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Abstract

A detailed comparison between four types of pixels, based on a CMOS active column sensor (ACS) output chain technique is presented.
A test chip of 64×64 pixels consisting of four 16×64 arrays, each with a different output chain, has been implemented in 0.35�m CMOS
technology available through MOSIS and operated via a 3.3 V supply. The chip includes four different amplifier/pixel combinations: (a)
an n-channel based voltage amplifier with an n-channel reset transistor, (b) an n-channel based voltage amplifier with a p-channel reset
transistor, (c) a p-channel based voltage amplifier with an n-channel reset transistor, (d) a p-channel based current mirror with an n-channel
reset transistor. Pixel and output chain architectures are discussed, their operation is explained, simulations results are presented and
measurements from a test chip are reported.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Active pixel sensors (APS) are meant to achieve the idea
of a “camera on a chip”[1]. Unfortunately, there are issues
with the fundamental APS approach that limit performance
and functionality. The fundamental concept of the APS is to
place an amplifier inside each pixel. This provides a good
signal level coming out of the pixel with lowered supply
voltages, comparable to the signal levels emerging from a
CCD that utilizes higher supply voltages.

In the making of a CMOS active pixel sensor several
factors affect the quality of the sensor: the sensitivity of
the pixel, the noise generated during the operation, and the
accuracy of the electrons to voltage conversion. The term
sensitivity describes the ability of the APS to convert pho-
tons striking the area of the pixel to a voltage potential,
thus defining the sensitivity of the pixel as the potential
generated per photon and measured in V/Lux. Sensitivity
could be improved by optimizing the pixels design, i.e.
tuning the active area shape, fill factor, and other parame-
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ters. Noise, both temporal and spatial is generated during
pixel operation (reset, integration, and readout phases),
and by the readout circuitry. A rigorous effort has been
done to analyze and elevate this inherent problem[2–5].
Charge to voltage conversion is performed by the active
part of the pixel—the amplifier; this unit must reflect the
changes in the accumulated charge as accurately as possi-
ble, and produce a true linear output signal. The in-pixel
amplification is part of the so-called output chain, consist-
ing of many stages processing the photo-signal. This work
focuses on the optimization of the in-pixel amplifier and
output swing enhancement via modification of the reset
transistor.

Many works on signal enhancement and output chain im-
provement have been published in the literature[6–9]. Most
works focused on the common column stages improvement,
such as delta difference sampling (DDS) and correlated
double sampling (CDS)[8,9], without changing the in-pixel
amplifier architecture. Usually, a standard 3-transistor APS
utilizes a source follower transistor for amplification caus-
ing gain and offset mismatches. The active column sensor
(ACS) approach, first presented in[6], solved this problem
using a true in-pixel unity gain amplifier (UGA), without
increasing the number of transistors utilized by the pixel
and thus maintaining a high fill factor. An n-channel reset
transistor and one stage n-channel differential amplifier
were used in that work.
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Our work enhances the ACS technique by means of cur-
rent/voltage amplification, reset voltage enhancement and
UGA improvement. A test chip of 64×64 pixels consisting
of four 16× 64 arrays having different output chains has
been implemented in 0.35�m CMOS technology to com-
pare different ACS-UGA techniques.

The remainder of the paper is organized as follows:
Section 2explains the concept of the standard 3-transistor
photodiode CMOS APS and describes the existing ACS
approach and shows four different ACS techniques imple-
mented in our work. The measurements from a test chip are
presented inSection 3. Section 4concludes the paper.

2. Active column sensor approach

2.1. CMOS photodiode APS

A standard photodiode APS consists of a floating reverse
biased p–n junction, with three transistors and four conduc-
tors per pixel, a sense node connected to the gate of a source
follower (SF) transistor M2, a reset transistor M1 and a row
select (RS) transistor M3, as shown inFig. 1.

