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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 convolution 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 
presentation 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 manageable, ITRS-specified level. In the 
digital case, the circuit area per pixel is about 25×25 µm2, and 
the time necessary for convolving a 1,024×1,024-pixel, 12-bit-
accurate image with a 32×32-pixel window function of similar 
accuracy is close to 25 µs, much shorter than that estimated for 
purely CMOS circuits with the same minimum feature size on 
45 nm. For a mixed-signal CMOL circuit, the corresponding 
numbers are much better (~1 µm2 and 1 µs, 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.

Index Terms—Hybrid circuits, digital circuits, mixed-signal 
circuits, CMOL, image processing.

I. INTRODUCTION

he rapid progress of focal plane arrays of sensors in such 
metrics 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, 2], because sequential processing of 
pixels would be too slow for some applications. However, the 
parallel processing of pixels requires not only computation-
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rich hardware but also extremely large aggregate bandwidth 
of data transfer between processor and memory subsystems. 
For example, the first step in hyperspectral imaging [3] for a 
realistic 12-bit 1,024×1,024 pixel array with 200 spectral 
bands requires a processing throughput of ~1014 operations 
per second (100 Tops) and an aggregate data bandwidth of 
~1011 bits per second (100 Gbps) [4].  

Because of these constrains, general purpose processors are 
not suited well for low-level image processing.1 Instead, the 
most promising computational platforms in this field are 
digital signal processors (DSP) [7, 8], field programmable 
gate arrays (FPGA) [9, 10], and most notably, focal-plane 
processor arrays with digital [11] or analog [12-14] 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 locally, with no resources 
wasted for long-distance data transfer. A major problem with 
this approach is that for most complex operations (e.g., 
digital filtering with large window size) the area necessary for 
processing data from one pixel becomes much larger than the 
pixel sensor itself. For example, a one-pixel cell of the analog 
processor described in Ref. 12 was as large as ~100×100 μm2, 
or ~ 3×105 lithographic squares (FCMOS)2. This handicap is 
especially painful now when the conventional CMOS 
technology is approaching its scaling limits [15, 16]. 

A possible remedy to this problem might be reconfigurable 
hybrid CMOS/nanodevice circuits – see, e.g., Refs. 16-21. In 
such a circuit, a CMOS subsystem with relatively large 
silicon transistors would be used for signal restoration, long-
range communications, input/output functions, and
testing/bootstrapping, while an add-on nanowire crossbar 
(Fig. 1a) with simple (two-terminal) nanodevices 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 [22] of reproducible 
metal-oxide devices with the programmable-diode 
functionality necessary for crosspoint nanodevices of the 
hybrid circuit (Fig. 1b). Nanowire crossbars with half-pitch 

1 Even the latest multi-core Cell processor [5, 6], which has been specifically 
designed for image processing tasks and features a very impressive peak 
performance of ~2×1011 add-multiply operations with 32-bit operands per 
second, falls far short of the prospective needs.
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Fnano = 17 nm have also been demonstrated [23], and there 
are good prospects of scaling Fnano down to a few nanometers 
using such advanced patterning techniques as nanoimprint 
[24] or EUV interference lithography [25]. 

One challenge faced by the hybrid circuit concept had been 
the CMOS-to-crossbar interfacing, especially because the 
high-resolution patterning techniques [24, 25] do not offer an 
equally high layer alignment accuracy. Recently our group 
suggested [17, 26-28] a solution to this problem using an 
area-distributed “CMOL” interface using conic-shaped vias 
(“pins”) spaced by the CMOS-scale pitch but having 
nanoscale-sharp tips (Fig. 2). Pins of both types (reaching to 
the lower and upper nanowire levels) are arranged in square 
arrays with side 2βFCMOS, where β is a dimensionless factor 
larger than 1 that depends on the CMOS cell complexity. 
Relative to the CMOS pin array, the nanowire crossbar is 
turned by angle α = arctan(1/a) = arcsin(Fnano/βFCMOS), where 
a is an integer. This approach allows a unique access to any 
nanodevice, even if Fnano<< FCMOS, with the theoretical 100% 
fabrication yield even in the absence of any alignment 
between the CMOS and crossbar subsystems [42].

