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and event detection require the integration of frame memory and offer exciting directions
for future research. However, CCD implementation of these functions must be demonstrated
off-chip before these operations will be accepted for on-chip integration.

MEDIUM DENSITY IMAGERS

Medium density arrays have detector pitches between 10L and 50L and a small amount of
real-estate is available within the unit cell. Architectures for medium density arrays
fall between those for high-density imagers and those for low density imagers. Approaches
described for high density imagers are applicable to medium density imagers. In addition,
it may be possible to provide a degree of parallel processing in a medium density imager
prior to serial multiplexing. In this case, real-estate located at the bottom of the
parallel read-out multiplexer would be utilized for the processor array. Ideally, each
vertical column would have its own analog processor (tall and thin layout required) and
processors would be able to communicate with nearest neighbor processors. The processors
would be naturally organized in a pipeline fashion within each column to maximize
throughput. Thus, such an architecture is termed a pipelined vector processor. Serial
multiplexing of the processor array output would be readily realized. The processor
throughput requirement is substantially reduced below that found in a high density imager
for a given frame rate due to both the parallelism and likely reduction in the number of
rows. Simplified analog processor design becomes possible due to the relaxation of the
throughput requirements, though real-estate constraints become more critical. Fixed
pattern (columnar) noise introduced by processor-to-processor variations must be
considered. For example, source~follower buffer amplifiers must utilize threshold voltage
cancellation schemes, unless non-uniformity compensation in the processor array (necessary
in any case for most IR detector applications) is applied.

LOW DENSITY IMAGERS

Low density imagers are useful for machine vision, surveillance, and autonomous
vehicles. The unit cell size is large to increase the number of photo-generated carriers
through an increase in detector area. Typical imager array sizes are 32 X 32 or 64 x 64.
As before, architectures suitable for higher density imagers are appropriate for lower
density imagers. However, in the case of low density imagers, a spatially parallel
architectural approach is also possible. In the spatially parallel architecture, there is
one processor for each detector. The processors are interconnected in a way which reflects
the spatial topology of the image. In the case of focal-plane image processing, spatially
parallel architectures are naturally suited to the image plane, with processors
communicating with their nearest neighbors.

The penalty for spatially parallel processing is the potential reduction of detector
real-estate. The use of the third dimension_can alleviate this constraint. The detector
region can be an amorphous silicon overlayer19 or a separate detector chip hybridized
(bump-bonded) to the processor array. For applications requiring very high throughput and
a large amount of processor real-estate, the "Z-plane" architecture might be employed<".
In these cases, detector f£ill factor does not suffer.

The throughput of a spatially parallel architecture can be quite high due to the high
degree of parallelism. For example, a 10 x 10 2 imager with a detector pitch of 150 um
could have approximately 4,000 pixels. Assuming 100 elemental operations per pixel, a
serial processor operating at the rate of 1 usec per operation would take approximately 400
msec to process the image, corresponding to a frame rate of 2.5 Hz. On the other hand, a
spatially parallel architecture could process the image at a speed-up ratio of 4,000
corresponding to a frame rate of 10,000 Hz! In a practical sense, 10,000 Hz is too high
for most applications and the data read-out from the processor array would likely be a
major bottleneck. A lower degree of parallelism can be traded for tighter pixel pitch with
each processor serving multiple pixels.

Analog charge domain CCD-like circuits are well-suited for the circuit realization of
such a processor® and some recent progress has been made’. An array of 24 x 24
processors has been fabricated with each processor serving four Eixels for a total imager
‘size of 48 x 48. The image processor chip is approximately 1 cm4 in area with a 180 um
photodetector pitch. Each processor has circuitry for performing addition, subtraction,
comparison, conditional differencing, short term memory, and communication with nearest
neighbors, in addition to charge collection from the four photodiodes. Assuming 250
elemental operations per pixel per frame and 0.40 usec clock widths (25 clock
cycles/elemental operation), a processed frame rate of 50 Hz can be achieved at a total
power cost of under a few milliwatts. In principle, internal throughput exceeding 1000
frames per second (576 million operations/second) can be achieved at a cost under 50 mW,
but in practice the serial output multiplexer could not handle the corresponding serial
data rate. Testing of this chip is currently underway.
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SCANNED IMAGERS

Scanned imagers such as TDI (time delay and integration) multiplexers can also be
considered for focal-plane image processing. The architectures described for medium
density and high density imagers are valid for TDI imagers, depending on the detector
pitch. 1In general, more real-estate is available for the processor since the array size
(and chip size) is usually smaller, resulting in higher yield. However, for wide scanners,
neighborhood reconstruction through the use of delay lines could become much more
susceptible to transfer efficiency problems. Other methods of neighborhood reconstruction
might be more useful.

CONCLUSIONS

Focal plane image processing, particularly in the analog charge domain, shows promise
for reducing severe throughput, power, and real-estate problems associated with current
digital off-chip technology. It can be anticipated that focal-plane image processing in
solid-state imaging systems will develop rapidly in the next few years. A marriage of
analog CCD and digital CMOS technology will provide interesting possibilities. Since
system input is analog in nature and high level processing digital, systems will need to
combine the best features of analog and digital processing circuitry.
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