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Abstract—A 33-megapixel 120-frames/s (fps) CMOS image sen-
sor has been developed. The 7808 × 4336 pixel 2.8-µm pixel pitch
CMOS image sensor with 12-bit, column-parallel, two-stage, cyclic
analog-to-digital converters (ADCs) and 96 parallel low-voltage
differential signaling output ports operates at a data rate of
51.2 Gb/s. The pipelined operation of the two cyclic ADCs reduces
the conversion time. This ADC architecture also effectively lowers
the power consumption by exploiting the amplifier function of the
cyclic ADC. The CMOS image sensor implemented with 0.18-µm
technology exhibits a sensitivity of 0.76 V/lx · s without a microlens
and a random noise of 5.1 e

−

rms
with no column amplifier gain and

3.0 e
−

rms
with a gain of 7.5 at 120 fps while dissipating only 2.45

and 2.67 W, respectively.

Index Terms—Analog–digital conversion, CMOS image sensors,
high-definition video, high-resolution imaging.

I. INTRODUCTION

THE RECENT growth in demand for high-reality video

systems has stimulated research and development efforts

to create systems for ultrahigh-definition televisions (UDTVs),

sometimes referred to as “Super Hi-Vision” (SHV), as the next

generation of television broadcasting systems [1], with the aim

of improving the viewing experience by conveying a greater

sense of realism through higher resolution pictures.

The full specifications for SHV video signals require images

with 4320 lines of 7680 pixels at 120 frames/s (fps) with a

12-bit resolution [2]. To meet this specification, the image

sensor will require a readout capability for very high-speed data
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transfer. The total pixel data output rate of a full-specification

SHV sensor will be 47 Gb/s or more.

The column-parallel analog-to-digital converter (ADC) is a

key technology for achieving a high pixel rate from a CMOS

image sensor. Several image sensors have been developed

for UDTVs or digital-cinema applications that use a column-

parallel ADC architecture [3]–[6]; however, these do not meet

the full specifications for SHV. A 33-megapixel 60-fps CMOS

image sensor with a successive-approximation column-parallel

ADC [5] has half the pixel rate required by the full SHV

specifications and also shows a high power consumption value

of 3.7 W. A 17.7-megapixel 120-fps CMOS image sensor with

a single-slope column-parallel ADC [6] similarly produces half

the pixel rate required to meet the SHV specifications and uses

a very high clock frequency to achieve high-speed analog-to-

digital (A/D) conversion and a high bit resolution.

A cyclic ADC [7], [8] and a delta–sigma ADC [9] have been

also used as column-parallel ADCs but only in image sensors of

several megapixels. Cyclic ADCs have a short A/D conversion

time and are suitable for use in high-speed image sensors. How-

ever, because they contain amplifiers, cyclic ADCs consume

more power than other ADCs. The delta–sigma ADC has the

advantage of simultaneously producing a low temporal noise

and a high bit resolution through an oversampling technique.

However, the ADC requires more samplings (e.g., more than

90 samplings for 12 bits) than are required by other cyclic

ADCs.

Here, we describe our 33-megapixel 120-fps CMOS image

sensor that uses column-parallel two-stage cyclic 12-bit ADCs.

To meet the full SHV specifications, we split the cyclic ADC

into two stages [10], [11]. The pipelined and parallel operation

of the first- and second-stage cyclic ADCs reduces the conver-

sion time effectively. Furthermore, this architecture also helps

in reducing the power consumption of the ADC. A prototype

image sensor with the ADC architecture and 96 parallel low-

voltage differential signaling (LVDS) output ports achieved

a frame rate of 120 fps with 33-megapixel resolution while

dissipating less than 2.5 W.

We describe the architecture of the sensor and its overall

operation in Section II below. In Section III, we discuss the

detailed design and operation of the two-stage cyclic ADC, and

in Section IV, we describe the implementation of the image

sensor and our experimental results.

0018-9383/$31.00 © 2012 IEEE
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Fig. 1. Block diagram of the 33-megapixel CMOS image sensor.