Earlier we showed [28-30] that general-purpose, 
reconfigurable (FPGA-like) digital logic CMOL circuits may 
provide a very substantial advantage (more than two orders of 
magnitude) in density, at slightly faster speed, in comparison 
with purely semiconductor FPGA circuits fabricated with the 
same design rules, at similar power. It is remarkable that this 
high performance may be achieved simultaneously with high 
(>20%) tolerance to some device fabrication defects.2

Independently, we have shown that mixed-signal CMOL 
circuits (using analog signals and binary elementary synaptic 
weights) with a bio-inspired “CrossNet” architecture [31] 
may provide unprecedented performance for some special 
types of information processing, including online image 
recognition [32]. (The defect tolerance of such circuits is even 
higher, in some cases reaching ~90% [31, 33].) 

The objective of this work has been to explore possible 
performance of CMOL-based reconfigurable digital and 
mixed-signal circuits for low-level image processing tasks, on 
a simple but representative example of 2D image convolution:
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where S and T are an input and output images, 
correspondingly, with N × N pixels each, and φ is a F × F
pixel filter function. Though sometimes special rules for 
calculating the edge pixels of image T are being 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. 
3), so that all output signals T are calculated according to the 
general rule given by Eq. (1). Such simplification should not 

2 This feature is especially important for sub-10-nm scaling of Fnano, since it is 
not yet clear whether the high reproducibility demonstrated for 200-nm-scale 
crosspoint devices [22] may be extended into that range. 

affect the performance results for more general case since, 
typically, F << N. For example, the baseline parameters used 
for estimates in this paper are F = 32, N = 1024, with the 
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Fig. 2.  CMOL interface: (a) schematic side view; (b) the idea of addressing a 
particular nanodevice, and (c) zoom-in on several adjacent pins to show that 
any nanodevice may be addressed via the appropriate pin pair (e.g., pins 1 and 2 
for the left of the two shown devices, and pins 1 and 2’ for the right device). On 
panel (b), only the activated CMOS lines and nanowires are shown, while panel 
(c) shows only two devices. (In reality, similar nanodevices are formed at all 
nanowire crosspoints – see Fig. 1.) Also disguised on panel (c) are CMOS cells 
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similar accuracy (nS = nT = nφ ≡ n = 12 bits) of the input, 
output, and filter data.    

We start (in Sec. II) with a description of a possible 
architecture of CMOL DSP which may be used not only for 
the convolution, but for a broad range of focal array 
processing tasks. The use of this architecture for the 
convolution described by Eq. (1), and the evaluation of DSP 
performance for that task, are presented in Sec. III. Section 
IV is devoted to a description and evaluation of a possible 
mixed-signal CMOL circuit performing the convolution. 
Finally, in Sec. V we discuss several issues related to these 
approaches and present a critical comparison between the 
digital and mixed-signal CMOL options, and between these 
circuits and purely CMOS-based ICs.

II. DSP HARDWARE PRIMITIVES

Figure 4 shows the top-level architecture of the proposed 
CMOL-based DSP. Here we assume the most challenging I/O 
option when the data are fed to, and picked up from the array 
from the periphery, e.g., the right side on the Fig. 4. (If an 
area-distributed, 2D I/O 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. 
5). The number of tiles per pixel depends on the data word 
length n; in our case it is close to 12×12. Each tile consists of 
26 basic cells, one control cell of the similar size, and one 
programmable latch cell of a larger area (Fig. 5). While the 
CMOS circuitry of each cell type is different (Fig. 6), the 
interface 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. 6) and a pass 
transistor per pin, is also similar for each cell.

The basic cell (Fig. 6a) has a structure identical to that 
used in our CMOL FPGA [28-30]. By setting the 
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 7a, b show how 
the basic cell may be configured to implement a fan-in-two 
NOR gate and signal broadcast, which are sufficient to 
implement any Boolean function.

