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Abstract: The speed of modern digital systems is severely limited by memory latency (the “Memory
Wall” problem). Data exchange between Logic and Memory is also responsible for a large part of the
system energy consumption. Logic-in-Memory (LiM) represents an attractive solution to this problem.
By performing part of the computations directly inside the memory the system speed can be improved
while reducing its energy consumption. LiM solutions that offer the major boost in performance
are based on the modification of the memory cell. However, what is the cost of such modifications?
How do these impact the memory array performance? In this work, this question is addressed
by analysing a LiM memory array implementing an algorithm for the maximum/minimum value
computation. The memory array is designed at physical level using the FreePDK 45nm CMOS
process, with three memory cell variants, and its performance is compared to SRAM and CAM
memories. Results highlight that read and write operations performance is worsened but in-memory
operations result to be very efficient: a 55.26% reduction in the energy-delay product is measured for
the AND operation with respect to the SRAM read one. Therefore, the LiM approach represents a

very promising solution for low-density and high-performance memories.

Keywords: Logic-in-Memory (LiM); In-Memory Computing (IMC); Near-Memory Computing
(NMC); Memory Wall

1. Introduction

Modern digital architectures are based on the Von Neumann principle: the system is
divided into two main units, a central processing one and a memory. The CPU extracts the
data from the memory, elaborates them and writes the results back. This structure repre-
sents the main performance bottleneck of modern computing systems: in fact, memories
are not able to supply data to CPUs at a speed similar to the processing one, limiting the
throughput of the whole system; moreover, high-speed data exchange between CPU and
memory leads to large power consumption. This problem is commonly referred to as the
“Memory Wall” problem or the “Von Neumann bottleneck”. A complex memory hierarchy
is employed to partially compensate for this, but it does not completely solve it: the system
results to be still limited by the impossibility to have a memory that is large and very fast
at the same time.

For these reasons, companies and researchers are searching for a way to overcome
the Memory Wall problem: Logic-in-Memory (LIM), also called In-Memory Computing
(IMC) [1], is a computing paradigm that is being investigated for this purpose. In this model,
part of the computation is executed inside the memory. This result is achieved modifying
the memory architecture by adding logic circuits to it. Since part of the computation is
performed directly inside the memory, the CPU is not limited by the memory latency when
some operations have to be performed. In addition to this, the rate at which data are
exchanged between CPU and memory is reduced, resulting in power consumption reduction.
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Many approaches to Logic-In-Memory can be found in literature; however, two
main approaches can be distinguished. The first one can be classified as Near-Memory
Computing (NMC) [2-18], since the memory inner array is not modified and logic circuits
are added at the periphery of this; the second one can be denoted as Logic-in-Memory
(LiM) [19-28], since the memory cell is directly modified by adding logic circuits to it.

In an NMC architecture, logic and arithmetic circuits are added on the memory
array periphery, in some cases exploiting 3D structures; therefore, the distance between
computational and memory circuits is shortened, resulting in power saving and latency
reduction for the data exchange between these. For instance: in [3], logic and arithmetic
circuits are added on the bottom of an SRAM (Static Random Access Memory) array;,
where the data are transferred from different memory blocks, elaborated and, then, written
back to the array; in [2], a DRAM (Dynamic Random Access Memory) is modified to
perform logic bitwise operations on the bitlines, and the sense amplifiers are configured
as programmable logic gates. Near-Memory Computing allows to maximise the memory
density, with minimal modifications to the memory array itself, which is the most critical
part of memory design; this results in a limited performance improvement with respect to
computing systems based on conventional memories.

In a LiM architecture, the memory cells and periphery are modified by adding logic
and arithmetic circuits to them, resulting in true in-memory processing, with the data being
elaborated also inside each memory cell. For instance: in [28], a XOR logic gate is added
to each memory cell to implement a Binary Neural Network (BNN) directly in memory;
in [25], an SRAM is modified at the cell level to perform logic operations directly in the cell,
which results are then combined by appositely designed sense amplifiers on the periphery
of the array. This approach leads to a reduction in memory density since the cell footprint
is increased; nevertheless, the resulting performance boost is huge, since all the data stored
in memory can be elaborated at once from the inner array.

Many applications can benefit from the IMC approach, such as machine learn-
ing and deep learning algorithms [4,6,8-12,14,15,19,21-24], but also general purpose
algorithms [2,5,7,13,16-18,20,25,26]. For instance: in [19], a 6T SRAM cell is modified by
adding two transistors and a capacitor to it, in order to perform analog computing on
the whole memory, which allows to implement approximated arithmetic operations for
machine learning algorithms; in [18], logic layers consisting of latches and LUTs are inter-
leaved with memory ones in an SRAM array, in order to perform different kinds of logic
operations directly inside the array; in [26], the pass transistors of the 6T SRAM cell are
modified to perform logic operations directly in the cell, which allows the memory to func-
tion as an SRAM, a CAM (Content Addressable Memory) or a LiM architecture. In general,
every algorithm that works on high parallelism data and performs many element-wise op-
erations in parallel (e.g., neural networks), is likely to receive a performance improvement
when IMC solutions are employed.

Another interesting field of application is represented by Neuromorphic Comput-
ing [29,30] based on Beyond-CMOS technologies, such as memristive ones. This kind of
device is well suited for IMC or LiM applications, thanks to their non-volatile character-
istics and low cell area footprint. For instance, in [31] a VRRAM array is produced for
a neuromorphic application, by implementing an in-memory XNOR operation for the
synaptic weights.

The modification of the memory cell circuit by the addition of computational elements
to it, is a risky solution: memories are circuits with a very high level of optimization; hence,
even a minor modification can have a large impact on their behaviour and performance;
moreover, this approach results in a reduction of the memory density. At the same time,
a large boost in the overall system performance can be obtained, since all the stored data
can be processed at once. As a consequence, the LiM approach represents an interesting
option for low-density and high-performance memories, like caches. It is important to
identify the impact that the modification of a memory cell circuit has on standard memory
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operations (read and write) and on in-memory logic operations, evaluating objectively the
advantages and disadvantages of the approach.

The goal of this work is to understand and quantify this impact. As a case study,
an algorithm for the maximum/minimum computation [27] based on the bitwise logic
AND operation is used. The array is designed and characterised at transistor and layout
levels in Cadence Virtuoso, using FreePDK 45 nm CMOS process. Three different solutions
for the memory cell circuit are investigated, that implement the same logic function, then,
the array performance is compared to two conventional memories, a 6T SRAM and a NOR
CAM, by considering the latency and energy consumption of each memory operation.
The results highlight that modifying the memory certainly affects in a non negligible way
the read and write operations performance, but this impact can be greatly reduced by
proper design and optimisation of the memory cell circuit; nevertheless, in-memory logic
operations result to be very efficient in terms of energy consumption. In fact, a 55.26%
reduction in the energy-delay product of the AND operation, with respect to the SRAM
read one, is observed. The results obtained suggest that LiM architectures represent a very
good alternative for the implementation of algorithm accelerators which can be used as
secondary memories, where the execution rate of read and write operations is lower than
the in-memory logic operations one.

The paper outline is the following:

¢ inSection 2, the design of conventional memories (SRAM and CAM) implementations
to act as performance references is discussed.

®  in Section 3, the design of the LiM array and the three memory cells types is analyzed.