Examining the APS performance shows a design trade-
off. Noise and full-well trade, as we try to maximize the
accumulated charge through well size enhancement the noise
performance degrades. Moderately high quantum efficiency,
and easy to implement in advanced sub-micron technology
completes the three transistors APS brief description.

The SF acts as a charge amplifier. Ideally, the SF should
be avoided and replaced with a real UGA. Unfortunately, it
is impossible to squeeze a full UGA into each pixel, while
retaining a good fill factor and acceptable pixel area[6].
APS devices typically use a small geometry source follower
amplifier inside the pixel in order to minimize the area occu-
pied by the amplifier. The SF amplifier characteristics vary
from pixel to pixel due to inherent process deviations in the
VT voltage, mobility, oxide thickness, and gate length. Two
main factors that affect the homogenous performance of the
APS exist:

(1) Gain variations due to the transconductance variation of
the SF (transistor M2 inFig. 1) cause varying signal
levels from different pixels, even for homogenous levels
of illumination. The pixel-to-pixel gain variations lead
to a visible fixed pattern noise (FPN).

Fig. 1. Photodiode CMOS APS.

(2) Non-uniformities due to variations across the SF load
transistor, usually located at the bottom of each column.
This causes column-to-column FPN due to resistance
variations of the channel.

An additional parameter affecting signal amplification is
the voltage gain of a SF that ideally equals unity. However,
the real transfer function is bulk effect (or “back-gate effect”)
dependent and in normal operation is equal to:

gm

gm + gmb
≈ 0.86 (1)

where gm is the transconductance andgmb the back-gate
effect coefficient. Thus, the voltage at the gate of the SF is
further attenuated.

Another major performance reduction in APS operation
is the reset voltage amplitude. Since the capacity of the po-
tential well is limited by the maximum applied reset voltage,
it is highly desirable to maximize the reset voltage. When
looking at the signal path from the gate of M1 (Fig. 1) to
the output node—source of M2, a drop of at least 2VTn

could be observed. Unfortunately, the body effect affects
theseVTn as well. In an APS pixel, fabricated in a standard
0.35�m CMOS technology and operated by a 3.3 V supply,
the source-bulk potential can build up to 2.3 V and the ef-
fectiveVTn can increase up to 1.1 V instead ofVT 0 ∼0.5 V.
As a result, the effective reset voltage is∼1.6 V instead of
3.3 V at 3.3 V supply voltage. This further reduces the dy-
namic range of the APS.

2.2. Active column sensor techniques and analysis

The gain variation existing in a conventional APS can
be eliminated by utilizing a full UGA per pixel. However,
adding six or more in-pixel transistors will severely affect
the area of the APS. The ACS approach was first introduced
in [6] to allow an in-pixel UGA implementation, while main-
taining a high fill factor.Fig. 2 shows the basic ACS pix-
els, as presented in[6]. The ACS method divides the UGA
structure into two sub-structures: the first situated inside the
pixel (transistors M2k and M3k in Fig. 2), while the second
part (transistors M4–M8 inFig. 2) resides at the bottom of
the column and is common to all pixels in that column. This
way the fill factor and pixel properties are not affected, while
a true UGA is achieved. The UGA itself is formed through
a differential pair (transistors M3k and M6) with active load
transistors M7 and M8. Note, that M2k is the standard row
select switch, while M5 is added for symmetry reason (al-
ways biased at Vdd).

It can be seen that only three transistors are needed per
pixel: the reset transistor, the input signal differential transis-
tor and the selection transistor. This structure enables flex-
ibility as found in the standard CMOS sensor, i.e. random
access, self-clocking, low power, etc. Note, that in order to
eliminate the amplifier offsets, a CDS circuit is required for
every column.
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Fig. 2. Principle scheme of the active column sensor technique (after[6]).