II. SENSOR ARCHITECTURE

A block diagram of the sensor is shown in Fig. 1. The

pixel size of the sensor is 2.8 µm × 2.8 µm, and the pixel

array consists of 7808 pixels × 4336 pixels. The vertical

scanners and drivers are positioned to the left and right of

the pixel array. Located above and below the pixel array are

the correlated double-sampling (CDS) circuits, column-parallel

two-stage cyclic ADCs, latches, horizontal scanners, current

mode logic (CML) circuits, and LVDS drivers; to the left

and right of these, located are the timing generators, drivers,

and bias circuits. A 2.5-transistor two-shared-pixel architecture

with pinned photodiodes is used for the pixels. The layout

pitch of the column-parallel circuits is 5.6 µm. To decrease

the scanning speed, the horizontal scanners are divided into

16 parallel blocks, with each block scanning 488 columns.

CML, which permits low-voltage differential signal transfer, is

used for horizontal data scanning during the A/D conversion.

The sensor has 96 parallel LVDS output ports on its upper and

lower faces.

III. COLUMN-PARALLEL TWO-STAGE CYCLIC ADC

A. Design of the ADC

Fig. 2 shows a simplified schematic of the two-stage cyclic

ADC. A single-ended cyclic ADC with internal reference and

return-to-zero (RTZ) digital signal feedback [8] is used in

each stage of the ADC. An internal reference with a divided

capacitor helps to generate a highly accurate three-level refer-

ence voltage using two reference wires. The RTZ digital signal

feedback technique is effective in reducing the coupling noise

from the digital feedback line to the capacitor. Each cyclic ADC

generates three-state redundant binary codes expressed in two

decision levels (2-bit) for each cycle to relax the demand for

precision placed on the comparator [12].

Each stage of the ADC consists of a single-ended amplifier,

two capacitors (C1 and C2 for the first ADC; C3 and C4 for

the second ADC), a sub-ADC with two comparators, switch

transistors, and a digital-to-analog converter with a decoder.

To generate an internal reference, the sampling capacitor C1 is

subdivided into C1a and C1b, whereas capacitor C3 is divided

into C3a and C3b. The output of the first-stage cyclic ADC is

connected to the input of the second-stage cyclic ADC by a

switching pulse φSB. As will be described later, the size of the

capacitance of the second-stage cyclic ADC is designed to be

smaller than that of the first-stage cyclic ADC. In our design,

the first-stage cyclic ADC operates for four cycles, and the

second-stage cyclic ADC operates for eight cycles so that an

overall 12-bit resolution is obtained from the ADC.

B. Timing Diagram and Operation

The operating sequence for the row cycles is illustrated

in Fig. 3. The sensor has four pipeline operations, including

analog CDS, first-stage cyclic ADC, second-stage cyclic ADC,

and horizontal readout.

A timing diagram of the two horizontal periods is shown in

Fig. 4. The horizontal scanning time is 1.92 µs at a frame rate

of 120 fps with 4336 vertical lines. Labels RT and TX represent

control signals for the reset transistor and for the transfer gate

in the pixel, respectively. Analog CDS cancels reset noise in the

pixel output signal. The analog output signal of the CDS circuit

is sampled and converted into 12-bit digital data in the two-

stage cyclic ADC. Each cyclic ADC has four operating phases:

1) reset; 2) signal sampling; 3) amplification; and 4) feedback.

The two-stage cyclic ADC operates as follows. First, all

the capacitors in the first-stage cyclic ADC are initialized

during the reset phase to remove any residual charge [see

Fig. 5(a)]. The output signal from the CDS is then sampled

in the first-stage cyclic ADC during the signal-sampling phase,

and the sub-ADC generates a three-state digital code for the

most significant digit [see Fig. 5(b)]. During the amplification

phase, the sampled signal is multiplied by a gain of two, and

the reference voltage, as determined by the sub-ADC in the

signal-sampling phase, is subtracted [see Fig. 5(c)]. At the end

of the amplification phase, the sub-ADC generates a three-

state digital code. Subsequently, the amplified output signal

is returned to the input terminal of the ADC in a feedback

phase [see Fig. 5(d)]. The amplification and feedback phases

are repeated for three cycles to obtain the first 4-bit resolution.

