
US 20190356328A1 
IND IN 

( 19 ) United States 
( 12 ) Patent Application Publication ( 10 ) Pub . No .: US 2019/0356328 A1 

Ben Shem et al . ( 43 ) Pub . Date : Nov. 21 , 2019 

Publication Classification ( 54 ) LOOKUP - TABLE - BASED SIGMA - DELTA 
ADC FILTER 

( 71 ) Applicant : Sony Semiconductor Solutions 
Corporation , Kanagawa ( JP ) 

( 72 ) Inventors : Ariel Ben Shem , Hasharon ( IL ) ; Itai 
Shvartz , Petach - Tikva ( IL ) 

( 21 ) Appl . No .: 16 / 058,482 

( 51 ) Int . CI . 
HO3M 3/00 ( 2006.01 ) 
H04N 5/378 ( 2006.01 ) 
H04N 5/369 ( 2006.01 ) 

( 52 ) U.S. CI . 
CPC HO3M 3/32 ( 2013.01 ) ; H04N 5/3698 

( 2013.01 ) ; H04N 5/378 ( 2013.01 ) ; H03M 
3/458 ( 2013.01 ) 

( 57 ) ABSTRACT 
An analog - to - digital converter comprises a sigma - delta 
modulator ; and an ADC filter configured to store a plurality 
of partial sums as respective entries in a plurality of lookup 
tables , retrieve at least one of the plurality of partial sums 
based on an output of the sigma - delta modulator , and 
calculate a filter output by adding retrieved ones of the 
plurality of partial sums together . 

( 22 ) Filed : Aug. 8 , 2018 

Related U.S. Application Data 
( 60 ) Provisional application No. 62 / 672,893 , filed on May 

17 , 2018 . 

311 
300 

301 
Vint 

+ Vout 321 
+ 

331 Vref 

312 



Patent Application Publication Nov. 21 , 2019 Sheet 1 of 14 US 2019/0356328 A1 

120 111 112 110 100 

PIX ... 

VERTICAL DRIVING CIRCUIT ... 

. 

113 

150 
MOD 

131 
CTL 

ADCF 
132 

130 

160 

HORIZONTAL DRIVING CIRCUIT 

140 

FIG . 1 



Patent Application Publication Nov. 21 , 2019 Sheet 2 of 14 US 2019/0356328 A1 
N 

| 200 

Vod 
203 

RST 

202 
TRG 204 

FD 

SEL 
201 ? 205 

206 

FIG . 2 



Patent Application Publication Nov. 21 , 2019 Sheet 3 of 14 US 2019/0356328 A1 

311 
300 

301 
Vint 

Vout + 

321 
+ 

T 
331 Vref 

312 

FIG . 3 

301 

200 ~ 
FIG . 4 



Patent Application Publication Nov. 21 , 2019 Sheet 4 of 14 US 2019/0356328 A1 

START S501 

i = 0 S502 

out = 0 S503 

Collect bits bin to b [ i + 1 N - 1 S504 

S505 . 
Y 

all bits = 0 ? 

N 

S509 | ? | + 1 
Retrieve si from LUTI 

5506 

S507 out = out + Si 

N S508 i = M - 1 ? 

Y 

ADCF output = out S510 

END S511 

FIG . 5 



Patent Application Publication Nov. 21 , 2019 Sheet 5 of 14 US 2019/0356328 A1 

START 5601 

i = 0 S602 

Ri = 0 S603 

out = 0 S604 

Collect bits bj for j = [ Ri , Ri + Ni + 1 ] S605 

S606 . 
Y 

all bits = 0 ? 
S611 Ri ? Ri + Ni - 1 

N 

S607 
Retrieve si from LUTI 

S610 . i + i + 1 

5608 out = out + Si 

Y S609 i = M - 1 ? 

N 

ADCF output = out S612 

END S613 

FIG . 6 



Patent Application Publication Nov. 21 , 2019 Sheet 6 of 14 US 2019/0356328 A1 

DK 

701 702 

?? odd_lut ao a1 a2 a3 a4 a5 a6 a7 # Gx [ 7 : 0 ] a8 

700 

FIG . 7 

701 Gk { j = 0 ] 
721 

odd_lut 711 

731 QA 
DLA 

702 GO 
712 

DkO ] Qk [ i ] 
Dk [ j = 0 ] QB 

LB 

722 FIG . 8A FIG . 8B 



Clock O 

Clock 1 

Clock 2 

Clock 3 

?? 

a0 

ao 

a0 

al 

ao a1 

ao ala2 

al a1 | a2 a3 

bo 

bo 

bo 

bo 

bo 61 

bo 

b1 1b2 

CO 

CO 

c0c1 
co do 

Patent Application Publication 

do 

Clock 4 

Clock 5 

Clock 6 

Clock 7 

??? 

a0 

al 

?? 

ab ala2 a3 a4 

a0a1a2 a3 a4 a5 

a0a1a2 a3 a4 a5 a6 

a0a1a2 a3 a4 a5 a6 a7 

Nov. 21 , 2019 Sheet 7 of 14 

bo 

b0 

bo 

bo 

63 

bo 

b1 

b3 

64 

b4 

bo b1 b2b3 b4 b5 

b0 61 62 63 64 65 66 

bo CO 

61 c1 

CO 

co 

CO 

CO C1 C2 C3 

COC1 C2 C3 C4 

CO 

01 

c2 

c3 

do 

d0 

do 

do 

do d1 

do 

d1 

do 

d2 

do 01 02 03 04 

el 

eo 

eo 

eo 

eo 

eo el 

eo ele2 

e3 

f0 

f0f1 

f1 

go 

go 

go 91 

h0 

US 2019/0356328 A1 

ho 

FIG . 9A 



Clock 8 

Clock 9 

Clock 10 

Clock 11 

ao 

a0 ] 

a0a1 

a2 a3 a4 a5 a6 a7 

a8a9a2a3a4a5a6a7 
a8a91a101a3a4a5a6a7 

a8a9a10la11a4a5a6a7 

a? b0 

| b0b1b2b3 | b4 | b5b6 ] b7 

bo b1 b2b3b4 b5 b6 b7 

b8b9b2 | b3b4b5b6 | b7 

b8 

b3 

b6 / b7 

b8 

b4 c4 

CO 

b8b9 b10 | b3 

10 | 53 54 | b6 
c8c9c2 | 4 | 5 | c6c7 

888 ???? 

c0 

c2 

01 2 3 4 5 6 
c3 

c0010203c4c5 / 06 / 07 

c0 

c2 

c3 

c4 

c5 

018181818888 

c4 d4 

Patent Application Publication 

do 

do 

dod1d2 / d3d4d5d6 

dod1d2d3 / d4d5d6 / d7 

do d1 d2 d3 d4 d5 d6 07 

e0 

eo 

8 

e3 

e3 

04 

e0 

e1 

e2 

e3 

e5e6 

e0e1 | e2e3e4e5 / 26 e7 

e4 f4 

fo 

fo 

1 

12 | 3 

foM 12 

13 | 4 

fo 

11 

15 

f0f1 | 2 | 13 

f4 

f5 ] 16 

| go 

go 

go 

go ] g1g2 

golg1 | g2 ] g3 

golg1 ] g2 ] g3 | g4 

gog1g2g3g4g5 
go ho 

| ho 

| ho 

homh1 

h1 

h2 

? ? ? 

? 

holh1Jh2 | 3 

h1 

h2 

h3 

ho 61 62 63 | n4 

? 

? 