The control cell (Fig. 6b) connects its output nanowire to 
the CMOS control unit (outside the CMOL array) via the 
designated CMOS control lines – see Fig. 8. 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. 7c. There are 6 unique control signals per each tile 
column in the CMOL array, available through corresponding 
control cells – see Fig. 8. The particular (interleaved) 
connection pattern of control lines to control cells, as well as 

the actual number of unique signals, are especially convenient 
for the typical CMOL parameters a = βFCMOS/Fnano = 40 and 
a’ = 34 [29]. In this case any cell in a tile column may be 
connected to any of the 6 control signals in a tile.  
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Fig. 4. The top-level structure of the CMOL DSP.
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The programmable latch cell (Figs. 6c, d) is designed to 
provide not only temporary data storage but also a fast 
(CMOS-wire) interconnect between each tile and its four 
nearest neighbors – see inputs IS, IN, IW, IE and outputs OS, 
ON, OW, OE in Fig. 6d. The latter feature may be used both for 
window operations (see Sec. III.A below) and for a fast 
transfer of data in and out the CMOL array. To perform these 

functions, each latch cell has a CMOS-implemented latch 
with a programmable input. More specifically, depending on 
the value of signal SEL, which may arrive from any of five 
input nanowires (Fig. 6d), the input of CMOS latch may be
connected to either any of other four input nanowires or one 
of the neighboring latch cells. The particular choice of the 
neighbor is determined by the signals arriving via CMOS-
level select lines CS, CN, CW, CE, 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. 6c), is used for testing 
and reconfiguration, just like described in Refs. 28-30. After 
the reconfiguration, the pass transistors pull the voltage on 
the input nanowires down to 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 both the basic and 
control cells can be fit into the 64(FCMOS)2 squares each, thus 
giving βmin = 4 [29]. (Such compact layout is possible because 
typical currents in CMOL FPGAs are very small [29], so that 
all transistors in our design, including p-MOSFETs, may be 
of the minimum width.) The programmable latch readily fits 
into an area nine times larger.3 We also expect that CMOS 
routing should not take more than 6 layers of metal, since the 
linear size of one basic cell is sufficient to fit four CMOS
lines.

3 If necessary, the layout may be made even more compact by removing the 
six configuration pass transistors from the latch cell and using only the remaining 
three ones. However, this would create the need in simultaneous testing and 
reconfiguration of multiple devices connected to the programmable latch input 
and output nanowires, like discussed in Ref. 28.
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III. CASE STUDY: 2D IMAGE CONVOLUTION

A. Top Architecture
It is obvious from Eq. (1) that the convolution can be 

effectively parallelized. For digital CMOL DSP circuitry, only 
partial parallelization is feasible. At this approach, the 
convolution process is broken into F2 sequential steps, each 
corresponding to a specific pair of indices {i, j}, the same for 
all pixels. At each step, every pixel with coordinates {x, y} of 
the CMOL array is supplied with one component Sx+i,y+j of the 
input signal matrix. Also, all pixels are supplied, in parallel, 
with the same component ϕi,j of the window function. During 
the step, the pixel circuitry calculates the product Sx+i,y+jϕi,j

and adds it to the partial sum of Tx,y which is kept in that 
pixel all the time. These add-and-multiply operations are 
done in all pixels in parallel (Fig. 9), so that the whole 
convolution (of one input frame) is accomplished in F2 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. 9.

B. Mapping on the CMOL DSP Fabric
One of the advantages of the considered parallelization 

algorithm is that all pixels may have similar structure (Fig. 
10). In this schematics, 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 
of the multiplication, and for the summation of the products 
in Eq. (1). Such dual use of the adder requires additional 
multiplexers (with CMOL-DSP implementation shown on 
Figs. 7c and 11) at the input of the adder (i.e., cA and cB on 
Fig. 10) and latch M keeping intermediate data values.

We have found that the best performance for the 
convolution task (at least for the considered parameters) can 
be achieved with a multiplier featuring the straightforward 
partial product generation and the Wallace-tree like reduction 
scheme [34] – see Fig. 12. Figure 13 shows the gate-level 
schematics of the basic components of the multiplier, both for 
the conventional library of gates (panels (a)-(e)) and CMOL 
NOR gates only (panels (f)-(j)).  The summation is 
implemented with the parallel 32-bit Kogge-Stone adder (Fig. 
14) described in detail in our previous work [29].  

Note that for the considered accuracy n = 12 the initial 
multiplication product is a 24-bit number, and adding all F2 = 
1,024 products increases the width of output T 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 the 32-bit 
accuracy. The resulting 32-bit value of T is converted into the 
12-bit output merely by dropping the least significant bits.  

