Image Processing with CMOL Circuits

Dmitri B. Strukov*t and Konstantin K. Likharev*
*Stony Brook University, Stony Brook, NY 11794-3800, U.S.A.
tHewlett Packard Laboratories, Palo Alto, CA 94304-1123, U.S.A.
strukov@gmail.com, klikharev@notes.cc.sunysb.edu

ABSTRACT

We have analyzed two options of using hybrid CMOS/nanodevice
circuits with area-distributed (“CMOL”) interface for the low-level
image processing tasks, on the simplest example of 2D image con-
volution with a sizable filter window. The first option is to use
digital, DSP-like circuits based on a reconfigurable CMOL fabric,
while the second one is based on mixed-signal CMOL circuits with
the analog presentation of input and output data and the binary pre-
sentation of the filter function. Estimates of the circuit performance
have been carried out for the 45-nm CMOS technology and the 4.5-
nm nanowire half-pitch, and the power consumption fixed at a man-
ageable level. In the digital case, the circuit area per pixel is about
25x 25 m?, and the time necessary for convolvinga 1,024 x 1,024-
pixel, 12-bit-accurate image with a 32x32-pixel window function
of similar accuracy is close to 25 us, much shorter than that esti-
mated for purely CMOS circuits with the same minimum feature
size. For the mixed-signal CMOL circuit, the corresponding num-
bers are much better (~ 1 um? and 1 us, respectively), but this
option requires a very high (~1%) reproducibility of ON currents
of the necessary crosspoint devices (programmable diodes), which
has not yet been reached experimentally.

1. INTRODUCTION

The rapid progress of focal plane arrays of sensors in such met-
rics as resolution, frame rate, and dynamic range, as well as the
emergence of new urgent needs (e.g., online face recognition), make
high-performance image processing a more urgent task than ever.
In this context, it is frequently necessary to perform low-level tasks,
such as spatial filtering, edge detection, feature extraction, etc., in
parallel on all pixels in the image [1], because sequential process-
ing of pixels would be too slow for some applications. However,
the parallel processing of pixels requires not only computation-
rich hardware but also extremely large aggregate bandwidth of data
transfer between the processor and memory subsystems. For exam-
ple, the first step in hyperspectral imaging [2] for a realistic 12-bit
1024 x 1024 pixel array with 200 spectral bands requires a process-
ing throughput of ~10'* operations per second (100 Tops) and an
aggregate data bandwidth of ~10** bits per second (100 Gbps) [3].

Because of these constrains, general purpose processors are not
suited well for low-level image processing. (Even the latest multi-
core Cell processor [4, 5], which has been specifically designed for
image processing tasks and features a very impressive peak perfor-
mance of ~ 2x10** add-multiply operations with 32-bit operands
per second, falls far short of the prospective needs.) Instead, the
most promising computational platforms in this field are digital sig-
nal processors (DSP) [6,7], field programmable gate arrays (FPGA)
[8, 9], and most notably, focal-plane processor arrays with digi-
tal [10, 11] or analog [12, 13] cores. The basic idea of focal plane

processor arrays is to integrate the signal processing circuitry with
sensor devices, so that all the data from sensors are processed lo-
cally, with no resources wasted for long-distance data transfer. A
major problem with this approach is that for most complex opera-
tions (e.g., digital filtering with large window size) the area neces-
sary for processing data from one pixel becomes much larger than
the pixel sensor itself. For example, the one-pixel cell of the analog
processor described in Ref. 12 was as large as ~100x100 pm 2,
or ~3x105 lithographic squares (Fcpmos)?. This handicap is es-
pecially painful now when the conventional CMOS technology is
approaching its scaling limits [14, 15].

