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ABSTRACT Low-power smart devices are becoming pervasive in our world. Thus, relevant research
efforts are directed to the development of innovative low power computing solutions that enable in-
memory computations of logic-operations, thus avoiding the von Neumann bottleneck, i.e., the known
showstopper of traditional computing architectures. Emerging non-volatile memory technologies, in par-
ticular Resistive Random Access memories, have been shown to be particularly suitable to implement
logic-in-memory (LIM) circuits based on the material implication logic (IMPLY). However, RRAM devices
non-idealities, logic state degradation, and a narrow design space limit the adoption of this logic scheme.
In this work, we use a physics-based compact model to study an innovative smart IMPLY (SIMPLY)
logic scheme which exploits the peripheral circuitry embedded in ordinary IMPLY architectures to solve
the mentioned reliability issues, drastically reducing the energy consumption and setting clear design
strategies. We then use SIMPLY to implement a 1-bit full adder and compare the results with other LIM

(Member, 1IEEE),

solutions proposed in the literature.

INDEX TERMS Compact model, full adder, IMPLY, logic-in-memory, RRAM.

I. INTRODUCTION

The Internet of Things (IoT) is promoting the spreading of
battery powered smart devices in many sectors, from the
industry, to improve the efficiency of industrial processing,
to the healthcare, to monitor patients from distance, and in
many others. This trend is posing a particular interest in
the research of innovative solutions that enable the compu-
tation of logic operations directly inside the memory [1],
[2], with the aim of bypassing the strongest limitation
affecting traditional architectures, i.e., the data transfer
between the memory and the CPU, also known as the
von Neumann bottleneck [3]. Among emerging technologies,
Resistive Random Access Memories (RRAM) are indeed
a promising candidate for Logic-in-Memory (LIM) appli-
cations, as they are non-volatile storing elements which at
the same time can also act as computing element in logic
gates [4], [5]. In addition, RRAM devices offer very fast-
switching [6], small footprint [4], [7], and can be integrated
in the Back-End-Of-Line (BEOL) [4], [8] of integrated cir-
cuits, also in dense crossbar array structures. A specific
scheme, based on the material implication logic IMPLY) has

been identified as an effective solution for fast, low-power
LIM architectures. Its functionality has been explored in
many simulation works [9]-[11], and recently experimentally
demonstrated [5], [12]. Although encouraging, this scheme
is affected by many severe issues such as the logic state
degradation [9]-[10], [13]-[14] and the strong sensitivity
to driving voltage variations [13]-[14], which can prevent
the correct circuit functionality if not considered during the
design phase. Still, these issues are often disregarded, and
simulations are typically performed using simplified device
models [9], [15] that can reproduce the quasi-static DC IV
characteristic but have a questionable accuracy when consid-
ering ultra-fast pulses, as the temperature dynamics becomes
a critical factor. Thus, physics-based compact models are
essential when studying this kind of circuits [13]. Moreover,
previous works mainly focused on the circuit short-term
functionality, but only a few studies have analyzed the circuit
reliability and the long-term functionality considering the
logic state degradation. This paper extends the conference
paper in [14], where we used a physics-based compact model
to propose and evaluate through simulations the feasibility
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of an innovative RRAM-based smart IMPLY scheme, i.e.,
SIMPLY, which removes the issues affecting the ordinary
IMPLY scheme. SIMPLY i) virtually solves the problem of
logic state degradation, ii) removes the strict tradeoff on the
driving voltage choice, iii) considerably reduces the energy
consumption without adding relevant area and complexity
overheads. Here, we further investigate the performance of
SIMPLY by including in the design the necessary peripheral
circuitry, i.e., a small area comparator. We then simulate the
performance of a 1-bit full adder using the SIMPLY and
IMPLY schemes on a RRAM array and compare the results
with other state-of-the-art LIM solutions.