Clock 12 

Clock 13 

Clock 14 

Clock 15 

au 

a8 | a9a10la11 / a12a5 / a6a7 

a8a9a100a11 / a12 / a13a6a7 

a8a9a100a11 / a12 a13 / a14a7 

a8a9a100a11 / a12 / a13 / a14 / a15 | 

Nov.21.2019 Sheet 8 of 14 

b8b9b10 / 011b4b5b6b7 

b8b9b10 / b111b12 / b5b6b7 

b8b91b10 / b11b121b13 / b6b7 

b8b9b1010111b12 / b1310141b7 

? 

08/09/010 03/04 05 06/07 

c8090101011104c5c6c7 
08090101011/07210506107 
0809010 / 011 / 012 / 013 / 06c7 

88 

d81d9d2d3d4d5d6d / 

d8091d10 [ d3d4d5d61d7 

d8091d10 / d11 d4d5d6d7 

8888 ? 888888888 

d8d9d10 / d11d12 / d5d6 / 07 

eo et e2 e3 

e4 

e5 6 7 

e8e9e2 | e3e4e5e6e7 

e8Te9e10 / e3 / e4e5e6 / e7 

e8 

8 9 10 1184 ) 5 6 7 

5 15 

fo 

folf1 
12 

f3f4 
f5 ] 16 

17 

fo f1 

+ 

f2 13 14 15 16 17 

18 

f9 ] 12 / 3f4 | 5 | 6? | 17 

18 

18 

f4 g4 

8 | ? 

| go 

go 

g3g4g56 

go | g1g2 | 3 | g4g5 / g6 ] g7 

go g1g2 g3g4g5_g6 g7 

g3 
ge | g | g2 | gs | g4 | gs | g6 / g 

?? 

ho 

ho 

h2 
ho [ hi | h2 | h3 | h4 | 15 

hi | h2 | 13 14 15 

US 2019 / 0356328A1 

holhin2 h3h45516 

hoh1h2h3 | h45h6 / h7 

ho h1 h2 h3 h4 h5 ho h7 

FIG . 9B 



Patent Application Publication Nov. 21 , 2019 Sheet 9 of 14 US 2019/0356328 A1 

START S1001 

i = 0 S1002 

out ( k ) = 0 for k = [ 0,7 ] S1003 

Subprocess 1 S1004 

S1005 i = 1 

S1006 

1 Subprocess 2 
S1008 1 + 1 +1 

N 
i = M - 1 ? 

S1007 Y 

S1009 ?? Subprocess 3 

FIG . 10 



Patent Application Publication Nov. 21 , 2019 Sheet 10 of 14 US 2019/0356328 A1 

START S1101 

k = 0 S1102 

odd_lut for ADCFR = 1 S1103 

Latch 1 new bit each to 
[ ADCFO , ADCFK ] 

S1104 
S1106 k + k +1 

N S1105 k = 7 ? 

Y 

RETURN S1107 

FIG . 11 



Patent Application Publication Nov. 21 , 2019 Sheet 11 of 14 US 2019/0356328 A1 

START S1201 

k = 0 S1202 

S1203 Y 
all bits for ADCFR = 0 ? 

S1204 N. 

Retrieve partial sum si for ADCFK 

S1205 

out ( k ) = out ( k ) + Si 
S1209 k + k + 1 

Reverse odd_lut for ADCFK S1206 

Latch 1 new bit each to 
[ ADCFO , ADCF7 ] 

S1207 

N S1208 k = 7 ? 

Y 

RETURN S1210 

FIG . 12 



Patent Application Publication Nov. 21 , 2019 Sheet 12 of 14 US 2019/0356328 A1 

START S1301 

k = 0 S1302 

S1303 Y 
all bits for ADCFK = 0 ? 

S1304 N 

Retrieve partial sum si for ADCFK 

S1305 

out ( k ) = out ( k ) + Si 

ADCFK output = out ( k ) S1306 

S1311 k + k + 1 

out ( k ) = 0 S1307 

Reverse odd_lut for ADCFK S1308 

Latch 1 new bit each to 
[ ADCFO , ADCF7 ] 

S1309 

N S1310 k = 7 ? 

Y 

RETURN S1312 

FIG . 13 



Patent Application Publication Nov. 21 , 2019 Sheet 13 of 14 US 2019/0356328 A1 

START S1401 

i = 0 S1402 

out ( k ) = 0 for k = [ 0,7 ] S1403 

Subprocess 1 " S1404 

i = 1 S1405 

Subprocess 2 S1406 
S1408 1 + + 1 

N 
i = M - 1 ? S1407 

Y 

1 Subprocess 4 TE S1409 

END S1410 

FIG . 14 



Patent Application Publication Nov. 21 , 2019 Sheet 14 of 14 US 2019/0356328 A1 

START S1501 

k = 0 S1502 

S1503 Y 
all bits for ADCEK = 0 ? 

S1504 N 

Retrieve partial sum si for ADCFK 

S1508 k + k + 1 
out ( k ) = out ( k ) + Si 

S1505 

ADCFk output = out ( k ) S1506 

N S1507 k = 7 ? 

Y 

RETURN S1509 

FIG . 15 



US 2019/0356328 Al Nov. 21 , 2019 

LOOKUP - TABLE - BASED SIGMA - DELTA 
ADC FILTER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
[ 0001 ] This application relates generally to analog - to 
digital conversion . More specifically , this application relates 
to a system and method for calculating an output from a 
sigma - delta analog - to - digital converter that minimizes peak 
power consumption . 

2. Description of Related Art 
[ 0002 ] Image sensing devices typically consist of an 
image sensor , generally an array of pixel circuits , as well as 
signal processing circuitry and any associated control or 
timing circuitry . Within the image sensor itself , charge is 
collected in a photoelectric conversion device of the pixel 
circuit as a result of the impingement of light and an 
electrical signal is generated therefrom . The electrical signal 
is routed through a collection of analog readout circuits , 
which may comprise signal amplifiers , signal condition 
circuits , vertical signal lines ( VSLs ) , sample and hold ( S / H ) 
circuits , and analog - to - digital converters ( ADCs ) . Among 
other operations , the signals from the VSLs are sampled and 
then converted into digital values by ADCs . 
[ 0003 ] In an image sensor , there are typically a very large 
number of individual photoelectric conversion devices ( e.g. 
tens of millions ) , and many ADCs working in parallel . Each 
ADC in the image sensor is shared by a large number of 
photoelectric conversion devices ; for example , a column or 
multiple columns of photoelectric conversion devices may 
share a single ADC , a rectangular block of photoelectric 
conversion devices may share an ADC , and the like . As the 
number of pixels in the image sensor increases , the number 
of ADCs also increases . As a result , the power consumption 
of the ADCS becomes an increasingly large factor as the 
image resolution ( i.e. , number of pixels ) increases . As the 
total power consumption in an image sensor in a mobile 
device increases , not only is there an increase in the power 
drawn from a battery and resultant decrease in operating 
time of the mobile device , but there is also an increase in the 
temperature of the silicon and resultant degradation in the 
noise performance of the sensor . Accordingly , there exists a 
need to improve the power consumption characteristics of an 
image sensor that uses sigma - delta ADCs . 

plurality of sigma - delta modulators , wherein the plurality of 
ADC filters are respectively configured to store a plurality of 
partial sums as respective entries in a plurality of lookup 
tables , retrieve at least one of the plurality of partial sums 
based on an output of the sigma - delta modulator , and 
calculate a filter output by adding retrieved ones of the 
plurality of partial sums together . 
[ 0007 ] In another exemplary aspect of the present disclo 
sure , there is provided a method of calculating an output in 
an analog - to - digital converter , comprising storing , by an 
ADC filter , a plurality of partial sums as respective entries 
in a plurality of lookup tables ; receiving , by the ADC filter 
and from a sigma - delta modulator , an output ; retrieving , by 
the ADC filter , at least one of the plurality of partial sums 
based on the output ; and adding , by the ADC filter , retrieved 
ones of the plurality of partial sums together so as to 
generate the output . 
[ 0008 ] In this manner , various aspects of the present 
disclosure provide for improvements in at least the technical 
fields of imaging and image processing . 
[ 0009 ] This disclosure can be embodied in various forms , 
including hardware or circuits controlled by computer 
implemented methods , computer program products , com 
puter systems and networks , user interfaces , and application 
programming interfaces ; as well as hardware - implemented 
methods , signal processing circuits , image sensor circuits , 
application specific integrated circuits , field programmable 
gate arrays , and the like . The foregoing summary is intended 
solely to give a general idea of various aspects of the present 
disclosure , and does not limit the scope of the disclosure in 
any way . 