The existing ACS approach utilizes a one stage simple
UGA. This paper presents four different approaches utiliz-
ing a modified reset transistor and an improved UGA via
the following combinations: (a) an n-channel based voltage
amplifier with an n-channel reset transistor, (b) an n-channel
based voltage amplifier with a p-channel reset transistor, (c)
a p-channel based voltage amplifier with an n-channel reset
transistor and (d) a p-channel based current mirror with an
n-channel reset transistor.

The principle scheme of the ACS pixel structures used in
our work is shown inFig. 3. Description and analysis of the
UGA amplifiers are presented in the following subsections.

2.2.1. ACS using NMOS reset and NMOS differential pair
An n-channel reset with n-channel differential pair ACS

pixel used in our work can be seen inFig. 3a. Only three
transistors per pixel are needed—no modification to the ba-
sic structure. Since the gain can now be set to unity the
voltage transfer function could be improved by 15%. Using
n-channel transistors as a differential pair has a great advan-
tage due to the high fill factor and the fact that no change to
the pixel layout is needed. In some cases the fill factor can
be up to 70% depending on the pixel and transistors size.

The UGA that had been used in this design (Fig. 4b) is
based on the standard and well known two-stage operational

amplifier architecture, although designs with improved char-
acteristics can be implemented with the ACS architecture.
The design of the amplifier is very straightforward, but in
our case there is a constraint on the area occupied by the dif-
ferential pair in order to retain a high fill factor and a small
pixel pitch.

The amplifier actually has three stages: two gain stages
and one output stage. The first gain stage is a differential-in-
put to single ended output stage; the second gain is a co-
mmon-source gain stage with an active load. Capacitor Cc
ensures the stability of the opamp in a UGA configuration.
Note that due to the column parallel implementation of
the ACS system, column half differential-pair pixels are
all connected to the same node causing capacitive loading
of the UGA. The stability of the UGA is decreased due
to capacitive loading of the column, and calls for higher
capacitive compensation within the opamp. A detailed pa-
rameter analysis is presented for a p-channel differential
pair in the next section.

Although n-channel usage has an advantage due to its
compact area consumption, it also has a disadvantage be-
cause of its low ability to convey lower voltage levels that
represent high illumination.

When using an n-channel reset transistor there is aVT

drop over the reset transistor and the pixel undergoes soft
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Fig. 3. ACS pixels: (a) n-channel based UGA with n-channel reset transistor, (b) p-channel based UGA with an n-channel reset transistor, (c) n-channel
based UGA with a p-channel reset transistor, (d) n-channel based current mirror with an n-channel reset transistor.

reset. This scheme is shown inFig. 3a. Soft reset has a noise
advantage over hard reset (presented in the next subsection)
[5], but causes a higher lag.

2.2.2. ACS using PMOS reset NMOS differential pair
A p-channel reset with n-channel differential pair ACS

pixel is shown inFig. 3c. While only three transistors per
pixel are used, the modified pixel now consists of a p-channel
reset transistor. Due to well spacing requirements the fill
factor of the pixel is severely decreased. For example, a
0.35�m process pixel with an area of 7�m × 7�m with
an n-channel reset transistor has a 39% fill factor, while the
same pixel with a p-channel reset transistor will have only
16% fill factor—a 60% drop. On the other hand, p-channel
reset usage allows hard reset to the pixel, thus eliminating
the VT drop and lowering the image lag. The performance
of the UGA stays the same as in the previous description.

2.2.3. ACS using a PMOS differential pair
The concept of this technique is the same as the one de-

scribed inSection 2.1with only one main difference—the
UGA now has a p-channel differential pair (Fig. 4a) while

retaining a soft reset operation (n-channel reset transistor).
Using p-channel transistors as a differential pair posses a
great advantage due to the ability to convoy low voltage sig-
nals emitted from the photodiode occurring at high illumi-
nation.

The following is an analysis of the p-channel differential
amplifier. Note that with minor modification this can serve
as the n-channel amplifier’s analysis.