*  in Section 4 the testbench for the characterisation of the memory arrays produced is
presented.

® in Section 5, the simulation framework adopted is discussed.

* in Section 6, the obtained results are presented and analysed.

* in Section 7, some considerations about the results and the architecture are provided.

The main contributions of this paper are the following:

¢ aLiM array, implementing a specific algorithm [27] as a case study, is designed at
physical level usign the FreePDK 45nm CMOS process and characterised through
extensive SPICE simulations.

*  three variants of the LiM cell are designed and characterised.

®  the LiM array performance are compared to conventional memories ones; in particular,
a SRAM and a CAM arrays are designed and simulated using the same parameters of
the LiM array.

®  to characterise the design for large memory sizes, a circuital model that allows to
strongly reduce the circuit netlist size is proposed and adopted to shorten as much as
possible the simulation time of large arrays.

*  to speed up the design of custom memory arrays such as LiM ones, a scripting
approach is proposed and adopted.

2. Reference Architectures

In order to properly characterise the LiM architecture design, two standard memory
arrays, SRAM and CAM, are produced in Cadence Virtuoso to be used as reference circuits:
the SRAM array is chosen since it provides a lower ground for the memory cell circuit
complexity that can be used as a reference by the other memory architectures; the CAM
array, instead, is chosen since it is an example of Logic-in-Memory architecture (each
memory cell performs an XNOR operation) widely used nowadays. The cell topologies
chosen for these memory architectures are the 6T SRAM and the NOR CAM [32].

For the SRAM array, the standard 6T cell memory cell is chosen (Figure 1a): since
the aim of this work is to produce a memory architecture capable of performing logic
operations, the cell area dedicated to the memory function is minimised by picking the
design with the smallest cell footprint possible for the SRAM core. For what concerns
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the read sensing circuitry, a conventional voltage latch sense amplifier (SA) [33] is chosen,
which circuit is depicted in Figure 1b. A commonly adopted SA circuit topology is selected
to compare the read operation performance among the memories, in order to understand
how much the added complexity affects the standard memory operation of the array. This
circuit provides a high sensing speed and low idle power consumption, which are due to
the non linearity of the bi-stable ring used as latch.

o

f% . WL .870 7EN D‘d[:‘l \’:“& 4 bo EN
SA0 o]

SAO
+ °

+
O T L

Hooh

BLD_| |_C|ﬁ
g R .

(a) (b)

(c)
Figure 1. The SRAM cell and SA. (a) The 6T cell. (b) The SRAM sense amplifier (SA) [33]. (c) The
SRAM cell layout.

For the CAM, a conventional NOR topology [32] (Figure 2a), is employed. For what
concerns the CAM sensing circuitry, a current-saving scheme [34] is selected among the
possible ones [32]. The correspondent matchline sense amplifier (MLSA) circuit is depicted
in Figure 2b. In CAM memories, this circuit is employed to reduce, with respect to the
standard sensing scheme, the energy consumption associated to a search operation, thanks
to the fact that the matchline (ML) is charged in case of match instead of being discharged
when a mismatch occurs. In fact, it is well known that during a search operation in a NOR
CAM array, the mismatch result is the most frequent one (only one or few words in the
memory array match the searched one). By associating a matchline voltage commutation to
the match result instead of the mismatch one, a large reduction in the energy consumption
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associated to the search operation is obtained, since only few lines experience a variation
of their electric potential.

ML
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L

(b)

(c)
Figure 2. The CAM cell and MLSA. (a) Simplified schematic of the 10T NOR CAM cell [32]. The access
transistors of the SRAM core are omitted. (b) The matchline sense amplifier (MLSA) [34], that employs
the current-save sensing scheme for the search operation of the CAM array. (c) The CAM cell layout.

In Figure 2b, an example of current-saving scheme [32] is presented. This consists of a
current source used to charge the matchline; when a match occurs, the matchline behaves
as a capacitance; as a consequence, the capacitance gets charged resulting in a matchline
voltage variation, and a match is registered in output. In case of a mismatch, instead,
the ML connects the current source to ground and it does not get charged, preventing
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a variation in the matchline electric potential, which would lead to additional energy
consumption. A feedback control circuit is employed to limit the current that is injected
to ground in the mismatch case, in order to save power during the search operation; this
circuit allows to deliver as few current as possible to the mismatch line, while providing
the match ones with as much current as possible to speed up the match sensing.

In order to limit the conduction time of the MLSAs current sources, the circuit of the
MLSA and the architecture are modified. To turn off all the current sources as soon as all
the matchlines values are correctly sensed, i.e., all the matching lines are charged to the
MLSAs input threshold, so that no current is wasted in the mismatch lines, the “dummy
matchline” scheme, shown in Figure 3, is employed.

In Figure 3a, a dummy CAM cell is shown. This consists of a CAM cell from which
all the transistors that are not connected to the matchline are removed. The gates electric
potentials of the remaining MOSFETs are chosen so that the cell always provides a match,
i.e., it behaves as a capacitance. In fact, since the result that involves a voltage variation on
the line is the match one, the latter determines the search operation performance.

In Figure 3b, a dummy ML is shown. The dummy cells are arranged in a row, which
is connected to an MLSA that provides in output a “dummy match result”, denoted with
Dummy_MLSAO, at each search operation. This signal is used in the architecture to disable
all the real MLSAs, as soon as a match is detected on the dummy ML.

In Figure 3c, the circuit of the MLSA is depicted. An OR gate is added to each
MLSA, and its output is used as an internal enable signal inside this. In particular, since
the enable signal is low-active, the output of the OR gate should switch to ‘1" as soon
as Dummy_MLSAO switches to “1’, i.e., a match is detected on the matchline, in order
to disable the MLSA current source. As a consequence, the global enable signal EN is
connected using a logic OR with Dummy_MLSAO.

In Figure 3d, the whole CAM architecture is shown. As explained above, the output
of the dummy MLSA is connected to all the MLSAs, together with the global enable signal.
Since the dummy matchline sensing delay determines the time available to correctly sense
the matchline potential for each MLSA, its position in the memory array is crucial for the
circuit timing. This means that the worst-case delay has to be associated to the dummy
matchline position, i.e., it has to be placed as far as possible from the enable signals drivers
in the circuit.

In Figure 4 it is shown a section of the layout for the dummy line. One can notice
that some transistors are missing from the original layout depicted in Figure 2c: in fact,
the SRAM core is modified so that the cell stores a logic ‘1" without needing to explicitly
write this value to each cell of the dummy line.
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Figure 3. The dummy matchline scheme. A dummy MLSA is used to disable the current sources
of the real MLSAs to save power during a search operation. (a) The dummy cell of the CAM. Only
the matchline and wordline transistors are kept in the circuit, together with a dummy SRAM core
that stores a logic ‘1. (b) The dummy matchline. The dummy cells are arranged in a matchline of
length equal to the memory width one, and that is connected to a dummy MLSA. Part of the dummy
CAM cell is omitted for the sake of clarity. (c) The output of the dummy MLSA is used to disable the
other MLSAs: as soon as the dummy MLSA output changes, it means that the time needed for the
match sensing has passed, and the current sources of the real MLSAs can be disabled. In order to
achieve this, an OR gate is added inside each MLSA, and its output is used as internal enable signal.
(d) The output of the dummy MLSA is connected to all the other MLSAs. The position of the dummy
matchline is critical: since the dummy MLSA determines the timing of the memory, the line position
has to be associated to the worst case for the sensing delay.
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Figure 4. A layout section of the dummy line for the CAM architecture.