BRIEF SUMMARY OF THE INVENTION 

DESCRIPTION OF THE DRAWINGS 
[ 0010 ] These and other more detailed and specific features 
of various embodiments are more fully disclosed in the 
following description , reference being had to the accompa 
nying drawings , in which : 
[ 0011 ] FIG . 1 illustrates an exemplary image sensor 
according to various aspects of the present disclosure ; 
[ 0012 ] FIG . 2 illustrates an exemplary pixel circuit 
according to various aspects of the present disclosure ; 
[ 0013 ] FIG . 3 illustrates an exemplary first - order current 
mode sigma - delta modulator according to various aspects of 
the present disclosure ; 
[ 0014 ] FIG . 4 illustrates an exemplary impulse response of 
an ADC filter according to various aspects of the present 
disclosure ; 
[ 0015 ] FIG . 5 illustrates an exemplary process flow for 
calculating the output in an ADC filter according to various 
aspects of the present disclosure ; 
[ 0016 ] FIG . 6 illustrates another exemplary process flow 
for calculating the output in an ADC filter according to 
various aspects of the present disclosure ; 
[ 0017 ] FIG . 7 illustrates an exemplary latch circuit array 
according to various aspects of the present disclosure ; 
[ 0018 ] FIGS . 8A and 8B illustrate exemplary latch circuits 
for the exemplary latch circuit array according to FIG . 7 ; 
[ 0019 ] FIGS . 9A and 9B illustrate exemplary clock cycles 
according to various aspects of the present disclosure ; 
[ 0020 ] FIG . 10 illustrates another exemplary process flow 
for calculating the output in an ADC filter according to 
various aspects of the present disclosure ; 
[ 0021 ] FIG . 11 illustrates an exemplary subprocess flow in 
the exemplary process flow according to FIG . 10 ; 

[ 0004 ] Various aspects of the present disclosure relate to 
processing pixels of an image sensor with reduced peak 
power consumption . 
[ 0005 ] In one exemplary aspect of the present disclosure , 
there is provided an analog - to - digital converter , comprising 
a sigma - delta modulator ; and an ADC filter configured to 
store a plurality of partial sums as respective entries in a 
plurality of lookup tables , retrieve at least one of the 
plurality of partial sums based on an output of the sigma 
delta modulator , and calculate a filter output by adding 
retrieved ones of the plurality of partial sums together . 
[ 0006 ] In another exemplary aspect of the present disclo 
sure , there is provided an analog - to - digital conversion cir 
cuit , comprising a plurality of sigma - delta modulators ; and 
a plurality of ADC filters respectively corresponding to the 
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[ 0022 ] FIG . 12 illustrates another exemplary subprocess 
flow in the exemplary process flow according to FIG . 10 ; 
[ 0023 ] FIG . 13 illustrates another exemplary subprocess 
flow in the exemplary process flow according to FIG . 10 ; 
[ 0024 ] FIG . 14 illustrates another exemplary process flow 
according to various aspects of the present disclosure ; and 
[ 0025 ] FIG . 15 illustrates an exemplary subprocess flow in 
the exemplary process flow according to FIG . 14 . 

DETAILED DESCRIPTION 

data 

[ 0026 ] In the following description , numerous details are 
set forth , such as circuit configurations , flowcharts , data 
tables , system configurations , and the like , in order to 
provide an understanding of one or more aspects of the 
present invention . It will be readily apparent to one skilled 
in the art that these specific details are merely exemplary and 
not intended to limit the scope of this application . 
[ 0027 ] Moreover , while the present disclosure focuses 
mainly on examples in which the various circuits are used in 
image sensors , it will be understood that this is merely one 
example of an implementation . It will further be understood 
that the disclosed circuits can be used in any device in which 
there is a need to convert an analog signal to a digital signal ; 
for example , an audio signal processing circuit , an industrial 
measurement and control circuit , a memory array , and so on . 
[ 0028 ] The systems , circuits , and methods disclosed 
herein may , for example , provide for a peak power reduction 
of approximately 50 % and an area reduction of about 16 % 
for a lookup table with a width of 6 bits . Depending on the 
particular semiconductor processing technology used in 
manufacturing , on the frequency of operation , on the width 
of the lookup table , etc. , the benefits may be modified from 
this example . 
[ 0029 ] [ Image Sensor ] 
[ 0030 ] FIG . 1 illustrates an image sensor 100. The image 
sensor 10 includes a rectangular array 110 of MxN pixel 
circuits 111 , where M and N are positive integers . The pixel 
circuits 111 are located at intersections where horizontal 
signal lines 112 and VSLs 113 cross one another . The 
horizontal signal lines 112 are operatively connected to a 
vertical driving circuit 120 , also known as a “ row scanning 
circuit , ” at a point outside of the pixel array 110 , and carry 
signals from the vertical driving circuit 120 to a particular 
row of the pixel circuits 111. Pixels in a particular column 
output an analog signal corresponding to an amount of 
incident light to the VSL 113. For illustration purposes , only 
a subset of the pixel circuits 110 are actually shown in FIG . 
1 ; however , in practice the image sensor 100 may have up 
to tens of millions of pixel circuits ( “ megapixels ” or MP ) or 