The gain of the first stage is given by:

AV1 = gm1(rds2||rds4) (1)

wheregm1 is the transconductance of the in-pixel half dif-
ferential pair and is given by:

gm1 =
√

2µpCox

(
W

L

)
1

IBIAS

2
(2)

whereIBIAS is formed by transistors M10–M13 as shown in
Fig. 4.

As can be seen fromEqs. (1) and (2), the minimalW/L
used at the in-pixel input transistors causes a gain decrease in
the first stage. The second gain stage is added to compensate
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Fig. 4. Column ACS amplifier: (a) p-channel differential pair amplifier, (b) n-channel differential pair amplifier and (c) current mirror pixel chain.

for the low gain of the first stage. A common-source gain
stage with a p-channel active load is used as the second
stage. Following is the gain of this stage:

AV2 = gm7(rds6||rds7) (3)

The third stage is a common-drain buffer stage (source
follower). The source follower gain is given by:

AV3 = gm8

GL + gm8 + gmb8 + gds8 + gds9
(4)

whereGL is the load conductance being driven by the buffer
stage andgmb8 the body effect conductance and is given by:

gmb8 = gmγ

2
√

VSB + 2φF

(5)

whereVSB is the source to substrate voltage andγ the body
effect constant.

Open loop frequency response is calculated on the as-
sumption that capacitance except the compensation capaci-
tor are ignored. The second stage introduces capacitive load
on the first stage due to the compensation capacitor. If we
assume that the gain of the output stage is approximately 1,
then the overall gain simplifies to:

AV (s) = gm1

SCc

(6)

This simple equation can be used to find the approximate
unity gain frequency. The unity gain frequencywta is given
by:

AV (s = jwta) = 1, wta = gm1

Cc

(7)

Defining the slew rate SR as:

SR= dVout

dt

∣∣∣∣
max

= ICc

∣∣
max

Cc

= ID10

Cc

(8)

SinceID10 = 2ID1 we can write:

SR= 2ID1

Cc

= 2ID1ωta

gm1
(9)

The final relationship for the slew rate is given by:

SR = 2ID1√
2µp Cox(W/L)1ID1

ωta (10)

It can be seen that obtaining a high slew rate and unity
gain frequency are two of the major reasons for choosing
p-channel input transistors rather than n-channel input tran-
sistors.

2.2.4. ACS using a current mirror
An ACS using a current mirror output chain has the same

advantages as an n-channel UGA with a soft reset mecha-
nism. The basic structure of the pixel stays the same and

Table 1
UGA measured characteristics

Parameter p-Channel UGA n-Channel UGA

Slew Rate 23.2 V/�s 18.1 V/�s
Maximum settling time to 1% 0.273�s 0.16�s
Output voltage swing 0–2.34 V 0.72 V–3.3 V
Power dissipation 24.75�W 27.59�V
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Fig. 5. Test chip photograph (a) full chip and (b) zoomed UGAs interest area.

Table 2
Experimental results from the whole array

Pixel type Current replicator Soft reset, n-channel UGA Soft reset, p-channel UGA Hard reset, n-channel UGA

Array size 16× 64 16× 64 16× 64 16× 64
Pixel mode of operation Current Voltage Voltage Voltage
Reset transistor type NMOS NMOS NMOS PMOS
Fill factor 26% 39% 30% 16%
Conversion gain estimated/measured 8/7.6�V/e 5.7/7�V/e 7.1/6.5�V/e 13.7/11.4�V/e
Non-linearity <6% <1% <0.8% <1%
Power dissipation (64× 16) 215�W 450�W 407�W 462�W
Output swing voltage 0.320 – 2.470 V 0.966 – 2.61 V 0 – 2.24 V 0.966 – 3.3 V
Maximum swing 2.150 V 1.644 2.24 V 2.334

there is no need to re-design the pixel. There are fewer tran-
sistors than in a UGA configuration and the slew rate/power
dissipation can be directly traded-off since there is only one
current node. Current mirrors are less sensitive to mismatch
and occupy less area. With this configuration only oneVT

is lost (the potential drop over the reset transistor) and is
returned by the mirror transistor. One major draw-back is a
columnI × R drop since current is being convoyed to the

Fig. 6. (a) Input scene to the ACS test chip, (b) the part of Ben-Gurion University logo, as captured by the fragmented ACS array.

sample capacitor. A current mirror pixel is shown inFig. 3d
and a current output chain is shown inFig. 4c.