The remaining pixel hardware (not shown in Fig. 10) 
includes some bypass circuitry which is required to shift S
values up and down the pixel array (Fig. 9) 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. 16 below.) To accomplish the bypass during, e.g., 
the shift down operation (Fig. 15), inputs of each 
programmable latch in a row just below the one holding T, 
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. 10) 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 [35]. After that, the VHDL structural file was 
converted into a flat blif file using the SIS tool [36] and then 
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Fig. 9. Three sequential time steps of the convolution of an image in the top left 
corner of the CMOL DSP array, shown for a particular case F = 3. For this
(uncharacteristically small) filter size, it takes just F2 = 9 steps to complete the 
processing of one frame. Colored terms of the formulas below each panel show 
the calculated partial sums in the pixel with coordinates {2,2}.
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mapped on CMOL DSP using a semi-manual approach. 
Figure 16 shows the typical pixel mapping, while Fig. 17 
presents the resulting pixel area breakdown statistics. Note 
that though the real estate utilization is very high (about 80 % 
of the whole pixel area), there is still some free space for 
more functions (e.g., a more sophisticated rounding scheme, 
etc.) if necessary, without increasing the pixel area.

C. Control
Table I shows the full set of instructions (control signals) 

sent to a pixel for the considered task.4 The algorithm starts 

4 Note that to generate the instructions, the control unit would certainly need a 
simple embedded processor, e.g., similar to that described in Ref. 37, which may 
be readily implemented in the CMOS subsystem. The complexity of this unit is 
much lower than that of the convolver and does not affect the area estimates 
made below. Also note that, as a matter of principle, the instructions in Table I
may be made more compact and utilizing fewer control lines. On the other hand, 

by shifting the initial data S and T (the latter numbers are set 
to 0 in the beginning) by N pixels, i.e. 12N tiles, from the 
periphery into the pixel array (Fig. 4). 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 interconnects. 
Simultaneously, the same instructions set the direction of the 
data movement by setting signal CE to high. 

After all the necessary data are in place, the first partial 
product of T (see the left column of Fig. 9) is calculated by 
executing the “multiplication”, “shift-M-right”, and 
“addition” instructions. To calculate the next partial product, 
matrix S is shifted by one pixel, using one of the “shift-S-up”, 
“shift-S-down”, “shift-S-left”, “shift-S-right” instructions. 
For example, the data shifts shown in the next two panels of 
Fig. 9 are achieved by executing “shift-S-up” and “shift-S-
right” instructions 7 and 12 times, respectively. (The reduced 
number of shifts in the vertical direction is due to bypassing 5 
rows of programmable latches holding the M and T values.) 

Finally, when the matrix T has been calculated, it is shifted 
out of the array to the periphery using 12N “shift-all-right” 
instructions.
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its defect tolerance.
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Fig. 11. CMOL-DSP-suitable implementation of a 3:1multiplexer.

a partial product bit

Stage 1:  24 [4:2] compressors, 3 [4:2]’ compressors, 3 [3:2] compressors,
 4 full adders, 3 half adders

Stage 2: 12 [4:2] compressors, 1 [4:2]’ compressor, 
  2 full adders, 1 half adder

Stage 3: 5 [4:2] compressors, 1 [4:2]’ compressor,
 2 full adders, 7 half adders

[4:2]
compressor

half
adder

full adder

[3:2] 
compressor [4:2]’

compressor

a partial product 

output of the partial product reduction:  

Bit Significance LSB
(0)

MSB
(23)

Fig. 12. Wallace tree for the partial product reduction (for n = 12) before and 
after each of three stages of the compression. Each dot represents one binary 
value, while the colored rectangles show the circuits operating on the bits they 
encircle at the given stage.
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D. Defect Tolerance
The defect tolerance of the circuit has been evaluated with 

the help of the CMOL FPGA CAD algorithm described in 
Ref. 30.  For each initially mapped pixel, the program has 
been run 10,000 times with randomly chosen set of defects, 
formed with the same probability q. Such simulation has 
shown that in some cases, the pixel circuitry may be 
successfully reconfigured around as many as 40% defects 
(Fig. 16). Figure 18 shows the Monte Carlo results for the 
yield of one pixel, for several typical values of the FCMOS/Fnano

ratio. The linear extrapolation of these results (in the log-log 
scale shown in Fig. 18) indicates that for the typical case 
FCMOS/Fnano = 10 (a = 40, a’ = 34) the whole array with 
1,024×1,024 pixels can have an acceptable circuit yield of 
90% at the nanodevice defect rate about 20%.

