝãÏjùÕt¡×ùXàWÝzADCb?{Ý����&ÆÞ

¿à±ÝzADC�µïG«8!ÝM»¼E(j − 1)ù¼�lÑ��Õ(j − 1)ù�W

lÑ��E(j − 2)ù¼�lÑ�Ahµ�?GlÑ×àÕÏ×ù
c�

ÞN×ùX�ÕÝ{�-B�3N×ùÍ½Ýó�ET�/�A%4.6Xî�

	Xbm�lÑÝùóK××lÑ�±�¡�N×ùºbN×ùÍ½Ýó�ET

��qAP�(2-7)�îÏjùÝíá*r�µ�?G.�&Æ�|ÿÕÏ×ùÝ

íá*rV1Ý�îP
�

V1 = Âda
1 (D1) +

Âda
2

Ĝ1

+
Âda

3

Ĝ1Ĝ2

+ · · · +
Âda

P

Ĝ1Ĝ2 · · · ĜP−1

+
VP+1

(Ĝ1Ĝ2 · · · ĜP )
(4.21)

=
1

Ĝ1

· Ĝ1Â
da
1 + · · · +

1

Ĝ1Ĝ2 · · · ĜP

· ĜP Â
da
P +

VP+1

(Ĝ1Ĝ2 · · · ĜP )
(4.22)

(4.23)

A%Xî4.6��'t¡×ùÝx-ADCÌb|ìÝ©P�

VP+1 =
Gx

Ĝx

·Do,P+1 + Ox +Qx (4.24)
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ÞP�(4.12)�(4.24)�á(4.23)J
�

V1 =
G1G1x

Ĝ1Ĝ1x

· [
W1

G1
] +

G1G2G2x

Ĝ1Ĝ2Ĝ2x

· [
W2

G1G2
] + · · · +

G1 · GPGx

Ĝ1 · · · ĜP Ĝx

· [
WP

G1 · · · GP

]

+
1

Ĝ1 · · · ĜP

[
Gx

Ĝx

·Do,P+1 + Ox +Qx]

=
G1G2 · · · GPGx

Ĝ1Ĝ2 · · · ĜP Ĝx

· [
W1

G1
+

W2

G1G2
+ · · · +

WP +Do,P+1

G1 · · · GP

+
Ĝx

Gx

·
Ox +Qx

G1 · · · GP

]

=
G1G2 · · · GPGx

Ĝ1Ĝ2 · · · ĜP Ĝx

· [
1
G1

· [W1 +
1
G2

· [W2 + · · · +
1
GP

[WP +Do,P+1]
︸ ︷︷ ︸

Do,P

]

︸ ︷︷ ︸

Do,2

]

+
Ĝx

Gx

·
Ox +Qx

G1 · · · GP

]

= m̂ · [Do,1 + OPx +QPx] (4.25)

Í��JÍ»ð Ýó�í�


Do,1 =
1
G1

· [W1 +
1
G2

· [W2 + · · · +
1
GP

[WP +Do,P+1]]] (4.26)

JÍ»ð Ý¦Ç0-


m̂ =
G1G2 · · · GPGx

Ĝ1Ĝ2 · · · ĜP Ĝx

(4.27)

t¡�[Ý�ÉÂ


OPx =
Ĝx

Gx

·
Ox

G1 · · · GP

(4.28)

t¡�[Ý�;0-


QPx =
Ĝx

Gx

·
Qx

G1 · · · GP

(4.29)

�î«ÝP��|:��3��lÑ�¡�©�»ð XD3Ý0-Îw�

 Ýb§¦Ç õé�Ý�<gXCWÝ�Jm̂ÎaPÝ�XÿÝ»ð©P`a

ºÎ×fàa� ©�ÄE£�Î1(A%4.1õ4.2Xî)� �Î�¶î×Í¦Ç0

-m̂�	m̂ < 1`�Jt�õt�Ý¿Íó�DÞºö´�X|×øbó�Dö
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´(missing code)Ý®Þ�	m̂ > 1`�JíáÝP��ÎÕt�õt�Â`�ó

�Dµ�BÕÝt�õt�Ýí�Ý�.hºD¹ÕíáÝP��

JÍlÑ���|À�Aì�qAP�(4.12)�lÑ��º¿àlÑù�¡Ý

ÑaùàW×Ívfó�»ð �&Æ�ÌzADC�¿à9Í��?lÑù�Xb

gó�vf XCWXbÝ»ð{��¬Þ�S�ì¼;D3B7�/�9×Í

lÑ��ºµ�×à?Ï×ù]'
�ì��×àÕXb�lÑÝÑaùKlÑ

�±
c�9`XblÑÄ¡ÝÑaùKb&�;D3B7�/Ýó�Â�	Í

ùÝó�DBã_D®ßt¡Ýó�D`�&Æ©�¿àÍù;D3B7�/Ý

ó�Â�µ�|ÿÕlÑ¡Ýí����

4.3 aPÝó�eÿlÑ*�

Í;ÎqA¡Z[13][14][15]�Xè�Ýó�eÿlÑ*�¼ �1��|×ÍN

ù1.5�-ÝÑaPvfó�»ð 
»�A%2.12�îÍN×ùÝ»ð©P%�

%2.11Î8ETÝ6ðPé�ÑaPvfó�»ð ��MDACÝé­@¨]P

�&Æ�|ÿÕíáVjõí�Vj+1Ýn;P�	Vj > + 1
4Vr`�

Vj+1 = Ĝj × [Vj − Vr ·
Cs

Cs + Cf

] (4.30)

	−1
4Vr < Vj < +1

4Vr`�

Vj+1 = Ĝj × Vj (4.31)

	− 1
4Vr < Vj`�

Vj+1 = Ĝj × [Vj + Vr ·
Cs

Cs + Cf

] (4.32)