3. Performance and test chip measurements

The 64× 64 APS test chip was fabricated in a 0.35�m,
n-well, four metal, CMOS, TSMC technology process sup-
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ported by MOSIS. The supply voltage is 3.3 V. The pho-
tograph of the fabricated test chip and the zoomed UGA
area is shown inFig. 5. As can be seen inFig. 5b every
16× 64 pixels sub-array contained a different pixel/output
chain configuration.

The test chip was designed in a way that enables modular
testing of every functional block of the chip separately, as
well as measurements of the whole chip.

Table 1 is a summary of the p-channel and n-channel
UGAs characteristics. Experimental results from the differ-
ent 16×64 sub-array are shown inTable 2. All pixels in the
fabricated chip had a 7× 7�m size.

Fig. 6b shows the part of the Ben-Gurion University logo,
as captured by the ACS array (the input scene can be seen
in Fig. 6a). Four distinct regions could be observed. The
upper region is the one corresponding to the current mir-
ror design, and the lower one corresponds to the p-channel
reset n-channel UGA. Note that the high FPN is due to
a non-CDS-ed image. CDS was not performed in order to
achieve high fidelity in the output swing voltage measure-
ments. Although voltage swing using p-channel UGA and
n-channel UGA are almost the same (columns 3 and 4 in
Table 2, respectively) the responsivity and light level range
of the two configurations is different. The soft reset (column
3) p-channel UGA configuration can accommodate high il-
lumination level. On the other hand, the hard reset (column
4) n-channel UGA can accommodate for low light level il-
lumination while saturating in response to high light levels.
The current mirror approach can accommodate either high
or low light levels, but as can be observed fromTable 2, it
has the higher non-linearity relatively to other implemented
techniques.

4. Conclusions

A comprehensive comparison between four types of pix-
els, based on a CMOS active column sensor output chain
technique has been presented. A test chip of 64× 64 pix-
els consisting of four 16× 64 arrays each with a different
output chain has been implemented in 0.35�m CMOS tech-
nology available through MOSIS. The properties of these
pixels had been compared to the standard 3-T APS with re-
spect to the potential drop in the reset and signal levels, and
fill factor. A theoretical analysis of the p-channel differen-
tial UGA that can easily be applied to the n-channel UGA
has been provided.

The experimental results show that an ACS approach
using n-channel input UGA has some advantages over
the p-channel input UGA one: a higher fill factor and
low illumination level computability. The ACS technique
using a p-channel input UGA has some advantages over
the n-channel input UGA: a higher slew rate, a higher
unity gain frequency and high illumination level com-
putability. The current mirror approach can accommo-

date either high or low light levels, but has a higher
non-linearity relative to the other implemented tech-
niques.

Both p-channel and n-channel reset transistors have been
tested. The p-channel reset transistor provides hard reset and
thus an increased output swing when used with an n-channel
UGA, but cannot be used with the p-channel UGA, retain-
ing a reasonable fill factor. Using an n-well based photo-
diode can maximize the pixel fill factor with a p-channel
UGA.

In conclusion, using the ACS technique is highly desir-
able since there is almost no area penalty. It is most desir-
able to use the PMOS based UGA implementation with the
NMOS reset transistor due to its high linearity, high output
swing, medium power consumption and fill factor. Most of
all this implementation is suitable low and high illumination
scenes.
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