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(57) Abstract: A column, readout amplifier and 1imaging array using the same method are disclosed, The column readout amplifier
includes a signal amplifier having an amplifier signal output, a first, filter capacitor, a butter amplifier having a butter amplifier input
and a buffer amplifier output and a switching network. The switching network connects the amplifier signal output to the bufter
amplifier mmput and the butfer amplifier output to the first filter capacitor during a first rime period, and connects the amplifier signal
output directly to the first filter capacitor during a second time period. The time periods can be of fixed duration or determined by
the difference in potential between the mput and output, of the buttfer amplifier. The column readout amplifier can be used in an 1ma-
ging array to readout columns of pixels.
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AMPLIFIER ADAPTED FOR CMOS IMAGING SENSORS

Background of the Invention

[0001] CMOS image sensors that are designed to operate at low illumination
levels require very low noise readout circuits. A CMOS imaging sensor typically consists of a
two-dimensional array of pixel sensors arranged as a plurality of rows and columns. Each
pixel sensor includes a photodiode and a readout circuit that converts the charge accumulated
by the photodiode during the image exposure to a voltage that 1s readout by a readout
amplifier that is typically shared by all of the pixel sensors in a column. The pixel sensors in
each row are readout in parallel using the column readout amplifiers. To maintain low noise,
the time between the transfer of the photocharge to the readout circuits in the pixel sensors
and the readout of that charge must be as small as possible, since noise accumulates 1n the

pixel sensors during this phase.

[0002] To limit the noise in the column readout amplifiers, a low bandwidth
amplifier is typically utilized. The lower the bandwidth of the amplifier, the lower the readout
noise from the amplifier. However, lowering the bandwidth of the readout amplifier results in
an increase in the time required to readout the pixel currently attached to the readout
amplifier, since the reduced bandwidth amplifier takes longer to settle. Hence, there 1s a
tradeoff between readout time and readout noise. Accordingly, reducing the noise in the

column readout amplifiers remains a challenge in low light sensors.

Summary of the Invention

[0002a] According to an aspect of the present invention, there is provided an
apparatus comprising: a signal amplifier having an amplifier signal output; a first filter
capacitor; a buffer amplifier having a buffer amplifier input and a buffer amplifier output; and
a switching network, wherein said first filter capacitor has first and second terminals, said
second terminal being connected to ground, and said switching network connects said
amplifier signal output to said buffer amplifier input by a first direct current path and said

buffer amplifier output to said first terminal of said first filter capacitor by a second direct
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current path during a first time period, and connects said amplifier signal output directly to
said first terminal of said first filter capacitor by a third direct current path during a second

time period.

[0002b] According to another aspect of the present invention, there is provided
an 1maging array comprising: a bit line conductor; a plurality of pixel sensors, each pixel
sensor being coupled to said bit line conductor 1n response to a word select signal; a column
amplifier connected to said bit line conductor, said column amplifier comprising: a signal
amplifier having an amplifier signal output; a first filter capacitor; a butfer amplifier having a
buffer amphifier input and a buffer amplifier output; and a switching network, wherein said
first filter capacitor has first and second terminals, said second terminal being connected to
ground, and said switching network connects said amplifier signal output to said buffer
amplifier input by a first direct current path and said butfer amplitier output to said first
terminal of said first filter capacitor by a second direct current path during a first time period,
and connects said amplifier signal output directly to said first terminal of said first filter

capacitor by a third direct current path during a second time period.

[0003] Some embodiments of the present invention include a column readout
amplifier and method for using the same. The column readout amplifier includes a signal
amplifier having an amplifier signal output, a first filter capacitor, a butfer amplifier having a
buffer amplifier input and a buffer amplifier output, and a switching network. The switching
network connects the amplifier signal output to the buffer amplifier input and the buffer
amplifier output to the first filter capacitor during a first time period, and connects the

amplifier signal output directly to the first filter capacitor during a second time period.

[0004] In some embodiments, the signal amplifier charges the first filter
capacitor with a first time constant when directly connected to the first filter capacitor. The

first time period 1s less than five times the first time constant.

[0005] In some embodiments, the column readout amplifier switches from the

first time period to the second time period when the buffer amplifier input and the butter
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amplifier output differ by less than a predetermined threshold. In another aspect of the

invention, the first and second time periods are fixed in duration.