such as S / H circuits , ADCs , and timing and control circuits , 
with each circuit component serving a purpose in the con 
version . For example , the purpose of the S / H circuit may 
to sample the analog signals from different time phases of 
the photodiode operation , after which the analog signals 
may be converted to digital form by the ADC . 
[ 0032 ] The ADC is preferably a sigma - delta ADC . As 
illustrated in FIG . 1 , the sigma - delta ADC includes a sigma 
delta modulator 131 and a decoder filter 132 , also called an 
ADC filter or ADCF . Furthermore , while FIG . 1 illustrates a 
single ADC for a column of the pixel circuit 111 , other ADC 
architectures are possible within the context of the present 
disclosure . These architectures include multiple ADCs for 
each column , a single ADC for multiple columns , an ADC 
for a sub - region ( e.g. KxL pixel circuits 111 where K and L 
are positive integers smaller than M and N , respectively ) , 
and the like . 
[ 0033 ] The column circuit 130 may be capable of per 
forming the method of correlated double sampling ( CDS ) . 
CDS is capable of overcoming some pixel noise related 
issues by sampling each pixel circuit 111 twice . First , the 
reset voltage V reset of a pixel circuit 111 is sampled . This 
may also be referred to as the P - phase value or cds value . 
Subsequently , the data voltage V data of the pixel circuit 111 
( that is , the voltage after the pixel circuit 111 has been 
exposed to light ) is sampled . This may also be referred to as 
the D - phase value or light - exposed value . The reset value 
V reset is then subtracted from the data value V to provide 
a value which reflects the amount of light falling on the pixel 
circuit 111 . 
[ 0034 ] The column circuit 130 is controlled by a horizon 
tal driving circuit 140 , also known as a " column scanning 
circuit . " Each of the vertical driving circuit 120 , the column 
circuit 130 , and the horizontal driving circuit 140 receive 
one or more clock signals from a controller 150. The 
controller 150 controls the timing and operation of various 
image sensor components such that analog signals from the 
pixel array 110 , having been converted to digital signals in 
the column circuit 130 , are output via an output circuit 160 
for signal processing , storage , transmission , and the like . 
[ 0035 ] FIG . 2 illustrates an exemplary pixel circuit 200 
according to various aspects of the present disclosure . The 
pixel circuit 200 may be implemented in an image sensor 
such as the image sensor 100 described above ; that is , the 
pixel circuit 200 may be the pixel circuit 110. As shown in 
FIG . 2 , the pixel circuit 200 includes a photoelectric con 
version device 201 ( for example , a photodiode ) , a floating 
diffusion FD , a transfer transistor 202 , a reset transistor 203 , 
an amplification transistor 204 , a selection transistor 205 , 
and a VSL 206. The VSL 206 may be common to a plurality 
of pixel circuits within the same column . Alternatively , the 
VSL 206 may be shared among multiple columns . Gate 
electrodes of the transfer transistor 202 , the reset transistor 
203 , and the selection transistor 205 receive signals TRG , 
RST , and SEL , respectively . These signals may , for example , 
be provided by the control or timing circuitry . Light falling 
on the photoelectric conversion device 201 is converted into 
an analog electrical signal that is output via the VSL 206 . 
[ 0036 ] While FIG . 2 illustrates a pixel circuit 200 having 
four transistors in a particular configuration , the present 
disclosure is not so limited and may apply to a pixel circuit 
having fewer or more transistors as well as other elements , 
such as capacitors , resistors , and the like . Moreover , while 
FIG . 1 illustrates the amplification transistor 215 disposed 

more . 

[ 0031 ] The VSL 113 conducts the analog signal for a 
particular column to a column circuit 130 , also known as a 
" signal processing circuit . ” A row selection switch may 
connect the VSL 113 to the column circuit 130. While FIG . 
1 illustrates one VSL 113 for each column in the pixel array 
110 , the present disclosure is not so limited . For example , 
more than one VSL 113 may be provided for each column , 
or each VSL 113 may correspond to more than one column . 
Moreover , while FIG . 1 illustrates a single column circuit 
130 for all columns , the image sensor 10 may utilize a 
plurality of column circuits 130. The analog electrical signal 
generated in the pixel circuit 111 is retrieved by the column 
circuit 130 and is then converted to a digital value . Such a 
conversion typically requires several circuit components 
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sents a down - sample sequence which comprises multi - bit 
sample values . Because bn is either 0 or 1 for any n , the 
calculation of yn is equivalent to summing the impulse 
response values h which correspond to the 1s in the binary 
sequence by . To generate an output value using an ADCF of 
length L in a direct implementation of expression ( 1 ) , the 
number of necessary summations is between 0 and L - 1 
depending on the number of is in the bit stream . The ADCF 
consumes maximum power when the binary sequence bn is 
all 1s . In this case , the peak power consumption level for the 
ADCF is denoted as Pmar . To significantly reduce the 
number of additions required to compute each output , and 
thereby to reduce the peak power consumption level , the 
sum in expression ( 1 ) may be broken up into a plurality of 
terms where each term represents a partial sum that can be 
retrieved by lookup tables . 

out 

int 

ref out 

between the selection transistor 216 and a power supply 
voltage V dd the selection transistor 216 may instead be 
disposed between the amplification transistor 216 and the 
power supply voltage Vad . Additionally , the present disclo 
sure may be extended to configurations where one or more 
transistors are shared among multiple photoelectric conver 
sion devices . 
[ 0037 ] FIG . 3 illustrates a first order current - mode sigma 
delta modulator 300 , which may be an example of the 
sigma - delta modulator 131 illustrated in FIG . 1. The modu 
lator 300 receives the input analog signal from a pixel 
circuit , such as the pixel circuit 200 , as an input current ling 
( represented as a current source 311 ) and uses a feedback 
circuit to convert the analog signal into a binary sequence 
Vow under the control of a clock . 
[ 0038 ] The modulator 300 further includes a clocked 
comparator quantizer 301 , a reference current source 312 
that outputs a current Iregs a switch 321 , and an integrating 
capacitor 331. The comparator 301 is configured to compare 
a voltage Vi on the capacitor 331 with a reference voltage 
V , and to output voltage V. as a comparison result . The 
switch 321 is configured such that when an output of the 
comparator 301 is at a high level , the switch 321 is closed . 
Conversely , when the output of the comparator 301 is at a 
low level , the switch 321 is opened . To achieve this , the 
switch 321 may preferably be a transistor , such as a MOS 
transistor . 
[ 0039 ] While FIG . 3 illustrates a first order current mode 
sigma - delta modulator , high order sigma - delta modulators 
( e.g. second or third order ) may be used . Additionally , a 
voltage mode sigma - delta modulator , which receives an 
analog voltage as an input instead of an analog current , may 
be used without departing from the present disclosure . In 
any event , the output of the sigma - delta modulator 300 is 
output to an ADCF , such as the decoder filter 132 , which 
digitally filters the binary sequence Vout and down - samples 
the output to the desired multi - bit digital signal . Specifically , 
the ADCF calculates a weighted average of the binary signal 
using weights given by the impulse response of a filter . 
[ 0040 ] FIG . 4 illustrates an example of an impulse 
response of an ADCF where the length of the impulse 
response is 350. As illustrated , every impulse response term 
has a positive value ; however , an impulse response with both 
positive and negative terms may also be used . For a given 
impulse response , the output of the ADCF can be calculated 
according to the following expression ( 1 ) : 

First Example of an Output Computation Procedure 
[ 0043 ] In one example , the sum in expression ( 1 ) may be 
broken up into a plurality of terms having equal size . In other 
words , an integer M may be chosen such that the sum in 
expression ( 1 ) is partitioned into M groups where each 
group includes N coefficients . In this case , the relationship 
MxN = L holds . The filtering procedure of expression ( 1 ) 
may thus be rewritten according to the following expression 
( 2 ) : 

M - 1 ( 2 ) 
Yn = Ymk = { s : 

i = 0 

[ 0044 ] Above , si is a partial sum represented by the 
following expression ( 3 ) : 

n ( 3 ) 
S ; 

j = 0 
Hin + jbin + j + m_ 

L - 1 ( 1 ) 
Yn = YmL = hxbx + mL 

k = 0 

[ 0041 ] Above , L represents the length of the ADCF 
impulse response plus lookup table size minus 1 , hz repre 
sents the impulse response , by represents the input to the 
ADCF ( i.e. , the output binary sequence of the sigma - delta 
modulator ) , and Yn is the output of the ADCF ( i.e. , the 
multi - bit output samples ) . For simplicity of illustration , 
expression ( 1 ) is written as a convolution sum by suitably 
replacing the impulse response of the filter by its mirror 
image . As illustrated in FIG . 4 , L = 350 . 
[ 0042 ] Typically , this calculation is performed once for a 
segment of L binary samples from the sigma - delta modula 
tor . After the output is computed , yn ( where n = mxL ) repre 

