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CURRENT STEERING RAMP
COMPENSATION SCHEME AND DIGITAL
CIRCUIT IMPLEMENTATION

BACKGROUND INFORMATION

Field of the Disclosure

[0001] This disclosure relates generally to image sensors,
and in particular but not exclusively, relates to a ramp
generator in an image sensor.

Background

[0002] Image sensors have become ubiquitous and are
now widely used in digital cameras, cellular phones, security
cameras as well as in medical, automotive, and other appli-
cations. As image sensors are integrated into a broader range
of electronic devices, it is desirable to enhance their func-
tionality, performance metrics, and the like in as many ways
as possible (e.g., resolution, power consumption, dynamic
range, etc.) through both device architecture design as well
as image acquisition processing. The technology used to
manufacture image sensors has continued to advance at a
great pace. For example, the demands of higher resolution
and lower power consumption have encouraged the further
miniaturization and integration of these devices.

[0003] A typical complementary metal oxide semiconduc-
tor (CMOS) image sensor operates in response to image
light from an external scene being incident upon the image
sensor. The image sensor includes an array of pixels having
photosensitive elements (e.g., photodiodes) that absorb a
portion of the incident image light and generate image
charge upon absorption of the image light. The image charge
photogenerated by the pixels may be measured as analog
output image signals on column bitlines that vary as a
function of the incident image light. In other words, the
amount of image charge generated is proportional to the
intensity of the image light, which are read out as analog
signals from the column bitlines and converted to digital
values to produce digital images (i.e., image data) that
represent the external scene.

[0004] Analog to digital converters (ADCs) are often used
in CMOS image sensors (CIS) to convert the charge into a
digital representation of the charge by the image sensor. The
ADCs generate the digital representations of the charge
based on a comparison of an image charge signal to a
reference voltage signal. The reference voltage signal may
conventionally be a ramp signal provided by a ramp gen-
erator and the comparison may conventionally be performed
by a comparator, which provides an output that can be used
with a counter to generate the digital representation of the
image charge.

[0005] It is appreciated that the ramp settling time, or
delay, of the ramp signal that is generated by the ramp
generator and received by the comparator can limit the
maximum frame rate of the image sensor. Thus, reducing the
ramp settling time of the ramp signal that is received by the
comparator can increase the maximum frame rate and there-
fore the performance of the image sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Non-limiting and non-exhaustive embodiments of
the present invention are described with reference to the
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following figures, wherein like reference numerals refer to
like parts throughout the various views unless otherwise
specified.

[0007] FIG. 1 illustrates one example of an imaging sys-
tem including a readout circuit with a ramp generator with
a compensated current source in accordance with the teach-
ings of the present invention.

[0008] FIG. 2A shows a circuit model of an example of a
ramp generator without compensation that generates a ramp
signal in a readout circuit of an imaging system.

[0009] FIG. 2B is a timing diagram that illustrates a ramp
signal generated by the example ramp generator without
compensation illustrated in FIG. 2A compared to an ideal
ramp signal generated by an example ramp generator with a
compensated current source in accordance with the teach-
ings of the present invention.

[0010] FIG. 3 shows a circuit model of an example ramp
generator with a compensated current source that generates
aramp signal in accordance with the teachings of the present
invention.

[0011] FIG. 4 shows a schematic of an example ramp
generator with a compensated current source in accordance
with the teachings of the present invention.

[0012] FIG. 5 shows a schematic of an example digital
ramp control signal generator coupled to control an example
ramp generator with a compensated current source in accor-
dance with the teachings of the present invention.

[0013] FIG. 6 is a timing diagram that illustrates various
waveforms included in an example ramp generator with a
compensated current source in accordance with the teach-
ings of the present invention.

[0014] FIGS. 7A-7C are example schematics of various
logic circuits used to generate signals coupled to control an
example digital ramp control signal generator coupled to an
example ramp generator with a compensated current source
in accordance with the teachings of the present invention.
[0015] Corresponding reference characters indicate corre-
sponding components throughout the several views of the
drawings. Skilled artisans will appreciate that elements in
the figures are illustrated for simplicity and clarity and have
not necessarily been drawn to scale. For example, the
dimensions of some of the elements in the figures may be
exaggerated relative to other elements to help to improve
understanding of various embodiments of the present inven-
tion. In addition, common but well-understood elements that
are useful or necessary in a commercially feasible embodi-
ment are often not depicted in order to facilitate a less
obstructed view of these various embodiments of the present
invention.

DETAILED DESCRIPTION

[0016] Various examples directed to an imaging system
including a readout circuit with a ramp generator with a
compensated current source are described herein. In the
following description, numerous specific details are set forth
to provide a thorough understanding of the examples. One
skilled in the relevant art will recognize, however, that the
techniques described herein can be practiced without one or
more of the specific details, or with other methods, compo-
nents, materials, etc. In other instances, well-known struc-
tures, materials, or operations are not shown or described in
detail in order to avoid obscuring certain aspects.

[0017] Reference throughout this specification to “one
example” or “one embodiment” means that a particular
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feature, structure, or characteristic described in connection
with the example is included in at least one example of the
present invention. Thus, the appearances of the phrases “in
one example” or “in one embodiment” in various places
throughout this specification are not necessarily all referring
to the same example. Furthermore, the particular features,
structures, or characteristics may be combined in any suit-
able manner in one or more examples.