Í�

Ĝj =
Cs + Cf

Cf

×
1

1 + 1
A0

· Cs+Cf+Cp

Cf

(4.33)

A0�îºÕw� Ýb§¦Ç�Cp�îºÕw� íáÐÝØßé��3§�

Ý��ì� A0 → ∞�Cp = 0õCs = Cf�í�õíáÝn;P��|¶W

Vj+1 = 2Vj ± Vr or Vj+1 = 2Vj (4.34)



4.3. APÝó�eÿlÑ*� 57

Vj+1

Vj

+0.75Vr+0.25Vr−0.25Vr−0.75Vr

+Vr

−VrDj

+0.5Vr
+0.25Vr

+0.25Vr
+0.5Vr

DACADC
0

0

a

b

c

d

+1

0

−1

% 4.7: &§�Ý»ð©P`a�¦Ç�yÞ.
Vj+1

Vj

+0.75Vr+0.25Vr−0.25Vr−0.75Vr

+Vr

−VrDj

+0.5Vr
+0.25Vr

+0.25Vr
+0.5Vr

DACADC
0

00

ac

bd
−1

+1

% 4.8: &§�Ý»ð©P`a�¦Ç�yÞ.



58 a; 4. ÑAPvfó�»ð Ýó�lÑ*�

Vj

Dj

1

2
Cf

1

2
Cs,i

Vj x q
1

2Vj Djx

Cs,N

1

2Vj Djx

Cs,1 Vj+11
−0.25+0.25

Encoder

% 4.9: é��	Ý1.5�-Ñaù.

TÎ

Vj+1 = 2Vj (4.35)

ã|îÝP��|:��w� Ýb§¦ÇA0õé�CsõCf� Ý�<g|

C Øßé�CpKºÅ(ÕJÍ»ðÐóÝ©P�%4.7õ% 4.85½��&Á¦

Ç�yÞõ�yÞÝ���9�Xè�ÝeÿlÑ*�µÎ��;P�(4.12)�

ÝRj(Dc)���º��\æ¼ é­ÝÑð�®�
Ý¾Õ9×ÍêÝ�&Æ3

æ�Ý%2.116ðPé� Ñaù�×°Ñ;�Þæ�Ýé�Cs6WN�5� A

%4.9�ôµÎ

Cs = Cs,1 + Cs,2 · · · +Cs,N (4.36)

	3`�1`�XbÝé�CsõCfK#ÕíáGrVj�ãø�3`�2`�

Cf#ÕºÕw� Ýí�Ð�Cs#ÕDj · Vr�tÝCs,i#Õq · Vr�9�ÝqÎ×Í

Þ
�ÂÝ�^Gr�ã�^Gr®ß X®ß�A%4.10��BÄÑ;Ý6ð

Pé�Ñaù�[î�%�

	�?`Rj(+1)�qÝÂ
+1T0�	�?`Rj(−1)�qÝÂ
−1T0�%4.10


Ñ;¡ÝÑaÁî�%�ÍXETÝ»ð©P
�

Vj+1 = Ĝj × [Vj − Âda
j (Dc) − Aos

j ] + Rji(Dc) ·Dc − Rji(Dc) · q (4.37)
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Aj
da

(D )j

Gj

jD

Vj

jiR x q

jiR jDx

Vj+1

DAC
sub

ADC
sub

% 4.10: é��	ÝÑaù�[î�%.

Í�

Rji(Dc) = Ĝj ×Dc × Vr ·
Cs,i

Cs + Cf

(4.38)

A%4.11Xî�Rji(Dc)ÎVj+1õVj� »ð{�Rj(Dc)Ý×I	�Rji(Dc)õ

Rj(Dc)Ýn;�|�î
�

Rj(Dc) = Ĝj × Âda
j (Dc) = Rj(Dc − 1) +

N
∑

i=1

Rji(Dc) (4.39)

A%4.12Xî�Î×Í�ãRji(Dc)ÝeÿlÑ*�Ýî�%�Vj+1BãzAD�

;ÿÕó�DDz��¶|q′�XÿÝ���Bãó�Ý±;l® ÄlÿÕDy�

9�Ýq′õqÝ®�×ø�¬ÎÂ
+1T−1�A�q′Ìb¿íÂ
ë|CõíáG

rPnÝ©P�J

Gz

Ĝz

·Dy = −q′q × Rji(Dc) = −
1
2
× Rji(Dc) (4.40)

3ÑðÝ�®ì�ó�vf»ð Ýí�Do�|�Dz�k = 1, · · ·, (j − 1)

õDjzÿÕ�Q��ó�DDz�B�âÝP�(4.37)Ýt¡Ë4� X|3�

ÕDjz�G�DzÄ6.9Ë4�3*�P�(4.40)ÝDy ×Ë�0Õ�J9Ë4

Ý[T�|��Ý�Ét��
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Vj+1

+Vr

+0.75Vr+0.25Vr−0.25Vr−0.75Vr

−Vr Vj

Rj (+1)
Rj3 (+1)

Rj1 (+1)

Rj2 (+1)

Rj4 (+1)

Rj (−1)

0

0

c a

d b

% 4.11: RjõRjin;Ý�[î�%.

Vj+1 zD

jD

oD

yD
Vj

q’q

z−ADC LPF

Encoder

     j 
Stage

% 4.12: eÿlÑÝ]s�[î�%.
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V1

1D

oD

V0 V3

3D

V4

4D 5D

V2

2D

Stage
    1

Stage
    3

Stage
    4

Flash
   4b

Stage
    2

Digital   Encoder

% 4.13: 10�-ÝÑaPvfó�»ð ]s%.