A possible remedy to this problem might be reconfigurable hy-
brid CMOS/nanodevice circuits - for reviews, see Refs. 15-19.
In such a circuit, a CMOS subsystem with relatively large sili-
con transistors would be used for signal restoration, long-range
communications, input/output functions, and testing/bootstrapping,
while an add-on nanowire crossbar with simple (two-terminal) nan-
odevices at each crosspoint would provide most of information
storage and short-range communications, and also facilitate signal
processing. This concept has got a strong boost from the recent
experimental demonstration [20] of reproducible metal-oxide de-
vices with the functionality (of the programmable diode) necessary
for crosspoint nanodevices of the hybrid circuit. Nanowire cross-
bars with half-pitch Fhano down to 15 nm have also been demon-
strated [21,22], and there are good prospects of scaling F'nano down
to a few nanometers using such advanced patterning techniques as
nanoimprint [23] or EUV interference lithography [24].

One challenge faced by the hybrid circuit concept had been the
CMOS-to-crosshar interfacing, especially because the high-resolution
patterning techniques [23, 24] do not offer an equally high layer
alignment accuracy. Recently our group suggested [15, 19, 25-28]
a solution to this problem using an area-distributed “CMOL” inter-
face using conic-shaped vias (“pins”) spaced by the CMOS-scale
pitch but having nanoscale-sharp tips (Fig. 1). Pins of both types
(reaching to the lower and upper nanowire levels) are arranged in
square arrays with side 25 Fcmos, where (3 is a dimensionless fac-
tor larger than 1 that depends on the CMOS cell complexity. Rel-
ative to the CMOS pin array, the nanowire crossbar is turned by
angle a = arctan(1/a) = arcsin(Fnano/BFcmos), Where a is an
integer. This approach allows a unique access to any nanodevice,
even if Frhano < Fcmos, With the theoretical 100% fabrication
yield even in the absence of any alignment between the CMOS and
crossbar subsystems. (For a detailed description of the CMOL in-
terface, see, e.g., Refs. 19,26.)

Earlier we showed [26, 28] that general-purpose, reconfigurable
(FPGA-like) digital CMOL circuits may provide a very substan-
tial advantage (more than two orders of magnitude) in density, at
slightly faster speed, in comparison with purely semiconductor FPGA
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Figure 2: Scheme of the 2D image convolution for particular
(impracticably small) sizes of theinitial image (N = 16), and
filter window (F' = 5).

circuits fabricated with the same design rules, at similar power. It
is remarkable that this high performance may be achieved simulta-
neously with high (>20%) tolerance to some device fabrication de-
fects. Independently, we have shown that mixed-signal CMOL cir-
cuits (using analog signals and binary elementary synaptic weights)
with bio-inspired “CrossNet” architecture [29] may provide un-
precedented performance for some special types of information
processing including online image recognition [30]. (The defect
tolerance of such circuits is even higher, in some cases reaching
~90% [29].)

The objective of this work has been to explore possible perfor-
mance of CMOL-based reconfigurable digital and mixed-signal cir-
cuits for low-level image processing tasks, on a simple but repre-
sentative example of 2D image convolution:

F F
Tow =Y, Y Setiy+iPiis )
i=1 j=1

where S and T are input and output images, correspondingly, with
N x N pixels each, and ¢ is a F'x F' pixel filter function. Though
sometimes special rules for calculating the edge pixels of image T'
are used [1], we will consider a simplified version of the algorithm
where the linear size of output image is smaller by (F' — 1) pixels
(Fig. 2), so that all output signals T are calculated according to Eq.
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Figure3: Thetop-level structureof the CMOL DSP.
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Figure 4: The structure of cellsin CMOL DSP: (a) basic cell,
(b) control cell, and (c, d) programmablelatch cell. For clarity,
panel (c) showsonly the configuration circuitry, while panel (d)
showsthe programmablelatch implementation.

(1). Such simplification should not affect the performance results
for more general case since, typically, F* < N. For example, the
baseline parameters used for estimates in this paper are ' = 32,
N = 1024, with the similar accuracy (ns = nr = n, = n = 12
bits) of the input, output, and filter data.

