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(54) SYSTEM AND METHOD FOR TUNABLE PRECISION OF DOT-PRODUCT ENGINE

(57) A semiconductor cell (20, 31) comprises a mem-
ory element (21) for storing a first binary operand, which
memory element (21) provides complementary memory
outputs (Q, Qbar), and a multiplication block (22) that is
locally and uniquely associated with the memory element
(21), the multiplication block (22) being configured for
receiving complementary input signals (X, Xbar) repre-
senting binary input data and the complementary mem-

ory outputs (Q, Qbar) of the associated memory element
(21) representing the first binary operand, and for imple-
menting a multiplication operation on these signals, and
providing an output of the multiplication operation to an
output port (225). An array of semiconductor cells and a
neural network circuit comprising such array are also pro-
vided.
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Description

Field of the invention

[0001] The present invention relates to the field of in-
tegrated machine learning neuromorphic computing and
neural networks, more particularly to hardware imple-
mentation of multi-layer perceptrons. In particular, the
present invention relates to a semiconductor cell for per-
forming dot-product operations between a first and a sec-
ond operand, an array of such cells, and to a neural net-
work comprising such array.

Background of the invention

[0002] Neural networks (NNs) are classification tech-
niques used in the machine learning domain. Typical ex-
amples of such classifiers include Multi-Layer Percep-
trons (MLPs) or Convolutional Neural Network (CNNs).
[0003] Neural network (NN) architectures comprise
layers of "neurons" (which are basically multiply-accu-
mulate units), weights that interconnect them and partic-
ular layers, used for various operations, among which
normalization or pooling. As such, the algorithmic foun-
dations for these machine learning objects have been
established at length in prior art.
[0004] The computation involved in training or running
these classifiers has been facilitated using Graphics
Processing Units (GPUs) or custom Application-Specific
Integrated Circuits (ASICs), for which dedicated software
flows have been extensively developed.
[0005] Many software approaches have advocated the
use of NNs (either MLPs or CNNs) with binary weights
and activations, showing minimal accuracy degradation
of state-of-the-art classification benchmarks. The goal of
such approaches is to enable neural network GPU ker-
nels of smaller memory footprint and higher performance,
given that the data structures exchanged from/to the
GPU are aggressively reduced. However, none of the
known approaches can overcome the high energy that
is involved for each classification run on a GPU, espe-
cially the leakage energy component related solely to the
storage of the NN weights. A benefit of assuming weights
and activations of two possible values each (either +1 or
-1) is that the multiply-accumulate operation (i.e. dot-
product) that is typically encountered in NNs boils down
to a popcount of element-wise XNOR or XOR operations.
[0006] A dot-product or scalar product is an algebraic
operation that takes two equal-length sequences of num-
bers and returns a single number. A dot-product is very
frequently used as a basic mathematical NN operation.
At least at the inference phase (i.e. not during training),
a wide range of machine learning implementations (e.g.
MLPs or CNNs) can be decomposed to layers of dot-
product operators, interleaved with simple arithmetic op-
erations. Most of these implementations pertain to the
classification of raw data (e.g. the assignment of a label
to a raw data frame).

[0007] Dot-product operations are typically performed
between values that depend on the NN input (e.g. a frame
to be classified) and constant operands. The input-de-
pendent operands are sometimes referred to as "activa-
tions". For the case of MLPs, the constant operands are
the weights that interconnect two MLP layers. For the
case of CNNs, the constant operands are the filters that
are convolved with the input activations or the weights
of the final fully connected layer. A similar thing can be
said for the simple arithmetic operations that are inter-
leaved with the dot-products in the classifier: for example,
normalization is a mathematical operation between the
outputs of a hidden layer and constant terms that are
fixed after training of the classifier.
[0008] Dot-product operations, and therefore also neu-
romorphic applications, are read dominated. In terms of
energy, this means that read energy outweighs write en-
ergy. Reduction in read energy is becoming an inevitable
concern to do deep neural networks like BNN (binary
neural network).

Summary of the invention

[0009] It is an object of the present invention to reduce
energy requirements of classification operations.
[0010] The above objective is accomplished by a sem-
iconductor cell, an array of semiconductor cells and a
method of using at least one array of semiconductor cells
in a neural network, according to embodiments of the
present invention.
[0011] In a first aspect, a semiconductor cell is provid-
ed, comprising a memory element for storing a first binary
operand, which memory element provides complemen-
tary memory outputs, and a multiplication block that is
locally and uniquely associated with the memory ele-
ment. The multiplication block is configured for receiving
complementary input signals representing binary input
data and the complementary memory outputs of the as-
sociated memory element representing the first binary
operand, and for implementing a multiplication operation
on these signals, and for providing an output of the mul-
tiplication operation to an output port.
[0012] In a semiconductor cell according to embodi-
ments of the present invention, the multiplication block
may be adapted to perform an XNOR or XOR logic func-
tion between the input data and the stored first binary
operand.
[0013] A semiconductor cell according to embodi-
ments of the present invention may furthermore comprise
a select switch for controlling provision of the output of
the multiplication operation to an external circuit.
[0014] In a semiconductor cell according to embodi-
ments of the present invention, the memory element may
be implemented in an SRAM implementation. In such
embodiments, a binary weight may be stored as the first
operand in cross-coupled invertors of the SRAM imple-
mentation.
[0015] In a semiconductor cell according embodiments
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of the present invention, the memory element may fur-
thermore comprise at least one input for receiving the
first binary operand from a data line and at least one
access switch connecting the at least one input to a mem-
ory unit of the memory cell, the at least one access switch
being adapted for being driven by a word line for passing
the first binary operand to the memory unit. Such semi-
conductor cell may have two access switches connecting
two inputs to a memory unit, for providing complementary
data of the first binary operand to the memory unit.
[0016] In a second aspect, the present invention pro-
vides an array of semiconductor cells according to any
of the embodiments of the first aspect, logically arranged
in rows and columns.
[0017] An array according to embodiments of the sec-
ond aspect may furthermore comprise word lines along
the rows of the array and bit lines along the columns
thereof, whereby the crossing of a set of word lines and
bit lines uniquely identifies a location of a semiconductor
cell in the array
[0018] An array according to embodiments of the
present invention may comprise word lines configured
for delivering complementary input activations to input
ports of the semiconductor cells, and read bit lines con-
figured for receiving the outputs of the multiplication op-
erations from the readout ports of the semiconductor cells
in the array connected to that read bit line.
[0019] In a third aspect, the present invention provides
a neural network circuit comprising at least one array of
semiconductor cells according to any of the embodi-
ments of the second aspect; and a plurality of sensing
units. A sensing unit is shared between different semi-
conductor cells of at least one column of the at least one
array, for reading the outputs of the multiplication blocks
of the shared semiconductor cells. The sharing of the
sensing unit between different semiconductor cells of at
least one column of the at least one array implements a
time multiplexing operation. The neural network further-
more comprises a plurality of accumulation units, each
accumulation unit arranged to sequentially accumulate
the outputs of a particular sensing unit corresponding to
sequentially selected semiconductor cells of the shared
semiconductor cells.
[0020] A neural network circuit according to embodi-
ments of the present invention may furthermore comprise
a plurality of post-processing units for further processing
of the output signals of the accumulation units.
[0021] In a neural network circuit according to embod-
iments of the present invention, at least two semiconduc-
tor cells that are sharing a single sensing unit may be
grouped into an enlarged semiconductor unit, whereby
the output ports of the at least two semiconductor cells
are connected to a switch element, the output of the
switch element being connected to the single sensing
unit. The switch element may, in some embodiments, be
adapted for allowing two multiplications and a single ac-
cumulation.
[0022] In such a neural network circuit, the switch el-