Il. RRAM COMPACT MODEL FOR RELIABLE CIRCUIT
DESIGNS

Studying the reliability of RRAM-based logic circuits
to obtain accurate estimates of the circuit long-term
performance requires dependable RRAM compact models.
Such compact models need to accurately reproduce the
dynamic behavior and to account for device non-idealities,
such as cycle-to-cycle and device-to-device variability,
self-heating, and Random Telegraph Noise (RTN) [13].
In this work we use a physics-based RRAM compact
model [10], [16], implemented in Verilog-A and avail-
able on nanohub [17]. As summarized in the sketches in
Fig. 1 (c)-(d)-(e), the total device resistance consists of
the sum of two components, a metallic-like conductive fila-
ment (CF) and a dielectric barrier. Set and reset operations,
that affect the resistance of the two components and result
in a state change of the device, are reproduced by con-
sidering the field- and temperature- driven bond breaking
and related defect generation during set, and the field- and
temperature- assisted oxygen ions drift and recombination
with vacancies during reset [10], [16]. Since the barrier and
the CF differ in chemical composition, we avoid introduc-
ing the simplifying assumption of a spatially homogeneous
device temperature. Instead, we consider two separate tem-
peratures for the CF and dielectric barrier components (Tt
and Ty in Fig. 1 (e), respectively), thus strengthening the
physical soundness and accuracy of the model. These tem-
peratures are modeled dynamically including the effect of
thermal capacitance, therefore enabling accurate predictions
when performing simulations using very-short pulses (Fig. 1
(b)). Cycle-to-cycle and device-to-device variability in both
resistive states are included by adding appropriate random
noise sources on the dielectric barrier during reset, and on
the CF cross-section during set. In addition the model repro-
duces multilevel Random Telegraph Noise (RTN) [16], this
being a distinctive feature that is necessary when assessing
the reliability of the device read operation. In this work we
calibrated the model on experimental data of a multilayer
TiOx/HfOx RRAM from [18]. As shown in Fig. 1 (a)-(b),
the model correctly reproduces both DC I-V and ultra-fast
pulsed characteristics (i.e., 10 ns pulses), with a single set
of parameters.
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FIGURE 1. (a) Simulated (lines) and experimental (symbols) DC I-V curves
of a multilayer TiOx/HfOx RRAM device during set and reset operations in
different reset conditions (i.e., Vggsgr = —1.2 V, and —1.4 V, with different
colors). Data from [18]. (b) Simulated (lines) and experimental (symbols)
pulsed reset curves using a train of 10 ns pulses with different voltages
(i.e., VResgr = —1.2V, —1.3 V, and —1.4 V, with different colors).

Data from [18]. (c-d) Sketch of the compact representation of a device in
HRS (c) and LRS (d). (e) The compact model equations, where R is the total
device resistance, R g the value of R in LRS, tox the oxide thickness

(12 nm in this case), x the barrier thickness, k the typical tunneling length,
T the device temperature, T the ambient temperature, kg the Boltzmann
constant, | the current, V the applied voltage, S the filament cross-section,
p its resistivity. Eg, Ep, Eg, & f, cg, a, b, B, kycs kyp, de and Cpb are
material-related constants for defect diffusion and generation, and for
thermal dissipation [10], [16]-[17].