[0006] In some embodiments, the column readout amplifier is adapted for use
in an 1maging array that includes a bit line conductor, a plurality of pixel sensors, each pixel
sensor 1s coupled to the bit line conductor in response to a word select signal, and a column

readout amplifier according to an embodiment of the present invention.

Brief Description of the Drawings

|0007] Figure 1 1llustrates a prior art readout amplifier connected to one pixel

sensor in a column of pixel sensors.

[0008] Figure 2 illustrates a timing diagram for the readout of the pixel shown

in Figure 1 via a conventional readout amplifier.

[0009] Figure 3 1s a schematic drawing of a column readout amplifier

according to an embodiment of the present invention.
[0010] Figure 4 1s a timing diagram for the various signals shown 1n Figure 3.

[0011] Figure 5 illustrates an embodiment of the present invention that utilizes

a higher gain amplifier to accelerate the charging of the filter capacitor.

Detailed Description of Embodiments of the Invention

[0012] The manner in which the present invention provides its advantages can
be more easily understood with reference to Figure 1, which illustrates a prior art column
readout amplifier 30 connected to one pixel sensor in a column of pixel sensors. The
particular pixel sensor that 1s connected to bit line 27 1s determined by the signal on a
corresponding word line 28. Pixel sensor 21 typically includes a photodiode 22 that
accumulates charge during the image exposure. At the end of the image exposure, floating
diffusion node 23 is reset to Vr by closing gate 24 using a signal on a reset line. The voltage

on floating diffusion node 23 after the reset operation 1s measured via source follower 26 and
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column readout amplifier 30 is stored on in a sample and hold circuit on capacitor Ciy 1n

column readout amplifier 30.

[0013] After this voltage measurement, gate 235 1s placed in a conducting state
in response to a signal on Tx. The positive potential on floating diffusion node 23 causes all of
the charge on photodiode 22 to be transferred to floating ditfusion node 23. The transferred
charge results in a decrease in the potential of floating diffusion node 23 relative to the reset
potential. The potential on floating diffusion node 23 is then measured by column readout
amplifier 30 and stored in the sample and hold circuit on capacitor 32. The difference 1n
voltage on capacitors 31 and 32 is then used to determine the charge that was generated by

photodiode 22 during the exposure.

[0014] Refer now to Figure 2, which is a timing diagram for the readout of the
pixel shown in Figure 1 via a conventional readout amplifier.' Column readout amplifier 30
typically includes a capacitive transimpedance amplifier 35 constructed from C;, and a
feedback capacitor Cy. Prior to measuring the voltage on bit line 27, the input and output of
capacitive transimpedance amplifier 35 are shorted by closing switch 34. The gain of
capacitive transimpedance amplifier 35 1s the ratio of the capacitances of capacitors Cj, and
Cy, which is typically of the order of 30. Capacitor 37 sets the bandwidth of capacitive
transimpedance amplifier 35. Increasing capacitor 37 reduces the noise in the voltage
measurements, since capacitor 37 sets the time constant of a low pass filter. However, the
time for the output of capacitive transimpedance amplifier 35 to stabilize is also determined
by capacitor 37, since capacitive transimpedance amplifier 35 must charge capacitor 37. This

slow rise time limits the speed with which the pixels can be readout.

[0015] The present embodiment reduces the readout time of the column
amplifier while using a large filter capacitor by providing a higher charging current for the
capacitor during the earlier portion of the charging cycle for the filter capacitor. Once the
potential on the capacitor is near its final value, the additional charging current 1s removed
and the column readout amplifier is allowed to finish the charging operation. Since the

potential on the filter capacity is near its final value when the additional amplification 1s
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removed, the time to settle to its final value 1s reduced, and hence, a larger capacitor can be

utilized without increasing the readout time.

[0016] Refer now to Figures 3 and 4. Figure 3 is a schematic drawing of a column readout
amplifier 50 according to an embodiment of the present invention, and Figure 4 1s a timing
diagram for the various signals shown in Figure 3. To simplify the following discussion, those
elements of column readout amplifier SO that serve functions analogous to those shown in
Figure 2 for column readout amplifier 30 have been given the same numerical designations
and will not be discussed further here. In column readout amplifier 50, capacitor Cs; serves
the function of the filter capacitor 37 in Figure 1; however, the capacitance of Cs; 1s several
times larger than that of capacitor 37. A readout operation using column readout amplifier 50
can be viewed as occurring in two phases. In the first phase, the voltage to be measured 1s
transferred to C;, and the switches operated by S; are closed. To simplity the drawing, the

controller that generates the S; signal and its connections to the various switches