E. Performance
We have estimated the performance of the 2D image 

convolution mapped on CMOL DSP chip for a particular 
choice of parameters, Fnano = 4.5 nm and FCMOS = 45 nm, 
which might be typical for the initial stage of the CMOL 
technology development [15]. Using the cell area estimates 
made in Sec. II, the size of one pixel is about 25 × 25 μm2, 
while the size of full CMOL array with N = 1024 pixels is ~  
25 × 25 mm2. 

Our latency calculations followed that of previous works on 
digital CMOL circuits [28-30]. Assuming a plausible power 
supply voltage VDD = 0.3 V [28], we first find the smallest 
acceptable nanodevice 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/cm2 [15], while the voltage swing on the 
input of CMOS inverters is sufficiently larger than the 
corresponding shot and thermal noise of nanodevices [28-30, 
38].  From such optimization the effective resistance of a 
nanodevice in its ON state is about 20 MΩ, while delay τ0 of a 
NOR-1 gate is about 100 ps. 

In general, it would be beneficial to choose a clock cycle 
time almost 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 mm2 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 II summarizes the latency of the instruction 
execution.  For example, the bypass of an 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 τA is determined by the select-output 
delay of the adder multiplexers (8τ0), the delay of the 32-
Kogge Stone adder (33τ0), the input-output delay of 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)
a b c

Fig. 13. Schematics of basic components of the partial product reduction: (a) 
half-adder; (b) full adder; (c) [3:2] compressor; (d) [4:2] compressor without 
hidden input; and (e) [4:2] compressor. The first row shows the implementation 
for the conventional digital circuitry, while the second row, the implementation 
suitable for CMOL DSP.

TABLE  IA
THE FULL SET OF CONTROL AND INPUT SIGNALS

Control and input bit values
Operation

CE CW CN CS 1 2 3 4 5 6 7 8 9 10 11 12-24

shift all left 1 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0
shift all right 0 1 0 0 1 1 1 1 0 0 0 0 0 0 0 0

shift S left 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
shift S right 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0
shift S down 0 0 1 0 1 1 1 0 0 0 0 0 0 0 0 0

shift S up 0 0 0 1 1 1 0 1 0 0 0 0 0 0 0 0
shift M right 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

addition 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
multiplication 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 ϕ

TABLE  IB
DESTINATIONS  OF CONTROL AND INPUT SIGNALS

Bits Control and input signal connection
1 to SEL inputs of all latches except cells S, A, B
2 to SEL inputs of cells S (0-11 bits)
3 to SEL inputs of cells A (0-11 bits)
4 to SEL signal of cells B (0-11 bits)
5 to multiplexer cA
6 to multiplexer cB
7 to multiplexer cM (0 bit)
8 to multiplexer cM (1 bit)
9 to multiplexer cT (0 bit)

10 1/0 constant
11 1/0 constant

12-24 φ value (0-11 bits)
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multiplexers connected to programmable latches holding the 
M (or T) values (4τ0). These operations together take 45 
NOR-1 gate delays, or approximately 4.5 ns, so that the 
actual delay may be calculated from the smallest integer 
number of clock cycles which is larger than the physical 
delay, i.e. 5 clocks or 5 ns. Similarly, the physical delay of 
multiplication τM, which is comprised from that of partial 
product generation (3τ0), 12-bit Wallace tree partial product 
reduction (48τ0), and the delays of the input-output adder 

multiplexer (4τ0), 32-Kogge Stone adder (33τ0), and input-
output programmable latch multiplexer (4τ0), is 92 NOR-1 
gate delays, or 10 clocks. 