[ 0045 ] As noted above , each of the bit values by is binary ; 
that is , either 0 or 1. Because there are N terms in expression 
( 3 ) , there are 2 ̂  possible output values for s ;, each of which 
correspond to one of the possible 2N bit patterns for the set 
{ bin + m? , biN + m1 + 19 ... , b ( i + 1 ) N + mL - 1 } . Therefore , the set of 
all possible partial sum values s ; may be pre - calculated and 
stored in a table . In an implementation corresponding to an 
ADCF , the desired value s ; may be retrieved from the table 
using the bit pattern as an address . Because the all - zero bit 
pattern always results in a zero value for si , this entry may 
be excluded and it is only necessary to store 2N - 1 entries . 
[ 0046 ] With a set of lookup tables LUTi for all i from 0 to 
M - 1 , it is possible to partition a given binary input stream 
into blocks of bits which are then used as addresses to 
retrieve the value of the partial sum si for each i . The 
retrieved partial sums may themselves be summed to pro 
duce the ADCF output . This requires M - 1 additions to 
calculate an output value from the ADCF , which is substan 
tially lower than the L - 1 additions in the absence of parti 
tioning , by a factor of approximately N. Therefore , the 
power consumption is approximately ( 1 / N ) xPmax . 
[ 0047 ] This lookup table can be implemented by a com 
bination of multiplexer ( MUXs ) and adders . For example , a 
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TABLE 1 

Example of lookup table contents 

table N ; # of entries address S ; 

LUTO 
LUT1 
LUT2 
LUT3 
LUT4 

4 
4 
3 
2 
2 

15 
15 

7 
3 
3 

( bo , bi , b2 , b3 ) boho + b h + b2h2 + b3h3 
( 64 , 65 , 66 , 67 ) b4h4 + b5hs + bche + b7h7 
( bg , bg , bio ) bghg + bgh , + b10h10 
( 611 , b12 ) buhui + b12h12 
( b13 , b14 ) b13h13 + b14h14 

lookup table of 8 : 1 can be either 256 entries with 8 - bit 
addresses , two 4 : 1 MUXs each having sixteen entries plus 
an additional adder , or four 2 : 1 MUXs each having four 
entries plus three additional adders . Each of the above are 
different implementations of an equivalent 8 : 1 lookup table 
with tradeoffs between the number of MUXs and the number 
of adders . 

[ 0048 ] FIG . 5 illustrates an exemplary process flow for 
calculating the ADCF output using the above operations . 
The calculation is initialized at S501 . At S502 , an index 
value i is set to zero . At S503 , a variable out which stores a 
temporary output value for the ACDF is set to zero . At S504 , 
N bits bin , bin + 1 , b [ i + 1 ] N - 1 are collected from the sigma - delta 
modulator . At S505 , the collected bits are checked to deter 
mine if all N bits are zero . If any one of the N bits is nonzero , 
the sequence of N bits is used as an address to retrieve a 
partial sum s ; from a lookup table LUTi at S506 . At S507 , the 
retrieved partial sum s ; is added to the variable out . If all of 
the N bits are zero , the processing skips S506 and S507 . In 
either case , at S508 the index i is checked to determine if it 
is equal to M - 1 . If i is not equal to M - 1 , the index i is 
incremented by one at S509 and subsequently S504 - S508 
are repeated . If i is equal to M - 1 , then at S510 the ADCF 
output value is set equal to the variable out . At S511 the 
process flow terminates . 

1 

Second Example of an Output Computation 
Procedure 

[ 0049 ] While the above example requires that each parti 
tion be of the same size , this can be generalized to the use 
of tables of different sizes . For example , the sum in expres 
sion ( 1 ) may be broken up into a plurality of terms respec 
tively having size N. , N1 , ... , N where N + N , + 
+ NM - 1 = L . The filtering procedure of expression ( 1 ) may 
thus be rewritten according to the following expression ( 4 ) : 

[ 0052 ] In Table 1 , b ; represents a bit value which can be 
either 0 or 1. For each table , the b ; values in the “ address ” 
column are used as an address to look up the value of the 
partial sum , which is given by the “ s ; ” column . As noted 
above , the partial sum s ; for the all - zero case is always equal 
to zero and thus does not need to be stored . 
[ 0053 ] FIG . 6 illustrates an exemplary process flow for 
calculating the ADCF using the above operations . The 
calculation is initialized at S601 . At S602 , an index value i 
is set to zero . At S603 , a range index R , is set to zero . At 
S604 , a variable out which stores a temporary output value 
for the ACDF is set to zero . At S605 , N , bits b ; where j ranges 
from Ri to R , + N ; -1 are collected from the sigma - delta 
modulator . At S606 , the collected bits are checked to deter 
mine if all N ; bits are zero . If any one of the N ; bits is 
nonzero , the sequence of N ; bits is used as an address to 
retrieve a partial sum s ; from a lookup table LUTi at S607 . 
At S608 , the retrieved partial sum s ; is added to the variable 
out . If all of the N , bits are zero , the processing skips S607 
and S608 . In either case , at S609 the index i is checked to 
determine if it is equal to M - 1 . Ifi is not equal to M - 1 , the 
index i is incremented by one at S610 , the index R , is 
updated by adding Ni - 1 at S611 , and subsequently S605 
S609 are repeated . If i is equal to M - 1 , then at S612 the 
ADCF output value is set equal to the variable out . At S613 
the process flow terminates . 
[ 0054 ] Thus , this example of the output computation pro 
cedure provides an additional level of flexibility in the 
design . For example , structural or circuit constraints on the 
system might dictate that the data from the ADC comes in 
8 bits at a time . In this case , it is possible to use a lookup 
table of width 8 ; that is , having 255 addresses which 
excludes the all - zero bit pattern . However , the lookup table 
internal implementation may be done by a single lookup 
table or a combination of smaller lookup tables plus addi 
tional adders as noted above . If , for example , a lookup table 
of width 8 is not desired ( e.g. , if it is not efficient enough due 
to the number of MUXs required ) , it is possible to use 
alternative implementations . The lookup table may be 
implemented using a 3-3-2 arrangement with two lookup 
tables of width 3 and one lookup table of width 2 ; a 2-2-2-2 
arrangement with four lookup tables of width 2 , and so on . 
In the 3-3-2 arrangement , for example , three pre - sums ( Preo , 
Prel , and Pre2 ) are calculated using lookup tables from the 
8 bits . Then , a multi - operand adder may be used to sum the 
three pre - sums at once to produce an accumulated sum 
Accummew = Accumord + PreO + Prel + Pre2 . Multi - operand 
adders are preferred due to their efficiency in terms of power 
and area . 

M + 1 

M - 1 Ni - 1 ( 4 ) 
Yn = YmL = 1 HR - jbe kjemi 

i = 0 j = 0 

[ 0050 ] Above , R , is represented by the following expres 
sion ( 5 ) : 

( 5 ) 
R ; { 0 , i = 0 

R ; -1 + Ni - 1 , i = 1 , 2 , ... , M - 1 

[ 0051 ] In this example , there are M lookup tables and each 
table i includes N ; entries . M and N ; may be arbitrarily 
chosen subject to the condition noted above that No + Ni + . 