4a
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have boon omitted. As a resudl, Vi, the outpat of capaeitive ransimpedance
amplifier 33, is routed to 8 buffer amplifier 31 which charges capacitor Ty, Basffer
ampitfior 31 hay a gain of one, and henee, the voltage on capactior Oy follows Vou.
However, the noise levels at Ve are constderably Bigher than those in V. becguse
o the lugh curreny gain, it shouid alao be noted that the time for Vount 10 vogeht
equiithrinm is significantly reduced 1w columm readout ampliBier 50 because capagitor
Cse ts moch smalior than capacitor 37 in colomn readout amphifier 3L
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on e dogree of nusmaleh of the potential on capacitor Usr that can be wlersted. Any
mismateh rosulis inan merease i the time nesded for capacitor Usz 1o reach Vg
afier S; s opened. The amcunt of additional e that ix reguired {0 reach equilibrinm
wiil, in general, depend on the speeific application. An mmprovement over the prior

art is nbtained if the equilibriun e is less than that required in the absence of buffer

anypstifier 31,

0T8T Dhring the second phase, the switches aperated by 8y are opened and

buffer amplifier 51 3a disconnected. The autput of vapacitive transimpedanc

arppiifier 35 3y henee connected directly 1o capacitor Cs. Any differances in voltage
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hetween Vo and Ve will ther be eliminated by CapacHive trans n‘}:;pﬁ{i WS
anplifter 35, In addition, the noise level at capacitor Cer will be that characterized by

the siun of the capacitances of capacitors Csy and Ogg,

IR In the ghove-deseribed ombodiments, 3 uni gam buffer amplifivr is
ased to aceslerate the charge rate of the filter capaciter during the first phase of the
readowt. Howoever, embodiments in which a higher gain factor is utilized together

with @ comparaior o accelerate the charging of the filter capacitor can also be
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constructed. Refer now to Figure 5, which illustrates an embodiment of the present invention

that utilizes a higher gain amplifier to accelerate the charging of the filter capacitor. To
simplify the following discussion, those elements of column readout amplifier 70 that provide
functions analogous to functions discussed above with respect to Figure 3, have been given
the same numeric designations and will not be discussed in detail here. In column readout
amplifier 70, amplifier 71 charges filter capacitor C7, during the first phase of the readout
operation. The gain of amplifier 71 is greater than one to further accelerate the initial charging
of filter capacitor C7,. A comparator 74 monitors the voltage difference between the output of
capacitive transimpedance amplifier 35 and filter capacitor C7,. When the monitored voltage
difference 1s less than a predetermined threshold value, a switch controller 73 changes the
state of the S; signal such that amplifier 71 is no longer connected to filter capacitor C7,. The
final charging of filter capacitor Cr; is then provided by capacitive transimpedance amplifier
35 to provide lower noise in a time that is significantly less than the time required to charge
filter capacitor Cy; to the final output voltage of capacitive transimpedance amplifier 35
without the precharging via amplifier 71. When the voltage has stabilized on capacitor Co,,
controller 73 closes one of the sample switches, S| or S, to capture the voltage on capacitor

C72 on a corresponding one of the sample and hold capacttors, Csz; or Css.

10020] It should also be noted that the comparator arrangement shown in Figure 5
could also be utilized in embodiments with a unit gain buffer amplifier. In the above
described embodiments that utilize a unit gain amplifier, the duration of the phases is set by
predetermined time values. However, a comparator arrangement similar to that shown in
Figure 5 could also be utilized with a unit gain amplifier to determine the time at which the
column readout amplifier switches between the first and second phases. This arrangement can
provide a reduced readout time, or lower noise by allowing a larger filter capacitor to be used.
-However, such embodiments require additional transistors to implement the comparator, and
hence, can pose challenges if the available space for the column readout amplifiers is limited.

In this regard, 1t should be noted that an imaging array may have thousands of such column
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4

readout araplifiers, and hence, even a fow frausistors per column readowt amplifier can

represent g stgrihicant inorease i the cost of the imaging srray.

0217 The ahove-desceribed embodiments of the present invention have been
provided o iHastraie vanous aspects of the wvention, However, #1810 be understood
that different aspects of the present invention that are shown in dd fferemg specific
embodiments can be combined 1o provide other embadiments of the present
wvention, i addition, various moditications o {he prosent wvadion will bocome
apparent from the foregoing description and accompanying drawings. Accordingly,

the present mvention i 1o be himsted soiely by the scope of the foliowing claims.

