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Abstract---We have designed, fabricated, and tested a
prototype mixed-signal, 28%28-binary-input, 10-ouput, 3-
layer neuromorphic network based on embedded nonvolatile
floating-gate cell arrays redesigned from a commercial 180-
nm NOR flash memory. Each array performs a very fast and
energy-efficient analog vector-by-matrix multiplication,
which is the bottleneck for signal propagation in
neuromorphic networks. All functional components of the
prototype circuit, including 2 synaptic arrays with 101,780
floating-gate synaptic cells, 74 analog neurons, and the
peripheral circuitry for weight adjustment and I/O operations,
have a total area below 1 mm? Its testing on the MNIST
benchmark set has shown a classification fidelity of 94.65%,
close to the 96.2% obtained in simulation. The classification
of one pattern takes <l ps time and ~20 nJ energy — both
numbers >10°x better than those of the 28-nm IBM
TrueNorth digital chip for the same task at a similar fidelity.
Estimates show that this performance may be further
improved using a better neuron design and a more advanced
memory technology, leading to a >10%x advantage in speed
and a >10*x advantage in energy efficiency over the state-of-
the-art purely digital circuits for classification of large,
complex patterns. Experimental results for the chip-to-chip
statistics, long-term drift, and temperature sensitivity show no
evident showstoppers on the way toward practical deep
neuromorphic networks with unprecedented performance.

I. INTRODUCTION

The idea of using nonvolatile floating-gate memory cells
in analog neuromorphic networks has been around for almost
30 years [1]. Fig. la shows the concept of fast and energy-
efficient analog vector-by-matrix multiplication (VMM) - the
bottleneck for signal propagation in neuromorphic networks.
Up until recently, implementations of such circuits were
based on “synaptic transistors” [2-4], which can be fabricated
using the standard CMOS technology. While sophisticated,
energy-efficient systems have been demonstrated [3, 4] using
this approach, synaptic transistors have relatively large areas
(~10° F?, where F is the minimum feature size [4]), leading to
larger time delays and energy consumption.

Fortunately, by now the nonvolatile floating-gate memory
cells have been highly optimized and scaled down all the way
to F' ~ 20 nm, and may be embedded into CMOS integrated
circuits [5]. These cells are quite suitable to serve as

adjustable synapses in neuromorphic networks, provided that
the memory arrays are redesigned to allow for individual,
precise adjustment of the memory state of each device.
Recently, such modification was performed for the 180-nm
ESF1 [6, 7] (Fig. 2) and the 55-nm ESF3 [8] embedded
commercial NOR flash memory technology of SST Inc. [7],
with good prospects for its scaling down to at least F' = 28
nm. Though such modification nearly triples the cell area, it
is still at least 10x smaller, in terms of F?, than that of
synaptic transistors [4]. In these terms, the modified cell area
is also comparable to that of I1TIR-cells of emerging
nonvolatile (e.g., memristive) technologies [9]. Moreover,
due to the internal gain of their cells, floating-gate arrays for
the analog VMM (Fig. 1a) have an additional advantage over
memristive arrays (Fig. 1b), in terms of the necessary gain
and energy consumption of the peripheral circuitry.

The main result reported in this paper is an experimental
demonstration of a reproducible, stable, and robust
neuromorphic network, based on redesigned floating-gate
memory arrays, which can perform high-fidelity
classification of images of the standard MNIST benchmark,
with record-breaking speed and energy efficiency.

II. NETWORK DESIGN

Our design uses the energy-saving gate coupling [1, 4] of
the peripheral and array cells, which works well in the
subthreshold mode, with a nearly-exponential dependence of
the drain current Ips of the memory cell on the gate voltage
Vas (Fig. 3). The sub-1% current fluctuations across a ~10°x
dynamic range of the subthreshold operation (Figs. 3, 4a,c)
and low variations of the program and erase voltages (Fig. 5)
enable precise VMM operation of such gate-coupled arrays
(Fig. 4b). (Other features of the modified ESF1/3 cell arrays,
including their long-term analog retention and fast weight
tuning with a ~0.3% accuracy, were reported in Refs. [6-8].)

The implemented neuromorphic network is a 3-layer (one-
hidden-layer) MLP perceptron with 784 inputs, representing
28x28 black-and-white pixels of the input patterns, 64 hidden
layer neurons with the rectify-tanh activation function, and 10
output neurons (Fig. 6). The differential synaptic coupling
between the neuron layers is provided by two crossbar arrays
with the total of 2x[(28%x28+1)x64 + (64+1)x10] = 101,780
floating-gate memory cells.



The proper synaptic weights were calculated in an
external computer using the standard error backpropagation
algorithm with a specific cost function, maximizing the
voltage difference between the correct and the second-largest
network output. Such training, and a differential gate-coupled
design, enable very low sensitivity to weight tuning errors,
time drift, and temperature changes, which was confirmed by
both simulations (Fig. 7) and testing (Figs. 10-13). The
weights were “imported” into the circuit, i.e. used to tune the
memory state of each array cell to the proper analog value, by
utilizing an on-chip peripheral circuitry. In the first
experiments reported here, only ~30% of the cells were tuned
(Fig. 8) and the weight import accuracy for a single cell
tuning was limited to 5%, to decrease the import time.