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

τ = 7F(F - 1)τS + 12FτS + F2(τM + 2τS + τA). (2)

In this equation, the first and second terms account for the 
vertical and horizontal movement of S data, respectively, 

0

ai bi

(gi
0, pi

0)

(gi
l, pi

l) (gj
l, pj

l)

(gi
l+1, pi

l+1)

(gi
l, pi

l)pi
0 ci

si

gi
l

ci=gi
l+1

31 INPUT

OUTPUT

(a) (b) (c)

(d) (e) (f) (g) (h) (i)

bit slice 0bit slice 1bit slices 2,3bit slices 4-7bit slices 8-15bit slice 31

bit slices 16-30

gi
0 = ai bi gi

l+1 = gi
l+1 + pi

l gj
l     si =  pi

0 xor ci  
pi

0 = ai xor bi  pi
l+1 = pi

l xor pj
l  

Fig. 14. A 32-bit Kogge-Stone adder: (a) the general structure, (b) the 16th bit slice implemented with conventional gates, and (c)-(i) several bit slices
implementation in CMOL DSP, i.e. with NOR gates only.
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while the last term includes the calculation and addition of 
partial sums (with rounding). Plugging in the numbers 
discussed above, the full convolution delay for our parameters 
may be estimated as 25 microseconds.

IV. MIXED-SIGNAL OPTION

The digital signal processing, discussed in two previous 
sections, implies that the analog outputs from the sensor array 
are first digitized (Fig. 19a). However, there is another option 

(Fig. 19b): 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 20 shows the general idea of how the convolution 
may be done using a mixed-signal CMOL circuit.5 Analog 
inputs S, presenting signals from each pixel of the sensor 
array, are fed into the interface pins (in Fig. 20, shown as red 
circles) leading to nanowires of the nanowire crossbar. The 
crosspoint devices, contacted by the input (“red”) nanowire 
carrying an input signal Sr+k,6 are set to either ON or OFF 
states to represent binary digits φk

(l) of numbers of the 
corresponding window multiplier φk (l = 1, 2,…, n). As a 
result, current injected through all F2 switches into the output 
(“blue”) nanowire is proportional to the sum7

.
2

1

)()( ∑
=

+=
F

k

l
kkr

l
r ST ϕ (3)

Now, these signals are summed up, in a resistor circuit (see 
the right part of Fig. 20), with the corresponding weights 
proportional to 2l. If the weights are exact, the output analog 
signal is proportional to 
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i.e. to the required result (1).
This procedure may be extremely area-efficient, involving 

just F2n 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 Fnano= 4.5 nm) below 1 
µm2. 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,8

making it extremely fast as well. For example, with the same 

5 This approach is very close to, and actually has been inspired by our work 
on CMOL-based neuromorphic networks - “CrossNets” [31-33]. 

6 Here r and k are just a shorthand for the index pairs {x, y} and  {i, j}, 
respectively.

7 For this, the crosspoint devices in their open state should have linear I-V
curves, i.e. be “latching switches” rather than “programmable diodes”. Such 
Ohmic bistable nanodevices were recently demonstrated using phase change in 
thin chalcogenide bridges [43]. 

8 The digital implementation discussed in the previous section is also parallel 
for all output pixels (i.e. all values of r ≡ {x, y}); however it is time-serial for the 
filter window pixels (numbered by index k ≡ {i, j}). As shown in Fig. 20, in the 
mixed-signal approach the convolution is parallel in k as well, i.e. the circuit 
processes the whole image in just one time step. 

CMOS lines

adjacent 
programmable 
latches

nanowires

basic cells 
configured 
as NOT 
gates

latches preserving 
their values during 
the shift  operation

Fig. 15. The example of the shift operation using bypass circuitry. The inputs of 
the programmable latches of the 3rd and 4th rows are connected to their input 
pins by setting the SEL signal low (Fig. 6d). In the former case the input pins 
are connected to the outputs of the same programmable latches and hence do 
not change the latches state during the shift operation. In the latter case the input 
pins are connected to the outputs of the corresponding latches of 2nd row via the 
nano-subsystem. 
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Control cell Programmable latch cell
multiplier
adder
multiplexer
other

used

not used

used
not used

Basic cell

not used

S0S1S2S3S4S5S6S7S8S9S10S11

M0M1M2M3M4M5M6M7M8M9M10M11

M23M22M21M20M19M18M17M16M15M14M13M12

T0T1T2T3T4T5T6T7T8T9T10T11

T23T22T21T20T19T18T17T16T15T14T13T12

T24T25T26T27T28T29T30T31

A0A1A2A3A4A5A6A7A8A9A10A11

B0B1B2B3B4B5B6B7B8B9B10B11

Fig. 16. The mapping of an array pixel on CMOL DSP (for FCMOS/Fnano = 10) 
after its successful reconfiguration of the circuit around as many as 40% of bad 
nanodevices with random locations. Programmable latches A and B are used for 
bypass circuitry during the data up and down shift operations.  