ement may be adapted for allowing multi-bit accumula-
tion of the multiplication result of the at least two semi-
conductor cells grouped into the enlarged semiconductor
unit. The accumulation may in some embodiments be
achieved by using a high impedant pre-charged SU, and
then taking the outputs of the SU at a specific time. In
particular embodiments, two semiconductor cells may be
grouped into the enlarged semiconductor unit, and the
switch element may be adapted for allowing two-bit ac-
cumulation for simultaneous readout of the two semicon-
ductor cells grouped into the enlarged semiconductor
unit. The switch element may comprise a first transistor
with a first control electrode and a first and second main
electrode and a second transistor with a second control
electrode and a third and fourth main electrode. In the
particular implementation where the transistors are MOS
transistors, a control electrode may be a gate of a tran-
sistor and a main electrode may be source or a drain of
a transistor. The first and third main electrodes are cou-
pled together to a first reference voltage, and the second
and fourth main electrodes are coupled together, poten-
tially through a multiplexing switch, to the sensing unit.
The first reference voltage should be a low impedant volt-
age source. It can be ground for an NMOS implementa-
tion of the transistors, or supply voltage for a PMOS im-
plementation. However, the present invention is not lim-
ited thereto, and the first reference voltage could be other
voltages as well that suit the SU operation to distinguish
the states that need be detected.
[0023] In the neural network circuit, an output signal of
a first semiconductor cell of the at least two grouped sem-
iconductor cells is coupled to the first control electrode,
and an output of a second semiconductor cell of the at
least two grouped semiconductor cells is coupled to the
second control electrode. In particular embodiments, the
switch element may furthermore comprise a third tran-
sistor with a third control electrode and a fifth and sixth
main electrode and a fourth transistor with a fourth control
electrode and a seventh and eighth main electrode cou-
pled in series whereby the sixth main electrode is con-
nected to the seventh main electrode, the fifth main elec-
trode is coupled with the first and third main electrodes,
and the eighth main electrode is coupled with the second
and fourth main electrodes, the output of the first semi-
conductor cell being coupled to the third control elec-
trode, and the output of the second semiconductor cell
(20) being coupled to the fourth control electrode.
[0024] In embodiments of the present invention, two
activations are read simultaneously and are sensed as
one cell. This reduces the read energy consumption by
roughly half.
[0025] In a further aspect, the present invention pro-
vides the use of a neural network according to embodi-
ments of the third aspect of the present invention for per-
forming a clustering, classification or pattern recognition
task. The neural network receives inputs from the exter-
nal world in the form of a pattern and image in vector
form. Each input is multiplied by its corresponding weight
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in a semiconductor cell according to embodiments of the
present invention. Weights are the information used by
the neural network to solve a problem. Typically weights
represent the strength of the interconnection between
neurons inside the neural network. The weighted inputs
are sensed and accumulated, and potentially limited to
fall within a desired range (normalized). The neural net-
work may be used for prediction, e.g. for processing or
predicting the transition of a first frame to a second frame,
based on a sequence of input frames that have been fed
to the system.
[0026] It is an advantage of embodiments of the
present invention that a hardware based solution is pro-
vided to reduce energy consumption. Furthermore, the
same hardware based solution reduces read delay.
[0027] Particular and preferred aspects of the inven-
tion are set out in the accompanying independent and
dependent claims. Features from the dependent claims
may be combined with features of the independent claims
and with features of other dependent claims as appro-
priate and not merely as explicitly set out in the claims.
[0028] For purposes of summarizing the invention and
the advantages achieved over the prior art, certain ob-
jects and advantages of the invention have been de-
scribed herein above. Of course, it is to be understood
that not necessarily all such objects or advantages may
be achieved in accordance with any particular embodi-
ment of the invention. Thus, for example, those skilled in
the art will recognize that the invention may be embodied
or carried out in a manner that achieves or optimizes one
advantage or group of advantages as taught herein with-
out necessarily achieving other objects or advantages
as may be taught or suggested herein.
[0029] The above and other aspects of the invention
will be apparent from and elucidated with reference to
the embodiment(s) described hereinafter.

