modes allows electronic pan, tilt and zoom to be
implemented.

Pixel Circuits

Pixel circuits can be divided into passive pixels and
active pixels. The active pixel sensor (APS) contains an
active amplifier. There are three predominant approaches
to pixel implementation in CMOS: photodiode-type
passive pixel, photodiode-type active pixel, and
photogate-type active pixel. These are described below.

A. Passive pixel approach

The photodiode-type passive pixel approach remains
virtually unchanged since first suggested by Weckler in
1967>*. The passive pixel concept is shown below in Fig.
3. It consists of a photodiode and a pass (access)
transistor. When the access transistor is activated, the
photodiode is connected to a vertical column bus. The
charge integrating amplifier (CIA) readout circuit at the
bottom of the column bus keeps the voitage on the column
bus constant’”. When the photodiode is accessed, the
voltage on the photodiode is reset to the column bus
voltage, and the charge, proportional to the photosignal, is
converted to a voltage by the CIA. The single-transistor
photodiode passive pixel allows the highest design fill
factor for a given pixel size or the smallest pixel size for a
given design fill factor for a particular CMOS process.
The quantum efficiency of the passive pixel (ratio of
collected electrons to incident photons) can be quite high
due to the large fill factor and absence of an overlying
layer of polysilicon such as that found in many CCDs.
This passive pixel is the basis for arrays produced by
EG&G Reticon, Hitachi®, Matsushita’ and more recently,
by Edinburgh University and VLSI Vision in Scotland®’,
Linkoping University and IVP in Sweden'®'"'?, and
Toyohashi University".

RS
s

COL BUS

Fig. 3. Passive pixel schematic and potential well. When the
transfer gate TX is pulsed, photogenerated charge integrated on
the photodiode is shared on the bus capacitance.

The major problems with the passive pixel are its
noise level and scalability. Noise on a passive pixel is
typically of the order of 250 electrons r.m.s., compared to
commercial CCDs that achieve less than 20 electrons
r.m.s. of read noise. The passive pixel also does not scale
well to larger array sizes and or faster pixel readout rates.
This is because increased bus capacitance and faster
readout speed both result in higher readout noise. To date,
passive pixel sensors suffer from large fixed pattern noise,
though this is not a fundamental problem.

B. Active pixel approach

It was quickly recognized, almost as soon as the
passive pixel was invented, that the insertion of a
buffer/amplifier into the pixel could potentially improve
the performance of the pixel. A sensor with an active
amplifier within each pixel is referred to as an active pixel
sensor or APS. Since each amplifier is only activated
during readout, power dissipation is minimal and generally
less than a CCD. Non-CMOS APS devices have been
developed that have excellent performance such as the
charge-modulation  devices (CMD)'* but these
devices'>'"” require a specialized fabrication process. In
general, APS technology has many potential advantages
over CCDs'® but is challenged by residual FPN and less
maturity than CCDs.

The CMOS APS trades pixel fill factor for improved
performance compared to passive pixels using the in-pixel
amplifier. Pixels are typically designed for a fill factor of
20-30%, similar to interline-transfer (ILT) CCDs. Loss in
optical signal is more than compensated by reduction in
read noise for a net increase in signal to noise ratio and
dynamic range. Microlenses are commonly employed
with low fill factor ILT CCDs'** and can recover the lost
optical signal. The simple, polyimide microlense refracts
incident radiation from the circuitry region of the pixel to
the detector region. The microlense can improve optical
fill factor by 3-fold so that the net optical aperture for the
detector is 60%-80%.

C. Photodiode-type APS

The photodiode-type (PD) APS was described by
P.Noble in 1968 and has been under investigation by
F.Andoh at NHK in Japan since the late 1980°s*"*>” in
collaboration with Olympus, and later, Mitsubishi Electric.
A diagram of the PD-APS is shown below in Fig. 4.

vDD

Fig. 4. A photodiode-type active pixel sensor (APS). The
voltage on the photodiode is buffered by a source follower to the
column bus, selected by RS-row select. The photodiode is reset
by transistor RST.

The first  high-performance  PD-APS  was
demonstrated by JPL in 1995 in a 128x128 element array
that had on-chip timing, control, correlated double
sampling and fixed pattern noise suppression circuitry™.
Arrays as large as 1024x1024 have been developed by a
JPL/AT&T collaboration®. A 640x480 °D-APS with
5.6 um x 5.6 um pixels and on-chip color filter arrays and
microlenses was described by Toshiba in 1997%, and a
800x1000 element PD-APS was reported by VLSI Vision
also 19977
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