[0018] Spatially relative terms, such as “beneath,”
“below,” “over,” “under,” “above,” “upper,” “top,” “bot-
tom,” “left,” “right,” “center,” “middle,” and the like, may
be used herein for ease of description to describe one
element or feature’s relationship to another element(s) or
feature(s) as illustrated in the figures. It will be understood
that the spatially relative terms are intended to encompass
different orientations of the device in use or operation in
addition to the orientation depicted in the figures. For
example, if the device in the figures is rotated or turned over,
elements described as “below” or “beneath” or “under”
other elements or features would then be oriented “above”
the other elements or features. Thus, the exemplary terms
“below” and “under” can encompass both an orientation of
above and below. The device may be otherwise oriented
(rotated ninety degrees or at other orientations) and the
spatially relative descriptors used herein interpreted accord-
ingly. In addition, it will also be understood that when an
element is referred to as being “between” two other ele-
ments, it can be the only element between the two other
elements, or one or more intervening elements may also be
present.

[0019] Throughout this specification, several terms of art
are used. These terms are to take on their ordinary meaning
in the art from which they come, unless specifically defined
herein or the context of their use would clearly suggest
otherwise. It should be noted that element names and
symbols may be used interchangeably through this docu-
ment (e.g., Si vs. silicon); however, both have identical
meaning.

[0020] As will be discussed, various examples of an
imaging system including a readout circuit with a ramp
generator with a compensated current source are described.
In various examples, the ramp generator includes a plurality
of switched current sources that are coupled in parallel
between a resistor and ground. The output of the ramp
generator is coupled to a node between the resistor and the
plurality of switched current sources. In the various
examples, the ramp generator also includes a digital ramp
control signal generator that includes a counter configured to
generate a ramp control signal in response to a clock signal.
The ramp control signal comprises a plurality of bits. Each
bit of the ramp control signal is coupled to control switching
of a respective one of the plurality of switched current
sources to generate a ramp signal at the output of the ramp
generator. The digital ramp control signal generator is
coupled to receive a reset signal, which zeroes the ramp
control signal. The digital ramp control signal generator is
also coupled to receive a set bits signal, which initializes the
ramp signal to a preset value after every reset of the ramp
control signal. The initialized ramp signal value adds a DC
offset compensation current determined by the preset value
to the ramp signal. The DC offset compensation current that
is added to the ramp signal compensates the ramp signal and
reduces a ramp settling time of the ramp signal that is caused
by loading of the ramp generator by the comparator circuit,
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which therefore improves maximum frame rate and image
sensor performance in accordance with the teachings of the
present invention.

[0021] To illustrate, FIG. 1 illustrates one example of an
imaging system 100 including a readout circuit with a ramp
generator with a compensated current source in accordance
with the teachings of the present invention. As shown in the
illustrated example, imaging system 100 includes a pixel
array 102, a control circuit 110, a readout circuit 106, and
function logic 108. In one example, pixel array 102 is a
two-dimensional (2D) array including a plurality of pixel
circuits 104 (e.g., P1, P2, . . ., Pn) that are arranged into rows
(e.g., R1 to Ry) and columns (e.g., C1 to Cx) to acquire
image data of a person, place, object, etc., which can then be
used to render an image of a person, place, object, etc.
[0022] Invarious examples, the each pixel circuit 104 may
include one or more photodiodes configured to photogene-
rate image charge in response to incident light. The image
charge generated in each photodiode is transferred to a
floating diffusion in each pixel circuit 104, which is con-
verted to an image signal and then read out from each pixel
circuit 104 by readout circuit 106 through column bitlines
112. In the various examples, readout circuit 106 may read
out a row of image data at a time along readout column
bitlines 112 (illustrated) or may read out the image data
using a variety of other techniques (not illustrated), such as
a serial readout or a full parallel readout of all pixel circuits
104 simultaneously.

[0023] In various examples, readout circuit 106 may
include amplification circuitry, an analog to digital (ADC)
converter (ADC) 113, or otherwise. In the depicted example,
ADC 113 includes a comparator circuit 116 coupled to
receive the image signals from pixel array 102 through the
column bitlines 112. In one example, the comparator circuit
116 may include a plurality of comparators coupled to
receive the image signals through the bitlines 112. In the
example, each of the comparators included in comparator
circuit 116 is also coupled to receive a ramp signal 140 from
a ramp generator 114 as shown. In the example, each
comparator included in comparator circuit 116 may be used
to determine a digital representation of the image signal
using a counter based on a comparison of ramp signal 140
to the image signal voltage level received through bitlines
112. As will be discussed in further detail below, the ramp
settling time, or delay, of the ramp signal 140 that is
generated by the ramp generator 114 and received by the
comparator circuit 116 is reduced to increase the maximum
frame rate and therefore improve the performance of the
imaging system 100 in accordance with the teachings of the
present invention.

[0024] In the example, the digital image data values gen-
erated by ADC 113 may then be received by function logic
108. Function logic 108 may simply store the digital image
data or even manipulate the digital image data by applying
post image effects (e.g., crop, rotate, remove red eye, adjust
brightness, adjust contrast, or otherwise).