TABLE  II
INSTRUCTION LATENCY CALCULATION RESULTS

.Operation Delay 
(in NOR1 units)

Delay 
(in cycles) Notation

shift all left < 5 1
shift all right < 5 1

shift S left < 5 1
shift S right < 5 1
shift S down 2 1

shift S up 2 1
shift M right 2 1

τS

addition 45 5 τA
multiplication 92 10 τM
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average power dissipation density (P0 = 200 W/cm2) as used 
for the digital option estimates above, and a pixel size of A = 
10×10 μm2, we can use crosspoint devices with ON current as 
high as ION = 2P0A/F2nV ~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 estimate, 
the power supply voltage V is, as before, 0.3 volt.)  This 
means that the worst-case time constant of the output wire 
recharging, τmax ≈ 2(FnanoF2C0)V/ION, which is the main 
component of the convolution time, is very small. Using the 
typical value of the specific capacitance of the crossbar 
nanowires, C0 ≈ 0.2 fF/µm [29], we get for τ max an estimate 
of less than 10 nanoseconds, while the typical time τave ≈ 
2(2FnanoC0)V/ION is of the order of 10 picoseconds (!).

However, the mixed-signal approach faces several tough 
challenges, starting with the necessary interconnects. Indeed, 
in order to carry out the convolution for all pixels in parallel, 
each single-pixel convolver (Fig. 20) should be fed by F2

input signals from each pixel of the surrounding window 
(Fig. 3). 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 F2×2FCMOS, in our example ~65 µm, i.e. substantially 
larger than the pixel size. 

Figure 21 shows an architecture which solves this problem. 
In this approach, each input signal is fed into a CMOS-level 
bus (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. 
20), feeding them with the same input signal Si. In this way, 
the additional interconnect width is just F×2FCMOS per pixel -
in our numerical example, only ~2 μm, comfortably below the 
linear pixel size (10  μm). 

Another problem of the mixed-signal approach is the shot 
noise of the latching switches, whose spectral density SI (f) 
cannot be much less than the Schottky value 2eION , because 
of a relatively small length of these devices - see, e.g., Ref. 38 
and references therein. In order to avoid the output signal 
accuracy by this noise, its r.m.s. for F2/2 open devices feeding 
each output line, within the output bandwidth Δf, should not 
exceed the least significant bit of the total signal current 
F2ION/2. This gives us the following condition on Δf:

[ ] .2/ 12
ON

2/12
ON

+≤∆ nFIfFeI (5)

For our sample parameters (n = 12), Eq. (5) yields Δf ≤ 50 
MHz, corresponding to ~ 20 ns averaging time. Although this 
time is longer than even the maximum value of the signal 
delay τ, it is still much shorter that the full convolution time 
of the digital option – see Sec. III above. Note also that Δf 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 crosspoint devices, current ION. Indeed, with 
the same requirement as for the shot noise, the relative r.m.s. 
spread ∆ION/ION should not exceed F/2n+1, in our example 
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Fig. 18. The final (post-reconfiguration) defect tolerance of the convolver for 
several values of FCMOS/Fnano. The figure shows the defect tolerance of the 
circuits on the log scale which makes visible the results for the most interesting 
(high) values of yield.
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Fig. 17. Pixel area breakdown: (a) by the cell type, and (b) by the basic cell 
function. The legends in both panels show the area in the units of the basic cell 
footprint.
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Fig. 19. Two ways to process analog signals from a sensor focal plane array, 
using: (a) digital signal processing and (b) mixed-signal processing. Note that in 
both options, the filter (“window”) matrix φ is presented in the digital format.
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~0.5%. In the most advanced experiments with bistable, 
Ohmic crosspoint devices we are aware of [43], the statistical 
spread of the current was much higher, apparently about 
10%. Probably the only feasible way to reach the necessary 
stability is the further improvement of the incorporated 
devices, for example, an incorporation of a special vertical 
resistor in series with each bistable crosspoint switch. 