4.4 ÿa��

|ì&Æµ×Í1V 10b 200MS/sÝÑaPvfó�»ð ¼®'��¬và�Ù

ÿaÝ]P�¼ÿaí����%4.13
×Í10�-ÝÑaPvfó�»ð Ý

]s%�
Ý�Ê±¦Çw� XCWÝÅ(�G«2àÝ°ÍÑaù�N×

ù2.5Í�-�t¡×ù
4Í�-Ý Flash ADC�%4.14
×ù2.5�-Ý6ðé�

ÝMDACé­@¨|CXETÝ»ð©P`a�Í�N×Íãøé�õ/0é�

Ý��Î×øÝ�ôµÎ Cs1 = Cs2 = Cs2 = Cf��vàÝ6Íf´ �X|bÝ

ÚÍó�DÝí�0, 1.., 6�X|àëÍ�-Dj1, Dj2, Dj3¼�î�Dji ∈ (−1, 0, 1)�

&Æ�|EÏjùÝíáVjõí�Vj+1ÿÕÍETÝó.�îP�

Vj+1 = Ĝj × [Vj −Dj1 · Vr ·
Cs1

Ctotal

−Dj2 · Vr ·
Cs2

Ctotal

−Dj3 · Vr ·
Cs3

Ctotal

] (4.41)

Í�

Ctotal = Cs1 + Cs2 + Cs3 + Cs4 + Cf (4.42)

Ĝj =
Ctotal

Cf

×
1

1 + 1
A0

· Ctotal+Cp

Cf

(4.43)

A0�îºÕw� Ýb§¦Ç�Cp�îºÕw� íáÐÝØßé��


ÝÞvfó�»ð ®aPlÑ�&ÆÞæ¼%4.14Ýé­�ÝÑ;�A

%4.15Xî�Þæ¼ÝëÍãøé�Cs1, Cs2, Cs3�K&� 5WËÍé���N

×Íé�Â
æ¼×��¬ÞX�lÑÝé�#î�^Grq�A% 4.15Xî�
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Vr Dj3x
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% 4.14: 2.5�-ÝMDACé­@¨õ»ð©P`a%.
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1

2

Vj+1

Cf

1

1

2
Cs32

1

2
Cs31

1

2
Cs22

1

2
Cs21

1

2
Cs12

1

2
Cs11

Vr Dj12x

Vr Dj21x

Vr Dj22x

Vr Dj31x

Dj32xVr

Dj32Dj31Dj22Dj21Dj12Dj11

Vj

Vr qx

&  Encoder

6
8

5
8

4
8
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8
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8

1
80

Comparator Array

% 4.15: 2.5�-ÝMDACé­@¨.

&ÆÞé�Cs11#Õ�^Grq�&Æ�|E�á�^GrÝÏjùÝíáVjõí

�Vj+1¶�ÍETÝó.�îP�

Vj+1 = Ĝj × [Vj −Dj11 · Vr ·
Cs11

Ctotal

−Dj12 · Vr ·
Cs12

Ctotal

−Dj21 · Vr ·
Cs21

Ctotal

−Dj22 · Vr ·
Cs22

Ctotal

−Dj31 · Vr ·
Cs31

Ctotal

−Dj32 · Vr ·
Cs32

Ctotal

+ (Dj11 − q) · Vr ·
Cs11

Ctotal

] (4.44)

¬Î.
�î�^GrÝn;�º¸ÿæ¼Ý»ð`asß;��	&Æ

ÞCs11#î�^Gr`�XÿÕÝ»ð`aA% 4.16Xî�@¨X��ÝÎ�^

Grq = 0��ÌaJ��q = 1, Vj > 0TïÎq = −1, Vj < 0Ý���.
�Ý�

^GrqÝn;�»ð`aÝí�º�æ¼Ý − 1
2VrÕ

1
2VrÝP���W−VrÕVrÝ

P��Ahº¸ÿw� Ýí�éDP��
æ¼ÝË¹�®ß?�ÝÝ&

aP[T�ª±J �Ý»ð Ý[��!øÝ�Eyé�Cs2õCs33®lÑÝ
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% 4.16: �á�^Grq , C1Ý»ð©P`a%.