-3



10

15

20

CA 02924244 2016-09-29

26158-376PPH

CLAIMS:
1. An apparatus comprising:

a signal amphfier having an amplifier signal output;

a first filter capacitor;

a buffer amplifier having a buffer amplifier input and a buffer amplifier output;
and

a switching network,

wherein said first filter capacitor has first and second terminals, said second
terminal being connected to ground, and said switching network connects said amplifier
signal output to said buffer amplifier input by a first direct current path and said buffer
amplifier output to said first terminal of said first filter capacitor by a second direct current
path during a first time period, and connects said amplifier signal output directly to said first

terminal of said first filter capacitor by a third direct current path during a second time period.

2. The apparatus of Claim 1 wherein said signal amplifier charges said first filter
capacitor with a first time constant when directly connected to said first filter capacitor and

wherein said first time period is less than five times said first time constant.

3. The apparatus of Claim 1 or 2, wherein said bufter amplifier has a gain

substantially equal to one.

4. The apparatus of any one of Claims 1 to 3, wherein said apparatus further
comprises a controller that measures a difference between said buffer amplitfier input and
buffer amplifier output, said controller causing said apparatus to switch from said first time

period to said second time period when said difference is less than a predetermined threshold.

5. The apparatus of any one of Claims 1 to 4, wherein said first time period and

sald second time period are fixed.
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6. The apparatus of any one of Claims 1 to 5, wherein said buffer amplifier output

is disconnected from said first filter capacitor during said second time period.

7. The apparatus of any one of Claims 1 to 6, wherein said signal amplifier

comprises a capacitive transimpedance amplifier with a gain greater than one.

8. The apparatus of any one of Claims 1 to 7, wherein said first filter capacitor 1s
characterized by a first filter capacitor capacitance and said signal amplifier comprises a
second filter capacitor, characterized by a second filter capacitor capacitance, said second
filter capacitor being connected to said amplifier signal output, said second filter capacitor

capacitance being less than five times said first filter capacitor capacitance.
9. An imaging array comprising:
a bit line conductor;

a plurality of pixel sensors, each pixel sensor being coupled to said bit line

conductor in response to a word select signal;

a column amplifier connected to said bit line conductor, said column amplifier

comprising:

a signal amplifier having an amplifier signal output;

a first ﬁlter capacitor;

a buffer amplifier having a buffer amplifier input and a butfer amplifier output;
and

a switching network,

wherein said first filter capacitor has first and second terminals, said second
terminal being connected to ground, and said switching network connects said amplifier
signal output to said buffer amplifier input by a first direct current path and said buftter

amplifier output to said first terminal of said first filter capacitor by a second direct current



10

15

20

CA 02924244 2016-09-29

26158-376PPH

path during a first time period, and connects said amplifier signal output directly to said first

terminal of said first filter capacitor by a third direct current path during a second time period.

10. The 1imaging array of Claim 9 wherein said signal amplifier charges said first
filter capacitor with a first time constant when directly connected to said first filter capacitor

and wherein said first time period is less than five times said first time constant.

11. The 1maging array of Claim 9 or 10, wherein said buffer amplifier output is

disconnected from said first filter capacitor during said second time period.

12. The 1maging array of any one of Claims 9 to 11, wherein said signal amplifier

comprises a capacitive transimpedance amplifier with a gain greater than one.

13. The imaging array of any one of Claims 9 to 12, wherein said first filter
capacitor 1s characterized by a first filter capacitor capacitance and said signal amplifier
comprises a second filter capacitor, characterized by a second filter capacitor capacitance, said
second filter capacitor being connected to said signal amplifier output, said second filter

capacitor capacitance being less than five times said first filter capacitor capacitance.

14, The imaging array of any one of Claims 9 to 12, wherein said first filter
capacitor 1s characterized by a first filter capacitor capacitance and wherein said imaging array
tfurther comprises a sample and hold circuit comprising a sample switch and a hold capacitor,
said sample switch cdnnecting said first filter capacitor to said hold capacitor in response to a

control signal, said hold capacitor being characterized by a capacitance less than five times

said first filter capacitor capacitance.