2. DSP HARDWARE PRIMITIVES

Figure 3 shows the top-level architecture of the proposed CMOL-
based DSP. Here we assume the most challenging 1/0 option when
the data are fed to, and picked up from the array from the periph-
ery, e.g., the right side on the Fig. 3. (If an area-distributed, 2D
1/0 is available, the circuit performance would only be better.) The
key part of the architecture, the CMOL array, is similar for each
pixel. The pixel area is organized into a uniform mesh of square-
shaped “tiles” (Fig. 1). The number of tiles per pixel depends on
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Figure 5: Equivalent circuits and physical implementation
of the logic and routing primitives of the CMOL DSP cir-
cuits: (a) fan-in-two NOR gate, (b) signal broadcast unit,
and (c) 2:1 multiplexer controlled by cell S feeding a pro-
grammable latch. For clarity, the physical implementation
panels show only the nanodevicesset ON and the actively used
nanowires. Also, notethat for realistic values of the CMOS-to-
nano pitch ratio, each nanowire fragment spreads over many
more (BFcmos/ Fnano > 1) basic cells than shown in the fig-
ure.
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the data word length n; in our case it is close to 12x12. Each tile
consists of 26 basic cells, one control cell of the similar size, and
one programmable latch cell of a larger area (Fig. 1). While the
CMOS circuitry of each cell type is different (see Fig. 4), the inter-
face and nanowire levels are the same for all cell types: similarly
located pins of each elementary cell contact nanowire fragments of
the same length. The CMOS-implemented configuration circuitry,

comprised of a pair of signal lines (shown blue and magenta in Fig.
4) and a pass transistor per pin, is also similar for each cell.

The basic cell (Fig. 4a) has a structure identical to that used
in our CMOL FPGA [26]. By setting programmable diodes ON or
OFF, each pin of a basic cell may be connected through a nanowire-
nanodevice-nanowire link to each of M = a — 2 other cells within
a nearly-square-shaped “cell connectivity domain”. Figures 5a,b
show how the basic cell may be configured to implement a fan-in-
two NOR gate and signal broadcast, which are sufficient to imple-
ment any Boolean function.

The control cell (Fig. 4b) connects its output nanowire to the
CMOS control unit memory (outside the CMOL array) via the des-
ignated CMOS control lines - see Fig. 6. Such cells orchestrate
the data flow inside the array. For example, they are used to supply
control signals to multiplexers and thus select specific inputs to the
programmable latch cells - see, e.g., Fig. 5¢. There are 6 unique
control signals per each tile column in the CMOL array available
through corresponding control cells - see Fig. 6. The particular
(interleaved) connection pattern of control lines to control cells, as
well as the actual number of unique signals, are especially conve-
nient for the typical CMOL parameters a = 3Fcmos/ Fnano = 40
and @’ = 34 [28]. In this case any cell in a tile column may be
connected to any of the 6 control signals in a tile.

The programmable latch cell (Figs. 4c, d) is designed to pro-
vide not only temporary data storage but also a fast (CMOS-wire)
interconnect between each tile and its four nearest neighbors - see
inputs Is, In, lw, le and outputs Os, On, Ow, Ok in Fig. 4d. The lat-
ter feature may be used both for window operations and for a fast
transfer of data in and out the CMOL array. To implement these
functions, each latch cell has a CMOS latch with a programmable
input. More specifically, depending on the value of signal SEL,
which may arrive from any of five input nanowires (Fig. 4d), the
input of CMOS latch can be connected to either any of other four
input nanowires or one of the neighboring latch cells. The partic-
ular choice of the neighbor is determined by the signals arriving
via CMOS-implemented select lines Cs, Cn, Cw, Cg, which are
common to all programmable latch cells. The remaining circuitry,
i.e. two pairs of orthogonal CMOS lines and two pass transistors in
each cell of programmable latch (Fig. 4c), is used for testing and
reconfiguration, just like described in Ref. 28. After the reconfig-
uration the pass transistors pull the voltage on the input nanowires
to the ground, so that the default input to the programmable cell
comes from the input nanowires rather than from the neighboring
latches.

CMOS layout estimates have shown that the basic and control
cells can be fit into the 64(Fcmos)? squares each, thus giving Bmin =
4 [28]. (Such compact layout is possible because typical currents
in CMOL FPGAs are very small [28], so that all transistors in our
design, including p-MOS, may be of the minimum width.) The
programmable latch readily fits into an area nine times larger. We
also expect that, since the linear size of one basic cell is sufficient
to fit four metal lines, CMOS routing should not take more than 6
layers of metal.