`Î�»ð`aÝí�º�æ¼Ý− 1
2VrÕ

1
2VrÝP���W−VrÕ VrÝP��A

%4.17õ4.18�.h�
Ý�¹ �Ý�^GrX®ßÝí�P����¬v1

¹MDACÝí�P�1¹3 ±1
2Vr�/�&ÆÄ6�Eæ¼Ý»ð`a¼®Ñ;�

|ìEy»ð`aÝÑ;¼�1��	&ÆEé�Cs11õCs12�lÑ`

�X�lÑÝé�Cs11TCs12º#�^Grq�¸ÿí�Gr3 íáGr+

y 2
8Vr ∼ 3

8Vrõ
4
8Vr ∼ 5

8Vr Ý2]ºø�
1
2Vr�¬v	íáGr+y − 2

8Vr ∼ −3
8Vrõ

− 4
8Vr ∼ − 5

8VrÝ2]�í�Grº±y− 1
2Vr� A%4.16Xî�yÎ&Æ3í

áéD
 0,±2
8Vr,± 4

8Vr,± 6
8VrÝ�H �9�ÝÚÍf´ �	íáGr+y

2
8Vr ∼ 3

8Vrõ
4
8Vr ∼ 5

8Vr Ý2]`�&ÆºEé�C32X#ÝGrD32¼®Ñ;�A%

Xî4.19�&ÆÞæ¼ÝGrD32 = 0�;#WD32 = 1�Ahµ�|�¹í�Gr

ø� 1
2VrÝP��!§�3íáGr+y− 2

8Vr ∼ − 3
8Vr õ− 4

8Vr ∼ − 5
8VrÝ2]�&

ÆÞæ¼ÝGrD32 = 0�;#WD32 = −1�Ahµ�|�¹í�Gr±y− 1
2VrÝ

P��@aX��ÝÎ�^Grq = 0Ý���ÌaX��ÝÎ q = 1, Vj > 0|

Cq = −1, Vj < 0Ý���

	&ÆEé�Cs21õCs22�lÑ` �X�lÑÝé�Cs21TCs22º#�^G

rq�¸ÿí�Gr3íáGr+y− 2
8Vr ∼ −1

8Vrõ
4
8Vr ∼ 5

8Vr Ý2]ºø�
1
2Vr�

¬v	íáGr+y 1
8Vr ∼ − 2

8Vrõ − 4
8Vr ∼ − 5

8VrÝ2]�í�Grº±y− 1
2Vr�

A%4.17Xî�qAf´ Ýí����&Æ�|á¼	íáGr+y 1
8Vr ∼

2
8Vrõ− 4

8Vr ∼ − 5
8Vr Ý2]`�&ÆºEé�C11X#ÝGrD11¼®Ñ;�A%X
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% 4.17: �á�^Grq , C2Ý»ð©P`a%.

î4.20�&ÆÞæ¼ÝGrD11 = 1õD = −1�;#WD11 = 0�Ahµ�|�¹

í�Gr±y − 1
2VrÝP��!§�3íáGr+y− 2

8Vr ∼ − 1
8Vr õ

4
8Vr ∼ 5

8VrÝ2

]�&ÆºEé�C32X#ÝGr D32¼®Ñ;�&ÆÞæ¼ÝGrD32 = 0�5

½;#WD32 = 1, Vj > 0õ D32 = −1, Vj < 0�Ahµ�|�¹í�Grø� 1
2VrÝ

P��@aX��ÝÎ�^Grq = 0Ý���ÌaX��ÝÎq = 1, Vj > 0|C

q = −1, Vj < 0Ý���

	&ÆEé�Cs31õCs32�lÑ` �X�lÑÝé�Cs31TCs32º#�^G

rq�¸ÿí�Gr3íáGr+y1
8Vr ∼ 1

8Vrõ
3
8Vr ∼ 4

8Vr Ý2]º±y− 1
2Vr�

¬v	íáGr+y − 2
8Vr ∼ − 1

8Vrõ − 4
8Vr ∼ − 3

8VrÝ2]�í�Grºø�
1
2Vr�

A%4.18Xî�qAf´ Ýí����&Æ�|á¼	íáGr+y 1
8Vr ∼

2
8Vrõ

3
8Vr ∼ 4

8Vr Ý2]`�&ÆºEé�C11X#ÝGrD11¼®Ñ;�A%X

î4.21�&ÆÞæ¼ÝGrD11 = 1�;#WD11 = 0�Ahµ�|�¹í�Gr±

y − 1
2VrÝP��!§�3íáGr+y− 2

8Vr ∼ −1
8Vr õ− 4

8Vr ∼ −3
8VrÝ2]�&

ÆÞæ¼ÝGrD11 = −1�;#WD11 = 0�Ahµ�|�¹í�Grø� 1
2VrÝ

P��@aX��ÝÎ�^Grq = 0Ý���ÌaX��ÝÎ q = 1, Vj > 0|

Cq = −1, Vj < 0Ý���

#ì¼�&Æ�E»ð Ýàø�?!}¼�1��´��&Æ�L�5&

aP0-(Differential Nonlinearity�DNL)[34]�§�ÝADCÎ×Íó�D8Eyí

áéDÎî¹31 LSBÝ»�/��Î@jîÝADC3h8E»�îÎb�b�
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% 4.18: �á�^Grq , C3Ý»ð©P`a%.
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% 4.19: Ñ;¡ÝC1»ð©P`a%.
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% 4.20: Ñ;¡ÝC2»ð©P`a%.
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% 4.21: Ñ;¡ÝC3»ð©P`a%.
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% 4.22: DNLÝ1�.
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% 4.23: INLÝ1�.

Ý�h��»�Ý��µÌ
�5&aP0-�A%4.22Xî�@aX��ÝÎ

§�Ý»ð`a�ÌaX��ÝÎ@jXÿÝ»ð`a�u|Sj�îÏjÍó�

DÝ@j´��J

DNL(Dj) =
Sj − ∆

∆
(LSB) (4.45)

∆ =
AFS

2N
= 1LSB (4.46)

Í�AFS
íáéDÝP���¼&Æ�L�5&aP0-(Integral Nonlinear-

ity�INL)[34]�¸¼ÝÎ@jîÝADCX®ßó�DXETÝíáéD´�Ý�
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STG1 STG2 STG3 STG4
×$ÝaP¦Ç a1 3.34 3.33 3.2 3.2
ë$&aP;óa3 -3.67 -3.33 -3.5 -3.5
é�Cs1/CfÝ�<g 3.5% 2% 1.5% 0
é�Cs2/CfÝ�<g 2.5% 2.4% 1.8% 0
é�Cs3/CfÝ�<g 3.0% 2.6% 2% 0

� 4.1: G«°ùMDACÝ!}.