IIl. IMPLY LOGIC RRAM IMPLEMENTATION

Although theorized at the beginning of the 20" century
by Russell and Whitehead [19], the IMPLY logic has never
found application in electronic circuits, as it is less prone
to be implemented with transistors than the Boolean oper-
ations AND, OR, and NOT. It was only recently when
Borghetti er al. [5] experimentally demonstrated the fea-
sibility of RRAM-based LIM circuits, that this logic scheme
has revived the interest of the electronic community. The
IMPLY is a stateful logic, meaning that a RRAM device
functions both as a logic gate and as a memory element.
Together with the FALSE (i.e., an operation resulting always
in a logic-0), the IMPLY enables the computation of any
logic operation [20] by decomposing it in a sequence of
IMPLY and FALSE operations on an appropriate number of
devices (the number of input devices plus at least 2 addi-
tional devices [21]). The COPY operation (which copies
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FIGURE 2. Schematic representation of the ordinary RRAM-based IMPLY.
(b) Simulated resistance of P (Rp, blue dotted line) and Q (Rq, black
dashed line) over time during the execution of the IMPLY operation, along
with the pulses applied to the top electrodes of the two RRAMs (i.e., Vg
and V¢onp. dashed red and dotted violet lines, respectively). P and Q are
initially set to logic 0. Q switches to logic 1, as per the truth table in

Table 1. The bands of the resistance intervals defining the logic states are
also reported (green bands).

TABLE 1. Truth table and requirements for the ordinary IMPLY gate

functionality (*) and optimized degradation (¥).

Conlllll)gl:tion Output (Q’) Requirements
P=0 Q=0 Q=1 *High Vser *Low Vconp
P=0 Q=1 Q=1 #Low [Vconp - VsET]|
P=1 Q=0 Q=0 *Low [Vconp — Vser]|
P=1 Q=1 Q=1 -

the content of one memory element to another) can be
implemented with IMPLY and FALSE, enabling cascaded
operations [12].

A. WORKING PRINCIPLES

A single IMPLY logic gate can be implemented with two
RRAMs with their bottom electrodes (BEs) connected to
ground through a common resistor Rg, see Fig. 2(a). Logic
bits are associated to the resistive states of RRAM devices:
a device in high resistive state (HRS) is a logic-0, while
a device in low resistive state (LRS) is a logic-1. To per-
form the P-IMPLY-Q operation, the control logic applies
two simultaneous positive voltage pulses at the top elec-
trodes of the devices P and Q, as shown in Fig. 2(b). These
two pulses are sized so that the state of P never changes,
while the state of Q changes according to the operation truth
table (Table 1) [5], [9], [10], [13]. Thus, the state of Q after
the operation execution (Q’) is the result of the operation.
The FALSE operation consists in the application of a neg-
ative voltage pulse to a single device to restore its HRS
(logic-0). In the rest of the paper, we use the following cir-
cuit parameters Rg = 1k, Vggr = 2.15V (where Vggr
is the voltage at the TE of the device Q), Vconp = 1.7V
(where Vconp is the voltage at the TE of the device P),
VraLsg = —1.45V, with all the pulses having a 20ns period
with 50% duty cycle. These parameters were derived in [13]
and represent a good compromise between energy consump-
tion and enhanced circuit reliability. Resistive state variability
strongly affects the reliability of the IMPLY gate. Therefore,
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to map the logic states on resistive states we consider resis-
tance intervals instead of a single threshold as described in
previous works [5], [9], [12], [21]. We defined a logic-0 as
a resistance in the range 50k2 to 300kS2, and a logic-1 as
a resistance in the range 5002 to 5k€2, see color bands in
Fig. 2 (b). These intervals were defined by considering the
variability displayed by the devices in operating conditions,
which leads to a RLRS,MIN = 5002 and RLRS,MAX =2k,
RHRS,MIN = 70 k2 and RHRS,MAX = 230 kQ, which cor-
respond to the light green bands reported in Fig. 2b. Both
HRS and LRS ranges were enlarged to introduce tolerance
margins (dark green bands) to account for the presence
of RTN.