3. The LiM Array

As a case of study, an architecture [27] for in-Memory maximum/minimum computa-
tion designed by the authors is chosen, since it combines a general-purpose modification
(bit wise in-Memory AND logic operation) with a special-purpose Near-Memory logic
circuitry for the maximum/minimum computation.

Therefore, it represents a proper case of study to quantify the impact of this particular
approach to in-Memory computing, which is the goal of this work. The architecture is not
intended as a CPU substitute, but as a hardware accelerator for particular tasks, such as
the maximum/minimum computation or bit-wise memory operations.

The algorithm for in-Memory maximum/minimum value search is based on the
bitwise AND operation. All the words stored in memory are AND-ed with an external
word called “mask vector”, which is put on the memory bitlines one bit at a time until the
whole word width is scanned; the results of these AND operations are then elaborated by
the Near-Memory logic to choose the words to be discarded at each step, until only the
maximum/minimum value remains.

Consider the case in which unsigned words are stored in memory and the maximum
value among these has to be found: in this case, at each iteration, only one bit of the mask
is set to ‘1’ starting from the MSB, and all the words for which the result of the AND is
equal to ‘0" are discarded. In fact, if the bit of a word A is equal to ‘0", while the same bit of
a word B is equal to ‘1", then B is larger than A; hence, A is discarded from the search.

An example of the maximum search for unsigned words is provided in Figure 5.
At each step, depending on the result of the AND operation, a word is discarded, until the
whole memory width is processed or only one word remains. For minimum search and/or
signed words, as well as other types of data encoding, it is enough to change the bits of the
mask and to program the Near-Memory logic.
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Mask 1 0 0 0 AND Mask 0 1 0 0 AND

Word #0 0 1 1 1 0 Word #0 ——31 3 -

Word #1 1 0 1 0|1 ::>W0rd#1 1 1 1 o0 |1

Word #N 1 1 0 0 1 Word #N 1 1 0 0 1
Mask 0 O 0 1 AND Mask 0 0 1 0 | AND
Word #0 —F——3 | - Word #0 —F—3—3 | -

Word #1 1 1 1 0 0 : Word #1 1 1 1 0|1

Word #N | +—F—6—F6 | ~ Word #N 1 1 0 0 [0

Figure 5. All the words are scanned through a bitwise AND with an external word called “mask
vector”. The ones for which a logic ‘0" is obtained as result, are discarded; the remaining ones at the
end are selected as maximum values, and a priority mechanism can be applied to choose among
these. In the example, the selected word is highlighted in green.

The memory architecture consists of a standard NOR CAM, as the one presented in
Section 2, to which the capability to perform the AND operation is added; the circuit is
presented in Figure 6. It has to be remarked that, in this work, only the LiM array schematic
is presented, without including the Near-Memory logic circuitry that is described in [27].

Mask vector

CAM CAM CAM CAM

cell cell cell cell 9
o19)

o

%E}*E}H E
) >

-

©]

£

3]

=

CAM CAM CAM CAM 'g

cell cell cell cell =

2

<

el P W W

Figure 6. The LiM array. It consists of CAM cells to which the AND logic function capability is added;
the results of the AND operations are OR-ed on the rows and provided to the Near-Memory logic.

As previously explained, the AND operations between the memory content and
the mask are performed in parallel on all the rows, one bit at time; then, the results
of these are collected through OR operations on the rows by the sense amplifiers and
provided to the peripheral logic circuits. Hence, the single cell includes two additional
functionalities: AND and OR. The AND is a proper logic gate inserted into the cell, while
the OR is implemented through a wired-OR line across the row, which result is handled
on the periphery by a sense amplifier, denoted with “ANDSA”. The AND line schematic
is depicted in Figure 7.
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AND

— . - DO_D
1+ 1 -

Cell Cell

Figure 7. The AND line. The AND gates outputs are connected to a wired-OR line through pull-down
transistors. The signal on the line is then inverted to the AND result. The AND gates results are
selected through BL by the mask.

To select the column on which the AND operation has to be performed, all the bits of
the mask vector have to be set to ‘0" except the one corresponding to the selected column:
in this way, all the AND operations on the other columns give ‘0" as result, disabling
the corresponding pull-down transistors, and the logic value sensed on the line depends
exclusively on the output of the AND on the selected cell. This can be clarified with an
example. Denoting with D; the content of the cell on the i-th column, with M; the mask
bit in the same position and with O the result obtained in output, when considering the
bitwise AND implemented on the row, Equation (1) is obtained:

N-1
O= )Y Di-M 1)
i=0

A non-rigorous notation is used in the equation, associating to the sum sign ‘+" the OR
operation and the product sign ‘-’ to the AND one. Indicating with the index j the selected
column, the formula can be rewritten in the following way:

N-1
O=) Di- M,
i=0
N-1
= Z Di~M,‘+D]'- Mj
i=0,i#j
N-1
Y, D;i-0+D;j-1
i=0,i#j
= D;j

Hence, the output of the OR operation is determined only by the selected cell content.

The AND logic function is implemented by embedding a logic gate inside the memory
cell. Three variants of this are presented:

* adynamic CMOS logic AND gate.

e astatic CMOS logic AND gate.

* aspecial purpose AND gate, designed appositely for the algorithm to be implemented
in order to reduce as much as possible the cell area.
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3.1. Dynamic CMOS Logic AND

In Figure 8a, the circuit of the AND gate is shown. It takes in input the negated values
of the cell content, D, the mask bit on the bitlines, BL, and an additional external signal,
PRE, used to precharge the output node of the gate, O. It can be noticed that an AND
function is obtained without adding an inverting stage on the output of the inner gate:
since the negated values of the cell content and mask bit are available, one can use De
Morgan’s laws to avoid the inverting stage. In fact, since the gate in Figure 8a takes in input
D and BL, the logic NOR between these, implemented by the logic gate, can be rewritten in
the following way:

D+BL = D-BL

Hence, the inverting stage is not needed to implement the AND function. This logic
gate is embedded in the cell, obtaining the circuit show in Figure 8b. One can notice that a
pull-down transistor is added on the output of the AND gate and connected to the row line.

The AND line is an implementation of dynamic CMOS logic: the line is precharged
to the logic ‘1’ and then, if one of the pull-down transistors connected to it is enabled,
discharged during the evaluation phase. In order to properly carry out the precharge phase,
all the pull-down transistors must be disabled. This is usually achieved by adding a footer
transistor on the source of the pull-down of each cell, that is disabled during the precharge
phase through a dedicated row signal, preventing the pull-downs from discharging the
line independently of the output values of the AND gates. A possible circuit is highlighted
in Figure 9a.

In this work, a different approach is used to disable the pull-down transistors during
the precharge phase: the same current-saving sensing scheme of the CAM is adopted for
the AND line. In this way, since the line is pre-discharged and not pre-charged, there is
no need to disable the pull-downs and, hence, additional transistors and signals are not
required, allowing for smaller cell and row footprints.

A circuit is proposed in Figure 9b. A truth table for the logic gate, which takes into
account the implementation of the current-saving scheme, is shown in Table 1.