During the amplification phase of the final cycle, the output

of the first-stage cyclic ADC is connected to the second-stage

cyclic ADC by turning on the switch controlled by φSB (see

Fig. 2). Fig. 5(e) shows the moment that the output of the first-

stage cyclic ADC is sampled to the second-stage cyclic ADC. In

the subsequent signal-sampling phase, the switch controlled by

φSB (see Fig. 2) is turned off and the second-stage cyclic ADC

is disconnected from the first-stage cyclic ADC. As a result of

this architecture, while the second-stage cyclic ADC performs

the 8-bit conversion in eight cycles of the amplification and

feedback phases, the first-stage cyclic ADC can sample and
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Fig. 2. Simplified diagram of the column-parallel two-stage cyclic ADC.

Fig. 3. Pipeline operation sequence for row cycles.

Fig. 4. Timing diagram of the two-stage cyclic ADC.

convert the next pixel signal, which means that the two ADCs

work in a pipelined fashion.

C. Power Consumption-Reduction Effect

By exploiting the amplifier function of the cyclic ADC,

we designed the two-stage cyclic ADC to have low power

consumption. In the two-stage cyclic ADC, the analog signal

output from the first-stage cyclic ADC is multiplied by the

(N1 − 1)th power of 2 when it is subject to N1-bit processing.

As a result, the second-stage cyclic ADC can tolerate more

noise and mismatch error. This property can be effectively used

to reduce the total power dissipation of the two-stage cyclic

ADC by reducing the size of the sampling capacitor of the

second-stage cyclic ADC. However, if the capacitor scaling

is extreme, the sampled thermal noise (kT/C noise) generated

Fig. 5. Phase diagram showing detailed circuit connections: (a) reset;
(b) signal sampling; (c) amplification; (d) feedback; and (e) signal transfer from
the first-stage cyclic ADC to the second-stage cyclic ADC.

in the second-stage cyclic ADC makes a major contribution

to the total noise. The thermal noise is therefore an important

factor in optimizing the power of the two-stage cyclic ADC.

The bit separation of the two-stage cyclic ADC is also an

important factor in optimizing the power consumption because

the processing bit number of the first-stage cyclic ADC (N1)
determines the magnification of the analog signal output and

the required settling time for each cyclic ADC. Below, we

introduce a model for the noise generated in a two-stage cyclic

ADC in relation to the scaling factor of the capacitor. We then

introduce a model of the current in the cyclic ADC, which uses

the settling time of the amplifier. Finally, by using the noise

model and the current model of the ADC, we describe power

optimization by bit separation.

In a simplified model, it can be assumed that the noise of

a cyclic ADC is inversely proportional to the size of the sam-

pling capacitors that are used, provided that the kT/C noise is

dominant. With this assumption, the total input-referred noise
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power of the first- and second-stage cyclic ADCs can be ex-

pressed by

v2n1=A
kBT

Cs

(

1+2−2+2−4 + · · ·+ 2−2(N1−1)
)

(1)

v2n2=A
kBT

Csγ

(

2−2N1+2−2(N1+1) + · · ·+ 2−2(NF−1)
)

(2)

where A is a constant, Cs is the sampling capacitance of

the first-stage cyclic ADC, γ is the capacitor scaling factor

expressed as C3/C1 in Fig. 2, and NF is the total process bit

number of the two-stage cyclic ADC. The total input-referred

noise power of the two-stage cyclic ADC is expressed as

v2n = v2n1 + v2n2

=A
kBT

Cs

{

1 − 2−2N1

1 − 2−2 +
2−2N1

γ

1 − 2−2(NF−N1)

1 − 2−2

}

=A
kBT

Cs

F (γ,N1,NF ). (3)