[0025] In one example, control circuitry 104 is coupled to
pixel array 102 to control operation of the plurality of
photodiodes in pixel array 102. For example, control cir-
cuitry 104 may generate a shutter signal for controlling
image acquisition. In one example, the shutter signal is a
global shutter signal for simultaneously enabling all pixel
circuits 104 within pixel array 102 to simultaneously capture
their respective image data during a single acquisition
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window. In another example, the shutter signal is a rolling
shutter signal such that each row, column, or group of pixels
is sequentially enabled during consecutive acquisition win-
dows. In another example, image acquisition is synchro-
nized with lighting effects such as a flash.

[0026] In one example, imaging system 100 may be
included in a digital camera, cell phone, laptop computer, or
the like. Additionally, imaging system 100 may be coupled
to other pieces of hardware such as a processor (general
purpose or otherwise), memory elements, output (USB port,
wireless transmitter, HDMI port, etc.), lighting/flash, elec-
trical input (keyboard, touch display, track pad, mouse,
microphone, etc.), and/or display. Other pieces of hardware
may deliver instructions to imaging system 100, extract
image data from imaging system 100, or manipulate image
data supplied by imaging system 100.

[0027] FIG. 2A shows a circuit model of an example of a
ramp generator 214 without compensation that generates a
ramp signal in a readout circuit of an imaging system. In the
example depicted in FIG. 2A, ramp generator 214 includes
a ramp current source 222 that provides a current I t, which
is coupled provide a ramp signal that is coupled to a
resistance R 218 and a loading capacitance C 216, which
may be typical of a comparator circuit 116 described in FIG.

[0028] FIG. 2B is a timing diagram that illustrates an
actual ramp signal 224 generated by the example ramp
generator 214 without compensation illustrated in FIG. 2A
compared to an ideal ramp signal 226 generated by an
example ramp generator with a compensated current source
in accordance with the teachings of the present invention. As
shown in the example depicted in FIG. 2B, the ideal ramp
signal 226 (solid line) illustrates what the ramp signal would
be without the loading capacitance C. However, the actual
ramp signal 224 (dashed line) shows that the actual ramp
signal 224 has a non-linearity and is delayed from the ideal
ramp signal due to the ramp settling time caused by the
resistance R 218 and the loading capacitance C 220 coupled
to the ramp current source 222. In other words, the slow
actual ramp signal 224 settles slowly and has a DC error
from the ideal ramp signal 226 due to the presence of the
loading capacitance 220.

[0029] The non-linear delayed ramp event in the actual
ramp signal 224 can be characterized in Equation (1) below:

1
Volt) = Vo — IoRi + IORZC(l - e’ﬁ) )

In comparison, the linear ramp event in the ideal ramp signal
226 can be characterized in

[0030] Equation (2) below:
V (H=V,I Rt o)

It is appreciated therefore that the delay of the linear ideal
ramp signal 226 is related to the RC time constant T (time
constant of V(t): ©=RC) caused by the loading capacitance
C 220, and that the non-linear portion of the ramp signal
characterized in Equation (1) above can is characterized by
Equation (3) below:
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IORZC(I - e*ﬁ) ®

The non-linear portion of the ramp event in the ramp signal
characterized in Equation (3) above is not useful for analog
to digital conversion. Consequently, the analog to digital
conversion is delayed until the linear portion of the ramp
event in the ramp signal. A major consequence of the
non-linear portion of the ramp signal is increased ramp
settling time, which increases the amount of time required to
read image data from the image sensor, which decreases the
possible maximum frame rate of the image sensor.

[0031] FIG. 3 shows a circuit model of an example ramp
generator 314 with a compensated current source that gen-
erates a ramp signal in accordance with the teachings of the
present invention. It is noted that ramp generator 314 of FIG.
3 may be an example of ramp generator 114 of FIG. 1, and
that similarly named and numbered elements referenced
below are coupled and function similar to as described
above. It is noted that ramp generator 314 of FIG. 3 shares
some similarities with ramp generator 214 of FIG. 2A. For
instance, in the example depicted in FIG. 3, ramp generator
314 includes a ramp current source 322 that provides a
current Tot to generate a ramp signal V_, which is coupled
to comparator circuit load having an effective resistance R
318 and loading capacitance C 316.

[0032] However, one difference between ramp generator
314 of FIG. 3 and ramp generator 214 of FIG. 2A, is that
ramp generator 314 of FIG. 3 also includes a DC offset
current source 330 coupled in parallel with ramp current
source 322. In the example, the DC offset current source 330
is configured to conduct a DC current equal to I, as shown.
In the example, ramp current source 322 and DC offset
current source 330 combine to form a compensated current
source 328 in accordance with the teachings of the present
invention.

[0033] Continuing with the example depicted in FIG. 3,
the ramp signal provided by ramp generator 314 can be
characterized in Equation (4) below:

Volt) = Vo — IoRt + IORZC(l - e’R'_c) - IRCR(l - e’ﬁ) @

The portion of Equation (4) above that can be attributed to
the DC offset current source 330 can be characterized by
Equation (5) below:

IRcR(l - eiR’_C) (5)

[0034] The I current provided by the DC offset current
source 330 can then be set according to Equation (6) below:

Iee=I,RC

Substituting [,=I_RC of Equation (6) into Equation (4)
above results in Equation (7) below:

Volt) = Vo - loR + IoR*C(1 - e’R’_C) ~1oR°Cl1 - e—ﬁ) @
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As can be observed in Equation (7) above, the last two terms
cancel each other, which results in Equation (8) below:

Vot)=Vo-L Rt ®)

As can be appreciated, Equation (8) is the same as Equation
(2) discussed above, and therefore results in the ramp signal
provided by ramp generator 314 to be the same as the ideal
linear ramp signal 226 shown in FIG. 2B in accordance with
the teachings of the present invention.