Brief description of the drawings

[0030] The invention will now be described further, by
way of example, with reference to the accompanying
drawings, in which:

FIG. 1 is a high-level illustration of a neural network;
FIG. 2 is a bloc-schematic illustration of a semicon-
ductor cell according to embodiments of a first aspect
of the present invention;
FIG. 3 schematically illustrates a neural network ac-
cording to embodiments of the present invention;
FIG. 4 schematically illustrates a semiconductor cell
according to embodiments of the present invention,
located at a cross point of a set of word lines and a
set of bit lines;
FIG. 5 illustrates in more detail the semiconductor
cell of FIG. 4;
FIG. 6 illustrates an SRAM implementation of a sem-
iconductor cell with a select switch according to one
embodiment of the present invention;

FIG. 7 schematically illustrates a semiconductor cell
according to embodiments of the present invention,
like the embodiment of FIG. 4 but with one word line
less;
FIG. 8 illustrates in more detail the semiconductor
cell of FIG. 7;
FIG. 9 illustrates an SRAM implementation of a sem-
iconductor cell without select switch according to an-
other embodiment of the present invention;
FIG. 10 schematically illustrates a neural network
according to another embodiment of the present in-
vention;
FIG. 11 schematically illustrates a neural network
according to yet another embodiment of the present
invention, with enlarged semiconductor units;
FIG. 12 illustrates one column in an array of cells in
the implementation of a neural network as in FIG. 11;
FIG. 13 schematically illustrates an enlarged semi-
conductor unit as can be used in a column as illus-
trated in FIG. 12, with the word lines and bit lines to
which it is connected;
FIG. 14 illustrates in more detail an SRAM imple-
mentation of an enlarged semiconductor unit as used
in the implementation of FIG. 11, with one type of
select switch;
FIG. 15 illustrates in more detail an SRAM imple-
mentation of an enlarged semiconductor unit as used
in the implementation of FIG. 11, with another type
of select switch;
FIG. 16 illustrates a neural network with semicon-
ductor units as in FIG. 14;
FIG. 17 shows Monte Carlo simulation results of a
neural network implemented in accordance with FIG.
14;
FIG. 18 illustrates an alternative to the embodiment
illustrated in FIG. 14, which allows to better discrim-
inate between different situations, in NMOS imple-
mentation;
FIG. 19 illustrates an alternative to the embodiment
of FIG. 18, in PMOS implementation;
FIG. 20 shows Monte Carlo simulation results of a
neural network implemented in accordance with FIG.
18; and
FIG. 21 illustrates a sensing unit design for use with
embodiments of the present invention.

[0031] The drawings are only schematic and are non-
limiting. In the drawings, the size of some of the elements
may be exaggerated and not drawn on scale for illustra-
tive purposes. The dimensions and the relative dimen-
sions do not necessarily correspond to actual reductions
to practice of the invention.
[0032] Any reference signs in the claims shall not be
construed as limiting the scope.
[0033] In the different drawings, the same reference
signs refer to the same or analogous elements.
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Detailed description of illustrative embodiments

[0034] The present invention will be described with re-
spect to particular embodiments and with reference to
certain drawings but the invention is not limited thereto
but only by the claims.
[0035] The terms first, second and the like in the de-
scription and in the claims, are used for distinguishing
between similar elements and not necessarily for de-
scribing a sequence, either temporally, spatially, in rank-
ing or in any other manner. It is to be understood that the
terms so used are interchangeable under appropriate cir-
cumstances and that the embodiments of the invention
described herein are capable of operation in other se-
quences than described or illustrated herein.
[0036] Moreover, directional terminology such as top,
bottom, front, back, leading, trailing, under, over and the
like in the description and the claims is used for descrip-
tive purposes with reference to the orientation of the
drawings being described, and not necessarily for de-
scribing relative positions. Because components of em-
bodiments of the present invention can be positioned in
a number of different orientations, the directional termi-
nology is used for purposes of illustration only, and is in
no way intended to be limiting, unless otherwise indicat-
ed. It is, hence, to be understood that the terms so used
are interchangeable under appropriate circumstances
and that the embodiments of the invention described
herein are capable of operation in other orientations than
described or illustrated herein.
[0037] It is to be noticed that the term "comprising",
used in the claims, should not be interpreted as being
restricted to the means listed thereafter; it does not ex-
clude other elements or steps. It is thus to be interpreted
as specifying the presence of the stated features, inte-
gers, steps or components as referred to, but does not
preclude the presence or addition of one or more other
features, integers, steps or components, or groups there-
of. Thus, the scope of the expression "a device compris-
ing means A and B" should not be limited to devices con-
sisting only of components A and B. It means that with
respect to the present invention, the only relevant com-
ponents of the device are A and B.
[0038] Reference throughout this specification to "one
embodiment" or "an embodiment" means that a particular
feature, structure or characteristic described in connec-
tion with the embodiment is included in at least one em-
bodiment of the present invention. Thus, appearances
of the phrases "in one embodiment" or "in an embodi-
ment" in various places throughout this specification are
not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner,
as would be apparent to one of ordinary skill in the art
from this disclosure, in one or more embodiments.
[0039] Similarly, it should be appreciated that in the
description of exemplary embodiments of the invention,
various features of the invention are sometimes grouped