The current in the cyclic ADC is estimated by using the settling

time of the amplifier. A large proportion of the power in each

cyclic ADC is consumed in the amplifier. The response of

the amplifier is operated in a slew-rate-limited mode at the

beginning. Later, the amplifier operates in the linear range

of the transconductance, where the output signal increases or

decreases exponentially with a time constant that is governed

by the circuitry of the amplifier. The total settling time is

therefore described by using the slewing time and the time of

the linear range. If the time for the linear range is n times

the time constant, where n is a constant, the settling time is

expressed by

tst = tsl + nτ (4)

where tsl is the slewing time, and τ is the time constant of the

amplifier. In a simplified model where the parasitic capacitance

in the amplifier is ignored, the slewing time and the time

constant are assumed to be given by

tsl ∼=
Cs

ISS

Vs (5)

τ ∼=
Cs

gm
=

Cs

ISS

Vod (6)

where ISS is the bias current of the operation amplifier, Vs is

the maximum output voltage range, gm is the transconductance

of the input transistor, and Vod is the overdriving voltage of the

input transistor. Therefore, (4) can be rewritten as

tst ∼=

(

1 + n
Vod

Vs

)

Cs

ISS

Vs = m
Cs

ISS

Vs. (7)

For the first- and second-stage cyclic ADCs, we assume that

the values of n and Vod in the amplifier are the same. The

value of m is therefore constant and is the same as the value

in both the first- and second-stage cyclic ADCs. For the settling

time specified, the bias current required to satisfy (7) can be

written as

ISS = m
Cs

tst
Vs. (8)

The required settling time of each stage of the cyclic ADC

depends on the processing bit number of each stage. A larger

value of the processing bit number gives a smaller settling

time and a larger current in the amplifier. The required settling

time is decided by the total A/D conversion time and by the

number of settlements that occur in each ADC. The total

A/D conversion time is a horizontal time slice t1H . A cyclic

ADC needs to have two phases, i.e., an amplifier phase and a

feedback phase, to generate 1 bit, as shown in Fig. 4, and each

phase requires sufficient settling time. We therefore assume that

the required settling time is t1H divided by twice the process

bit number of each cyclic ADC. The required settling times

for the first- and second-stage cyclic ADCs (i.e., tst1 and tst2,

respectively) are then given by

tst1 =
t1H
2N1

(9)

tst2 =
t1H

2(NF −N1)
. (10)

From (8)–(10) and by taking into consideration the scaling

factor for the sampling capacitance in the second stage, the

total bias current required per column is given by

Itotal =m
Cs

tst1
Vs +m

γCs

tst2
Vs

=
2mCsVs

t1H
{N1 + γ(NF −N1)} . (11)

For a given signal-to-noise ratio SNR, where SNR = Vs/vn,

and by using (3), the total bias current can be expressed as

Itotal=A
2mSNR2kBT

t1HVs

{N1+γ(NF −N1)}F (γ,N1, NF ).

(12)

The optimal scaling factor γ, which minimizes the total current,

can be calculated by the derivative of (12) by the scaling

factor as

γ =

√

√

√

√

2−2N1N1

(

1 − 2−2(NF−N1)
)

(NF −N1)
(

1 − 2−2N1

) . (13)

The total current of the two-stage cyclic ADC can be estimated

from (12) and (13). Fig. 6 shows the estimated total current,

normalized by the total current of N1 equal to 12, as a function

of the processed bit number in the first-stage cyclic ADC when

NF is 12. The total current of the two-stage cyclic ADC is less

than that for the case where N1 is 12, i.e., the case in which

a single cyclic ADC performs 12-bit processing. When the

value of N1 is about 3, the total current is minimized. Fig. 7

shows the estimated total current of the two-stage cyclic ADC

and the single cyclic ADC as a function of the total number

of process bits NF . The current from the two-stage cyclic

ADC is the minimum value estimated by using (12) and (13)

for each value of NF . Whereas the total current of the single

cyclic ADC increases with increasing total process bits, that

of the two-stage cyclic ADC is flat. When NF is 12, the total

current of the two-stage cyclic ADC is about one-third that of

the single cyclic ADC.
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Fig. 6. Simulated total current of the two-stage cyclic ADC relative to the
process bit number of the first-stage ADC.