[0035] FIG. 4 shows a schematic of an example ramp
generator 414 including an example compensated current
source in accordance with the teachings of the present
invention. It is noted that ramp generator 414 of FIG. 4 may
be an example of ramp generator 314 of FIG. 3, and/or an
example of ramp generator 114 of FIG. 1, and that similarly
named and numbered elements referenced below are
coupled and function similar to as described above. As
shown in the example of FIG. 4, ramp generator 414 is
configured to generate a ramp signal 440, which in the
depicted example is coupled to be received by a comparator
circuit 416.

[0036] It is noted that example comparator circuit 416 of
FIG. 4 may be an example comparator 116 shown in FIG. 1
and/or described in FIG. 3, and that similarly named and
numbered elements referenced below are coupled and func-
tion similar to as described above. As such, comparator
circuit 416 is illustrated in FIG. 4 as having an effective load
resistance R; 418 and load capacitance C; 420 coupled to
the output of ramp generator 414 to receive the ramp signal
440. In the example, comparator circuit 416 includes a
plurality of comparators, of which comparator 416-1 is
illustrated. In the example, each of the plurality of compara-
tors has a first input coupled to receive the ramp signal 440
and a second input coupled to receive an analog image signal
through a respective bitline 412-1 as shown. In the example,
a digital representation of the analog image signal can be
determined based on the comparison output of the compara-
tor 416-1.

[0037] As shown in the example depicted in FIG. 4, ramp
generator 414 includes a compensated current source 428,
which includes a plurality of switched current sources
coupled in parallel between a resistor Ry,,,» 436 and
ground. In the example, each one of the plurality of switched
current sources includes a current source 432A-432K
coupled to a respective switch 434A-432K. As such, each
current source 432A-432K can be switched on or off by
switching their respective switches 434A-434K accordingly.
[0038] In the example, the plurality of switched current
sources are binary weighted current sources representing
M+N bits. In the example, there are M least significant bits
(LSB s) and N most significant bits (MSB s). In the
illustrated example, it is noted that M=4 and N=7 for
explanation purposes. As such, there are a total of 11 binary
weighted current sources in the depicted example for expla-
nation purposes. In other examples, it is appreciated that M
and N may take on different values.

[0039] With the binary weighting of the current sources in
the example depicted in FIG. 4, it is noted that current source
432A provides a current of 11, current source 432B provides
a current of 21, current source 432C provides a current of 41,
current source 432AD provides a current of 8I, current
source 432E provides a current of 161, current source 432F
provides a current of 32I, current source 432G provides a
current of 641, current source 432H provides a current of
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1281, current source 4321 provides a current of 2561, current
source 432] provides a current of 5121, and current source
432K provides a current of 10241.

[0040] In operation, the switching of the plurality of
switched current sources is controlled in response to a ramp
control signal RAMP_CTL<1:11> 438. In the depicted
example, ramp control signal RAMP_CTL<1:11> 438
includes 11 bits, with each bit coupled to control a respective
switch 432A-432K of the plurality of switched current
sources as shown in FIG. 4. As will be discussed below, a
digital ramp control signal generator is configured to gen-
erate the M+N bit (e.g., 11 bit) ramp control signal RAMP_
CTL<1:11> 438. In one example, the digital ramp control
signal generator includes a counter to generate ramp control
signal RAMP_CTL<1:11> 438, which controls the switch-
ing of each of the plurality of switched current sources to
generate ramp signal 440 at the output of the ramp generator
414 at the node between the resistor Rz ,,» 436 and the
plurality of switched current sources.