+ NM - 1 = L . In one illustrative example , consider an ADCF 
with 16 filter coefficients ; i.e , L = 15 . Mand N , may be chosen 
such that M = 5 , N. = N , = 4 , N2 = 3 , and Nz = N & = 2 . This ADCF 
using the given set of values can be implemented using five 
lookup tables . The number of entries stored in each lookup 
table and the values of the entries for this example are 
summarized in the following Table 1 : 

Third Example of an Output Computation 
Procedure 

[ 0055 ] In addition to average power consumption , in cer 
tain implementations it may be desirable to limit the instan 
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circuit 700 illustrated in FIG . 7. Thus , each row includes a 
double latch circuit which holds two bits of data , where one 
bit is a new bit from the sigma - delta modulator and another 
bit is the existing data used to retrieve a partial sum from a 
lookup table , and seven simple latch circuits which hold one 
bit of data each . Each block has eight rows , and thus 
illustrates eight ADCFs . For purposes of explanation , the 
ADCFs will be referred to as ADCFk where k indicates the 
row . 

taneous peak power consumption . For example , in an image 
sensor having a column architecture , one ADC is provided 
per column of pixel circuits . Thus , each of the multiple 
ADCs generate a respective binary bit stream which is then 
processed by a corresponding ADCF for each column . If the 
implementation and processing are done in a straightforward 
manner in which every ADC starts and converts at the same 
time , all of the ADCFs will perform additions from the 
lookup table output at the same time . This may result in a 
power profile include large power spikes . That is , the power 
for the ADCFs remain at a low level when none of the 
ADCFs are performing addition , but a large power spike 
occurs when every ADCF is adding a new partial sum 
simultaneously . To smooth out the power consumption pro 
file and provide a significant reduction in peak power 
consumption , it is preferable to introduce targeted delays to 
the start times of the ADCs . 
[ 0056 ] To illustrate this phenomenon , consider an imple 
mentation where the ADCF length is 240 , and where the 
impulse response for each ADCF is partitioned into 30 
groups of eight coefficients each . In other words , L = 240 , 
M = 30 , and N = 8 . Instead of starting all ADCFs at the same 
time , the start times of the ADCFs are partitioned into eight 
groups . Thus , ADCFO , ADCF8 , ADCF16 , etc. , start at clock 
0 ; ADCF1 , ADCF9 , ADCF17 , etc. , start at clock 1 ; and so 
on . That is , ADCFk , the ADCF at column k , starts at clock 
( k mod 8 ) , and each group of 8 columns ( i.e. , ADCFO to 
ADCF7 ) may be treated as one unit . In this example , N = 8 
and thus 8 bits are required to look up a partial sum in a 
lookup table . For each ADCF , a latch circuit of width 9 is 
used to store the 8 bits . The reason that a width of 9 and not 
8 is used will be discussed in more detail below . 
[ 0057 ] FIG . 7 illustrates an exemplary latch circuit 700 of 
width 9. The latch circuit 700 includes a double latch circuit 
701 for bit portion a0 , outlined in bold , and a plurality of 
simple latch circuits 702 for bit portions al to a7 . The double 
latch circuit 701 may output either að or a8 depending on the 
control signal odd_lut . As illustrated in FIG . 8A , the double 
latch circuit 701 includes a pair of simple latch circuits 711 
and 712 , a pair of AND gates 721 and 722 , and an inverter 
731. The double latch circuit 701 receives data signal 
Dx [ j ] , the control signal odd_lut , and a gate signal Gx [ i ] , 
where j = 0 because the double latch circuit 701 is at the Oth 
column . The double latch circuit 701 is arranged such that 
the gate of the simple latch circuit 711 receives an inverted 
version of the control signal odd_lut via the inverter 731 and 
the AND gate 721 , whereas the gate of the simple latch 
circuit 712 receives the control signal odd_lut via the AND 
gate 722. The double latch circuit 701 outputs a first output 
signal QA from the first simple latch circuit 711 and a second 
output signal QB from the second simple latch circuit 712 . 
The simple latch circuit 702 receives a data signal Dk [ j ] and 
a gate signal Gx [ j ] , where j is an integer between 1 and 7 
inclusive which indicates the column location of the simple 
latch circuit 702. The simple latch circuit 702 outputs an 
output signal Qx [ j ] . While FIGS . 7 and 8A - B illustrate an 
exemplary latch circuit 700 , the present disclosure is not so 
limited . A circuit with equivalent properties may also be 
implemented using flip flops , FPGA ( S ) , a microcontroller , or 
other circuits . 
[ 0058 ] FIGS . 9A - 9B illustrate a set of 16 clock cycles , 
from Clock 0 to Clock 15 , according to this sequential 
timing example . Each row represents a particular ADCF 
which is implemented using a latch circuit such as the latch 

[ 0059 ] As illustrated in FIGS . 9A - B , a newly - latched bit is 
denoted with italics . At Clock 0 , ADCFO is started and a first 
input bit al is sent to a double latch circuit which stores the 
value of a0 . At Clock 1 , an additional bit al is latched by a 
simple latch circuit in ADCFO and , at the same time , ADCF1 
is started and an additional bit bo is sent to a double latch 
circuit therein . At Clock 2 , an additional bit a2 is latched for 
ADCFO , an additional bit b1 is latched for ADCF1 , and an 
additional bit c0 is latched for ADCF2 . This process con 
tinues until clock 7 where ADCF7 is started . At the end of 
Clock 7 , 8 bits have been latched for ADCFO , 7 bits have 
been latched for ADCF1 , and so on , with 1 bit having been 
latched for ADCF7 . 
[ 0060 ] As illustrated in FIG . 9B , an ADCFk ( i.e. , a row ) 
that is illustrated with a black background indicates bits that 
are used for addressing the lookup table on this Clock cycle . 
In other words , at Clock 8 , a table look up is performed for 
ADCFO using bits a0 , al , ... , a7 as an address and a partial 
sum is retrieved and added to a memory location which 
stores the temporary output value . At the same time , a new 
bit a8 is latched for ADCFO because the corresponding 
sigma - delta modulator continues to generate bits for the 
ADCF . Because it is necessary to latch a new bit a8 as well 
as to use the original bit a0 for addressing the lookup table , 
the bit position a0 / a8 is implemented using a double latch 
circuit such as the double latch circuit 701 illustrated in 
FIGS . 7 and 8A . Thus , as noted above , the latch circuit 700 
has a length of 9 bits in the case where N = 8 . In general , the 
number of latches for each ADCF should be N + 1 for this 
reason . 

[ 0061 ] Furthermore , during Clock 8 , a new bit b7 , c6 , hl 
is latched into each of ADCF1 to ADCF7 . After retrieving 
the partial sum for ADCFO ( e.g. at Clock 9 ) , the bits a0 - a7 
are no longer needed for ADCFO . As a result , at this time 
only one useful bit a8 is latched into ADCFO at this point . 
At Clock 9 , a similar action is performed where the original 
8 bits b0 - b7 are used to retrieve a partial sum for ADCF1 , 
the partial sum is added to a memory that stores an output 
value for ADCF1 , and new bits are latched into each of 
ADCFO through ADCF7 . This procedure is repeated for 
successive clock cycles until , at the end of Clock 15 , the 
lookup table has been addressed and the partial sums added 
for each of ADCFO through ADCF7 . As a result , this 
example uses different starting times for each group of eight 
ADCFs so that one partial sum retrieval and one addition are 
performed at every clock cycle . This maintains the hardware 
operation in a steady state and eliminates the spikes in the 
power consumption profile . In comparison to an implemen 
tation where all ADCFs are started at the same time , this 
example reduces the peak power to approximately 1 of the 
comparative peak . 
[ 0062 ] FIGS . 10-15 illustrate a series of exemplary pro 
cess and subprocess flows for the first eight ADCFs ( i.e. , 
ADCF0 to ADCFk ) . In FIG . 10 , once the ADCFs are started , 
it is assumed that they will be operated continuously to 
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generate a sequence of output samples for each ADCF . 
Alternatively , in FIG . 14 , it is assumed that each ADCF will 
only be used to produce one output sample and will be 
stopped afterward . If an ADCF is to be started again after the 
execution of the process flow illustrated in FIG . 14 , the 
process flow of FIG . 14 may be started again from the 
beginning thereof . 
[ 0063 ] As illustrated in FIG . 10 , the calculation is initial 
ized at S1001 . At S1002 , an index value i is initialized to 0 . 
At S1003 , output variables out ( k ) fork in the range 0 , 1 , . 
, 7 are initialized to 0. Each output variable out ( k ) stores a 