Table 1. The truth table of the dynamic AND cell of Figure 8b. One can notice that, using the
current-saving scheme, the AND output is charged to ‘1’ when AND is discharged to ‘0, while it

remains at the ground voltage when AND =‘1".

D BL D BL AND AND
0 0 1 1 1—-0 0—1
0 1 1 0 1-0 0—1
1 0 0 1 1—-0 0—1
1 1 0 0 1 0
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CAM BL

vl

PRE Oo—e q AND

o PRE o 4

(a) (b)

(c)
Figure 8. The dynamic AND gate and the cell in which it is integrated. (a) The dynamic AND
gate. By using the negated values of the cell content, D, and the mask bit, BL, it is possible to take

advantage of boolean logic laws to obtain an AND gate without adding an inverting stage on the
output. (b) The memory cell that embeds the dynamic AND gate and the pull-down transistor of the
AND line. It can be noticed that the output of the AND gate is negated using a single pull-down

transistor, which output corresponds to the AND signal associated to the line. (c) The cell layout.
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AND

PRE
AND
[L [L l_G PRE

(b)

Figure 9. Standard and current-saving schemes. (a) A standard precharge line. The line is precharged

to the logic ‘1" using a pull-up transistor, while all the pull-downs are disabled using footer transistors;
then, these are enabled by deactivating PRE during the evaluation phase. (b) The current-saving
line. In this scheme, footer transistors are not needed for disabling the pull-downs, since the line is
pre-discharged instead of being pre-charged; then, during the evaluation phase, the line gets charged
if there are not conducting pull-downs.

3.2. Static CMOS Logic AND

A second cell embedding a static CMOS logic AND gate is proposed. The circuits of
the gate and the cell are depicted in Figure 10.

The static AND gate is presented in Figure 10a. With respect to the dynamic AND
(Section 3.1), a larger cell footprint is required, since the additional pMOS transistors have
to be sized with a width larger than the precharge transistor in Figure 8a, following the
rules of standard microeletronic design [35]. However, the addition of these allows to
remove the precharge signal PRE of Figure 8a, which is required for the dynamic logic
functioning. The gate is embedded in the memory cell, as it is shown in Figure 10b, and its
output is connected to the pull-down transistor of the AND line. The truth table for the
gate is the same of the dynamic AND cell, which is reported in Table 1, except for the fact
that, for the static cell, the AND output signal is a static CMOS one.
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Figure 10. The static AND gate and memory cell. (a) The static CMOS AND gate. (b) The memory
cell that embeds the static AND gate. (c) The cell layout.



Electronics 2021, 10, 2291

15 of 32

3.3. Special Purpose AND

A third variant of the cell is proposed. The objective of this cell design is to reduce
as much as possible the cell area overhead resulting from the addition of the AND gate,
by making design choices tuned on the characteristics of the algorithm. The schematics of
the gate and the cell are depicted in Figure 11.

CAM BL

ol

AND
AND = N

?

|_C|ﬁ —

Figure 11. The special-purpose AND gate and memory cell. Taking into account the algorithm
characteristics, it is possible to implement the AND operation by using only two additional transistors.
(a) The special-purpose AND gate. (b) The memory cell that embeds the logic gate. (c) The cell layout.

As it is highlighted in Figure 5, the mask vector is used to select a memory column
at each iteration by setting the corresponding bit in the mask to ‘1, while all the other
cells are disabled. Since the AND operation is computed between a bit equal to ‘1" and
the cell content, the result of this is determined by the cell, as it is shown in Equation (1);
hence, it is more a selection operation than an AND one. For this reason, the cell circuit can
be simplified to only implement the cell selection operation using the bitlines on which
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the mask vector is put, instead of a proper AND function, and to allow the selected cell
content to be reflected on the AND line. This result can be achieved by connecting a single
pull-down transistor with the input on the cell content and the output on the AND line,
as it is depicted in Figure 11a.

Since the cell has to be selected only when the mask bit M is equal to the logic ‘1" (i.e.,
BL ="1", BL ="0), it should be disconnected from the AND line when M = ‘0’ (i.e., BL = ‘0,
BL = “1"); hence, it would be enough to add a footer transistor, which gate is connected
to BL, on the source of the pull-down one in order to disable this. However, since the
static (Figure 10a) and dynamic (Figure 8a) gates have one of their inputs connected to BL
instead of BL, a different encoding of the mask vector is used in this case, using the logic ‘0’
as active value for the mask bit instead of the logic ‘1’; in this way, the footer transistor in
Figure 11a can be connected to BL; therefore, the three variants are equivalent in terms of
connections to the memory signal lines and, hence, can be properly compared.

For what concerns the pull-down transistor, its gate is connected to the output of
an AND logic gate in the static (Figure 10a) and dynamic (Figure 8a) gates; in Figure 11a,
instead, it is connected to the negated value of the cell content D; in fact, once the cell is
selected, the algorithm needs only to know if the cell content is equal to ‘0" or ‘1’, and the
latter can be connected directly to the pull-down transistor gate. In this way, when D = ‘1’
(D ="0’), the AND logic gate is disabled, the line is charged to the logic ‘1’; when D = ‘0’
(D =1’), the pull-down transistor is enabled, the line is not charged and a logic ‘0’ is sensed.

One can notice that the output pin of the cell is denoted with AND instead of AND,
in Figure 11b: this is due to the fact that the AND result is not inverted by the pull-down
transistor. In fact, the pull-down transistors of the unselected columns are disabled using
the mechanism presented in Figure 9b and, hence, the AND result on the selected column
can be directly reported on the line. If the selected cell content D; is equal to “1’, the line
is charged and D; - M; ="1" (M; is the active mask bit) is registered in output; otherwise,
the line does not get charged and D; - M; =‘0". Hence, there is no need for an additional
separation stage between cell core and AND line, while there is for the static and dynamic
implementations of Figures 8b and 10b, respectively, which logic gates outputs have to be
disconnected from the line when the corresponding cells are not selected. The truth table
for the special-purpose AND cell of Figure 11b is shown in Table 2.

Table 2. The truth table of the special-purpose AND cell of Figure 11b. When evaluating this function,
one needs to remember that BL is not a proper data signal but a selection one that allows to report the
cell content D on the line. Every time BL="0’, the AND logic gate is disabled and the line is charged
to ‘1’ (in particular, the pull-down is prevented from discharging the line in the case in which D = ‘0").

D BL D BL AND
0 0 1 1 0

- 1 - 0 0—1
1 0 0 1 0—1

The special-purpose cell in Figure 11b is characterised by the lowest area overhead (low-
est number of additional transistors) among the cells. However, these are able to perform a
proper AND logic operation, which can be useful for implementing other algorithms; never-
theless, in the special-purpose cell circuit it is demonstrated that, with proper optimisations,
it is possible to greatly reduce the area overhead introduced by the logic circuits.

The dynamic and static cells, in Figures 8b and 10b respectively, are characterised by
the same number of transistors, but the static one occupies a larger area due to the pull-up
pMOS transistors in the logic gate, that are much larger than the precharge pMOS of the
dynamic cell; however, the static cell does not require the precharge (PRE) signal for its
functioning, which leads to smaller cell and row areas.



Electronics 2021, 10, 2291

17 of 32

3.4. Dummy Line Sensing Scheme

For the LiM array, the same dummy line sensing scheme of the CAM is adopted:
dummy cells are used to create a dummy memory line that acts as reference for all the
AND sense amplifiers (ANDSAs).