 Âõ§�àa� Ý-Â�A%4.23Xî� �@aX��ÝÎ§�Ý»ð`

a�ÌaX��ÝÎ@jXÿÝ»ð`a�u|Tj�îÏjÍó�DXETÝíá

éD´�Ý� Âõ§�àa� Ý-Â�J

INL(Dj) =
Tj − ∆

∆
(LSB) (4.47)

#ì¼&Æ+ÛËÍ�VÝ�?©P�GrEyÓG�î×®´ËÝf

»(SNDR)|CPÓ÷�VP�(SFDR)[35]�SFDRÎ×Í�½ÃF�¸Ý�LÎ,

3��íáf�ì�í�*r�£�t�Ý×®�£ÝfÂ�

SFDR = 10 ·
Signal Power

Largest Spurious Power
(4.48)

SNDRÎ¼í�ÐxGr�£õXbÓG�£|CXb×®�£ÝfÂ���

ÎdB�SNDR��ÓGõ×®EyGrÝÅ(���;ðô|hX��[�-ó

ê�

SNDR = 10 ·
Signal Power

Noise and Distortion Power
(4.49)

×Ë&ÆÞ»ð`aÑ;�¡�&Æ�|¿àG«XèÝaPlÑ*»�EJ

Í»ð ¼®lÑ�¿àî×aHspiceÿaÿÕ&ùÝMDAC»ð©P`a�õ

8ETÝ¢óÂ¬v�Êãøé� Csi, i = 1, 2, 3õ/0é�CfÝ�<g0-�A

ì�4.1Xî�qAÿaXÿÝ¢ó�&Æ¿àC+�¼ÿaJÍÑaPvfó�

»ð �3lÑ�GõlÑ�¡Ý©P�¼�5�õf´�

´��&Æíá×Í>��XÝE®Gr(ramp)��−VrXXÝ¦�Õ+Vr�

��?NÍó�D3»V`ÝíáéDÂ�ÿÕJÍ»ð©P`a�ÞXÿÝ
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% 4.24: íáéDP�Vin�y±Vr, INLÝÿa��.

óA� �ÕJÍ»ð ÝINLõDNL�INLXÿÝ��A%4.24X î�%4.24Ý

î«
aPlÑ�GÝ���ãy^b�¢ÝlÑ�XÿÕÝ INL©P´-�

%4.24Ýì«
aPlÑ�¡Ý���JÍ©Pµ;��9Ý�DNLXÿÝ��

A%4.25Xî�3lÑ�G�JÍ»ð 3»ð`a»5FÝ2]�ºb�9Ý

ö´D(missing code)A%4.25Ýî«Xî� DNL3�9�HÝ2]KÎ-1�Bã

aPlÑ�¡�Ç^bö´DÝ��|:�BãaPlÑÝ���INLõDNLK

b��Ý;��%4.26
íáÑ<®`X�?Ý�VFFT©P�ã%î�|:�

BãaPlÑ�¡Ý�V©PbÝ��Ý;���%î&Æ�|ÿÕ3^blÑ

�GÝSFDR
41dB�3lÑ�¡ÝSFDR
68dB�¬Îãy±¦Çw� XCW

»ð`aÝ&aP©P�¸ÿBãaPlÑ�¡�)QºD3�ó4Ý×®�A

%4.26Ýì%Xî�

ãy&Æ©bEJÍ»ð 
�aPlÑ�
Ý�¹&aP4XCW»ð
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% 4.25: íáéDP�Vin�y±Vr, DNLÝÿa��.
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% 4.26: íáéDP�Vin�y±Vr, FFTÝÿa��.
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0 500 10000
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% 4.27: íáéDP�Vin�y±0.8Vr, INLÝÿa��.

 ÝJ�[��- �&ÆÞª±JÍ»ð ÝíáéDP��	&ÆÞéD

P�ªÕæ¼Ý±0.8Vr` �&Æ�EJ�Ý»ð ÝINL�DNLõ�VÝFFT©

PÝ�?�%4.27� %4.28õ%4.295½ÎINL�DNLõFFT3íáéDP�


±0.8VrXÿÕÝ���8´yíáéDP�
±VrÝ���INL� ±2.5LSBÝP

�ªÕ±1.3LSBÝP���FFTÝ���|ÿÕSFDR
70dB�.h J�Ý[�

Kbb?
×MÝ;��.h�&Æ�|ï��½íáéDP���Ý���

&Æ�|ª±æ¼»ð Ý&aP©PXCWÝ[�ìª�¸ÿJ�»ð Ý

[��� yåÕ&aP�®ßH�ÝÅ(�.h�&Æ�ÞíáéDP�ª

±
æ¼Ý ±0.6Vr�XÿÕÝINL�DNLõFFTÝ���5½A%4.30�%4.31õ

%4.32Xî�ã%î�|ÿÕ�INLÝP�
 ±0.75LSBÝP���FFTÝ���

|ÿÕSFDR
76��|:�J�Ý×®[T3íáéDP����ì�º�ÿ

f´�¥��
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% 4.28: íáéDP�Vin�y±0.8Vr, DNLÝÿa��.
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% 4.29: íáéDP�Vin�y±0.8Vr, FFTÝÿa��.
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% 4.30: íáéDP�Vin�y±0.6Vr, INLÝÿa��.
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% 4.31: íáéDP�Vin�y±0.6Vr, DNLÝÿa��.
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% 4.32: íáéDP�Vin�y±0.6Vr, FFTÝÿa��.
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4.5 �¡

Ía&ÆjEÑaPvfó�»ð Ý0-�»Agvfó�»ð Ýã�®ß

�É�é�¥á�é��<g�¢�éD®ß�É|Cw� Ýb§Ý¦Ç��

���D¡Íó�lÑÝæ§�¿àhó�lÑ*��&Æ�|Þ9×°aPÝ

0-�lÑ/¼�è{J�Ý����!`+ÛÝ×Í�GX�ÄÝó�lÑé

­�¸ÎeÿPÝlÑ*��¿àÞãøé��5v�!`EÍ�×ÍÆá�

^Gr��¿àGr8nÝæ§��?�»5{��3í�Ð�9/��t¡¿

à�Ùÿa¼ÿa×Í1V 10b 200MS/sÝÑaPvfó�»ð �qAG×aX

ÿÕMDAC»ð©P`aõETÝ¢ó�¬v¿àaPlÑ*»�ÞËÑé­Ý

&§�©P�á�Ùÿa��qAÿaXÿÕÝ���&Æ�|ÿÕ»ð Ý�

VINL�DNLõ�VFFTÝ©P�ÿa���î�BãaPlÑ*»��|b[

;�.
±¦Çw� XCWÝJ�»ð [�ìª�
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Ï"a