Fig. 7. Simulated total current of a two-stage cyclic ADC and of a single
cyclic ADC for various values of the total process bits.

We also performed a SPICE simulation for the designed

circuit to estimate its power consumption and to compare it

with that of a previously reported cyclic ADC [8]. The size

of capacitor Cs was decided by considering thermal noise and

capacitor matching to achieve 12-bit precision. The total current

is minimal when N1 is 3 (see Fig. 6). In our 12-bit ADC design,

we set N1 to 4 to take into consideration the layout area. The

simulation showed that, although the processing speed of the

ADC with the two-stage architecture with 12-bit precision is

1.56 times greater than that of a conventional cyclic ADC, it

consumes one-third of the power of a conventional cyclic ADC.

The use of a telescopic amplifier in each stage also contributes

to the low power consumption of the ADC because previously

reported cyclic ADCs have used two-stage amplifiers.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The image sensor was fabricated by a 0.18-µm one-

polysilicon four-metal CMOS image sensor process. A micro-

graph of the die for the fabricated sensor is shown in Fig. 8.

The size of the chip die was 26.5 mm (horizontal) by 21.6 mm

(vertical). The area of the two-stage cyclic ADC was 5.6 µm ×
1770 µm. In general, horizontal readout routing for these large-

format high-speed image sensors is challenging. In our image

sensor, the parallel LVDS driver blocks are placed near the

horizontal scanners to reduce the length of wiring in the data-

transfer path, thereby minimizing degradation of the horizontal

Fig. 8. Micrograph of the die for the prototype image sensor.

Fig. 9. Measured DNL of the two-stage cyclic ADC.

readout signals from the CML, which are obtained with a

66-MHz double-data-rate clock.

We fabricated two initial prototypes of the image sensor. The

first was produced for the purposes of evaluation and had a test

element group of pixels with 40 different layout patterns [11].

From an evaluation of these pixels, we selected the layout that

gave a low noise level coupled with a high conversion gain, and

we used this layout in our second prototype. The characteristics

of the second prototype image sensor are those described in this

paper.

The measured differential nonlinearity (DNL) plots of the

ADC are shown in Fig. 9. The maximum DNL is in the range

−0.7 to +0.5 least significant bits (LSBs) for the entire output

range at 12-bit resolution and 120 fps, without missing codes.

We were unable to measure the integral nonlinearity (INL)

because of a failure of our evaluation circuit. Our image sensor

has about 8000 ADCs. A thin test input wire was connected

to the inputs of all the ADCs to permit measurements of the

nonlinearity. This increased the impedance of the test input line

and induced an error in the test input signal. The measured INL

under these conditions was +86/0 LSB, which was markedly

larger than that of a previously reported cyclic ADC [8]. It will

be necessary to fit a low-impedance test input line to measure

the correct value of the INL.
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Fig. 10. Noise histogram for 10 000 pixels in darkness.

Fig. 11. Breakdown of power consumption.

The noise histogram for 10 000 pixels for the case when the

analog gain was set to 1 is shown in Fig. 10. Here, 1 LSB

corresponds to 244 µV with a 1-V reference at 12-bit resolution.

The measurements were performed at room temperature. The

median dark random noise obtained from 10 000 pixels was

1.31 LSBrms, which corresponds to 320 µVrms.

We designed this image sensor on the assumption that the

fixed-pattern noise (FPN) will be canceled outside the image

sensor. The measured amounts of vertical and pixel-level FPNs

from the image sensor were 12.57 LSBrms and 1.60 LSBrms,

respectively. These FPNs are subtracted from the signal data by

the FPN-reduction system that we developed. As a result, verti-

cal and pixel-level FPN levels were reduced to 0.14 LSBrms and

0.54 LSBrms, respectively. This type of ADC architecture can

be used for digital CDS, which is effective in reducing vertical

FPN (VFPN) [8]; the architecture is therefore likely to reduce

VFPN in the image sensor if we adopt digital CDS. However,

digital CDS requires twice the A/D conversion time; hence, we

did not adopt it in this image sensor.