[0041] To illustrate, FIG. 5 shows a schematic of an
example digital ramp control signal generator 542, which is
configured to generate a ramp control signal to control an
example ramp generator with a compensated current source
in accordance with the teachings of the present invention. It
is noted that the ramp control signal generated by the digital
ramp control signal generator 542 of FIG. 5 may be an
example of the ramp control signal RAMP_CTL<1:11> 438
coupled to control ramp generator 414 of FIG. 4, and that
similarly named and numbered elements referenced below
are coupled and function similar to as described above.
[0042] In particular, the example depicted in FIG. 5 shows
that digital ramp control signal generator 542 includes a
counter that is configured to generate an M+N bit ramp
control signal, which includes ramp control signal bits
RAMP_CTRL <1> 538A to RAMP_CTRL<11> 538K. In
the depicted example, the counter is an M+N bit ripple
counter which includes M+N cascade-coupled flip-flops
544 A to 544K that are coupled in sequence as shown. The
M least significant bit (LSB) flip flops 544 A to 544D are
configured to generate the M L.SB ramp control signal bits
RAMP_CTRL <1> 538A to RAMP_CTRL<4> 538D,
respectively. The N most significant bit (MSB) flip flops
544FE to 544K are configured to generate the N MSB ramp
control signal bits RAMP_CTRL <5> 538E to RAMP_
CTRL<11> 538K, respectively. The first LSB flip-flop 544A
is coupled to be clocked in response to a clock signal 546
having a clock frequency of f_; . The remaining flip-flops
544B to 544K are coupled to be clocked in response to the
inverted QB output of the preceding flip-flop of the counter.
In the depicted example, the D input of each flip-flop 544A
to 544K is coupled to receive its inverted QB output as
shown. The Q output of each flip-flop is configured to
generate a respective ramp control signal bit RAMP_C-
TRL<1> 538A to RAMP_CTRL<11> 538K as shown. As
discussed above, each ramp control signal bit RAMP_
CTRL<1> 538A to RAMP_CTRL<11> 538K is configured
to control a respective switch 434A to 434K of a respective
one of the plurality of binary weighted current sources 432A
to 432K to generate the ramp signal 440 at the output of the
ramp generator 414 described in detail above in FIG. 4.
[0043] Referring back to the example depicted in FIG. 5,
each flip-flop 548A to 548K is coupled to receive a respec-
tive reset bit signal RB<1> 548A to RB<11> 548K. In one
example, each reset bit signal RB<1> 548A to RB<11>
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548K is the same reset signal. In another example, one or
more of each reset bit signal RB<1> 548 A to RB<11> 548K
may be individually controlled for each respective bit. In
operation the reset bit signals RB<1> 548A to RB<11>
548K are configured to zero the ramp control signal bits
RAMP_CTL<1> 538A to RAMP_CTL<I1> 538K. In
operation, this reset operation may occur prior to each ramp
event in the ramp signal 440 to initialize the ramp signal 440.
[0044] Continuing with the depicted example, FIG. 5 also
shows that each of the M LSB flip-flops 544 A to 544D are
also coupled to receive a set bit signal SB<1> 550A to
SB<4> 550D, respectively. In operation, set bit signals
SB<1> 550A to SB<4> 550D initialize the ramp signal 440
to a preset value after every reset operation of the ramp
control signal bits RAMP_CTL<1> 538A to RAMP_
CTL<11> 538K, which adds a DC offset compensation
current determined by the preset value to the ramp signal
440 in accordance with the teachings of the present inven-
tion. In the example depicted in FIG. 5, the N MSB flip-flops
544FE to 544K are not coupled to receive any set bit signals,
and therefore remain being reset to zero after the reset
operation.

[0045] In operation, the preset value used to determine the
values of the set bit signals SB<1> 550A to SB<4> 550D
provides a DC offset compensation current as discussed
above with respect to FIG. 3 according to Equation (6).
Therefore, in one example, the preset value used to deter-
mine the set bit signals SB<1> 550A to SB<4> 550D to
preset flip-flops 544A to 544D after each reset operation is
determined based on Equation (9) below:

Preset Value=RCfry g ©

In the example, R is the load resistance R; 418 of the
comparator circuit 416, C is the effective load capacitance
C, 420 of the comparator circuit 416, and f., . is the
frequency of the clock signal 546 used to clock the counter
of digital ramp control signal generator 542.

[0046] Therefore, in operation, the ramp signal 440 is
initialized or preset to the preset value for a DC offset
current based on I, or RCf ., which is set with the set bit
signals SB<1>550A to SB<4>550D after each reset event
prior to each ramp event of ramp signal 440 in accordance
with the teachings of the present invention.

[0047] FIG. 6 is a timing diagram that illustrates various
waveforms included in an example ramp generator with a
compensated current source in accordance with the teach-
ings of the present invention. It is appreciated that the
waveforms illustrated in FIG. 6 may be examples of wave-
forms found in digital ramp control signal generator 542 of
FIG. 5, and/or in ramp generator 414 of FIG. 4, and/or ramp
generator 114 of FIG. 1, and that similarly named and
numbered elements referenced below are coupled and func-
tion similar to as described above.

[0048] As shown in the depicted example, FIG. 6 illus-
trates a ramp signal 640, a ramp offset signal 652, a reset
signal 648, a counter run signal 654, and a preset enable
signal 656. As shown in the example, the ramp signal 640
transitions from a first level to a second level at time T1 in
response to a transition of the ramp offset signal 652.

[0049] At the same time, the reset signal 648 transitions
from a logic low level to a logic high level at time T1 to
perform a reset operation. In one example, it is noted that the
reset signal 648 corresponds to the reset bit signals RB<1>
548A to RB<11> 548K discussed in FIG. 5. As such, the
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flip-flops 544A to 544K are reset or zeroed at time T1 in
response to the assertion of reset signal 648 as shown.
[0050] At time T2, the reset signal 648 is de-asserted and
the preset enable signal 656 is asserted. At time T3, the
preset enable signal 656 is then de-asserted as shown. As
will be discussed in greater detail below, time T3 occurs one
clock cycle of clock signal 546 shown in FIG. 5 after time
T2. In the example, the preset enable signal 656 is therefore
configured to be asserted for one clock cycle of clock signal
546 after the reset signal 648 is de-asserted. In operation, the
set bit signals SB<1> 550A to SB<4> 550-D are configured
to initialize or preset the M LSB flip-flops 544A to 544D
shown in FIG. 5 to the preset value during the period
between T2 and T3 to provide the ramp signal 440, or
initialize the ramp signal 440, with a preset DC offset
compensation current as discussed above with respect to
FIG. 3 in accordance with the teachings of the present
invention.