together in a single embodiment, figure, or description
thereof for the purpose of streamlining the disclosure and
aiding in the understanding of one or more of the various
inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the
claimed invention requires more features than are ex-
pressly recited in each claim. Rather, as the following
claims reflect, inventive aspects lie in less than all fea-
tures of a single foregoing disclosed embodiment. Thus,
the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
each claim standing on its own as a separate embodi-
ment of this invention.
[0040] Furthermore, while some embodiments de-
scribed herein include some but not other features in-
cluded in other embodiments, combinations of features
of different embodiments are meant to be within the
scope of the invention, and form different embodiments,
as would be understood by those in the art. For example,
in the following claims, any of the claimed embodiments
can be used in any combination.
[0041] It should be noted that the use of particular ter-
minology when describing certain features or aspects of
the invention should not be taken to imply that the termi-
nology is being re-defined herein to be restricted to in-
clude any specific characteristics of the features or as-
pects of the invention with which that terminology is as-
sociated.
[0042] In the description provided herein, numerous
specific details are set forth. However, it is understood
that embodiments of the invention may be practiced with-
out these specific details. In other instances, well-known
methods, structures and techniques have not been
shown in detail in order not to obscure an understanding
of this description.
[0043] In embodiments of the present invention, sem-
iconductor cells are logically organized in rows and col-
umns. Throughout this description, the terms "horizontal"
and "vertical" (related to the terms "row" and "column",
respectively) are used to provide a co-ordinate system
and for ease of explanation only. They do not need to,
but may, refer to an actual physical direction of the device.
Furthermore, the terms "column" and "row" are used to
describe sets of array elements, in particular in the
present invention semiconductor cells, which are linked
together. The linking can be in the form of a Cartesian
array of rows and columns; however, the present inven-
tion is not limited thereto. As will be understood by those
skilled in the art, columns and rows can be easily inter-
changed and it is intended in this disclosure that these
terms be interchangeable. Also, non-Cartesian arrays
may be constructed and are included within the scope of
the invention. Accordingly, the terms "row" and "column"
should be interpreted widely. To facilitate in this wide
interpretation, the claims refer to logically organized in
rows and columns. By this is meant that sets of semicon-
ductor cells are linked together in a topologically linear
intersecting manner; however, that the physical or topo-
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graphical arrangement need not be so. For example, the
rows may be circles and the columns radii of these circles
and the circles and radii are described in this invention
as "logically organized" rows and columns. Also, specific
names of the various lines, e.g. word line and bit line, are
intended to be generic names used to facilitate the ex-
planation and to refer to a particular function and this
specific choice of words is not intended to in any way
limit the invention. It should be understood that all these
terms are used only to facilitate a better understanding
of the specific structure being described, and are in no
way intended to limit the invention.
[0044] For the technical description of embodiments
of the present invention, the design enablement of a mul-
ti-layer perceptron (MLP) with binary weights and activa-
tions is focused on. A similar description is valid, but not
written out in detail, for convolutional neural networks
(CNNs), with the appropriate reordering of logic units and
the designation of the memory unit as storing binary filter
values, instead of binary weight values.
[0045] Artificial neural networks are computing sys-
tems inspired by the biological neural networks that con-
stitute human and animal brains. Such systems learn to
do tasks by considering examples, generally without
task-specific programming.
[0046] FIG. 1 is a schematic illustration of an artificial
neural network 10. Such artificial neural network 10 is
based on a collection of connected units called artificial
neurons 11. In FIG. 1, each circular node represents an
artificial neuron 11, and an arrow represents a connection
(synapse) 12 from the output of one neuron 11 to the
input of another one. Each synapse 12 between neurons
11 can transmit a signal from one neuron 11 to another
neuron 11. The receiving neuron 11 can process the re-
ceived signal and then transmit the processed signal to
downstream neurons 11 connected to it.
[0047] Typically, neurons 11 are organized in layers.
Neurons 11 of different layers may perform different kinds
of transformations on their inputs. In FIG. 1, a number L
of five layers 131, 132, 133, 134, 135 is illustrated. Sig-
nals travel from the first layer (input layer) 131 to the last
layer (output layer) 135, possibly after traversing a plu-
rality of intermediate layers, in the embodiment illustrated
after traversing three intermediate layers 132, 133, 134.
[0048] The input layer 131 may have a first number Nin
of neurons 11, and may hence accept the first number
Nin of inputs. There may be a second number Ni of neu-
rons 11 per intermediate layer 132, 133, 134, with Ni de-
pendent on the intermediate layer and on the application.
The output layer 135 may have a third number Nout of
neurons 11. For training, Nin, Ni and Nout can be any
number. For testing or classification, Nout should be
smaller than Nin (Nout < Nin). The neural network 10 is
dimensioned in terms of N (maximum number of neurons
in any of the layers) and L (number of layers).
[0049] Neurons may have a state, generally represent-
ed by a real number, typically between 0 and 1. In par-
ticular implementations, these states are weights that

vary as learning proceeds, which can increase or de-
crease the strength of the signal that it sends down-
stream.
[0050] In the particular example of Binary Neural Net-
works (or Binary MLP), first operands under the form of
weights w are stored in the neurons 11, and second op-
erands under the form of input activations x are received
by the neurons. They may both be confined in the [-1,
+1] interval. During training, the weights w and the input
activations x are scalar values (w, x ∈ [-1, +1]). During
testing, the weights w and the input activations x may be
binary values (w, x ∈ {-1, +1}).
[0051] As illustrated in FIG. 1, each layer comprises a
calculation part (the white box) and it may furthermore
comprise a normalization and non-linearity part (the grey
box).
[0052] In the example of BNN, the calculation part
processes incoming input activations x and locally stored

weights w, so as to obtain  with k

the neuron in the next layer. This operation is called a

dot-product operation. Evaluation of the kth neuron in a
subsequent layer would be the dot-product of 0 to N-1
inputs (x) with weights (w). Each neuron in a subsequent
layer will have same inputs but weights will be different.
[0053] The normalization and non-linearity part may
process the thus obtained output values yk of each neu-
ron as follows, with m, σ, γ, β normalization parameters
obtained from training: 

[0054] If at test time the weight values w and the input
activations x are binary values (w, x ∈ {-1, +1}), this cor-
responds in binary logic with w, x ∈ {0, 1}. As a result,
the dot-product operation corresponds to the following
truth table:

Hence the dot-product operation (product between
weight w and input activation x) which is the core oper-
ation in such neural networks, is actually an XNOR op-

w x Product

-I 0 -I 0 +I I

-I 0 +I I -I 0

+I I -I 0 -I 0

+I I +I I +I I
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eration. If one or the inputs is swapped in sign, this can
be expressed as an XOR operation.
[0055] In a first aspect, the present invention relates
to a semiconductor cell 20, as illustrated in FIG. 2, for
performing a multiplication operation between a first and
a second operand. The semiconductor cell 20 comprises
a memory element 21 for storing the first operand. The
memory element 21, in some embodiments, may have
a single input port for receiving the first operand. The first
operand may locally be converted into complementary
data. In alternative embodiments, the memory element
21 may have two input ports for receiving complementary
data representing the first operand. The memory element
21 has a first output port 211 and a second output port
212, each providing complementary memory outputs, re-
spectively, e.g. Q and Qbar, respectively. The first oper-
and is thus a constant value, which is stored in place in
the semiconductor cell 20, more particularly in the mem-
ory element 21 thereof.
[0056] The semiconductor cell 20 furthermore com-
prises a multiplication block 22. The multiplication block
22 is locally and uniquely associated with the memory
element 21 of the semiconductor cell 20. The multiplica-
tion block 22 has a first input port 221 and a second input
port 222, for receiving the complementary memory out-
puts Q, and Qbar, from the first and second output ports
211, 212 of the memory element 21, respectively. The
multiplication block 22 further has a third input port 223
and a fourth input port 224, for receiving the second op-
erand X and its complement Xbar, respectively. The sec-
ond operand X is a value fed to the semiconductor cell
20, which may be variable, and which may depend on
the current input to the semiconductor cell 20, for instance
a frame to be classified. The second operands X are
sometimes referred to as "activations" or "input activa-
tion". In particular embodiments of the present invention,
where MLPs are involved, the first operand can be one
of the weights that interconnect two MLP layers. In alter-
native embodiments, where CNNs are involved, the first
operand can be one of the filters that are convolved with
the input activations, or a weight of a final fully connected
layer.
[0057] The multiplication block 22 is configured for im-
plementing a multiplication operation between the first
operand stored in its associated memory element 21 and
the second operand received by the semiconductor cell
20. The multiplication is done in place, i.e. within the sem-
iconductor cell 20. The multiplication block 22 has an
output port 225 for outputting the result Out of the multi-
plication operation, e.g. a digital output, for instance for
putting this result on a column line.
[0058] In a second aspect, a plurality of such semicon-
ductor cells 20 may be arranged in an array 30, whereby
the semiconductor cells are logically arranged in rows
and columns, as for instance illustrated in FIG. 3. The
semiconductor cells may be semiconductor cells 20 as
illustrated in FIG. 2, but the embodiment illustrated in
FIG. 3 includes a slightly modified version of semicon-

ductor cells, indicated as semiconductor cells 31. These
semiconductor cells 31 not only include the memory el-
ement 21 and the multiplication block 22, but furthermore
also include a select switch 32 for coupling the output of
the semiconductor cell to a read bit line. In alternative
embodiments where semiconductor cells 20 as illustrat-
ed in FIG. 2 are arranged in an array 30, a select switch
can be provided outside the semiconductor cell 20 for
coupling the semiconductor cell 20 to a read bit line.
[0059] In FIG. 3, for simplicity and readability of the
figure, the separate blocks (memory element 21, multi-
plication block 22, select switch 32) of a semiconductor
cell 31 according to embodiments of the first aspect of
the present invention are not illustrated, but all elements
of the array 30 are semiconductor cells 31 of the type
according to embodiments of the first aspect of the
present invention. These semiconductor cells 31 are in-
dicated MEXN in the drawing, meaning that a local com-
bination of a memory element 21 and a multiplication
block 22 is made, in accordance with embodiments of
the first aspect of the present invention, and that further-
more a select switch 32 is provided inside the semicon-
ductor cell 31.
[0060] Such array 30 may comprise word lines config-
ured for delivering second operands (input activations x)
to input ports of the semiconductor cells 31. The input
ports of the semiconductor cells 31 may coincide with or
be linked to the third and fourth input ports 223, 224 of
the multiplication block. The array 30 may also comprise
read bit lines configured for receiving the outputs of the
multiplication operation from readout ports of the semi-
conductor cells 31 connected to that read bit line. The
readout port of a semiconductor cell 31 may coincide with
or be linked to the output port 225 of the multiplication
block 22.
[0061] FIG. 4 and FIG. 5 illustrate the word and bit lines
connected to a particular embodiment of a semiconduc-
tor cell 31 according to embodiments of the first aspect
of the present invention when organized in an array 30.
As illustrated in FIG. 5, the semiconductor cell 31, com-
prising the memory element 21 and the multiplication
block 21, furthermore comprises a select switch 32 for
coupling the output of the semiconductor cell to a read
bit line.
[0062] It can be seen from FIG. 4 that, for this embod-
iment, four horizontal word lines are connected to each
semiconductor cell 31 in the array 30, as well as three
bit lines. The four word lines are

- a first word line WL for activating an access switch
38 for passing a first operand to a memory unit 34
of the memory element 21 for being stored there; the
first operand is stored when the access switch 38 is
actuated; once the access switch 38 is turned off,
the stored operand remains in the memory element
21,

- second and third word lines WX and WXbar, respec-
tively, for applying incoming input activations X and

11 12 



EP 3 506 084 A1

8

5

10

15

20

25

30

35

40

45

50

55

Xbar to the multiplication block 22, and
- a read word line RWL for activating a select switch

32 for bringing the output of the semiconductor cell
20 to a readout bus (read bit line RBL as indicated
below).

The three vertical bit lines, for this embodiment, are

- a first bit line BL for applying a first operand to an
access switch for being passed to the memory unit
of the memory element 21 for being stored there. In
the particular embodiment illustrated in the draw-
ings, the memory unit is a cross coupled invertor
invertor configuration storing complementary ver-
sions of the first operand. The first operand may be
applied via the first bit line, and a complementary
version thereof may be generated inside the semi-
conductor cell (not illustrated), in which case a single
first bit line BL is sufficient. However, in alternative
embodiments, the complementary versions of the
first operand may be generated outside the semi-
conductor cell 20, in which case both the first oper-
and and its complement are to be brought to the
memory unit, which requires the first bit line BL and
a second bit line BLbar, for applying the complemen-
tary pair to the memory unit.

- a third bit line RBL for accepting an output value of
the semiconductor cell, upon activation of the select
switch 32 by a corresponding signal on the read word
line RWL.