B. ISSUES AND LIMITATIONS

Although these circuits display low energy consumption and
high integration density, they suffer from several issues that
limit their reliability and increase their design complexity
by introducing strict requirements. First, only a narrow sub-
space of VsgT and Vconp pairs results in the correct circuit
functionality [13]. Considering the P-IMPLY-Q operation,
a too high Vconp can cause the switching of device P, which
instead must always retain its state, while a too low Vconp
cannot inhibit the switching of Q when P = 1 and Q = 0.
Instead, Vsgr should be high enough to switch Q when
P = Q = 0 and at the same time low enough to prevent
the switching of Q when P = 1 and Q = 0. Secondly,
at each IMPLY execution, the resistance of a device in
the HRS that is supposed to hold a logic-0 decreases, and
after a limited number of cycles determines bit corruption
(Fig. 3) [9]-[10], [13]-[14]. This requires the introduction of
a periodic energy-hungry memory refresh (a global COPY
followed by a global FALSE). In particular, the state degra-
dation happens on the device P when P = Q = 0, and on
the device Q when P = 1 and Q = 0, since a positive volt-
age drop, even if lower than the switching voltage, drops
across the devices P and Q, respectively, and determines
a partial set event. The state drift strongly depends on the
driving voltage values which are affected by a strict tradeoff,
as highlighted in Table 1. In fact, lowering Vconp (VSET)
improves the degradation when P = Q = 0 (P = 1 and
Q = 0) but worsens it whenP=1and Q=0 (P = Q = 0).
The analysis of degradation is non-trivial and the effects may
be overlooked when using simplified general-purpose models
which consider a hard threshold to activate the state variable
dynamics [9]. Moreover, variability must be simultaneously
considered, as the state degradation strongly depends on the
actual device resistances, as depicted in Fig. 3. The above
issues strongly limit the circuit reliability, and introduce the
requirement of a precise control of the driving voltages up
to the tens of mV [13] which is hard to achieve in hardware:
voltage drops across the parasitic line resistances and noise
at voltage sources can easily shift the gate operating point
into a high degradation region or even outside the allowed
space.
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FIGURE 3. Degradation of Rp over time during the repeated execution of
the IMPLY operation with P = Q = 0. Four corner cases are considered to
account for variability (Rp is initialized either at Rygs min OF at Ryrs max
and R is kept fixed either at Rygs,min OF at Ryrs,max)- The degradation
depends on the initial values of Rq and Rp, resulting in errors (star
symbols) potentially after ~100 cycles (black star). (b) Degradation of Rq
over time during the repeated execution of the IMPLY operation with P = 1
and Q = 0. Four corner cases are considered to account for variability (Rp
is initialized either at R gs,miN OF at Rigs,max and Rq is initialized either
at Rygs,min OF at Rygs,max)- In the worst case, the degradation of Rq
results in errors after ~30 cycles (red star).

IV. SIMPLY OPERATION SCHEME

To solve the issues of the ordinary IMPLY, we proposed
a novel LIM smart scheme, ie., SIMPLY (smart
IMPLY) [14]. This scheme, without introducing additional
complexity in the traditional IMPLY scheme, is capa-
ble of breaking the tradeoff between Vggr and Vconp.
This virtually solves the problem of state degradation and
its dependence on the resistive state values, while reduc-
ing energy consumption and setting clear design tuning
parameters.

A. WORKING PRINCIPLES

The idea behind SIMPLY is based on the observation that,
when performing the IMPLY operation, the state of Q
changes only when the input combination is P = Q = 0. In
all the other cases, Q retains its initial state. So, it is possi-
ble to distinguish this input combination from all the others,
by simply applying two simultaneous small voltage pulses
(VReaD &~ 100mV) at the top electrodes (TEs) of P and Q
and comparing the voltage at node N (V) with a threshold
VTH, Which must lie between the maximum value of Vy
when P = Q = 0 and the minimum Vy when P # Q. The
difference between the two latter quantities is labeled read
margin (RM). The output of the comparator is fed back to the
control logic (Fig. 4(a)) which then activates the analog tri-
state buffers and pulses VggT on the TE of Q if VN < Vrq,
or keeps the buffers in high impedance otherwise, as shown

760

Control Logic w/ Analog i [ P SIMPLY Q ]
Tri-State Buffers (b) Wr-Q-0
h

vV Hi-Z

VP READ > C 0 (

Il otherwise

time (a.u.)