3. CASE STUDY:
2D IMAGE CONVOLUTION

3.1 Top Architecture

It is obvious from Eq. (1) that the convolution can be effectively
parallelized. For digital CMOL DSP circuitry, only partial paral-
lelization is feasible. At this approach, the convolution process
may be broken into F'2 sequential steps, each corresponding to a
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Figure 7: Three sequential time steps of the convolution in the
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Figure 8: Pixel schematicsfor the 2D convolution with consid-
ered parameters. Note that this picture only shows connections
which are implemented with nanowires. In reality there are
also connections (between neighbor programmablelatches) im-
plemented with CMOS scalelines.
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specific pair of indices 4, j, the same for all pixels. At each step,
every pixel with coordinates x, y of the CMOL array is supplied
with one component S;4,y+; Of the input signal matrix, and all
pixels are supplied, in parallel, with the same component ¢, ; of
the window function. During the step, the pixel circuitry calculates
the product Sz+i,y+;%s,; and adds it to the partial sum of T,
which is kept in that pixel all the time. These add-and-multiply op-
erations are done in all pixels in parallel (Fig. 7), so that the whole
convolution (of one input frame) is accomplished in 2 steps.

It is evident that the most economical choice of sequential pairs
i, j corresponds to the shift of the input image by one pixel in any
direction - see Fig. 7.

3.2 Mappingon theCMOL DSP Fabric
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Figure 9: The mapping of the pixel on CMOL DSP (for
Femos/ Fnano = 10) after its successful reconfiguration of the
circuit around as many as 40% of bad nanodevices with ran-
dom locations. Programmable latches A and B are used for
bypasscircuitry during the data up and down shift operations.

One of the advantages of the considered parallelization algo-
rithm is that all pixels may have similar structure (Fig. 8). In this
schematics, the two most complex parts are the 12-bit multiplier
(for the partial product generation and reduction) and the 32-bit
adder. The adder is used both for the last step in the multiplica-
tion and for the summation of the products in Eq. (1). Such dual
use of the adder requires additional multiplexers (whose CMOL-
DSP implementation is described in details in Ref. 31) at the input
of the adder (i.e., cA and c¢B on Fig. 8) and latch M for keeping
intermediate values.

We have found [31] that the best performance for the convolution
task with the considered parameters can be achieved with a multi-
plier featuring straightforward partial product generation and the
Wallace-tree like reduction scheme [32]. The summation is imple-
mented with a parallel 32-bit Kogge-Stone adder, designed in our
previous work [28]. Note that for the considered accuracy n = 12
the initial multiplication product is a 24-bit number, and adding
all F? = 1024 products increases the width of output 7" by yet
other 10 bits. This is why at the end of the multiplication step the
last 2 digits are dropped (via the right shift operation), so that the
subsequent addition produces numbers with 32-bit accuracy. The
resulting 32-bit value of T is converted to the 12-bit output merely
by dropping the least significant bits.

The remaining pixel hardware (not shown in Fig. 8) includes by-
pass circuitry [31] which is required to shift S values up and down
the pixel array (Fig. 7) while bypassing the programmable latches
holding the partial sums of T". (The left and right shifts of .S and



T can be done with CMOS lines only, due to the specific mapping
of the cells inside the pixel - see Fig. 9.) To accomplish the bypass
during, e.g., shift down, the inputs of each programmable latch in a
row just below that holding 7", are connected to the outputs of the
programmable latches in a row just above the T" row via two basic
cells used as CMOL inverters.

In order to map the pixel circuitry (Fig. 8) on the CMOL DSP
fabric, we first created its VHDL structural model and performed its
cycle-accurate verification with the help of the ModelSim tool [33].
After that, the VHDL structural file was converted into a flat blif file
using the SIS tool [34] and then mapped on CMOL DSP using a
semi-manual approach. Figure 9 shows the typical pixel mapping.
Note that though the utilization is very high, i.e. about 80% of
the whole area of the pixel, there is still some space to add more
functions to the pixel (e.g., a more sophisticated rounding scheme,
etc.) if necessary, without increasing its area.