temporary output value for a corresponding ADCFk . At 
S1004 , Subprocess 1 is executed , in which the task of 
starting each ADCF and latching the initial bits is performed . 
The details of Subprocess 1 are illustrated in the exemplary 
subprocess flow of FIG . 11 . 
[ 0064 ] As illustrated in FIG . 11 , the subprocess begins at 
S1101 . At S1102 , an index k is initialized to 0. At S1103 , the 
control signal odd_lut for ADCFk is set to 1. This is done so 
as to configure the double latch circuit ( e.g. , the double latch 
circuit 701 of FIGS . 7 and 8A ) so that the first bit of the 
ADCFk is received in the desired position . At S1104 , one 
new bit is latched to the first k + 1 ADCFs , from ADCFO to 
ADCFk . This performs a task as illustrated in each clock 
cycle of FIG.9A , where the value k is equivalent to the clock 
number in FIG . 9A . At S1105 , the index k is checked to 
determine if it is equal to 7. If it is not equal to 7 , the index 
k is incremented by 1 at S1106 and subsequently S1104 and 
S1105 are repeated . If k is equal to 7 , then at S1107 
Subprocess 1 terminates and control returns to the process 
flow of FIG . 10 . 
[ 0065 ] As illustrated in FIG . 10 , after Subprocess 1 has 
been completed , at S1005 the index i is set to 1. Then , at 
S1006 , Subprocess 2 is executed in which the task of reading 
a partial sum for each ADCF and latching new bits is 
performed . The details of Subprocess 2 are illustrated in the 
exemplary subprocess flow of FIG . 12 . 
[ 0066 ] As illustrated in FIG . 12 , the subprocess begins at 
S1201 . At S1202 , an index k is initialized to 0. At S1203 , the 
bits for ADCFk are checked to determine if all bits are zero . 
If any one of the bits is nonzero , a partial sum s ; for ADCFk 
is retrieved at S1304 . At S1205 , the partial sum value for 
ADCFk is added to the temporary output variable out ( k ) . If 
all of the bits are zero at S1203 , the processing skips S1204 
and S1205 . In either case , at S1206 the control signal 
odd_lut for ADCFk is reversed so as to preserve the previ 
ously - latched bit for ADCFk at the double latch circuit 
position , and to prepare the double latch circuit to retrieve a 
new bit . In this manner , it is possible to keep both the " old " 
bit and the “ new ” bit . At S1207 , one new bit is latched to all 
ADCFs , from ADCFO to ADCF7 . This performs a task as 
illustrated in each clock cycle of FIG . 9B , where the value 
k is equivalent to the clock number modulo 8 in FIG.9B . At 
S1208 , the index k is checked to determine if it is equal to 
7. If it is not equal to 7 , the index k is incremented by 1 at 
S1209 and subsequently S1203 to S1208 are repeated . If k 
is equal to 7 , then at S1210 Subprocess 2 terminates and 
control returns to the process flow of FIG . 10 . 
[ 0067 ] As illustrated in FIG . 10 , after Subprocess 2 has 
been completed , the index i is checked to determine if it is 
equal to M - 1 at S1007 . If i is not equal to M - 1 , the index 
i is incremented by one at S1008 and subsequently S1006 
and S1007 are repeated . If i is equal to M - 1 , then at S1009 
Subprocess 3 is executed in which a procedure similar to 

Subprocess 2 is performed but with additional steps for 
computing the output of each ADCF and reinitializing the 
temporary output variables out ( k ) . The details of Subprocess 
3 are illustrated in the exemplary subprocess flow of FIG . 
13 . 

[ 0068 ] As illustrated in FIG . 13 , the subprocess begins at 
S1301 . At S1302 , an index k is initialized to 0. At S1303 , the 
bits for ADCFk are checked to determine if all bits are zero . 
If any one of the bits is nonzero , a partial sum s ; for ADCFK 
is retrieved at S1304 . At S1305 , the partial sum value for 
ADCFk is added to the temporary output variable out ( k ) . If 
all of the bits are zero at S1303 , the processing skips S1304 
and S1305 . In either case , at S1306 the output of ADCFk is 
set to the value of the temporary output variable out ( k ) and 
is transferred to the output , and at S1307 the temporary 
output variable out ( k ) is reset to 0. At S1308 the control 
signal odd_lut for ADCFk is reversed so as to preserve the 
previously - latched bit for ADCFk at the double latch circuit 
position , and to prepare the double latch circuit to retrieve a 
new bit . In this manner , it is possible to keep both the " old " 
bit and the “ new ” bit . At S1309 , one new bit is latched to all 
ADCFs , from ADCF0 to ADCF7 . At S1310 , the index k is 
checked to determine if it is equal to 7. If it is not equal to 
7 , the index k is incremented by 1 at S1311 and subsequently 
S1303 to S1310 are repeated . Ifk is equal to 7 , then at S1312 
Subprocess 3 terminates and control returns to the process 
flow of FIG . 10. As illustrated in FIG . 10 , after Subprocess 
flow 3 has been completed the process flow returns to 
S1005 . 
[ 0069 ] Instead of the continuous operation of FIGS . 10-13 , 
it is possible that each ADCF is used to produced one output 
sample and will be stopped afterward . This may be imple 
mented by the exemplary process flow of FIG . 14. As 
illustrated in FIG . 14 , the calculation is initialized at S1401 . 
At S1402 , an index value i is initialized to 0. At S1403 , 
output variables out ( k ) for kin the range 0 , 1 , ... , 7 are 
initialized to 0. Each output variable out ( k ) stores a tempo 
rary output value for a corresponding ADCFk . At S1404 , 
Subprocess 1 is executed , in which the task of starting each 
ADCF and latching the initial bits is performed . The details 
of Subprocess 1 are illustrated in the exemplary subprocess 
flow of FIG . 11. After Subprocess 1 has been completed , at 
S1405 the index i is set to 1. Then , at S1406 , Subprocess 2 
is executed in which the task of reading a partial sum for 
each ADCF and latching new bits is performed . The details 
of Subprocess 2 are illustrated in the exemplary subprocess 
flow of FIG . 12. After Subprocess 2 has been completed , the 
index i is checked to determine if it is equal to M - 1 at 
S1407 . If i is not equal to M - 1 , the index i is incremented 
by one at S1408 and subsequently S1406 and S1407 are 
repeated . If i is equal to M - 1 , then at S1409 Subprocess 4 
is executed . As compared with Subprocess 2 , Subprocess 4 
does not include the operations to latch new bits for each 
ADCF because the process for each ADCF is stopped after 
an output sample is calculated . 
[ 0070 ] As illustrated in FIG . 15 , the subprocess begins at 
S1501 . At S1502 , an index k is initialized to 0. At S1503 , the 
bits for ADCFk are checked to determine if all bits are zero . 
If any one of the bits is nonzero , a partial sum s ; for ADCFk 
is retrieved at S1504 . At S1505 , the partial sum value for 
ADCFk is added to the temporary output variable out ( k ) . If 
all of the bits are zero at S1503 , the processing skips S1504 
and S1505 . In either case , at S1506 the output of ADCFk is 
set to the value of the temporary output variable out ( k ) and 
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is transferred to the output . At S1507 , the index k is checked 
to determine if it is equal to 7. If it is not equal to 7 , the index 
k is incremented by 1 at S1508 and subsequently S1503 to 
S1507 are repeated . If k is equal to 7 , then at S1509 
Subprocess 4 terminates and control returns to the process 
flow of FIG . 14 , which terminates at S1410 . As noted above , 
if further samples from each ADCF are required , it is 
possible to either execute the process flow of FIG . 10 instead 
of the process flow of FIG . 14 , or to execute the process flow 
of FIG . 14 multiple times . 