[0063] FIG. 6 illustrates a particular semiconductor cell
20, with the word lines and bit lines as described with
reference to FIG. 4 and FIG. 5.
[0064] FIG. 3 illustrates a neural network circuit an ar-
ray 30 according to embodiments of a third aspect of the
present invention. In the embodiment illustrated, each
read bit line RBL connecting semiconductor cell 31 log-
ically arranged on a column of the array 30 is connected
to a sensing unit 33, for instance a sense amplifier. A
sensing unit 30 is thus shared between different semi-
conductor cells 31 of the array 30, for reading the outputs
of the multiplication blocks 22 of these semiconductor
cells 31. In particular embodiments, such as for instance
the embodiment illustrated in FIG. 3 and in FIG. 7, one
sensing unit 33 is provided for every column of semicon-
ductor cells 31 in the array 30. By doing so, all columns
may be simultaneously sensed. The sensing unit 33
senses the values put on the read bit line RBL sequen-
tially by each of the semiconductor cells 31 logically ar-
ranged on the column associated with that read bit line
RBL. The sharing of the sensing unit 33 by the plurality
of semiconductor cells is thus a time sharing. The se-
quence of putting the values on the read bit line RBL is
determined by the signals on the fourth word lines RWL,
which activate the select switches 32 of the different rows,
such that each semiconductor cell 31 delivers its value
in sequence. In alternative embodiments, not illustrated

in the drawings, a sensing unit may be shared between
semiconductor cells of more than one column of the ar-
ray.
[0065] The read out values are then accumulated in
accumulators 36. If so required, the accumulated values
may be further processed in post-processing units 37.
The further processing may comprise or consist of nor-
malization and/or non-linear operations. The values so
obtained per column can be read out and stored for fur-
ther use, or can be directly used by further circuitry (not
illustrated, and not discussed in further detail).
[0066] In the embodiment illustrated in FIG. 3, the rows
of semiconductor cells 31 are accessed in sequence, for
instance by a "walking one" (see the RWLi signal at the
left-hand side of FIG. 3).
[0067] The activation signals Xi (Xi and Xbari) are di-
rectly fed into the semiconductor cells 31, more particu-
larly they are put on the word lines WX and WXbar pro-
viding input to the multiplication block 22.
[0068] In this embodiment, and for the example illus-
trated, four cycles are needed to read out all multiplication
values between the first and the second operands, i.e.
one cycle for reading out each row. The read out values
are then accumulated per column in accumulators 36,
and, if so required, further processed in post-processing
units 37. The further processing may comprise or consist
of normalization and/or non-linear operations.
[0069] FIG. 7, FIG. 8 and FIG. 9 illustrate an alternative
embodiment of what is described in FIG. 4, FIG. 5 and
FIG. 6. The difference between both embodiments is that
in the second embodiment the select transistor 32 can
be left out. This implementation not only reduces one
transistor per semiconductor cell, but also removes the
need of presence of the read word line RWL. This can
be obtained by activating the word lines WX and WXbar
only when it is desired to sense the output values.
[0070] A corresponding timing diagram is shown at the
left-hand side of FIG. 10, which else includes elements
as in FIG. 3, except for the select transistor and its cor-
responding driving word line RWL.
[0071] In an alternative embodiment of the third aspect,
two activation inputs Xi are enabled simultaneously, as
illustrated in FIG. 11 (see signals at the left-hand side).
The sensing of the two outputs after the multiplication
operation, e.g. XNOR or XOR operation, may be done
under single sensing. This procedure has the advantage
that it reduces energy consumption by half, as only half
of the read operations are needed. Moreover, also the
reading delay is reduced.
[0072] One column 50 of an array 40 according this
embodiment is illustrated in FIG. 12. Two semiconductor
cells 20, are combined into an enlarged semiconductor
unit 51, indicated MEXN2, for simultaneous readout.
Hereto, a switch element 52 is provided between the out-
puts of the semiconductor cells 20 and the read bitline
RBL.
[0073] The connection to word lines and bit lines is
illustrated in FIG. 13. It can be seen that, in this case,
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seven word lines connect to a single enlarged semicon-
ductor unit 51, and three bit lines. The bit lines are as
described with respect to FIG. 4. The word lines corre-
spond to twice the bit lines as described with respect to
FIG. 4 (one set to each semiconductor cell forming part
of the enlarged semiconductor unit 51), minus 1 read
word line because both semiconductor cells forming part
of the enlarged semiconductor unit 51 are actuated si-
multaneously, hence via a single word line.
[0074] A detailed implementation example of semicon-
ductor cells 20 and supplementary circuitry for use in the
modified neural network circuit 45, enabling two inputs
simultaneously, is illustrated in FIG. 14. In this embodi-
ment, the memory element is implemented in SRAM
technology.
[0075] Illustrated are two semiconductor cells 20 ac-
cording to embodiments of the first aspect of the present
invention. They are combined together in an enlarged
semiconductor unit 51. One semiconductor cell 20, im-
plemented in SRAM technology, is illustrated in more de-
tail at the left-hand side of FIG. 14. It comprises an SRAM
memory element 21, and a multiplication block 22. The
multiplication block 22 is an XNOR or an XOR block (de-
pending on the input activation signals).
[0076] The word line WL and the bit lines BL, BLbar
are provided for writing a value into the memory element
21. The memory element 21 has a first output port 211
and a second output port 212 for delivering the stored
value and its complementary value, respectively.
[0077] The multiplication block 22, in the embodiment
illustrated the XNOR block, has an output port 225 for
delivering the result of the multiplication operation carried
out on the first operand, being the value stored in the
memory element 21, and the second operand, being the
input activation received by the semiconductor cell 20.
The output ports 225 of the two semiconductor cells 20
together forming the enlarged semiconductor unit 51 are
fed to a switch element 52.
[0078] The switch element 52 is such that the outputs
225 of the semiconductor cells 20 are each connected
to a gate of a transistor T1, T2, the two transistors T1,
T2 being coupled in parallel between ground and a read
bitline RBL. A switch 53 is provided between the two tran-
sistors T1, T2 and the read bitline.
[0079] If the switch 53 is closed, e.g. if this switch is
formed by a transistor, by bringing its gate, connected to
a read word line RWL, to high, a combined output signal
of the two semiconductor cells 20 can be read from the
read bitline RBL. The read bitline is charged to high first
(pre-charged). If the output of both semiconductor cells
is low, the transistors T1 and T2 both do not go in con-
duction, and the charge brought on the read bitline RBL
substantially remains there. When the sensing unit SU,
e.g. sense amplifier, senses the charge on the read bitline
RBL, it senses a high value, and it determines therefrom
that the output of both semiconductor cells 20 being read
out is low. If the output of either one of the semiconductor
cells 20 is high, the read bitline RBL is pulled to ground,