3.3 Control

Tables 1, 2 show the full set of instructions (control signals) sent
to a pixel for the considered task. The algorithm starts by shifting
the initial data .S and T (the latter numbers are set to O in the be-
ginning) by N pixels, i.e. 12N tiles, from the periphery into the
pixel array (Fig. 3). This is implemented with 12N “shift-all-left”
instructions, which set the SEL signals of all programmable latches
to high, and thus enable the nearest-neighbor, CMOS-based inter-
connects. Simultaneously, the same instruction sets the direction of
the data movement by setting the signal Ce to high.

After all the necessary data are in place, the first partial prod-
uct of T (see the left column of Fig. 7) is calculated by executing
“multiplication”, “shift-M-right”, and “addition” instructions. To
calculate the next partial product, matrix .S is shifted by one pixel,
using one of “shift-S-up”, “shift-S-down”, “shift-S-left”, “shift-S-
right” instructions. For example, the data shifts shown in the next
two columns of Fig. 7 are achieved by executing “shift-S-up” and
“shift-S-right” instructions 7 and 12 times, respectively. (The re-
duced number of shifts in the vertical direction is due to bypassing
5 rows of programmable latches holding M and T values.)

Finally, when the matrix 7" has been calculated, it is shifted out of
the array to the periphery using 12N “shift-all-right” instructions.

3.4 Defect Tolerance

The defect tolerance of the circuit has been evaluated with the
help of the CMOL FPGA CAD algorithm described in Ref. [28].
For each initially mapped pixel, the program has been run 10,000
times with randomly chosen set of defects, formed with the same
probability ¢. Such simulation has shown that in some cases, the
pixel circuitry may be successfully reconfigured around as many
as 40% defects (Fig. 9). Figure 10 shows the Monte Carlo re-
sults for the yield of one pixel, for several typical values of the
Femos/ Frano ratio. The linear extrapolation of these results (in
the log-log scale shown in Fig. 9) indicates that for the typical
case Fcmos/Fnano = 10 (a = 40, o' = 34) the whole array with
1024 x 1024 pixels can have an acceptable circuit yield of 90% at
the nanodevice defect rate about 20%.

3.5 Performance

We have estimated the performance of the 2D image convolution
mapped on CMOL DSP chip for a particular choice of parameters,
Fhano = 4.5 nm and Fcmos = 45 nm, which might be typical for
the initial stage of the CMOL technology development [35]. Using
the cell area estimates made in Sec. 2, the size of one pixel is about
25x25 um?, while the size of full CMOL array with N = 1024
pixels is ~25x 25 mm?,
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Figure 10: Thefinal (post-reconfiguration) defect tolerance of
the convolver for several values of Fcmos/Fnano. The figure
showsthe defect toleranceof the circuitson thelog scale which
makes visible the results for the most interesting (high) values
of yield.

Our latency calculations followed those of previous works on
digital CMOL circuits [26,28]. Assuming a plausible power supply
voltage Vpp = 0.3 V [26], we first find the smallest acceptable nan-
odevice resistances, and consequently the lowest delay of CMOL
gates, such that the power consumption density does not exceed the
ITRS-specified value of 200 W/cm? and the voltage swing on the
input of CMOS inverters is sufficiently larger than the correspond-
ing shot and thermal noise of nanodevices [26,28]. From such opti-
mization the nanodevice resistance in the ON state is about 20 M2,
while delay 7, of a NOR-1 gate is about 100 ps.

In general, it would be beneficial to choose a clock cycle time al-
most as small as the NOR-1 gate delay, since some operations (e.g.,
moving data from one programmable latch to the nearest neighbor
latch via CMOS lines), can be completed in one such cycle. On the
other hand, building a few-gigahertz clock distribution network for
a 625 mm? CMOL DSP chip might be a problem. For example, it
would take roughly 300 ps for signal to propagate from one end of
the chip to the other. This is why for our estimates we have used a
conservative 1-ns clock cycle, which can be readily implemented.