ÑaPvfó�»ð Ý&aPlÑ*

�

5.1 �+

ãyw� ¦ÇÝª±�Þw� #W]0�Ù`�ê¦ÇX�9×Ý&aP´

Ëµ�Ýb§�.h&aP´ËÝ[Tµ���¨�¼�3ÑaPvfó�»ð

 Ý'�î�N×ùÑaùKÎ¿à6ðé�õw� #W]0é­¼@¨�.

h	w� ¦ÇÝª±�XCWÝaP0-��|¢ãÏÞaX+ÛÝaPó�

lÑ*�X�9/¼�¬Î.
¦Ç�ÈXCWÝ&aP´Ë�µÄ6�¨²Ý

×Í&aPlÑ*��¼�9.
&aP´ËXCWÝ0-[36] [37][38][39][40]�

|ìº+ÛÑaPvfó�»ð Ý&aP»ð©PÝó.ÿl�¬v¿à3�

aPlÑ`XÿÕÝ×°£G�s"�×Í�Õ°0Õãí�X�îÝ&aP;

ó�×Ë&ÆbÝ9Í;ó&Æµ�|Þ&aPXCWÝ0-��9/��

5.2 ÑaPvfó�»ð Ý&aP�îP

%5.1�î×ùÑaùÝî�%�9��Êw� ¦ÇGjÎÌb&aP0-Ý�A

%5.2&î�	ÑaùÌb&aPÝ¦Ç0-Gj`�XETÝ»ð©P`a�ã%

î�|:�æ�Ýàa��B.
Ìb&aP¦Ç0-��ÿG`�Eæ�Ýa

81
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Aj
da

(D )j

Vj+1
Gj

jD

Vj

DAC
sub

ADC
sub

% 5.1: ×ùÑaùÝ]sî�%.

Vj+1

Vj

+0.75Vr+0.25Vr−0.25Vr−0.75Vr

+Vr

−VrDj

+0.5Vr
+0.25Vr

+0.25Vr
+0.5Vr

DACADC
0

00

−1

+1

% 5.2: ÑaPvfó�»ð Ý&aP»É©P`a.
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Vj
Vj+1

jD

1W

zD

Aj
da

(D )j

o,jD Gj

a3

a1

jG (  )

DAC
sub

ADC
sub

Table

1

3

(  ) 3

z−ADC

% 5.3: ÏjÍÑaù&aPlÑÝî�%.

PÑaù�&Æb|ìÝó.�îP�

Vj+1 = Ĝj × [Vj − Âda
j (Dj) − Aos

j ] ≡ Y (5.1)

!`×Ë»ðÐóbÝ&aP¦ÇGj�&Æ�|Þ&aP¦Çà×ÍÌb{

$;óÝ94P¼�î�AìXî�

Vj+1 = a1 · [Vj − Âda
j (Dj) − Aos

j ] + a3 · [Vj − Âda
j (Dj) − Aos

j ]3

+ a5 · [Vj − Âda
j (Dj) − Aos

j ]5 + · · · (5.2)

= V̂j+1 +
a3

a3
1

V̂ 3
j+1 +

a5

a5
1

V̂ 5
j+1 + · · · (5.3)

Í��a1Î»ð`aÝaPw�;ó�3h�'*rÎ��-�w��.

h©�Ê �ó4Ý×®´Ë�X|©b�ó4Ý×®;ó�a3�a5�����

�V̂j+1Î^b&aP´Ë`ÝaPí��ôµÎ

V̂j+1 = a1 · [Vj − Âda
j (Dj) − Aos

j ] (5.4)

A�Ñaù^b&aP0-�JVj+1 = V̂j+1 �
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	&Æ©�Êë$Ý&aP;óa3��E¯yõÝ{g4(h.o.t)�P�(5.3)�




Vj+1 = V̂j+1 +
a3

a3
1

V̂ 3
j+1 (5.5)

A�&Æ�|0�;óa3/a
3
1�JÞh;ó¶|Vj+1Ýëg]��3/îP

(5.5)�J&Æ�|ÿÕlÑ¡Ý���AìXî�

Vj+1 −
a3

a3
1

· V 3
j+1 = V̂j+1 +

a3

a3
1

· [V̂ 3
j+1 − V 3

j+1] (5.6)