In Figure 12, the dummy cells for the LiM variants are presented:

¢ in Figure 12a, the dummy cell for the dynamic logic version is depicted. In this
gate, two row signals are connected to each cell: the AND line AND signal and the
precharge signal PRE; for this reason, the transistors connected to these signals have
to be included.

e in Figure 12a,b, the static and special-purpose variants are presented. Since these do
not require an additional row signal, only the AND line pin is present in the circuit.

oy PRE o o . AND
EE’ Hi . 4_| AND
S “q -

@) (b) (o)

Figure 12. The dummy cells of the LiM array. These are used to mimic a dummy memory row, which

is sensed by a special sense amplifier that drives the other ones in order to reduce the overall energy
consumption involved in the AND operation, which is performed on the whole array. (a) The dynamic
AND dummy cell. (b) The static AND dummy cell. (c) The special-purpose AND dummy cell.

4. Memory Arrays Characterisation

The cells are organised in memory arrays in order to evaluate their performance.
The memory circuits are simulated for different values of height and width of the ar-
ray, in order to obtain measurements valid for a wide range of memory sizes. All the
simulations are performed at schematic level in Cadence Virtuoso, using the SPECTRE
simulation engine.

In order to take into account the interconnections parasitics contributions, the layouts
of the dummy rows and columns are produced and included in the simulated netlist.

In particular, 32-bits wide rows and columns are used as basic blocks to create the
array: their layouts are extracted and converted in netlists which are, then, included in
the testbench.

When considering the read operation, the distances of the cell to be read from the
wordline driver and the sense amplifier have to be taken into account to measure how
much the cell position affects the performance. Consider the schematic shown in Figure 13:

e when activating the wordline for selecting a cell, the farthest this is from the driver
(i.e., on the last column in Figure 13), the larger the selection delay results to be, due
to the higher capacitive-resistive load that the driver has to supply; hence, the read
delay associated this cell is the largest possible in the array.

¢ when sensing the bitlines with the sense amplifier (SA), the farthest the cell is from
the SA inputs (i.e., on the first row in Figure 13), the longer the time needed by the
cell to generate a voltage variation on the SA pins is.

For these reasons, the cell to which the worst case read delay is associated is the one
on the first row and last column in Figure 13 (highlighted in blue), and the read operation
performance is evaluated on this cell. For what concerns the worst case for the write
operation, a similar analysis can be conducted, referring to the schematic in Figure 13:

e for the wordline activation and cell selection, the considerations made for the read
operation hold true: the cell to which the largest selection delay is associated is the
one on the last column.
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e when putting the datum to be written on the bitlines, to evaluate the worst case one
needs to consider the farthest cells from the bitlines drivers outputs. In Figure 13,
these are the ones placed on the first row.

''''' T | MLSAO,

D—% 1" I I ANDSAOQ

HﬁiH ise

__I_____I_
| |
| |

atbtadh,

WLN MLSAOy

E E B > ANDSAOy

7
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Figure 13. Worst case delays for each memory operation. Most of the memory cells are omitted for
the sake of clarity, and the interconnections are represented by the RC circuits, that are substituted
by the extracted rows/columns netlists in the testbench. The cell associated to the read and write
operations, highlighted in blue and denoted with a dashed trait, is the farthest one from wordline
and bitlines drivers, and sense amplifier; the cell associated to the worst case for the search and AND
operation, highlighted in red and denoted with a dashed-and-dotted trait, is the farthest one from
the MLSA and ANDSA.

For these reasons, the cell associated to the worst case sensing delay for the write
operation is the one on the first row and last column (highlighted in blue) in Figure 13.

For what concerns the AND and search operations, consider the schematic in Figure 13:
since both MLSA and ANDSA are placed at the end of the row, the farthest cell from these
is the one on the first column, highlighted in red. Hence, to this cell it is associated the
worst case for both AND and search operations. The row position does not affect the
performance of the search and AND operations, even if these are associated to the bitline
drivers: this is due to the particular sensing scheme employed for the architecture. In fact,
since with the current-saving scheme the pull-down transistors of the cells do not require
to be disabled during the pre-discharge phase, one can load the mask vector on the bitlines
during this cycle, so that all the cells are already configured before the evaluation phase; in
this way, the performance of the search and AND operations do not depend on the distance
of the row from the bitline drivers outputs.

Since the cells required to properly test the memory array are very few, it is not
necessary to include all the memory cells in the simulation testbench: the array is reduced
to a worst case model, based on the considerations made before, by removing all the cells
that are not tested from the array, which leads to shorter simulation time and, hence, faster
tuning of the design parameters; consecutively, the circuit model depicted in Figure 14 is
derived and used during the simulations.
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Only two memory lines are considered in the model: the first row and the last column.
This is due to the fact that the critical cells for all the memory operations are placed on
these lines; moreover, since only two cells are tested, the remaining ones can be replaced
with dummy versions, which circuits are depicted in Figure 14.

T T > MLSAO
WL | !
' . Dummy_r et 1% I |
I; | T T ! ! > ANDSAO

——___Dummyr_ _ ___
WL | ____Dummyc_ ___|
—————° BL 1 <H >
JL JL o R
ML ﬁ 4_4 Dummy_c

s

Ll
- —H Hie
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Hg (Static)

PRE
E AND b1
OE% (Dynamic) (Static) El_‘ Dummy-¢
AND
(Dynamic) ::]l_1
4_| (Special-purpose)
—I__| (Special-purpose) El"
G C Y °r BL  sAa0  BC

Figure 14. The array model. The first row correspond to the top one, while the fist column with
the leftmost one. Only the critical cells for the read, write, search and AND operations are actually
included in the array, as layout-extracted circuits, while all the others are substituted by dummy
rows and columns, extracted from the layout, that contain only the significant transistors (i.e., the
ones connected to the row /column signals in the original array).

The dummy cells are distinguished in row and column ones: in the dummy row cells,
only the transistors that are connected to the row signals (wordline; matchline; AND line;
precharge line only for the dynamic AND cell) are included in the cell circuit; in the dummy
column ones, instead, only the transistors that are connected to the bitlines are kept. In this
way, the presence of a memory cell on the line signals is still taken into account while many
transistors are removed from the circuit, which leads to a big reduction of the simulation
time for large memory arrays.

In Cadence Virtuoso, the testbench shown in Figure 15 is employed. This schematic
is valid for the LiM array, but it can be simplified and adapted to the CAM and SRAM
architectures, since the LiM memory embeds these functionalities, by removing some
blocks and substituting the cells circuits.

In Figure 15, it can be noticed that the bitline drivers are included only for the last
column, since only on this line the read and write operations and tested; for the first column,
instead, ideal switches and voltage generators are employed to modify the cell content,
since only row operations, such as the AND and search ones, are tested on it.

In the schematic shown in Figure 15, one can also notice that a block called “dummy
load” is added on the output of each dummy sense amplifier: these blocks are needed to
emulate the presence of all the sense amplifiers of the rows of an actual memory array.
As it is discussed in Section 3, the dummy sense amplifier has to drive all the OR logic
gates embedded in each real sense amplifier; since in the model presented in Figure 14 only
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one row is equipped with MLSA and ANDSA, the other rows SAs have to be modeled
to take into account their influence on performance in an actual memory array. For this
reason, dummy loads made by OR gates input sections are connected to the output of the
sense amplifiers.