10



CA 02924244 2016-09-29

1/5

lllllllllllllllllllllllllllllllllllllllllllllllllll
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

[Ino

159y dury

(31v 10114)
[ 34NDIA




CA 02924244 2016-03-11

PCT/US2014/052863

WO 2015/038336

Ly

]

¢ HdNNA

1Ine

TR TSR et . kR R R R R R N S M S S S S S S S S S S S S S S A M A A A A i S i S it S S A, J
| M : ‘m

It ot ot ot gk ket gk O P e e R R i i i i s i S A i 2t g S S g kS R kR R E G il i kit S S S A

V.

N A

R T T T E T T o T L C VN P P P PP VP VYTV PV VYTV IV v vy ss sl sty vy v sttt vty als sy s it ey s et s s Rttt Atated Bt oF a7 okt ot B

IO

Py

SUBMTTIUTE SHEET (RULE 26)



CA 02924244 2016-09-29

3/5

-
-
n
J
»
&
i
L |
®
|
n
n
|
a
n
|
L
L
l
-
-
|
L ]
]
|
L ]
L]
|
L
»
|
-
|
|
L ]
»
|
»
»
|
-
-
]
| ]
L J
!
L
L ]
!
&
L J
!
|
|
|
’
’
I
»
a
|
|
|
|
a
v
!
|}
v
|
|
l
]
|
l
’
|
|
a
l
|}
| |
|
|}
| |
|
|
»
|
-
-
J
»
»
]
"]
L]
l
-
|}
|
|
4
l
|
a
|
n
]
|
a
a
|
9
|
|
-
L 8
l
»
L]
!
L
]
!
®
&
|
»
L
|
»
]
)
»
L
|
&
&
|
|}
»
]

1753

l—.l—ll—l.—ll_.l-ll-ll-.lnll-dt—lc—ll—ll—l._oc-..-..h..—..-..--.-..-..-..u.._.._.--.._..-..-.._..-..*.._..-.._..—.'

¢ Hd1DIA




CA 02924244 2016-03-11

PCT/US2014/052863

WO 2015/038336

P HdaiiiiA

3 . e
FI I ITIIT I ” LA YA
- .\{o
- &

SEION MO asiop ydip

§ - -
SN FAAN SN

L LR S YRR I LR T SR N -

LN R Rl

 S8EL 4

| X ....W
Sy ¢
¢ IPUYd .
T o b g gt gt gt gt gt g gt g g gt g g gt g~ gt gt gl i gt gt b gt g g gt i oif 3}

5

llllllllllllllllllllllllllllllllllllllllllll

yasa-duny

[ jesey

SUBMTTIUTE SHEET (RULE 26)



CA 02924244 2016-09-29

5/5

—-—
[
[
[
[
»
>
»
u
[ J
[ ]
x
w
[ J
 J
[ J
| |
[ J
»
F]
FY
[
]
L
»
L
a
L
a
L ]
®
-
[
»
|
[
»
@
a
L
[ ]
[ ]
[
[
 J
[
[
-
L
-
a
»
L
-
a
o
-
-
2
»
=
T
[
[
[
[
[
[
[
[
[
[
[ ]
=
n
[
[
| ]
»
| |
»
[ ]
=
[
[ ]
[
»
&
-
.
-
L ]
-
[ |
-
»

l.l

_ z _
H_I.\ £ > QOH_H 1L

-

v/ ¢ ::o> )

AATTOYINOD
e

tL

]
[ ]
»
'3 |}
" |}
a n
|}
»
' .
. »
a -
»
: -
a -
-
) .
.................................................................

1089y dury

L L A R R R L R R R R Al R Ll B R RRR L2 AR R AAR _LRRE A RE L322 _LLR_BRABLR _LBL2 _BRBR _BRBR _LEN __BRBR B3R _LABN _BRBR _LLB _BRBR _BRER __BREN __BBR _NABY NN
el

¢ HINDIA



(11 S99 Svy SS9y TFP€ S99y T9% FI7 J3I3 ¥89 SN CSSS TYL L FE YYY LYY _TAY YTYY LELL YYY NYY WA _YYY “RRE IR IR _BRER T RY _BRRR _ROR L RY _RBER IR R TR F YL L _BREN __RRR _NEW _NUNJ

CONTROLLER
S)
S
2

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

*
..................................................................................



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - claims
	Page 12 - claims
	Page 13 - claims
	Page 14 - drawings
	Page 15 - drawings
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - abstract drawing