CONCLUSION 

What is claimed is : 
1. An analog - to - digital converter , comprising : 
a sigma - delta modulator ; and 
an ADC filter configured to : 

store a plurality of partial sums as respective entries in 
a plurality of lookup tables , 

retrieve at least one of the plurality of partial sums 
based on an output of the sigma - delta modulator , and 

calculate a filter output by adding retrieved ones of the 
plurality of partial sums together . 

2. The analog - to - digital converter according to claim 1 , 
wherein respective ones of the plurality of lookup tables 
have the same size . 

3. The analog - to - digital converter according to claim 1 , 
wherein respective ones of the plurality of lookup tables 
have different sizes . 

4. The analog - to - digital converter according to claim 1 , 
wherein a respective lookup table of the plurality of lookup 
tables includes at least one multiplexer and at least one 
adder . 

5. The analog - to - digital converter according to claim 1 , 
wherein the ADC filter includes a latch circuit configured to 
store a number of bits equal to a width of the ADC filter plus 
one . 

[ 0071 ] With regard to the processes , systems , methods , 
heuristics , etc. described herein , it should be understood 
that , although the steps of such processes , etc. have been 
described as occurring according to a certain ordered 
sequence , such processes could be practiced with the 
described steps performed in an order other than the order 
described herein . It further should be understood that certain 
steps could be performed simultaneously , that other steps 
could be added , or that certain steps described herein could 
be omitted . In other words , the descriptions of processes 
herein are provided for the purpose of illustrating certain 
embodiments , and should in no way be construed so as to 
limit the claims . 
[ 0072 ] Accordingly , it is to be understood that the above 
description is intended to be illustrative and not restrictive . 
Many embodiments and applications other than the 
examples provided would be apparent upon reading the 
above description . The scope should be determined , not with 
reference to the above description , but should instead be 
determined with reference to the appended claims , along 
with the full scope of equivalents to which such claims are 
entitled . It is anticipated and intended that future develop 
ments will occur in the technologies discussed herein , and 
that the disclosed systems and methods will be incorporated 
into such future embodiments . In sum , it should be under 
stood that the application is capable of modification and 
variation . 
[ 0073 ] All terms used in the claims are intended to be 
given their broadest reasonable constructions and their ordi 
nary meanings as understood by those knowledgeable in the 
technologies described herein unless an explicit indication to 
the contrary in made herein . In particular , use of the singular 
articles such as “ a , " " the , " " said , " etc. should be read to 
recite one or more of the indicated elements unless a claim 
recites an explicit limitation to the contrary . 
[ 0074 ] The Abstract of the Disclosure is provided to allow 
the reader to quickly ascertain the nature of the technical 
disclosure . It is submitted with the understanding that it will 
not be used to interpret or limit the scope or meaning of the 
claims . In addition , in the foregoing Detailed Description , it 
can be seen that various features are grouped together in 
various embodiments for the purpose of streamlining the 
disclosure . This method of disclosure is not to be interpreted 
as reflecting an intention that the claimed embodiments 
require more features than are expressly recited in each 
claim . Rather , as the following claims reflect , inventive 
subject matter lies in less than all features of a single 
disclosed embodiment . Thus the following claims are 
hereby incorporated into the Detailed Description , with each 
claim standing on its own as a separately claimed subject 
matter . 

6. An image sensor , comprising : 
a plurality of pixel circuits arranged in an array ; and 
the analog - to - digital converter according to claim 1 . 
7. An analog - to - digital conversion circuit , comprising : 
a plurality of sigma - delta modulators ; and 
a plurality of ADC filters respectively corresponding to 

the plurality of sigma - delta modulators , 
wherein the plurality of ADC filters are respectively 

configured to : 
store a plurality of partial sums as respective entries in 

a plurality of lookup tables , 
retrieve at least one of the plurality of partial sums 
based on an output of the sigma - delta modulator , and 

calculate a filter output by adding retrieved ones of the 
plurality of partial sums together . 

8. The analog - to - digital conversion circuit according to 
claim 7 , wherein respective ones of the plurality of lookup 
tables have the same size . 

9. The analog - to - digital conversion circuit according to 
claim 7 , wherein respective ones of the plurality of lookup 
tables have different sizes . 

10. The analog - to - digital conversion circuit according to 
claim 7 , wherein a respective lookup table of the plurality of 
lookup tables includes at least one multiplexer and at least 
one adder . 

11. The analog - to - digital conversion circuit according to 
claim 7 , wherein the plurality of ADC filters begin calcu 
lating in a time - sequential manner , such that a first ADC 
filter of the plurality of ADC filters begins at a first clock 
cycle and a second ADC filter of the plurality of ADC filters 
begins at a second clock cycle subsequent to the first clock 
cycle . 

12. The analog - to - digital conversion circuit according to 
claim 7 , wherein a respective ADC filter of the plurality of 
ADC filters includes a latch circuit configured to store a 
number of bits equal to a width of the ADC filter plus one . 

13. An image sensor , comprising : 
a plurality of pixel circuits arranged in an array ; and 
the analog - to - digital conversion circuit according to claim 

7 . 



US 2019/0356328 A1 Nov. 21 , 2019 
8 

14. A method of calculating an output in an analog - to 
digital converter , comprising : 

storing , by an ADC filter , a plurality of partial sums as 
respective entries in a plurality of lookup tables ; 

receiving , by the ADC filter and from a sigma - delta 
modulator , an output ; 

retrieving , by the ADC filter , at least one of the plurality 
of partial sums based on the output ; and 

adding , by the ADC filter , retrieved ones of the plurality 
of partial sums together so as to generate the output . 

15. The method according to claim 14 , wherein respective 
ones of the plurality of lookup tables have the same size . 

16. The method according to claim 14 , wherein respective 
ones of the plurality of lookup tables have different sizes . 

17. The method according to claim 14 , wherein a respec 
tive lookup table of the plurality of lookup tables includes at 
least one multiplexer and at least one adder . 

18. The method according to claim 14 , comprising : 
beginning the adding by the ADC filter at a first clock 

cycle ; and 
beginning an adding by another ADC filter at a second 

clock cycle subsequent to the first clock cycle . 
19. The method according to claim 14 , further compris 

ing : 
storing , by a latch circuit of the ADC filter , a number of 

bits equal to a width of the ADC filter plus one . 
20. The method according to claim 14 , further compris 

ing : 
receiving , at the sigma - delta modulator , an image signal 

from a pixel circuit ; and 
generating , by the ADC filter , the output of the sigma 

delta modulator based on the image signal . 