In Out 1
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MLOut Enable
Dummy-line X

ANDOut
In Out

|
ANDSA
Dummy load MLSAEnable_n
WLFirstRow Enable

Out  WLDriver In 4_@_D
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Figure 15. The testbench. The wires related to the CAM and AND functionalities are highlighted in
blue and orange, respectively, for the sake of clarity.

The circuit of the dummy load block is shown in Figure 16. It consists of multiple OR
logic gates which share the same input, and the number of OR gates coincides with the
number of rows in the array. These are not actual gates: only the transistors connected to
the input are included, in order to reduce as much as possible the number of elements in
the testbench netlist.

Some additional blocks are shown in Figure 15: the precharge circuit is used to
precharge the bitlines before a read operation; the “Delay SA” circuit is used to delay the
enable signal of the sense amplifier used to test the read operation, since a voltage latch
SA [33] is employed.
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Figure 16. The dummy load for the dummy SA. This is used to emulate the input sections of multiple
OR gates, which are embedded in each real MLSA/ANDSA, in order to take into account their
influence on the sensing performance in the array.

5. The Simulation Framework

To characterise large memory arrays, a scripting approach is adopted, generating the
circuit netlists automatically after an initial by-hand characterisation of the design.

The approach adopted for the simulation of large arrays is presented in Figure 17,
and it consists of the following steps:

e the memory array and the sensing circuitry are designed by-hand and characterised
by simulating small arrays (32 x 32 cells).

* the cells and rows layouts are produced and extracted. 32-bits wide rows and columns
are used as basic blocks to create the final array.

e after the circuits netlists have been extracted, a script is written, following precise
guidelines, to make the circuit parametric with respect to its size (array height and
width).

®  ascript is used to generate a parametric Cadence Virtuoso testbench that allows to
characterise the circuit for arbitrary values of width and height, by using the SPECTRE
simulation engine.

e the input stimuli of the testbench are automatically generated, starting from the
operations sequence to be simulated provided by the user.

¢ the circuit is simulated using the SPECTRE engine of Cadence Virtuoso.

e the array performance are extracted by measuring the energy consumption and the
delay associated to each memory operation.

In Figure 18, the scripting workflow, called ALiAS (Analog Logic-in-Memory Arrays
Simulation), is presented. ALiAS takes in input:

e the netlists of the fundamental blocks, which are the memory cells and the sense
amplifiers, that have to be designed by-hand.

* the desired characteristics for the array to be simulated: type (SRAM, CAM, the three
LiM variants) and size (width and height).

¢  simulation parameters for SPECTRE (such as the maximum number of computational
threads associated to the simulation, GUI mode etc.).

e the clock period selected for the simulation, which is equal to 1ns by default.

Given this information, the netlist of the array and the testbench are generated,
the SPECTRE simulation is run, performance measurements are extracted (in particu-
lar, energy consumption and delay associated to each memory operation) and saved in
different formats (bar diagrams and CSV files). With this approach, ALiAS allows to
speed up the design and simulation of memory arrays with custom cell topologies at
schematic level.
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Figure 17. The simulation flow. Starting from the by-hand designed circuits of small arrays, the sim-

ulation of large ones is achieved through the algorithm shown in the figure.
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Figure 18. The scripting approach adopted, called ALiAS (Analog Logic-in-Memory Arrays Sim-
ulation). Starting from the array characteristics (type and dimensions), the simulation conditions
(circuit parameters, clock period, SPECTRE configuration) and the layout extracted netlists of the
basic circuits (memory cells, rows and columns), a simulation is performed in SPECTRE and the
array performance is evaluated.

6. Results and Discussion

To evaluate the memory arrays performance, energy consumption and latency of
each memory operation are extracted from SPECTRE simulations. The energy consump-
tion is measured by integrating the array instantaneous power consumption over each
simulation cycle:

Eopemtion = /cycle P(t)dt

Each array is simulated with a supply voltage Vpp = 1V and a clock period 4 = 4ns
using the SPECTRE simulator in Cadence Virtuoso.
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In Figure 19, the energy-delays product per operation of each memory array, are
presented. Four different memory sizes are considered: 64 x 64, 128 x 128,192 x 192 and
256 x 256, intended as rows and columns. These values have been chosen to estimate how
the array performance scales with its size, with size values usually adopted in literature
for test chips [32,36-38]. In Table 3, the energy-delay products values are shown, using as
reference case the 256 x 256 array of Figure 19.

In the following, each operation is analysed and compared to the others.

Energy-delay product per operation varying memory size
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CAM 300
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Figure 19. The energy-delay product associated to each memory operation in each array, for different

values of the memory size.

Table 3. The energy-products associated to each memory operation, for each memory array. Data are
extracted from the 256 x 256 array of Figure 19, which is used as case study.

Energy-Delay Products [p]-ps]

Memory Operations
Write Read Search AND
SRAM 134 118 - -
CAM 275 230 236 -
AND SP 309 260 717 98
AND DYN 596 451 1152 2008
AND ST 961 641 601 76

6.1. Read Operation

From Figure 19, one can observe that the LiM (in the figure AND_SP, AND_DYN,
AND_ST for special-purpose, dynamic and static AND cells, respectively) and CAM
memories perform worse than the SRAM array for every value of the memory size. This is
due to the fact that these architectures employ cell circuits that are much more complex
(i.e., higher number of transistors, wider transistors and more interconnections) than the
SRAM one.
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In Table 4, the differences in the energy-delay products associated to the read operation,
expressed in percentage, among the arrays, are shown. For instance, for the CAM memory
an energy-delay product value 94.41% higher than the SRAM one is measured; for the static
AND memory, an energy-delay product value 40.57% higher than the special-purpose
AND one is obtained. The data are extracted from the 256 x 256 array of Figure 19, which
is used as case study in the following.

Table 4. Percentage differences in the read energy-delay product among the arrays. Each value
corresponds to the increase, expressed in percentage, in the energy-delay product of the memory on
the corresponding row with respect to the one of the memory on the corresponding column. Some
values are omitted for the avoid ambiguities in the table interpretation (i.e., each percentage value is
calculated using as reference the memory on the column and each comparison is made only one time
per memory). The data are extracted from Table 3.

Energy-Delay Products Relative Variations for Read

SRAM CAM AND SP AND DYN AND ST
SRAM — — — — —
CAM +94.91% — — — —
AND SP +120.34% +13.04% — — —
AND DYN +282.2% +96.08% +73.46% — —
AND ST +443.22% +178.69% +146.54% +42.13% —

The differences among the memories performance can be explained by investigating
their circuits. In Figure 20, these are depicted showing only the cell transistors connected
to the bitlines. In fact, it is well known that to read from a SRAM-like memory cell, one
needs to access it through a wordline and to let the cell discharge one of the bitlines
to determine its content; the higher the equivalent capacitive load corresponding to the
bitlines, the longer the discharge time is, given the same discharge current. Since the bitlines
capacitance is determined by the interconnections layout and the transistors connected
to these, it follows that the higher the number of the cell transistors linked to the bitlines,
the worse the read performance is.

BL BL BL BL BL BL
AND SP CAM AND STAT
1 L 1 1 L 1
e = :I:I Ijli ~
r_|I r_|I
BL BL ::]

BL BL BL
SRAM AND DYN
1L L 1L
N H

T

Figure 20. The transistor load on bitlines for each cell type.