and the charges previously stored there leak away. If the
output of both semiconductor cells 20 is high, the read
bitline RBL is also pulled to ground and the previously
stored charges leak away. This time, this goes even fast-
er.
[0080] In an alternative embodiment to FIG. 14, as il-
lustrated in FIG. 15, similarly to the embodiment illustrat-
ed in FIG. 9, the switch 53 can be left out. This way, a
switch element 54 is provided, which only comprises the
transistors T1 and T2. The outputs 225 of the semicon-
ductor cells 20 are each connected to a gate of a tran-
sistor T1, T2, the main electrodes of the two transistors
T1, T2 being coupled in parallel between ground and a
read bitline RBL. This configuration can only be imple-
mented provided the actuation of the word lines for ap-
plying incoming input activations to the multiplication
block is accurately timed to happen only when it is desired
to sense the value of the semiconductor cell. This imple-
mentation reduces one switch, e.g. transistor, per two
semiconductor cells, and hence one signal line, and thus
reduces energy consumption. However, it will increase
leakage as well as capacitance on read bit line RBL.
[0081] An array of enlarged semiconductor cells
MEXN2_B, illustrated in detail in FIG. 15, is illustrated in
FIG. 16. Explanation is similar to arrays described before,
and a timing diagram can be found at the left-hand side
of the drawing. Compared to FIG. 11 it can be seen that
the word line for actuating the switch 53 has been omitted,
as in this case this actuation is not required.
[0082] It is an advantage of these embodiments of the
present invention with enlarged semiconductor units 51
that only one sense operation is required, where previ-
ously to read out the same, two sense operations and a
separate combination operation would have been re-
quired. Simultaneous reading can now be done on a sin-
gle bitline. This means lower read energy is required, and
the readout throughput has doubled.
[0083] However, this process is illustrated in FIG. 17,
which shows Monte Carlo Simulation results with 30 sam-
ples. It can be seen that it is hard to make the difference
between both semiconductor cells 20 having an output
high (11), and one having output high and the other one
having output low (10 or 01).
[0084] This can be solved by implementing the switch
element differently, as for instance illustrated in FIG. 18.
FIG. 18 corresponds to FIG. 14 as far as the enlarged
semiconductor unit 51 is concerned. Only the switch el-
ement 80 between the enlarged semiconductor unit 51
and the read bitline RBL is different. In the embodiments
illustrated, besides the connection between the outputs
of the respective semiconductor cells 20 and the gates
of the transistors T1 and T2 that are coupled in parallel
(see also description of FIG. 14), the outputs of the sem-
iconductor cells 20 are also coupled each to one of the
gates of transistors T3 and T4, respectively, that are cou-
pled in series, and this series coupling is coupled in par-
allel to the transistors T1 and T2 also coupled in parallel.
Goal is to enhance the difference between resistance
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when only one of the transistors T1, T2 go into conduc-
tion, compared to when both go into conduction.
[0085] The way of working is similar, in that the read
bitline RBL is charged high first, e.g. pre-charged at pos-
itive power supply voltage VDD. If none of the semicon-
ductor cells 20 have an output high, the charge remains
on the read bitline RBL, and can be read out as such by
the sensing unit SU, e.g. sense amplifier. If either one of
the semiconductor cells 20 has an output high, one of
the transistors T1 or T2, and only one of the transistors
T3 or T4 go in conduction. The charge leaks away from
the read bitline RBL and this charge drop can be detected
by the sensing unit SU, e.g. sense amplifier. The charge
does not leak away, however, over the series connection
of transistors T3 and T4. If, however, both semiconductor
cells 20 have an output high, all transistors T1, T2, T3
and T4 go in conduction, and charge leaks away from
the read bitline RBL very fast. This fast or slower leaking
away of the charge from the read bitline RBL can be
detected by the sensing unit SU, e.g. sense amplifier,
which can discriminate this way between the different
situations.
[0086] In the embodiment illustrated in FIG. 18, the
switch 80 element is implemented in NMOS. Alternative-
ly, this switch element 80 can also be implemented in
PMOS, as illustrated in FIG. 19, which would only have
implications as to the pre-charging of the read bit line
RBL, but which would further be pretty much similar in
operation. In this case, the read bit line RBL would be
pre-discharged, for instance at ground level. If none of
the semiconductor cells 20 have an output high, the
charge on the read bitline RBL remains low, and can be
read out as such by the sensing unit SU, e.g. sense am-
plifier. If either one of the semiconductor cells 20 has an
output high, one of the transistors T1 or T2, and only one
of the transistors T3 or T4 go in conduction. The read bit
line RBL gets charged and this increase in charge on the
read bit line RBL can be detected by the sensing unit SU.
The read bit line RBL is not charged, however, over the
series connection of transistors T3 and T4. If, however,
both semiconductor cells 20 have an output high, all tran-
sistors T1, T2, T3 and T4 go in conduction, and the read
bit line RBL is charged very fast. This fast or slower charg-
ing away of the read bitline RBL can be detected by the
sensing unit SU, which can discriminate this way be-
tween the different situations.
[0087] This is illustrated in the simulation results shown
in FIG. 20.
[0088] The sense amplifier design is as illustrated in
FIG. 21. The first sense amplifier SA I corresponds to the
typical implementation of memory. However, if it is de-
sired to sense three levels, it is impossible to do this with
only one sense amplifier with one reference VrefI. There-
fore, a second sense amplifier SA II is used for sensing
the third level, based on a second reference Vrefll. The
first sense amplifier SA I may for instance discriminate
between 00 and anything else. The second sense am-
plifier SA II may then for instance discriminate between

01 or 10 and 11. The second sense amplifier SA II is only
used when precision is needed. The output of the first
sense amplifier SA I enables the second sense amplifier
SA II.
[0089] While the invention has been illustrated and de-
scribed in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive. The foregoing
description details certain embodiments of the invention.
It will be appreciated, however, that no matter how de-
tailed the foregoing appears in text, the invention may be
practiced in many ways. The invention is not limited to
the disclosed embodiments. For example, the invention
does not need to be implemented with SRAM memory
elements, but can make use of any type of non-volatile
memory.