Í��[V̂ 3
j+1 − V 3

j+1]Î��t¡��Ý0-��	9Í0-�÷����lÑ¡

Ý��º÷#�aPÝ���J&Æ�|Þhë$Ý&aPXCWÝ´Ë[T�

ª�t±�

A%5.3Xî�9Î×ÍÏjùÑaù&aPÝlÑ]s%�ã%5.3�á�	

&Æ�|0Õ&aPlÑ;ó`a3/a
3
1�J&Æ�|Þh;ó¶| zADCÝí��

�Dz�3ó�Ýr½3/��Ah�|Þhë$Ý&aPXCWÝ´Ë[T�ª

�t±�

5.3 ´0&aP;óÝ�Õ°

	&Æ¿àÏ°aXè�ÝaPlÑ*�[13][14][15]�Þé�tWN�5�Q¡

EÍ��×ÍÆá�^*r�¿àGr8nÝ©P�0�ETÝ{�`�JJÍ

»ð©PºA%5.4Xî�ãy�^*rÝ�á�º¸ÿæ¼Ý»É`a3îìË

f`a� ®6ð�


Ý]-�Õ&aP;ó0´Ý�Õ°� &Æ�Ê×Í1.5�-ÝÑa

Pvfó�»ð �ÏjÍÑaùÝ»ð`a3−0.25VrÕ+0.25VrÝ���

Âda
j (Dj) = 0¬v¯Aos

j = 0�A%4.11Xî� »ð`aÌbËÍ»5{��5

½ÎRj(+1)õRj(−1)�|ì�ÊRj(+1)Ý�� (!øÝ��ô�àyRj(−1))�¬

vÞãøé�Cs�5W°�	�ºET°ðRji�i ∈ {1, 2, 3, 4}Â��{�RjµÎ

9°ðÝ{�8��ôµÎ Rj =
∑4

i=1 Rji�A%5.5Xî��Ê©D3ë$Ý&a

P;ó�E¯{$Ý�ó4�9Ëf`aKÎVjÝÐó�&Æ5½Eh¶�ET

Ý94P�

Vj+1(Vj) = a1Vj + a3V
3
j (5.7)
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Vj+1

+Vr

−Vr Vj

−0.5Vr

+0.5Vr

−0.75Vr −0.25Vr +0.25Vr +0.75Vr

Dj

Rji (+1)

Rji(−1)

0

q=−1 q=0 q=+1

0

0−1 1

% 5.4: �^*rXCWÝ»É©P`aÝ;�.
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j1,1R

Rj1,2

j,1V

∆ V

Vj

j+1V

j+1,2V

j+1,1V

+0.25VrVj,2

∆ VjV1a ∆ VjV 3
3aj+1V (V )j

(V )jj+1V jV1a 3a jV

j+1V jV1a
j

j(              ) j(              )
~

= +

3= +

^ =

% 5.5: &aP`aÝ94P.

Ṽj+1(Vj) = a1[Vj − ∆Vj] + a3[Vj − ∆Vj]3 (5.8)

Í�∆VjÎ��.
�áBóÝÅ(3Vj�Ý�É��Þ|îËÍP�83�

&Æ�|ÿÕ{�ÿ-Â�ôµÎ3aPlÑìÝRji�3aPÝ���ì�9Í

�É�ÎX�?{�Rj1 Ý1/a1¹�ôµÎRj1 = a1∆Vj�

A�^b&aPÝ¦Ç0-�J»ð`aÎ×fàa�A%5.2�Ý ÌaX

î�J3VjÝ�¢�HX�?Ý{�-RjiKT�Î×øÝ�Q�.
bÝ&aP

Ý¦Ç0-�3VjÝ�×�HX�ÕÝ{�-º�×ø�3Vj+1ÝÂ÷�Ý��

ì�&aP[Tº÷���{�-Rjiôº÷¼÷��

&Æ�|¿à��^*r(pseudo-random generator)®ß ®ß×àí�ÎÞ�
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-Ý�^���v¸ÿí�
ó�”1”õ
ó�”0”ÝóêÎ×øÝ�X|%5.5�

Ý`a3îì6ðÝ^£ºÎ×øÝ��^*rÞíá*r¿íÆ÷5µ3îì

Ëf`aî�§¡î	�^*rÝ��È9`�X|îì aXETíá*rÝ

¿íÂ§¡îÎ×øÝ��ÿÕ39Í¿íÂÝíáì�XETÝËf`aÝÍ

½í�Â�9ËÍí�ÂÝ-ÂµÎ&ÆX�?ÝÝ{�Rji�

�'íá*rÎí8Ý5µ3íáP��/�&Æ�|ÞXÿÝ¿íÂ35

W¼�ËÍíá*rÝ¿íÂ�A%�ÝVj,1õVj,2�
Ý¾Õ9�¯�&ÆÄ6

�¦��^*rÝ�����¸ÿíá�|b�ÈÝó��5÷3¼�Ë\�ÿ

ÕÍ½ÝíáÂ¿í��yA¢Þíá¿í5W¼�Ë\�ÿÕÍ½Ý¿íÂ�

bËÍð°�Ï×Î¦�gvfó�»ð (sub-ADC)�f´ Ýó��Þíá

5W¼�Ë\��5½[/ÿÕ�;í�Ý¿íÂ�ÏÞË]P�Îà#ãí�

�;Ýó�D¼ÿÕ�;í�Ý¿íÂ�X|3ó�ÐÄ6�b×Íó�Ýf´

 �'�×Íó�ÝÛ&Â(threshold)ÞXÿÝó�DµA�^*rÝ��õ9

ÍÛ&Â5½¼[/�ô�|ÿÕÞíá�[Ý5W¼�Ë\�ÿÕ3íá¿í

ìÝí��;���Ï×Ë]PÄ6�¦�vfÝf´ ��¬íáX:ÕÝ�

µº¦��ô!`¦��£��õ«��¿àÏÞË¦�ó�f´ Ý]P�©

�3ó�Ð'�×ÍÛ&ÂÞX[/Ýó�D5�Ç���ºCW{�îÝ¦

���h&Æ2àÏÞË]P�

.h&Æ¿à'�×ÍÛ&Âõ¦��^*rÝ��Ý��Ý]°�ÞíáÂ

5W¼�ËÍíá*rÝ¿íÂ��5½�?Í&½Ý{Â�-Rj1,1õRj1,2�J

&Æb|ìÝP��

Rj1,1 = Vj+1(Vj,1) − Vj+1(Vj,1) = a1∆Vj + a3[3V 2
j,1∆Vj − 3Vj,1∆V

2
j + ∆V 3

j ] (5.9)

Rj1,2 = Ṽj+1(Vj,2) − Ṽj+1(Vj,2) = a1∆Vj + a3[3V 2
j,2∆Vj − 3Vj,2∆V

2
j + ∆V 3

j ] (5.10)