V. 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 (Table III). Most implementations (except for 

general purpose microprocessors, like Cell [7], and FPGAs 
[10]) 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 very small filters, F ≤ 5, so they 
could keep all components of matrix φ within one pixel 
circuit area. Keeping all 1,024 values of φ 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 [11], others have much wider 
functional units than necessary; for example, 32-bit adders 
have been used for 8-bit pixel operations in Ref. 41. For this 
reason we will only compare our results to the performance of 
the Cell processor, whose performance can be estimated for a 
wide range of parameters. 

Using the data from Ref. 6, 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 quite surprising, since the 
CMOL DSP has a much higher peak performance. For 
example, it can theoretically perform 250×1012 32-bit 
additions per second or about 100×1012 12-bit multiply-add 
operations per second, i.e. above two orders of magnitude 
higher than Cell. Moreover, the theoretical data bandwidth of 
a CMOL DSP could be as high as 10 Tbit/s, which should be 
sufficient for even very demanding applications.

In order to illustrate this statement, we have carried out an 
approximate estimate (so far without functional verification 
and mapping) of the CMOL DSP performance for another 
important image processing task, correlation. This operation 
is typically used to determine the degree of similarity between 
one large image S and another, smaller template T by 
calculating the matrix

2
, , ,

1 1

( ) .+ +
= =

= −∑∑
U U

x y x i y i i j
i j

C S T  (6)

This task can be implemented using the CMOL DSP fabric 
with an almost similar pixel structure (Fig. 22), with a just 
slightly different data flow. (Note that this does not require a 
new CMOL DSP chip, but only a re-configuration of 
nanodevices and a new set of instructions.) It is easy to show 
that the delay for correlation of a 1,024×1,024-pixel S image 
with a 32×32-pixel T template would be less than 30 µs, i.e. 
almost the same as that of the convolution, since it requires 
only one additional subtract operation before the operand 
multiplication. 

bit
Σ

bit
Σ

bit
Σ

S12

S22

S32

T22

T12

T32

bit
Σ

bit
Σ

bit
Σ

S21

S31

bit
Σ

bit
Σ

bit
Σ

S13

S23

S33

T21

T11

T31

T23

T13

T33

F×2FCMOS

n×2Fnano

F2×2Fnano

S11

Fig. 21. Signal transfer for convolution, for clarity shown for the (unrealistically 
low) window size F = 3. Green rectangles denote the location of nanowire 
crossbar arrays. (In reality, the bit summation blocks Σ, implemented in CMOS, 
may be partly located below these arrays.)

∑ +=
k

kkrr ST )2()2( ϕ

ϕk
(1)

ϕk
(2)

ϕk
(3)

LSB •  •  •

n

2nR 2(n -1)R

MSB

n

∑ +=
k

kkrr ST )3()3( ϕ

∑ +=
k

kkrr ST ϕ

input
pins

(analog 
signals)

analog signals 
to output pinsbinary 

weights

result bit summation

LSB

∑ +=
k

n
kkr

n
r ST )()( ϕ

R

F2

• • •

MSB

filter function
bits

Sr+3

Sr+2

Sr+1

∑ +=
k

kkr
l

r ST )1()( ϕ

Fig. 20. The basic idea of the CMOL-based, mixed-signal convolution.



12

It is worth noting that a major advantage of the Cell-type 
processors 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 follows from the 
experimental sub-50-ns switching times of the metal-oxide-
based programmable diodes [22] and the fact that 
nanodevices in different connectivity domains can be 
programmed simultaneously [29]). Optimizing the structure 
of CMOL DSP to reduce the reconfiguration time is one of 
the possible future research directions.

The range of urgent hardware development tasks is much 
broader, including in particular:

- the design, fabrication, and characterization of latching 
switches with incorporated resistors, with ON currents
reproducible better than ~1% (which would allow to pursue 
the ultrafast mixed-signal option described in Sec. IV),

- scaling of reproducible programmable diodes below 10 
nm (which may require the transfer from the metal-oxide-

based programmable diodes to single-electron-based SAM 
junctions [26, 27]), and

- experimental demonstration of an area-distributed CMOL 
interface, which may radically change the industrial 
perception of the hybrid CMOS/nanodevice circuit concept.
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