[0051] After the the M LSB flip-flops 544A to 544D
shown in FIG. 5 are initialized or preset to the preset value
during the period between T2 and T3, the counter run signal
654 is asserted at time T3, which begins the ramp event in
ramp signal 640 as shown in FIG. 6. Thus, the ramp event
beginning at time T3 in ramp signal 640 is compensated with
the DC offset compensation current and is therefore linear
with minimal ramp settling time in accordance with the
teachings of the present invention. It is noted that after the
compensated ramp event in ramp signal 640, the process
shown in FIG. 6 may then be repeated as needed for the next
compensated ramp event of ramp signal 640 in accordance
with the teachings of the present invention.

[0052] FIGS. 7A-7C are example schematics of various
logic circuits used to generate signals coupled to control an
example digital ramp control signal generator coupled to in
an example ramp generator with a compensated current
source in accordance with the teachings of the present
invention. It is appreciated that the signals described in
FIGS. 7A-7C may be examples of the waveform signals
illustrated in FIG. 6 to control an example digital ramp
control signal generator, and/or examples of signals coupled
to control the example digital ramp control signal generator
542 of FIG. 5, and/or in ramp generator 414 of FIG. 4, and/or
ramp generator 114 of FIG. 1, and that similarly named and
numbered elements referenced below are coupled and func-
tion similar to as described above.

[0053] Forinstance, FIG. 7A illustrates a schematic of one
example of a set bit control signal generator 758A in
accordance with the teachings of the present invention. As
shown in the depicted example, set bit control signal gen-
erator 758 is configured to generate the set bit signal
SB<1:4> 750 in response to a clock signal 746, a reset signal
748, and a preset value signal PRESET_VALUE <1:4> 764.
In the depicted example, it is noted that the set bit signal
SB<1:4>750 and the preset value signal PRESET_VALUE
<1:4> 764 are illustrated as 4 bit signals, which corresponds
to the example M=4 MSBs illustrated in the examples
depicted in FIGS. 4-5 above. It is appreciated that in other
examples in which M is equal a different value that the set
bit signal SB<1:4> 750 and the preset value signal PRE-
SET_VALUE <1:4> 764 may include the different number
of bits, accordingly.

[0054] Continuing with the example depicted in FIG. 7A,
set bit control signal generator 758 A includes a flip flop 760
having a D input coupled to a logic high value (e.g., VDD),
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a clock input CK coupled to receive the clock signal 746,
and a reset input RB (e.g., reset bit input) coupled to receive
the reset signal 748. In operation, the flip flop 760 is
configured to generate a preset enable signal PRESET_
ENABLE 756 at its inverted output QB in response to the
reset signal 748 and the clock signal 746. Therefore, it is
appreciated that the preset enable signal PRESET_ENABLE
756 is asserted (e.g., logic high) for one clock cycle of the
clock signal 746 after the reset signal 748 is de-asserted in
accordance with the teachings of the present invention.

[0055] The example depicted in FIG. 7A also shows that
set bit control signal generator 758 A includes a logical AND
circuit 762 having a first input coupled to receive a preset
value signal PRESET_VALUE<1:4> 764, a second input
coupled to receive the preset enable signal PRESET_EN-
ABLE 756 from the inverted QB output flip flop 746, and an
inverted input coupled to receive the reset signal 748. As
such, the set bit signal SB<1:4> 750 generated at the output
of the logical AND circuit 762 and is equal to the preset
value signal PRESET_VALUE<1:4> 764 for the one clock
cycle that the preset enable signal PRESET_ENABLE 756
is logic high after the reset signal 748 has been de-asserted
(e.g., logic low). It is appreciated therefore that the that the
set bit signal SB<1:4> 750 is equal to the preset value signal
PRESET_VALUE<1:4> 764 during the one clock cycle
between time T2 and time T3 as discussed in FIG. 6 to
provide the DC offset compensation current to the ramp
signal in accordance with the teachings of the present
invention.

[0056] FIG. 7B illustrates another example of a set bit
control signal generator 758B in accordance with the teach-
ings of the present invention. In particular, it is noted that set
bit control signal generator 758B illustrates another example
implementation of logical AND circuit 762 of FIG. 7A. As
shown, set bit control signal generator 758B includes a first
AND gate 764 having a first input coupled to receive the
preset value signal PRESET_VALUE<1:4> 764, and a sec-
ond input coupled to receive the preset enable signal PRE-
SET_ENABLE 756. In one example, it is appreciated that
preset enable signal PRESET_ENABLE 756 may be
received from the inverted QB output of the flip flop 760
shown in FIG. 7A. In another example, it is appreciated that
the second input of AND gate 764 may be an inverted input
and that the preset enable signal PRESET_ENABLE 756
may be received from the non-inverted Q output of flip flop
760.