Þ|îËÍP�83��ÿ

∆Rj1 = Rji,1 − Rji,2 = a3 · [3∆Vj][(Vj,1 − Vj,2)(Vj,1 + Vj,2 − ∆Vj)] (5.11)
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j1,1R

Rj1,2

Vj,2j,1V
Vj

j+1V

∆ V

j+1,1V

j+1,2V

j+1,2V

j+1,1V
Rj1,2

j1,1R

0.25Vr

∆ VjV1a ∆ VjV 3
3aj+1V (V )j

j+1V jV1a

(V )jj+1V jV1a 3a jV

j

^

^ ~

~

b

c
d

a

â

b̂

ĉ
d̂

j(              ) j(              )
~

= +

^ =

3= +

% 5.6: &aP;óÝ[eÄ�.
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A�&ÆÞîP�ÝVj,1�Vj,2õ∆Vj�5½àV̂j+1,1/a1� V̂j+1,2/a1õRji,1/a1�

á�Jæ¼Ý�P�


∆Rj1 = 3 ·
a3

a3
1

[Rji,1][V̂j+1,1 − V̂j+1,2][V̂j+1,1 + V̂j+1,2 − Rji,1] (5.12)

qAG«Ï°aXè�ÝaPlÑÝ]°[13][14][15]�&Æ�|�?ÕRj1,1�Rj1,2�Vj+1,1

õVj+1,2XETÝó�D�X|3P�(5.12)¼\Ý∆Rj1��|qA&ÆX�?Õ

Ý Rj1,1õRj1,2�ÿÕ�Q�Ý�\�ÝV̂j+1,1õV̂j+1,2�JÎ&ÆX�á¼Ý�.

h�&ÆP°ãP�(5.12)à#¼ÿÕ&ÆX�Ý&aP;ó a3

a3
1
�

¬ÎA�&ÆÞX�?ÿÕÝRj1,1�Vj+1,1õVj+1,2��áP�(5.12)Ý�\�J

&ÆXÿÕÝÎÝR̃ji,1õR̃ji,2Ý-Â∆R̃j1�

∆R̃j1 = 3 ·
a3

a3
1

[Rji,1][Vj+1,1 − Vj+1,2][Vj+1,1 + Vj+1,2 − Rji,1] (5.13)

ãy&aPÝL3P�XÿÝ∆R̃j1 < ∆Rj1�.h�Þ�?ÂRj1,1� Vj+1,1õVj+1,2�

áP�(5.12)Ý�P�XÿÕÝ&aP;ó3a3

a3
1
�ºf@jîÝÂ�¼Ý��

(
a3

a3
1

)(1) >
a3

a3
1

(5.14)

XÿÝ&aP;ó( a3

a3
1
)(1)�&Æàîý(1)¼�îÏ×gL]XÿÝ��� A

�ÞXÿÝ&aP;ó( a3

a3
1
)(1)¶îæ¼�?XÿÝ��Vj+1,1õVj+1,2�J&Æ�|

ÿÕ×Í±ÝVj+1,1õVj+1,2ÝÂ�A%5.6Xî�ôµÎæ¼Ý Vj+1,1õVj+1,2º5½

�â®Õb̂�õ�a®Õb�&ÆÞh±Ý×àÂàV
(1)
j+1,1õV

(1)
j+1,2¼�î���Ï×

gL]XÿÝ��

�ÞV
(1)
j+1,1õV

(1)
j+1,2�áP�(5.12)�\�ÿÕ¨²×à&aP;ó ( a3

a3
1
)(2)�ãy

P�(5.14)�XÿÝV
(1)
j+1,1õV

(1)
j+1,2º´@jÂ¼Ý��ôµÎ�

V
(1)
j+1,1 > V̂j+1,1 (5.15)

V
(1)
j+1,2 > V̂j+1,2 (5.16)

X|�XÿÕÝ&aP;ó( a3

a3
1
)(2)ºf@j¼Ý��ôµÎ

(
a3

a3
1

)(2) <
a3

a3
1

(5.17)
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0 5 10 15 20 25
Iteration Number

-0.19

-0.185

-0.18

-0.175

-0.17

a3

1a3

% 5.7: &aP;óÝ[eÄ�.

&ÆÞÞXÿÝ&aP;ó( a3

a3
1
)(2)�¶îæ¼�?XÿÝ�� Vj+1,1õVj+1,2�J

&Æ�|ÿÕ×à±ÝV
(2)
j+1,1õV

(2)
j+1,2ÝÂ�ãyP�(5.17)�&Æá

V
(2)
j+1,1 < V̂j+1,1 (5.18)

V
(2)
j+1,2 < V̂j+1,2 (5.19)

�%5.6�|:��Vj+1,1õVj+1,2�[îÎ5½� b̃®Õc̃õ�b®Õc�

AhL]ì��Jt¡P�(5.12)�\ÝÂº[eÕõ¼\×øÝ���9Í

`ÎXÿÝÏngL]&aP;ó( a3

a3
1
)(n)��Â�º[eÕËÑÝ a3

a3
1
�!`XÿÕ

ÝÏngL]V
(n)
j+1,1õV

(n)
j+1,2Ý���ô�º[eÕËÑÝV̂j+1,1õV̂j+1,2ÝÂ�

5.4 ÿa��


Ý�Jî×;Xè�Ý0&aP;óÝ�Õ°�&ÆàC+�¶Ý×Í�P

¼�J�3íáP�
 0 0.25(¯Vr = 1)�&Æà#íáVj,1õVj,2ÝËÍÂ�5½
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0.042õ0.1�;ó a1 = 3.2�a3 = −5.732�9;óÎãî×aX'�Ýw� 

àaP/h5�XÿÝ&aP;ó�¬¯{$Ý&aP;ó
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