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Fig. 1. lllustration of three-dimensional
charge coupling. (a) Conventional lateral
coupling for charge transfer. (b) 3-D cou-
pling using gate charge subtraction. The
circuit operation Is described in the text.

succeeding circuits, the dynamic range of the operation is
determined by the size of the electrode area and the voltages
applied. However, since all buckets swing between the same
clock rail voltages, electrode area is the only real variable. A
summing bucket therefore, by its nature, should be larger
than average. Increasing the electrode lengths can impair
circuit speed since the charge transfer time scales as L°,
where n is 2 or larger. Hence, there is a trade-off between
dynamic range and speed of operation. The accuracy of the
accumulator is limited by the input transfer efficiency,
which depends on clock width. In general, accuracy is also
traded for speed.

A simple function, although difficult to implement ac-
curately, is time-invariant signal attenuation, wherein the
output charge packet is a fixed fraction of the input charge
packet. Previous workers have tried various approaches, but
the most successful is that reported by Bencuya and Steckl,’
which uses a channel stop barrier to divide a bucket in the
transverse direction (parallel to charge flow). Partition noise
is minimized by this technique, and the accuracy is deter-
mined by photolithography. Repeated application of
charge-packet splitting and summation can be used to effect
variable attenuation* of charge packets.

A more difficult function to implement compactly is
charge-packet differencing. Fossum and Barker® reported
on an intrinsically linear and compact charge-packet-
differencing circuit that generates an output charge packet
equal to the difference of two input charge packets, such
that Q, = Q, — Q, for Q, > Qg and Q, = 0 otherwise. The
circuit is shown schematically in Fig. 2. The advantage of
this scheme is that the output charge packet can be
regenerated many times. For example, if Q, = 0, then the
circuit can be used as a charge-packet-copying circuit, pro-
ducing multiple copies of an input charge packet. This prop-
erty also can be used to serve as short-term memory for
frame-to-frame operations.

The absolute value of the difference can be implemented
using the differencing circuit just discussed if it is operated
twice. First, Q, and Q, are used to generate an output packet
that is stored in the output summing bucket. Then, Q, and
Q, are reloaded onto the Q, and Q, inputs, respectively, and
a second output packet is summed with the first. Since only
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Fig. 2. Linear charge-packet-differencing
circuit. Charge packets Q, and Qy, are sub-
tracted from the gate charge on electrodes
A and B, respectively. The operation is
discussed in detall In Ref. 6.

Fig. 3. Charge-packet-magnitude com-
parator. Charge packets Q, and Q,, are used
to preset node voltages A and B, respec-
tively, of balanced flip-tlop.

one of the two output packets can be nonzero, the result is
the absolute value of the difference.

Fixed gain or attenuation also can be implemented using
the differencing circuit if the areas of the A and B electrodes
are not equal. However, as discussed, circuit speed will suf-
fer if the electrode width becomes too large.

For several applications, it would be useful to compare
the magnitude of two charge packets. The output of such a
magnitude-comparator circuit is used to conditionally
generate a charge packet. For example, the magnitude com-
parator could gate a second differencing circuit whose out-
put would be zero if the circuit were disabled by the
magnitude comparator. Colbeth et al.” recently developed a
comparator that has a large dynamic range and the sensitiv-
ity and speed required for charge-coupled computing. This
circuit, shown schematically in Fig. 3, is basically a flip-flop
whose nodes A and B are precharged according to the size of
charge packets Q, and Q,, respectively. When the flip-flop is
enabled, its positive feedback swings it into one of two
stable states. The final state depends on the precharged node
voltages, and the stable node voltages can be used to drive
other circuits. In the case of the differencing circuit, the
node voltage can be used to selectively gate the fill cycle, as
illustrated in Fig. 4.

Two arithmetic functions whose implementation in the
charge domain are not yet fully developed are a charge-
domain multiplier and a logarithmic compressor. In the
former, an output charge packet is generated such that Q_
= Q,Qy/ Q.. Where Q. is a reference size and may be ex-
ternally controlled. A scheme for implementing this in the
charge domain by adapting the circuit of Yamasaki and
Ando? is being investigated. A logarithmic compression cir-
cuit has limited use in a computing circuit (although charge-
packet multiplication would then become easy) but can be
implemented in the photon transducer fairly easily, by using
either photocapacitive transduction or an open circuit solar
cell type detector.

Input and output functions also must be implemented as
circuits. In particular, to execute 3 X3 kernel operations, a
given PE must be able to obtain data from the local neigh-
borhood on the image plane. A simple charge-transfer-
device structure could be used here, but since the same
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Power density is another issue to be considered. This will
depend on the average amount of charge transferred during
each clock cycle. A bucket with 107 carriers, which is, on
average, half full, will dissipate approximately 8 pJ per
transfer if the bucket potential changes by 10 V. If each
arithmetic function requires 25 transfers and if 500 opera-
tions are performed, then 100 nJ are dissipated in the
semiconductor to process one pixel. For 5000 pixels per
frame, 1 mJ is consumed per frame. Thus, at 100 Hz, 50
mW of power is dissipated, and power consumption will not
be a problem in most applications. It should not be
overlooked that 5000 pixels are being preprocessed at 100
Hz, corresponding to 250 x 105 operations per second, at a
cost of 50 mW.

Noise in charge-coupled-computing circuits should not be
a problem since the number of noise-generated carriers is ex-
pected to be smaller than the number of error carriers in-
troduced by circuit inaccuracy. (The impact of predictable
circuit inaccuracy is an interesting but unexplored issue.*)
The noise floor can be expected to be dominated by kTC
noise for 3-D coupled circuits with otherwise good charge-
transfer efficiency. If the minimum resolvable charge packet
Quin is defined as AC_ V/r, where A is the electrode area,
C, is the specific oxide capacitance, V is the bucket depth in
volts, and r is the resolution of the circuit, then the
minimum resolvable charge packet is equal to the root-
mean-square number of noise carriers, (kTC/q?":, when the
electrode area is reduced to a critical area A ,, given by A,
= kTr?/C, V2 This critical area is significantly smaller
than those envisioned in scaled charge-coupled-computing
circuits. For example, withr = 256, a 100 A oxide, and a 1
V bucket, the critical electrode size is approximately 0.25 um
x 0.25 um and Q,;,/q is 7 carriers. During operation, kTC
noise will be additive, but the number of operations required
to build up noise equal to Q,;, is equal to A/A , and is larger
than the number of operations per pixel per frame an-
ticipated for charge-coupled-computing applications. For
example, for an electrode area of 100 yum2, r = 256, a 250 A
oxide, and a 5 V bucket, Q,;./q is 16,800 carriers and the
critical number of operations is 12,700.

Encouraged by this analysis, we are currently designing
and fabricating a modest array of charge-coupled computers
for image plane preprocessing experiments.

5. CONCLUSIONS

A new class of CCDs that perform arithmetic and logic
functions in the analog charge domain has been described.
A prototype charge-coupled computer employing these cir-
cuits has been designed, fabricated, and tested. The results
of experimental and theoretical studies indicate that it is
feasible to put an array of these simple computers on the im-
age plane to perform image preprocessing functions in a
spatially parallel way.

*J. Joseph, private communication (1985).
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