Table 3 summarizes the latency of the instruction execution. For
example, bypassing of the occupied programmable latch can be
done in less than 200 ps and therefore all shift operations can be
completed in one cycle. The addition latency is determined by the
select-output delay of the adder multiplexers (87¢), the delay of
the 32-Kogge Stone adder (3370), the input-output delay of multi-
plexers connected to programmable latches holding the M (or T')
values (47o). These operations together take 45 NOR-1 gate delays,
or 4.5 ns, so that the actual delay may be calculated from the small-
est integer number of clock cycles which is larger than the physical
delay, i.e. 5 clocksor 5 ns. Similarly, the physical delay of multipli-
cation, which is comprised from that of partial product generation
(370), 12-bit Wallace tree partial product reduction (487), input-
output adder multiplexer (479), 32-Kogge Stone adder (3379), and
input-output programmable latch multiplexer (47o), is 92 NOR-1
gate delays, or 10 clocks.

Using the notation from Table 3, the full delay of convolution is
therefore can be calculated as

T =TF(F —1)1s + 12F7s 4+ F*(tar 4+ 275 + 74).  (2)



Operation

Control and input bit values

CeCwCnCs1 2 3 456 7 8 91011121314151617181920212324
shift all left 1 00011110000000000000OO00O0O0O0OO0C0O0
shiftallright 0 1 001 11 1 000000000000O0O0OO0O0OOO0OO
shift S left 1 0001100000000O0O0O0ODO0O0OOO0OO0OO0OOOBODO
shiftSright 0 1 001 1 0 0000 00000O0O0O0DO0OO0OO0OOO0OO0OODO
shifSdown 0 0 1 01 11 000000000000O0DOO0OOOO0ODO
shift S up 0001110100000000O0O0ODO0O0OO0OO0OO0OO0OO0OO0O
shiftMright 0 0 0 0 0 0O 0O 0 00O 01 00000O0O0O0O0O0OOO0OO0OODO
addition 00O00O00D0ODODODODODOD100O0OODOOOOOOOOODO
multiplicaton 0 0 0 0 0 0 0 01 11 0000 ¢ ¢ 00 0 0 ¢ 0 ¢ ¢ @ @
Table1: Thefull set of control and input signals.
Bits Control and input signal connection S =
1 to SEL inputs of all latches except cells S, A, B input T :25 0 result bit summation
2 to SEL inputs of cells S (0-11 bits) pins T LTk n
3 to SEL inputs of cells A (0-11 bits) gi;ﬂ?s% S = g o
4 to SEL signal of cells B (0-11 bits) cee |
5 to multiplexer cA
6 to multiplexer cB Sia = LSB
7 to multiplexer cM (0 bit) msB [ o
8 to multiplexer cM (1 bit) @ . .
9 to multiplexer cT (O bit) filter & TO-3S, o° T s
10 1/0 constant function n 4 —5 3 -0
11 1/0 constant o7 2o
12-24 ¢ value (0-11 bits) LsB AN binary analog signals

Table 2: Destinationsof control and input signals.

Delay Delay

Operation (in NOR1 units) (in cycles) Notation
shift all left <5 1
shift all right <5 1
shift S left <5 1 .
shift S right <5 1 s
shift S down 2 1
shift S up 2 1
shift M right 2 1
addition 45 5 TA
multiplication 92 10 ™

Table 3: Instruction latency calculation results.

In this equation, the first and second terms account for verti-
cal and horizontal movement of S data, respectively, while the last
term includes calculation and addition of partial sums (with round-
ing). Plugging in the numbers discussed above, the full delay for
our parameters may be estimated as 25 microseconds.

4. MIXED-SIGNAL OPTION

The digital signal processing discussed in two previous sections,
implies that the analog outputs from the sensor array are first digi-
tized. However, there is another option: first carry out the front-end
signal processing (in our example, convolution) in the analog form
and only then digitize the output signals for further processing.