[0057] FIG. 7B shows that set bit control signal generator
758B also includes a second AND gate 766 having a first
input coupled to an output of the first AND gate 764, and an
inverted input coupled to receive the reset signal 748. As
such, it is appreciated that the set bit signal SB<1:4> 750 is
generated at the output of second AND gate 766. In opera-
tion, the set bit signal SB<1:4> 750 is equal to the preset
value signal PRESET_VALUE<1:4> 764 for the one clock
cycle that the preset enable signal PRESET_ENABLE 756
is logic high after the reset signal 748 has been de-asserted
(e.g., logic low). It is appreciated therefore that the that the
set bit signal SB<1:4> 750 is equal to the preset value signal
PRESET_VALUE<1:4> 764 during the one clock cycle
between time T2 and time T3 as discussed in FIG. 6 to
provide the DC offset compensation current to the ramp
signal in accordance with the teachings of the present
invention.
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[0058] FIG. 7C illustrates yet another example of a set bit
control signal generator 758C in accordance with the teach-
ings of the present invention. In particular, it is noted that set
bit control signal generator 758C illustrates another example
implementation of logical AND circuit 762 of FIG. 7A. As
shown, set bit control signal generator 758C includes a NOR
gate 768 having a first input coupled to receive the preset
value signal PRESET_VALUE<1:4> 764, and an inverted
input coupled to receive the preset enable signal PRESET_
ENABLE 756. In one example, it is appreciated that preset
enable signal PRESET_ENABLE 756 may be received from
the inverted QB output of flip flop 760 shown in FIG. 7A.
In another example, it is appreciated that the second input of
NOR gate 768 may be a non-inverted input and that the
preset enable signal PRESET_ENABLE 756 may be
received from the non-inverted Q output of flip flop 760.
[0059] FIG. 7C shows that set bit control signal generator
758C also includes a NAND gate 770 having a first input
coupled to an output of the NOR gate 768, and an inverted
input coupled to receive the reset signal 748. As such, it is
appreciated that the set bit signal SB<1:4>750 is generated
at the output of NAND gate 770. In operation, the set bit
signal SB<1:4> 750 is equal to the preset value signal
PRESET_VALUE<1:4> 764 for the one clock cycle that the
preset enable signal PRESET_ENABLE 756 is logic high
after the reset signal 748 has been de-asserted (e.g., logic
low). It is appreciated therefore that the that the set bit signal
SB<1:4> 750 is equal to the preset value signal PRESET _
VALUE<1:4> 764 during the one clock cycle between time
T2 and time T3 as discussed in FIG. 6 to provide the DC
offset compensation current to the ramp signal in accordance
with the teachings of the present invention.

[0060] The above description of illustrated examples of
the invention, including what is described in the Abstract, is
not intended to be exhaustive or to limit the invention to the
precise forms disclosed. While specific examples of the
invention are described herein for illustrative purposes,
various modifications are possible within the scope of the
invention, as those skilled in the relevant art will recognize.
[0061] These modifications can be made to the invention
in light of the above detailed description. The terms used in
the following claims should not be construed to limit the
invention to the specific examples disclosed in the specifi-
cation. Rather, the scope of the invention is to be determined
entirely by the following claims, which are to be construed
in accordance with established doctrines of claim interpre-
tation.

What is claimed is:

1. A ramp generator, comprising:

a plurality of switched current sources coupled in parallel
between a resistor and ground, wherein an output of the
ramp generator is coupled to a node between the
resistor and the plurality of switched current sources;
and

a digital ramp control signal generator comprising a
counter configured to generate a ramp control signal in
response to a clock signal, wherein the ramp control
signal comprises a plurality of bits, wherein each bit of
the ramp control signal is coupled to control switching
of a respective one of the plurality of switched current
sources to generate a ramp signal at the output of the
ramp generator,

wherein the digital ramp control signal generator is
coupled to receive a reset signal to zero the ramp
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control signal, wherein the digital ramp control signal
generator is further coupled to receive a set bits signal
to initialize the ramp signal to a preset value after every
reset of the ramp control signal to add a DC offset
compensation current determined by the preset value to
the ramp signal.

2. The ramp generator of claim 1, wherein the ramp
control signal comprises M least significant bits (LSB s) and
N most significant bits (MSB s), wherein the plurality of
switched current sources comprises M LSB switched binary
weighted current sources coupled to N MSB switched binary
weighted current sources.

3. The ramp generator of claim 2, wherein the digital ramp
control signal generator comprises a ripple counter compris-
ing a M+N flip flops.

4. The ramp generator of claim 3, wherein each of the
M+N flip flops of the ripple counter is coupled to receive the
reset signal to zero the ramp control signal.

5. The ramp generator of claim 4, wherein the M LSB flip
flops of the ripple counter are coupled to receive the set bits
signal to initialize the ramp control signal to the preset value
after every reset of the ramp signal to add a DC offset
compensation current to the ramp signal, wherein the N
MSB flip flops of the ripple counter are not coupled to
receive the set bits signal.

6. The ramp generator of claim 1, further comprising a set
bit control signal generator configured to generate the set bit
signal in response to the clock signal, the reset signal, and a
preset value signal.

7. The ramp generator of claim 6, wherein the set bit
control signal generator comprises:

a flip flop having an input coupled to a logic high value,

a clock input coupled to receive the clock signal, and a
reset input coupled to receive the reset signal, wherein
the flip flop is configured to generate a preset enable
signal at an inverted output in response to the reset
signal and the clock signal, wherein the preset enable
signal is asserted for one clock cycle after the reset
signal is de-asserted; and

a logical AND circuit having a first input coupled to
receive a preset value signal, a second input coupled to
receive the preset enable signal from the flip flop, and
an inverted input coupled to receive the reset signal,
wherein the logical AND circuit is configured to gen-
erate the set bit signal.