FIGURE 4. Schematic of SIMPLY architecture. (b) Schematic diagram of the
voltage pulses delivered to the top electrodes of P (Vp) and Q (Vq) over
time during the execution of the SIMPLY operation when the comparator
detects the condition P = Q = 0 (dashed orange lines) and in all other
cases (blue lines).

in Fig. 4 (b). Thus, Vconp is no more necessary and the
tradeoff eliminated, so that Vggr must just be high enough
to switch a device considering the maximum HRS resistance
due to the device variability introduced by the reset oper-
ation. In addition, in three out of four cases of the truth
table only small Vrgap pulses are applied to the devices,
resulting in a considerable energy reduction. To correctly per-
form a SIMPLY operation, only a large enough RM must be
provided. We performed simulations including the effect of
variability and RTN and verified that, even with a VRgap of
100mV, an RM of at least 40mV is guaranteed, as illustrated
in Fig. 5. In addition, clear design strategies can be defined,
as the RM can be improved by increasing the power con-
sumption, choosing either higher Vrgap (Fig. 5) or higher
IVraLsel to increase the Ryrs/Rprs ratio. It is important
to note, that the SIMPLY scheme only introduces minimal
changes in the control logic, while the analog tri-state buffers
together with the comparator and the VRgap are already
embedded in the IMPLY architecture peripheral circuitry to
read the state of a device [22]. To introduce the benefits of
SIMPLY, the comparator must have a small footprint and dis-
sipate low energy (i.e., comparable to the energy of the read
operation). In Fig. 6, we propose a sense amplifier design,
implemented in standard 45nm CMOS technology [26], that
satisfies the above requirements.

V. IMPLY VS SIMPLY

In this section, we compare the performance of the IMPLY
and SIMPLY operations in terms of energy and reliabil-
ity, based on the results of extensive circuit simulations of
the single operation alone. In addition, we also compare
the performance of the two architectures when performing
a 1-bit full addition computed on a RRAM linear array.
For the IMPLY we used the parameters defined in Section
III-A, while for the SIMPLY we used Vsgr = 2.15V,
VREAD = 2001’11V, VFALSE = —1.45V, VDD =2V (WhiCh
is the comparator power supply), Rg = 1k, and the
same timing as in the IMPLY operation. This means that
TSIMPLY =2- TlMpLy, because in SIMPLY one TIMPLY is
needed to perform the read and compare step, and another
to possibly set the device, see Fig. 4(b).
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FIGURE 5. Distribution of Vy calculated at different Vggap, including the
effect of variability and RTN over 50 cycles. The upper and lower boxes
represent the cases P # Q and P = Q = 0, respectively, showing the
medians (red lines), the 25t to 75th percentiles extension (blue boxes),
and the most extreme data points (black whiskers). The red crosses
represent the worst-case fluctuations due to RTN. The read margins (RMs -
violet arrows) and associated threshold voltages (Vs - ocean green
dashed lines) for the comparator are shown.

TABLE 2. IMPLY vs SIMPLY energy consumption comparison.

Input Energy Energy
Combination Min- Avg.-Max Min- Avg.-Max
(Ordinary IMPLY) (SIMPLY)
P=0 Q=0 263-29.1-30.7pJ 27.5-28.9-30.6pJ
P=0 Q=1 31.6-359-378pJ 135-221-269 fJ
P=1 Q=0 193-20.8-22.1pJ 110 -213-252 1)
P=1 Q=1 26.7-28.5-30.3 pJ 245 -286 —307 fJ
FALSE 40-82-12.1pJ