Figure 11 shows the general idea how the convolution may be
done using a mixed-signal CMOL circuit. Analog inputs S, pre-
senting signals from each pixel of the sensor array, are fed into
the interface pins (shown red in Fig. 11) leading to nanowires of
the CMOL crossbar. The latching switches, contacted by the input
(“red”) nanowire carrying an input signal S,x, are set to either
ON or OFF states to represent binary digits gp](f) of numbers of the
corresponding window multiplier (I = 1, 2,...,n). (Here r and
k are just a shorthand for the index pairs {z, y} and {4, 5}, respec-

weights to output pins

H_J

F2

Figure 11: Thebasic idea of the CMOL mixed-signal convolu-
tion.

tively.) As a result, current injected through all F'2 switches into
the output (“blue™) nanowire is proportional to the sum

F2
T =3 Seinell. 3)

k=1

Now, these signals are summed up, in a resistor circuit (see the right
part of Fig. 11), with the corresponding weights proportional to 2'.
If the weights are exact, the output analog signal is proportional to

F2 F2 n F2

1 1 1@

2 E Srinpl) = E Srtk E 2ol = E SrtkPhs
k=1 k=1 =1 k=1

(4)
i.e. to the required result (1).

This procedure may be extremely area-efficient, involving just
F?n crosspoints for each add-multiply operation. For our sample
values (F' = 32, n = 12) this is just ~ 12, 300 crosspoints, with
the total area (for Fhano = 4.5 nm) below 1 zm?. This means that
the necessary crossbar would fit on a minor fraction of one pixel
area, i.e. the operation may be carried out in parallel for all pixels
of the output image, making it extremely fast as well. For exam-
ple, with the same average power dissipation density (Po = 200
Wi/cm?) as used for the digital option estimates above, and a pixel
size of A = 10x10 um?, we can use crosspoint devices with ON
current as high as Tony = 2PoA/F?nV ~ 100 nA. (The factor
2 is due to the fact that on the average only a half of the latching
switches, representing binary digits, is in the ON state. In this es-
timate, the power supply voltage V is, as before, 0.3 volt.) This
means that the worst-case time constant of the output wire recharg-
ing, Tmax ~ (2FnhanoF2Co)V/IoN, Which is the main component

n

0 =%

=1
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Figure12: Signal transfer for convolution, for clarity shown for
the (unrealistically low) window size F' = 3. Green rectangles
denotethelocation of nanowirecrossbar arrays. (In reality, the
bit summation blocks, implemented in CMOS, may be located
below thesearrays.)

of the convolution time, is very small. Using the typical value of
the specific capacitance of the crossbhar nanowire, C'¢ =~ 0.2 fF/
pm [28], we get for Tmax max an estimate of less than 10 nanosec-
onds, while the typical time 7ave &~ 2(2FnhanoCo)V/Ioy is of the
order of 10 picoseconds (!).

However, the mixed-signal approach faces several tough chal-
lenges, starting with the necessary interconnects. Indeed, in order
to carry out the convolution for all pixels in parallel, each single-
pixel convolver (Fig. 11) should be fed by F 2 input signals from
each pixel of the surrounding window (Fig. 2). Implemented in
the CMOS subsystem, these interconnects would require two much
real estate. Indeed, the total width of the wires leading to or from
one pixel would be at least F2 x2Fcmos, in our example ~ 65 um,
i.e. substantially larger than the pixel size.

Figure 12 shows an architecture which solves this problem. In
this approach, each input signal is fed into a CMOS-level bus (in
Fig. 12, presented with a bold red line) which is tapped by F" “red”
interface pins leading to input nanowires (thin red lines). Each
nanowire reaches F' elementary convolvers (Fig. 11), feeding them
with the same input signal S;. In this way, the additional intercon-
nect width is just F'x 2 Fcpmos per pixel - in our numerical example,
only ~ 2 um, comfortably below the linear pixel size (10 pm).

Another problem of the mixed-signal approach is the shot noise
of the latching switches, whose spectral density S;(f) cannot be
much less than the Schottky value 2el oy , because of a relatively
small length of these devices. In order for the noise not to decrease
the output signal accuracy, the total r.m.s. noise of F2/2 open de-
vices feeding each output line, within the output bandwidth A f ,
should not exceed the least significant bit of the total signal current
F?Ion/2. This gives us the following condition on A f:

[eIonFPAf]? < TonF? /27T (%)

For our sample parameters (n = 12), Eq. (5) yields Af < 50
MHz, corresponding to ~ 20 ns averaging time. Although this
time is longer than even the maximum value of the signal delay ,

it is still much shorter that the full convolution time of the digital
option - see Sec. 3 above. Note also that Af is an exponential
function of the required accuracy of the output signal, so that if
n is less than the 12 bits accepted in our estimate, the bandwidth
limitation would be substantially softer.

