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ABSTRACT 

The use of charge-coupled device (CCD) circuits in Z-plane architectures for 
focal-plane image processing is discussed. The low-power, compact layout nature of CCDs 
makes them attractive for Z-plane application. Three application areas are addressed; 
non-uniformity compensation using CCD MDAC circuits, neighborhood image processing 
functions implemented with CCD circuits, and the use of CCDs for bUffering multiple image 
frames. Such buffering enables spatial-temporal image transformation for lossless 
compression. 

INTRODUCTION 

High frame rate and high definition imaging demands masE,ive throughput in real-time 
image processing systems. Digital processors operating on pixel data at the required 
throughput rate (typically several billion operations per second) consume significant power 
and volume, and thus are generally inappropriate for applications such as remote sensing, 
autonomous vehicles, and machine vision. 

Focal-plane image processing, in which image acquisition and image processing circuitry 
are integrated on the same chip, shows promise for alleviating the severe constraints 
associated with real-time image processing as well as improving signal quality.1 
Focal-plane image processing can imply a wide degree of signal processing functions. Edge 
detection and image coding require a high degree of processing whereas integration of 
detector buffer/amplifiers is significantly less demanding. Spatially parallel 
architectures have a processor associated with each pixel thereby increasing throughput by 
using a high degree of parallelism. Utilization of a spatially parallel architecture in 
focal-plane image processing is made difficult by the lack of available real-estate on the 
focal plane. Analog circuits tend to pack more processing power into a smaller amount of 
real-estate, and for image processing, the accuracy delivered by analog circuits is 
generally sufficient. Furthermore, the use of analog circuitry obviates the need for A/D 
conversion on the focal plane prior to processing. The use of analog charge-coupled device 
(CCD) circuits can further reduce the real-estate required to implement particular circuit 
functions 2 , and several monolithic focal-plane image processors based on the CCD 
technology are being explored3 ,4,5. However, in each case detector fill-factor suffers 
from this integration. 

The Z-plane architecture enables the practical realization of three dimensional 
electronic circuitry.6 In the case of imaging, the Z-plane architecture provides the 
additional real-estate for pixel processing circuitry perpendicular to the image plane and 
facilitates the implementation of spatially parallel focal-plane image processing without 
sacrificing detector fill-factor. In Fig. 1, an exploded view of the Z-plane architecture 
is illustrated. Thinned integrated circuits (ICs) are stacked to form a three-dimensional 
cube of circuitry. An imager array is hybridized to the IC stack so that each row of the 
imager array is attached to one of the ICs. An individual connection is made for each 
pixel. Communication between the stacked ICs is possible through the use of a hybridized 
backplane circuit, though the backplane is used primarily for readout. To date, the pixel 
pitch is typically 4 mils (100 microns) in both directions. 

The Z-plane architecture has a severe cooling constraint. Though some heat sinking may 
be possible, electronic circuitry must minimize power dissipation. Thus, possible candidate 
circuit technologies are limited to CMOS and CCD, with CMOS being a more well-established 
choice. Analog CMOS can be realized either in continuous-time or with switched 
capacitors. The former, though useful in fixed, low dynamic range applications, is not of 
general use in image processing. Switched capacitor circuits have the advantage of 
operating in discrete-time which facilitates synchronization with external digital 
circuitry but requires significant real-estate for the implementation of ubiquitous 
operational amplifiers. For high throughput, the area requirements become excessive and dc 
power consumption is also increased. 
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Fig. 1. Z-plane architecture. 

Charge-coupled devices store signals as dynamic, analog charge packets residing in the 
semiconductor. For solid-state imagers, CCDs have become a major technology choice for 
read-out multiplexing. For signal processing, CCDs have the advantage of not needing 
operational amplifiers. They are compact in layout and of high bandwidth. For image 
processing, charge-coupled computing circuits based on the CCD technology offer the same 
advantages.? An important differentiation between conventional CCDs and charge-coupled 
computing circuits are that in the former, charge is transferred without modification and 
remains within the semiconductor. In the latter, modification of the signal is made and 
charge transfer takes place not only in the substrate but over metallic wires as well. In 
this case, constraints on circuit topology are relieved. 

In this paper, three possible applications of the Z-plane architecture are described in 
which CCD technology might playa major role. These are non-uniformity compensation, 
neighborhood operations, and spatial-temporal image transformation. 

NON-UNIFORMITY COMPENSATION 

Solid-state imaging systems which use advanced materials suffer from significant 
spatial non-uniformities in detector responsivity and dark current. In infrared 
applications, the non-uniformity is of the order of 10% to 20%. Such non-uniformity is 
typically corrected (compensated) using off-chip digital hardware operating at very high 
speed with a commensurately large power dissipation. The compensation must take place 
prior to image processing to prevent erroneous results such as the detection of false 
edges. The Z-plane architecture provides the means for performing the non-uniformity 
compensation (NUC) in parallel prior to subsequent focal plane image processing. As 
described below, gain and offset ("two-point") compensation can be readily implemented 
using analog CCD circuits in a pipelined fashion. 

compensation need not be constrained to detector non-uniformity. Front-end analog 
circuitry performing functions such as pedestal removal or signal regeneration can be 
compensated as well. Thus, NUC can be considered as a correction for lumped-parameter 
non-uniformity, provided the lumped parameter system is well-behaved. 

The general approach taken in this work is to use a multiplying digital-to-analog 
converter (MDAC) for both offset and gain compensation. The MDAC produces an analog signal 
which is the product of the input analog signal and digital word, in which the digital word 
represents a number between zero and one. For example, a 3 bit MDAC using the digital word 
1012 would multiply the analog signal by the amount (1/2 + 0/4 + 1/8) = 5/8. Fig. 2 
schematically illustrates how the MDAC is used for compensation. The detector signal is 
fed to a first MDAC which performs gain adjustment. Offset adjustment is provided by using 
a second MDAC and a constant reference signal level. The two signals are summed to form 
the compensated signal. 
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Fig. 2.	 MDAC approach to non­ Fig. 3. Block diagram of CCD 
uniformity compensation. pipeline MDAC circuit. 

Fig. 4a. Experimental 10-stage CCD pipeline MDAC. 
2Circuit size is approximately 0.03 x 0.14 mm . 

Fig. 4b. Detail of single CCD MDAC stage. 
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CONCLUSIONS 

The Z-plane architecture, while approaching manufacturing viability, has potential for 
performing unique image processing functions. This paper has discussed three of these 
which are well-suited to CCD implementation. These are non-uniformity compensation using a 
CCD MDAC architecture, image convolution using CCD MDAC circuits for weighting the 
neighborhood or using a general programmable processor such as that in IRET, and a 
spatial-temporal transform for image compression. The use of the time domain for image 
compression and processing is an under-explored opportunity for future research, and seems 
to have high potential for extending the range of application of the Z-plane architecture. 
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