The total power consumption of the image sensor was

2.45 W at 120 fps for a column analog gain of unity. This

includes the power consumption of the I/O pad. A breakdown

of the total power consumption is shown in Fig. 11. The total

power consumption of the two-stage cyclic ADC is about

0.79 W, and therefore, the power consumption of each two-

stage cyclic ADC is 101 µW, which is about one-third that of

a previously reported cyclic ADC [8] and agrees well with the

value calculated by the simulation described in Section III. The

Fig. 12. Full-frame image captured at 120 fps.

Fig. 13. Magnified image from the central portion of a resolution chart with
zoom out.

power consumption in the digital circuitry, which includes the

LVDS driver and the CML circuits, is about 40% of the total

power consumption.

A full-resolution image taken at 120 fps by the image sensor

is shown in Fig. 12. The resolution characteristics of the image

sensor were also measured by using a Hi-Vision resolution

chart. The resolution chart was captured in one-sixteenth of

the area of the full resolution, which corresponds to Hi-Vision

resolution. The “1000” TV lines shown on the chart therefore

correspond to an actual resolution of 4000 TV lines. Fig. 13

shows the magnified image from the central portion of the

resolution chart. This demonstrates that a line spacing of 1000

TV lines (4000 TV lines by this conversion) is resolved.

Examples of images of a moving object are shown in Fig. 14.

When the object was moving to the right, there was significant

motion blur in the 60-fps image but little blurring in the

120-fps image. The image lag of the image sensor was below

the measurement threshold at 120 fps.

The specifications and characteristics of the sensor are

summarized in Table I. An RMS random temporal noise of

5.1 e−rms was achieved at a frame rate of 120 fps when the analog

gain was set to 1. When the analog gain was set to 7.5, the

input-referred random noise was 3.0 e−rms while a low power
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Fig. 14. Reproduced images of a moving object at two frame rates.

TABLE I
PERFORMANCE SUMMARY

consumption value of 2.67 W was maintained. The data rate for

each LVDS output port was 533 Mb/s, and the sensor had an

aggregate data rate of 51.2 Gb/s.

Table II shows a comparison of the primary characteris-

tics of our imager with those of some recent imagers. A

figure-of-merit (FoM) of 2.0 e− · nJ, where FoM = (power ×
noise)/(number of pixels × fps), was achieved. In comparison

with large-format image sensors [4], [6], the FoM of our new

sensor is smaller and it is about half that of the sensor developed

by Toyama et al. [6]. In comparison with the sensor developed

by Chae et al. [9], the pixel rate of our sensor is 16 times faster

and its FoM is comparable. Owing to the nature of the two-stage

cyclic ADCs, our sensor showed a low power consumption

value in conjunction with a high frame rate of 120 fps and a

high resolution of 33 megapixels.

V. CONCLUSION

We have described a 33-megapixel 120-fps CMOS image

sensor that incorporates a column-parallel two-stage cyclic

ADC. The two-stage architecture, with appropriate bit separa-

TABLE II
COMPARISONS WITH RECENT HIGH-RESOLUTION IMAGE SENSORS

tion, provides not only an increase in the operating speed but

also a decrease in the power consumption of the cyclic ADC. A

low power consumption value of 2.45 W, coupled with a very

high data output of 51.2 Gb/s, was achieved by the suitable

design of the ADC architecture and by the use of 96 parallel

LVDS output ports. Images recorded at 120 fps have sufficient

resolution for use in a 4000-line television, and the quality of

images of moving objects is superior to those recorded at 60 fps.

The image sensor is therefore suitable for use in an ultrahigh-

definition color imaging system and for delivering an enhanced

visual experience in SHV.
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