Last but not least, the mixed-signal implementation imposes hard
requirements on random variations of the main parameter of the
programmable diodes, current Ioy. Indeed, with the same require-
ment as for the shot noise, the relative r.m.s. spread ATon/Ion
should not exceed F/2™ %1, in our example ~ 0.5%. In the most
advanced experiments we are aware of [20], the statistical spread
of the current was much higher, about 20%, even with the addi-
tional stabilization of Ion with a MOSFET incorporated in each
crosspoint. Probably the only feasible way to reach the necessary
stability is the further improvement of the incorporated devices.

5. DISCUSSION

In general, a fair comparison between both CMOL options we
have explored and more traditional ways of image processing is
hard to make. The main reason is that our target parameters (most
importantly, the filter size and operand accuracy) are substantially
higher than those reported in literature. Most implementations (ex-
cept for general purpose microprocessors, like Cell [4], and FP-
GAs [9]) are very parameter-specific so that it is not quite clear
how their performance would scale to a larger image size. Most of
the reported focal array processors could only perform convolution
with a very small filter size F' < 5, so they could keep all compo-
nents of matrix ¢ within one pixel circuit area. Keeping all 1024
values of ¢ with 12-bit precision in each pixel, as required for the
filter size we have considered, is not an option for the current or
even rationally envisioned CMOS technologies. Moreover, there
is some inconsistency in the internal computation accuracy: while
some implementations have the same internal accuracy as that of
the input values [10], others have much wider functional units than
necessary, e.g., 32-bit adders used for 8-bit pixel operations in Ref.
11. For this reason we will only compare our results to the perfor-
mance of the Cell processor, whose performance can be estimated
for a wide range of parameters.

Using the data from Ref. 5, it will take approximately 30 ms for
a 90-nm 3.2 GHz Cell processor to calculate convolution with the
parameters we have considered (with the 32-bit internal accuracy).
Even assuming a very optimistic (linear) delay scaling and possible
increase in the number of cores (from 8 to 32), the corresponding
latency of a hypothetical 45-nm 6.4 GHz Cell processor would be
about 3.5 ms. This number is at least 100 times larger than that
of proposed CMOL DSP. This is not surprising since the CMOL
DSP has a much higher peak performance. For example, it can the-
oretically perform 250x 10*2 32-bit additions per second or about
100x10*2 12-bit multiply-add operations per second, i.e. above
two orders of magnitude higher than Cell. Moreover, the theoreti-
cal data bandwidth of a CMOL DSP could be as high as 10 Thit/s,
which should be enough for even very demanding applications.

It is worth noting that a major advantage of the Cell-type proces-

sors for the low-level image processing tasks is a very fast (nanosecond-

scale) time necessary for changing the running task (e.g., the filter

size). CMOL DSP can almost certainly have a sub-100-microsecond
time of switching from one task to another. (This estimate fol-

lows from the experimental sub-50-ns switching times of the metal-

oxide-based programmable diodes [20] and the fact that nanode-

vices in different connectivity domains can be programmed simul-

taneously [28]). Optimizing the structure of CMOL DSP to reduce
the reconfiguration time is one of the possible future research di-

rections.



The range of urgent hardware development tasks is much broader,
including in particular: (1) the design, fabrication, and characteri-
zation of programmable diodes with incorporated semiconductor
diodes, with the ON current reproducible better than ~ 1% (which
would allow to pursue the ultrafast mixed-signal option described
in Sec. 4), (1) scaling of reproducible crosspoint nanodevices be-
low 10 nm (which may require the transfer from the metal-oxide-
based programmable diodes to single-electron-based SAM junc-

tions [19]), and (111) experimental demonstration of an area-distributed

CMOL interface, which may radically change the industrial percep-
tion of the hybrid CMOS/nanodevice circuits.
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