Claims

1. A semiconductor cell (20, 31) comprising
a memory element (21) for storing a first binary op-
erand, which memory element (21) provides com-
plementary memory outputs (Q, Qbar), and
a multiplication block (22) that is locally and uniquely
associated with the memory element (21), the mul-
tiplication block (22) being configured for receiving
complementary input signals (X, Xbar) representing
binary input data and the complementary memory
outputs (Q, Qbar) of the associated memory element
(21) representing the first binary operand, and for
implementing a multiplication operation on these sig-
nals, and providing an output of the multiplication
operation to an output port (225).

2. The semiconductor cell (20, 31) according to claim
1, wherein the multiplication block (22) is adapted to
perform an XNOR or XOR logic function between
the input data (X, Xbar) and the stored first binary
operand (Q, Qbar).

3. The semiconductor cell (31) according to any of the
previous claims, furthermore comprising a select
switch (32) for controlling provision of the output of
the multiplication operation to an external circuit.

4. The semiconductor cell (20, 31) according to any of
the previous claims, wherein the memory element
(21) is implemented in an SRAM implementation.

5. The semiconductor cell (20, 31) according to any of
the previous claims, wherein the memory element
(21) furthermore comprises at least one input for re-
ceiving the first binary operand from a data line (BL,
BLbar) and at least one access switch (38) connect-
ing the at least one input to a memory unit (34) of
the memory cell (21), the at least one access switch
(38) being adapted for being driven by a word line
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(WL) for passing the first binary operand to the mem-
ory unit (34).

6. The semiconductor cell (20, 31) according to claim
5, having two access switches (38) connecting two
inputs to a memory unit (34), for providing comple-
mentary data of the first binary operand to the mem-
ory unit (34).

7. An array (30) of semiconductor cells (20, 31) accord-
ing to any of the previous claims, logically arranged
in rows and columns, and comprising word lines
along the rows of the array and bit lines along the
columns thereof, the crossing of a set of word lines
and bit lines uniquely identifying a location of a sem-
iconductor cell (20, 31) in the array (30).

8. An array (30) according to claim 7, comprising word
lines configured for delivering complementary input
activations (X, Xbar) to input ports (223, 224) of the
semiconductor cells (20), and comprising read bit
lines (RBL) configured for receiving the outputs (Out)
of the multiplication operations from the readout
ports (225) of the semiconductor cells (20) in the
array (30) connected to that read bit line (RBL).

9. A neural network circuit (35, 45) comprising at least
one array (30) of semiconductor cells (20, 31) ac-
cording to any of claims 7 to 8, and a plurality of
sensing units (SU), each sensing unit (SU) being
shared between different semiconductor cells (20,
31) of at least one column of the at least one array
(30), for reading the outputs of the multiplication
blocks (22) of the shared semiconductor cells (20,
31), and a plurality of accumulation units (36), each
accumulation unit arranged to sequentially accumu-
late the outputs of a particular sensing unit (SU) cor-
responding to sequentially selected semiconductor
cell (20, 31) of the shared semiconductor cells.

10. The neural network circuit (35, 45) according to claim
9, furthermore comprising a plurality of post-
processing units (37) for further processing of the
output signals of the accumulation units (36).

11. A neural network circuit (45) according to any of
claims 9 or 10, wherein at least two semiconductor
cells (20, 31) sharing a single sensing unit (SU) are
grouped into an enlarged semiconductor unit (51),
the output ports (225) of the at least two semicon-
ductor cells (20) being connected to a switch element
(52, 54), the output of the switch element being con-
nected to the single sensing unit (SU).

12. A neural network circuit (45) according to claim 11,
wherein the switch element (52, 54) is adapted for
allowing multi-bit accumulation of the multiplication
result of the at least two semiconductor cells grouped

into the enlarged semiconductor unit (51).

13. A neural network circuit (45) according to claim 12,
wherein the switch element (52, 80) comprises a first
transistor (T1) with a first control electrode and a first
and second main electrode and a second transistor
(T2) with a second control electrode and a third and
fourth main electrode, the first and third main elec-
trode being coupled together to a first reference volt-
age, and the second and fourth main electrode being
coupled together to the sensing unit (SU), wherein
an output signal of a first semiconductor cell (20) of
the at least two grouped semiconductor cells is cou-
pled to the first control electrode, and an output of a
second semiconductor cell (20) of the at least two
grouped semiconductor cells is coupled to the sec-
ond control electrode.

14. A neural network circuit (45) according to claim 13,
wherein the switch element (80) furthermore com-
prises a third transistor (T3) with a third control elec-
trode and a fifth and sixth main electrode and a fourth
transistor (T4) with a fourth control electrode and a
seventh and eighth main electrode coupled in series
whereby the sixth main electrode is connected to the
seventh main electrode, the fifth main electrode is
coupled with the first and third main electrodes, and
the eighth main electrode is coupled with the second
and fourth main electrodes, the output of the first
semiconductor cell (20) being coupled to the third
control electrode, and the output of the second sem-
iconductor cell (20) being coupled to the fourth con-
trol electrode.

15. Use of a neural network according to any of claims
9 to 14 for performing a clustering, classification or
pattern recognition task.
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