The input pattern bits are shifted serially into a 785-bit
register before each classification; to start it, the bits are read
out in parallel into the network. The mixed-signal VMM in
the first crossbar array is implemented by applying input
voltages (either 4.2 V or 0 V) directly to the gates of the array
cell transistors (Fig. 6b). The resulting output currents are
passed, through differential amplifiers, to the activation
function circuit. The fully analog VMM in the second array is
implemented using the gate-coupled approach [1, 4] (Fig. 6¢).
To minimize the error due to the subthreshold slope’s
dependence on the memory state (Fig. 2), we have used
higher gate voltages (1.1 V to 2.7 V), limited only by
technology restrictions. The 10 voltage outputs of the
network have been measured externally.

III. EXPERIMENTAL RESULTS

We tested three chips with the same classifier network. As
Fig. 9 shows, the average tuning accuracy for the tested chips
was 4.4%, 5.6%, and 3.6%. Some of the already tuned cells
were disturbed beyond the target accuracy during the
subsequent weight import, because of the half-select disturb
effect and noise. At this preliminary testing stage, these cells
were not re-tuned, because even for such rather crude weight
import, the experimentally tested classification fidelity
(94.7%, 94.1%, and 94.2%, respectively, for the three tested
chips) on the MNIST benchmark test set is already
remarkably close to the simulated value (96.2%) for the same
network (Fig. 10), and not too far from the maximum fidelity
(97.7%) of a perceptron of this size. (We have also obtained
preliminary high-fidelity results for the CIFAR-10 set, using
our chip, in the TDM mode, in the first layer of the
convolutional network described in Ref. [10] — see Fig. 15).

As Fig. 11 shows, the cell conductances slightly decreased
(by 13% on the average) over a 7-month storage period.
Thought this drift had a noticeable impact on the output
voltages of the circuit (Fig. 12), the classification fidelity
remained unchanged at 94.7%. Very encouragingly, the
classification performance does not suffer at a temperature
elevation to 130°C, even without additional efforts to make
the circuit temperature-insensitive (Fig. 13).

However, the most important experimental result is that
the already mentioned high fidelity of the MNIST set
classification has been achieved at an ultralow (sub-20-nJ)
energy consumption per average classified pattern (Fig. 14a),
and the average classification time below 1 ps (Fig. 14b).

IV. DISCUSSION AND SUMMARY

The achieved speed and energy efficiency are much better
than those demonstrated, for the same task, with any digital
network we are aware of. In particular, both numbers are
>10°x better than those obtained with the 28-nm IBM
TrueNorth digital chip [11]. There are still many ready
reserves in our design. For example, current mirrors in
neuron circuits may strongly decrease their (currently
dominant) contribution to latency and energy. Our estimates
(Fig. 16) show that using such mirrors, and a more advanced
55-nm memory technology ESF3 of the same company [7,
10] may enable an at least ~100x advantage in the operation
speed, and an enormous, >10*x advantage in the energy
efficiency, over the state-of-the-art purely digital (GPU and
custom) circuits [12], at the classification of large, complex
patterns using deep-learning networks — see, e.g., Ref. [13].
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(a) floating gate (b)ﬁ’—? Fig. 2. SST’s 180-nm ESF1
‘l' ‘l' Ty e NOR ﬂa§h memory: (a)
Cross-section of the two-cell
y X L “supercell”  (schematically);
(b) schematics of 4-supercell
fragment of the redesigned
array [6, 7], with the gate
lines routed vertically to the
source lines, to enable single-
cell erase; (¢) TEM cross-
section image of one memory
cell; (d) top-view SEM image
of four memory supercells.
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Fig. 1. Analog VMM circuits with (a) floating-gate and (b)
memristive cells. Note the difference in opamp gain requirements.
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Fig. 3. Drain current of an ESF1 cell, at V,g =1V, as a function of (C)
the gate voltage, for several memory states. Inset: the log slope S,
measured at /g = 10 nA, as a function of the memory state (shown
as the corresponding gate voltage).

Fig. 4. (a) The relative r.m.s. variation and the
full (peak-to-valley) swing of the current for
memory cells within a 10x10 array, tuned to
different states, measured for the gate-coupled

) configuration (inset) during a 27+ hour
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Fig.6. Implementation of a multilayer perceptron network: (a) Graph representation of the 3-layer network;
(b, ¢) circuit diagrams of 2x2 slices of the (b) 1% and (c) 2™ layers. The hidden-layer neuron consists of a
differential summing amplifier and an activation function (rectified-tanh) circuit, while the output layer
neurons do not implement an activation function. (d) The breakdown of the network’s the active component J
areas, and (e) a micrograph of the fabricated multilayer perceptron chip. L N wu
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import precision, (b) the weight drift, and (c)
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Fig. 9. Synaptic weight import (i.e. cell tuning) statistics: The measured cell currents, at the input voltage of
V=2.5V, Vps=1V, vs. the target currents (computed at the external network training). The dashed red lines
correspond to perfect tuning.
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3,025-step time-division multiplexing (natural for this particular network), and the
experimental values of the subthreshold current slope of the cells (see the inset in Fig. 3).
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