Considering the data in Table 4, one can notice that the worst-performing memory
is the static AND memory, which is also the one with the highest number of transistors
connected to the bitlines (Figure 20). This explains why the best performing memory is
the SRAM: being the simplest from a circuital point of view, it has the lowest bitlines
capacitance associated to it. Similar considerations can be made to explain the differences
among the other cells.
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One may notice from Figure 20 that even if the special-purpose and dynamic cell
have the same number of transistors connected to the bitlines (in particular, to BL), the
second one performs worse than the first one; this is because one has to take into account
also the layouts of these cells, depicted in Figures 8c and 11c, for the dynamic and special-
purpose AND cell, respectively. It can be observed that the dynamic AND circuit is more
complex, having a higher number of transistors and interconnection, which lead to more
parasitics in the resultant circuit that slow down the cell read operation, increasing also the
corresponding power consumption.

6.2. Write Operation

In Table 5, the differences in the write operation energy-delay products, expressed
in percentage, among the arrays are shown. The same considerations made for the read
operation apply, since write and read performance are both approximately determined by
the memory circuit and layout.

Table 5. Percentage differences in the write energy-delay products among the arrays. Each value
corresponds to the increase, expressed in percentage, in the write energy-delay product of the memory
on the corresponding row with respect to the one of the memory on the corresponding column.
The data are extracted from Table 3.

Energy-Delay Products Relative Variations for Write

SRAM CAM AND SP AND DYN AND ST
SRAM — — — — —
CAM +105% — — — —
AND SP +130.6% +12.36% — — —
AND DYN +344.78% +116.72% +92.88% — —
AND ST +617% 249.45% +211% +61.24% —

6.3. Search Operation

In Table 6, the differences in the search operation energy-delay products, expressed in
percentage, among the arrays, are shown.

Table 6. Percentage differences in the search energy-delay product among the arrays. Each value
corresponds to the increase, expressed in percentage, in the energy-delay product of the memory on
the corresponding row with respect to the one of the memory on the corresponding column. The data
are extracted from Table 3.

Energy-Delay Products Relative Variations for Search

CAM AND SP AND DYN AND ST
CAM — — — —
AND SP +203.81% — — —
AND DYN +388.13% +60.67% — —
AND ST +154.66% ~19.30% —91.68% —

One can notice that the LiM arrays perform worse than the CAM one in the search
operation. This can be explained considering the layout of the cells: being the LiM cells
more complex, their search functionalities are affected by more parasitics.

Consider the case of the dynamic AND cell, which layout lower section is shown in
Figure 8c. One can notice that the CAM circuitry is placed very close to the AND one; as a
consequence, the parasitics values associated with the matchline are increased with respect
to the original CAM cell, which leads to higher latency and power consumption for the
search operation. Similar considerations can be made for the special-purpose and static
AND cells.

It can be observed that, among the LiM arrays, the best performing one for the search
operation is the static AND array. This seems counter-intuitive, since the static AND
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gate is the most complex one among the AND cells; however, this can be explained by
investigating the layout of the cells.

In Figure 21, the lower sections of the static, special-purpose and dynamic AND cells
are shown side to side. By considering the AND gates regions in the layouts, which are
highlighted in the figure, one can notice that the most complex layout (in terms of the
number of transistors and local interconnections) is the dynamic AND one, highlighted in
orange, followed by the special-purpose one (there are less transistors but these are wider),
highlighted in cyan, and, then, the static one, highlighted in pink. For this reason, the worst
performance is associated with this cell.

Figure 21. Layout bottom sections of static, special-purpose and dynamic AND cells.

For what concerns the special-purpose cell, its circuit seems to be less complex than
the static one, but it should be noted that the transistors of the special-purpose circuit are
wider than the ones of the static cell; this leads to larger parasitic capacitances, that lead
to a worsening in performance for the search operation, being these transistors connected
through the gates to the CAM functionality ones.

6.4. AND Operation

In Table 7, the differences in the AND operation energy-delay products, expressed in
percentage, among the arrays are shown.

Table 7. Percentage differences in the AND energy-delay product among the arrays. Each value
corresponds to the increase, expressed in percentage, in the energy-delay product of the memory on
the corresponding row with respect to the one of the memory on the corresponding column. The data
are extracted from Table 3.

Energy-Delay Products Relative Variations for AND

AND SP AND DYN AND ST
AND SP — — —
AND DYN +1948.98% — —
AND ST —28.95% —2542.1% —

One can notice that the best performing array is the static AND one. This can be
explained by referring to the cells circuits.

The static cell performs better than the special-purpose one due to its simpler output
circuit (Figure 10 for the static AND, Figure 11 for the special-purpose AND): while the
static gate has only one transistor connected to the AND line, the special-purpose one has
two NMOSFETs in series linked to it; this leads to higher latency and power consumption.

The static AND cell performs better also than the dynamic cell, since the latter is
implemented in dynamic CMOS logic, while the first one in static CMOS logic. In fact,
considering the circuit of the dynamic AND cell in Figure 8, it can be noticed that, once
the sensing of the AND line is enabled through EN, it takes a certain amount of time for
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the dynamic gate to discharge its output, denoted with AND, and, hence, disable the
pull-down. During this time interval, the pull-down is conducting and prevents the AND
line, denoted with AND, from getting charged by the ANDSA. This leads to an increase in
both energy consumption and sensing delay.

Considering the circuit of the static AND cell in Figure 10, one can notice that the
output of the AND gate is already at ground voltage before the sensing enabling, for the
reasons discussed in Section 4. At the beginning of the AND operation, the pull-down is
already disabled, which means that the line starts immediately to get charged, without hav-
ing any current flowing to ground. Moreover, at each AND execution, all the AND gates
invert their outputs to turn off the pull-down transistor connected to the AND line; this
leads to a large increase in the energy consumption, as it can be observed from Table 7.

6.5. Comparison among Different Operations

In this section, the operations performed are compared and analysed in relation to
each other.

From Figure 19, one can notice that write performance worsens more than the read
one, as the array size is increased. This is mainly due to the fact that while a read operation
does not imply the complete commutation of one of the bitlines (one of the two lines needs
to discharge just enough for the sense amplifier to properly read the cell value), a write
one does, since a “strong” logic ‘0" has to be put on one of the bitlines to force the desired
value to be written to the cell; as a consequence, larger energy consumption for the write
operation with respect the read one is measured.

In Table 8, the read and write performance, in terms of energy-delay product, are
compared in each memory. One can notice that the largest difference between reading and
write performance is associated to the static AND memory. This is due to the fact that,
as the array size is enlarged, the corresponding bitlines capacitive load increases more than
linearly; since the static AND cell is the most complex one, a larger difference in write
and read performance is measured for large arrays (e.g., the 256 x 256 one in Figure 19),
while in the other ones a smaller one is obtained. In fact, in Table 8, the write/read
discrepancy value follows the cell circuit complexity: the best performing memory is the
SRAM, followed by CAM, special-purpose, dynamic and static AND.

Table 8. Percentage differences of the write and read energy-delay products in each memory. Each
value corresponds to the increase, expressed in percentage, in the energy-delay product of the
memory on the corresponding row with respect to the one of the memory on the corresponding
column. The data are extracted from Table 3.