8. The ramp generator of claim 7, wherein the logical

AND circuit comprises:

a first AND gate having a first input coupled to receive the
preset value, and a second input coupled to receive the
preset enable signal from the flip flop; and

a second AND gate having a first input coupled to an
output of the first AND gate, and an inverted input
coupled to receive the reset signal, wherein the second
AND gate is configured to generate the set bit signal.

9. The ramp generator of claim 7, wherein the logical
AND circuit comprises:

a NOR gate having a first input coupled to receive the
preset value, and an inverted input coupled to receive
the preset enable signal from the flip flop; and

a NAND gate having a first input coupled to an output of
the NOR gate, and an inverted input coupled to receive
the reset signal, wherein the NAND gate is configured
to generate the set bit signal.
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10. The ramp generator of claim 1, wherein the ramp
signal is coupled to a comparator circuit of an analog to
digital converter coupled to a plurality of bitlines of an
imaging system.

11. The ramp generator of claim 10, wherein the DC offset
compensation current determined by the preset value added
to the ramp signal is determined in response to a product of
a frequency of the clock signal and a resistor capacitor (RC)
time constant of a load coupled to the output of the ramp
generator.

12. An imaging system, comprising:

a pixel array including a plurality of pixel circuits con-
figured to generate image signals in response to inci-
dent light;

a control circuit coupled to the pixel array to control
operation of the pixel array; and

a readout circuit coupled to the pixel array to read out the
image signals from the pixel array through a plurality
of bitlines, wherein the readout circuit includes an
analog to digital converter (ADC) including a com-
parator circuit coupled to the plurality of bitlines to
receive the image signals, wherein the comparator
circuit is further coupled to receive a ramp signal from
a ramp generator, wherein the ramp generator com-
prises:

a plurality of switched current sources coupled in
parallel between a resistor and ground, wherein the
ramp signal is configured to be generated at an
output coupled to a node between the resistor and the
plurality of switched current sources; and

a digital ramp control signal generator comprising a
counter configured to generate the ramp control
signal in response to a clock signal, wherein the ramp
control signal comprises a plurality of bits, wherein
each bit of the ramp control signal is coupled to
control switching of a respective one of the plurality
of switched current sources to generate the ramp
signal,

wherein the digital ramp control signal generator is
coupled to receive a reset signal to zero the ramp
control signal, wherein the digital ramp control sig-
nal generator is further coupled to receive a set bits
signal to initialize the ramp signal to a preset value
after every reset of the ramp control signal to add a
DC offset compensation current determined by the
preset value to the ramp signal.

13. The imaging system of claim 12, further comprising
function logic coupled to the readout circuit to store digital
representations of the image signals from the pixel array.

14. The imaging system of claim 12, wherein the ramp
control signal comprises M least significant bits (LSB s) and
N most significant bits (MSB s), wherein the plurality of
switched current sources comprises M LSB switched binary
weighted current sources coupled to N MSB switched binary
weighted current sources.

15. The imaging system of claim 14, wherein the digital
ramp control signal generator comprises a ripple counter
comprising a M+N flip flops.

16. The imaging system of claim 15, wherein each of the
M+N flip flops of the ripple counter is coupled to receive the
reset signal to zero the ramp control signal.

17. The imaging system of claim 16, wherein the M L.SB
flip flops of the ripple counter are coupled to receive the set
bits signal to initialize the ramp control signal to the preset
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value after every reset of the ramp signal to add a DC offset
compensation current to the ramp signal, wherein the N
MSB flip flops of the ripple counter are not coupled to
receive the set bits signal.

18. The imaging system of claim 12, further comprising
a set bit control signal generator configured to generate the
set bit signal in response to the clock signal, the reset signal,
and a preset value signal.

19. The imaging system of claim 18, wherein the set bit
control signal generator comprises:

a flip flop having an input coupled to a logic high value,
a clock input coupled to receive the clock signal, and a
reset input coupled to receive the reset signal, wherein
the flip flop is configured to generate a preset enable
signal at an inverted output in response to the reset
signal and the clock signal, wherein the preset enable
signal is asserted for one clock cycle after the reset
signal is de-asserted; and

a logical AND circuit having a first input coupled to
receive a preset value signal, a second input coupled to
receive the preset enable signal from the flip flop, and
an inverted input coupled to receive the reset signal,
wherein the logical AND circuit is configured to gen-
erate the set bit signal.
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20. The imaging system of claim 19, wherein the logical
AND circuit comprises:

a first AND gate having a first input coupled to receive the
preset value, and a second input coupled to receive the
preset enable signal from the flip flop; and

a second AND gate having a first input coupled to an
output of the first AND gate, and an inverted input
coupled to receive the reset signal, wherein the second
AND gate is configured to generate the set bit signal.

21. The imaging system of claim 19, wherein the logical
AND circuit comprises:

a NOR gate having a first input coupled to receive the
preset value, and an inverted input coupled to receive
the preset enable signal from the flip flop; and

a NAND gate having a first input coupled to an output of
the NOR gate, and an inverted input coupled to receive
the reset signal, wherein the NAND gate is configured
to generate the set bit signal.

22. The imaging system of claim 12, wherein the DC
offset compensation current determined by the preset value
added to the ramp signal is determined in response to a
product of a frequency of the clock signal and a resistor
capacitor (RC) time constant of a load coupled to the output
of the ramp generator.
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