Energy-Delay Products Relative Variations: Write vs. Read

Read
SRAM CAM AND SP AND ST AND DYN
SRAM +13.56% — — — —
CAM — +19.56% — — —
Write AND SP — — +18.85% — —
AND ST — — — +49.92% —
AND DYN — — — — +32.15%

In Tables 9 and 10, the comparisons between the search operation and write and read
operations, respectively, energy-delay products are reported. One can notice that in all the
cases the search operations perform worse than the read /write one of the SRAM array.
However, for the static AND and CAM arrays, the search operation is characterised by
16.52% and 59.9%, respectively, lower energy-delay products when compared to the same
array write operation; for what concerns the read one, the CAM search operation performs
just 2.61% worse, while the static array performs 6.65% better.

From Figure 19, it can be observed that the AND operation performs better than the
search one for the static and special-purpose AND arrays. This is due to the fact that
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the hardware involved in the AND operation is less complex than the one of the search
operation: while in the CAM cell (Figure 2a) there are two pull-down paths of two series
transistors connected to the matchline, in the AND cells (Figures 8b, 10b and 11b) there is
only one pull-down path. This leads to lower power consumption and latency.

Table 9. Percentage differences between the read and search energy-delay products among the arrays.
Each value corresponds to the increase, expressed in percentage, in the energy-delay product of the
memory on the corresponding row with respect to the one of the memory on the corresponding
column. The data are extracted from Table 3.

Energy-Delay Products Relative Variations: Search vs. Write

Write
SRAM CAM AND SP AND DYN AND ST
CAM +76.12% -16.52% — — —
Search AND SP +435.07% +160.72% +132.04% — —
AND DYN +759.7% +318.91% +272.81% +93.29% —
AND ST +348.51% +118.54% +94.5% —91.68% —59.9%

Table 10. Percentage differences between the write and search energy—delay products among the
arrays. Each value corresponds to the increase, expressed in percentage, in the energy—delay product
of the memory on the corresponding row with respect to the one of the memory on the corresponding
column. The data are extracted from Table 3.

Energy-Delay Products Relative Variations: Search vs. Read

Read
SRAM CAM AND SP AND DYN AND ST
CAM +100% +2.61% — — —
Search AND SP +507.63% +211.74% +175.77% — —
AND DYN +876.27% +400.86% +343.08% +115.43% —
AND ST +409.32% +161.3% +131.15% +33.26% —6.65%

In Table 11, the AND and search operations energy-delay products values are com-
pared. It can be observed that, apart from the dynamic AND case, the AND operation
performs always better than the search one. In the dynamic AND case, this does not hold
true due to the dynamic CMOS logic implementation of the gate, which leads to the com-
mutation of all the row cells AND gates every time an AND operation is performed. This
leads to a large increase in the energy consumption associated with the AND functionality.

Table 11. Percentage differences in the AND and Search energy-delay products among the arrays.
Each value corresponds to the increase, expressed in percentage, in the energy-delay product of the
memory on the corresponding row with respect to the one of the memory on the corresponding
column. The data are extracted from Table 3.

Energy-Delay Products Relative Variations: AND vs. Search

Search
CAM AND SP AND DYN AND ST
AND SP -140.81% -631.63% — —
AND AND DYN +750.85% +180.05% +74.3% —
AND ST —210.52% —843.42% —1415.79% —690.79%

For what concerns the AND operation and the conventional ones, one can notice from
Figure 19 that the AND operation, in the static and special-purpose arrays, performs better
than both read and write ones in the SRAM array, for an array size equal to 256 x 256.
This is due to the fact to perform the AND operation there is no need to access the cell
content, thank to the additional cell circuitry, which allows for lower latency and energy
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consumption; in fact, the SRAM core circuit is highly inefficient, as observed in the previous
discussion.

In Table 12 the comparison between AND and write performance is detailed. One can
notice that, apart from the dynamic AND case, the AND operation always outperforms
the write one, even when comparing it with the conventional SRAM architecture: for the
special-purpose case, a 36.7% reduction in the AND energy-delay product is measured
with respect the SRAM write one, while in the static AND case the reduction is equal
to 76.31%.

In Table 13, the comparison between AND and read performance is analysed. Also in
this case, the AND operation always outperforms the read one, apart from the dynamic
AND case, even when compared with the SRAM: for the special-purpose AND, a 20.41%
reduction in the AND energy-delay product with respect to the SRAM read one is measured;
for the static AND case, a reduction of 55.26% is obtained.

Table 12. Percentage differences in the write and AND energy-delay products among the arrays.
Each value corresponds to the increase, expressed in percentage, in the energy-delay product of the
memory on the corresponding row with respect to the one of the memory on the corresponding
column. The data are extracted from Table 3.

Energy-Delay Products Relative Variations: AND vs. Write

Write
AND
SRAM CAM AND SP DYN AND ST
AND AND SP —36.7% —180.61% —215% —
AND DYN +1398% +630.2% +549.84% +236.91% -
AND ST —76.31% —261.84% —306.57% —684.21% —1164%

Table 13. Percentage differences in the read and AND energy—delay products among the arrays.
Each value corresponds to the increase, expressed in percentage, in the energy—-delay product of
the memory on the corresponding row with respect to the one of the memory on the corresponding
column. The data are extracted from Table 3.

Energy-Delay Products Relative Variations: AND vs. Read

Read
AND
SRAM CAM AND SP DYN AND ST
AND AND SP -20.41% —134.69% —165.31% — —
AND DYN +1601.7% +773.04% +672.31% +345.23% —
AND ST —55.26% —202.63% —242.1% —1164.47% —743.2%

This implies that performing an in-Memory operation, such as the AND one, is
more convenient from both energetic and latency points of view, even when compared
with a conventional SRAM memory. It has to be highlighted that in this analysis the
overhead associated to the extraction of the data from the array—i.e., the energy and
latency contributions due to the data transfer between the memory and the CPU, and due
to the data processing inside the process—is not taken into account; as a consequence,
the advantages resulting from the in-Memory approach are being heavily underestimated.

7. Conclusions

In this work, a LiM array with 3 memory cell variants is designed and implemented
at physical level in Cadence Virtuoso, by implementing the cells layout and extracting
the parasitic netlists from these. The resulting circuit is compared against conventional
memory arrays, such as SRAM and CAM ones, by evaluating the overheads associated to
the LiM hardware on the standard memory operations.
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From the results, an increase in energy consumption and latency is observed for the
read and write memory operations in the LiM array (+120.34% and +13.04% for the read
operation w.r.t. SRAM and CAM, respectively, in the best case). The results also highlight
that the in-Memory processing cost, represented by the energy-delay product associated
with the LiM operation, is 55.26% lower than the one associated to the read operation
of an SRAM memory, in the best case, even without considering the energy and delay
contributions due to the out-of-chip transfer of the data to the CPU. This implies that
processing the data directly in memory is much more convenient than extracting them from
the array and performing the computations in the CPU, despite the previously discussed
drawbacks due to the additional hardware complexity.

These results highlight that Logic-in-Memory arrays, in which the memory cell is
modified by adding computational elements to it, are best suited for applications with
a low number of reading and write operations and a large number of in-Memory logic
operations. These represent a suitable alternative for the design of algorithm accelerators,
that can be also used as secondary low-density conventional memories for data storage.
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