A. SINGLE OPERATION COMPARISON
As described in Section III-B, one of the major limitations
of the IMPLY operation is the problem of logic state degra-
dation. In fact, the results of the simulation of the IMPLY
considering eight corner cases for the initial devices’ resis-
tances, shown in Fig. 3, reveal that in the worst-case a device
can withstand no more than 30 cycles, therefore requir-
ing frequent memory refresh which highly degrades circuits
performances. On the contrary, in SIMPLY the logic state
degradation is dramatically slowed, as it is determined only
by a small VRgap voltage instead of a much larger one
caused by the VsgT, Vconp pair. The improvement is clearly
depicted in Fig. 7, where no relevant state drift can be seen
up to 4.5 - 10° operation repetitions when considering the
same two worst-cases of the IMPLY. Also, the energy per
operation considerably drops in three out of four cases when
only the Vrgap voltage pulses are applied to the devices.
This is shown in Table 2 where the energy per operation is
reported for each input combination, obtained by including
the effects of variability and RTN and repeating the sim-
ulation 20 times. The energy per comparison of the sense
amplifier is not a strong limitation as it is comparable to the
energy dissipated during the read operation. This is shown in
Fig. 6 where the simulation results are reported considering
a temperature range from 0°C up to 90°C, and including the
effects of variability of the input RRAM devices.

To evaluate the improvement brought by SIMPLY, more
complex operations should be considered since the sequence
of individual IMPLY and FALSE operations determines the
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FIGURE 6. Sense Amplifier circuit used in this work as the comparator in
the SIMPLY architecture. The circuit was implemented using a standard
CMOS 45nm process [26]. The MOSFETSs sizes are reported in blue. The
table shows the minimum, average and maximum energy per operation for
Vpp = 2V and three different operating temperatures.
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FIGURE 7. Benefits of using SIMPLY. (a) Rp vs. cycle number during the
repeated execution of the IMPLY operation with P = Q = 0 and

Vreap = 200mV. The same four corner cases as in Fig. 3(a) are considered
to account for variability. No degradation is observed up to 104 cycles.
(b) Rq vs. cycle number during the repeated execution of the SIMPLY
operation with P = 1 and Q = 0. The same four corner cases as in

Fig. 3(b) are considered to account for variability. No degradation is
observed up to 104 cycles. (c) No degradation up to 4 -5 - 10® cycles occurs
for the two worst cases, i.e., P = Q = 0 with initial Rp = Rq = Ryrs,mAxX
(maximum voltage drop across P and Q) and

Rp = Rq = Rygs,min(maximum current on P and Q). In all cases,

VReap = 200mV.

energy improvement. Thus, in the following section we
present the simulation results of a 1-bit full adder.

B. 1-BIT FULL-ADDER COMPARISON

As shown in Table 5, which reviews the state-of-the-art of
RRAM-based LIM 1-bit full adder implementations, there
are several configurations of the number of devices and
required computation steps that can be used to realize a
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FIGURE 8. 1-bit full-adder implementation using (a) the IMPLY and (b) the
SIMPLY architectures.

IVN

TABLE 3. Full adder energy per operation comparison: IMPLY vs SIMPLY.

Input Comb. . Era ) Era
(min-avg-max) (min-avg-max)
B Cin IMPLY SIMPLY
0 0 0 508-524-538 pJ 186-188-191 pJ
0 0 1 504-517-523 pJ 189-190-193 pJ
0 1 0 506-516-527 pJ 164-166-169 pJ
0 1 1 488-502-514 pJ 144-146-149 pJ
1 0 0 508-527-545 plJ 186-188-191 pJ
1 0 1 503-517-539 pJ 166-168-171 pJ
1 1 0 506-516-527 pJ 164-166-169 pJ
1 1 1

164-167-169 pJ

509-526-540 pJ

1-bit full addition employing the IMPLY logic. Here, we
use a RRAM linear array composed of 8 devices, as shown
in Fig. 8 (a)-(b). Three devices hold the input bits (A, B,
Cin), while the next two are used to store the final result of
the computation (S, Cyy), and the remaining three devices
(M1, M», M3) are used to compute partial results. To per-
form an addition, we employ a scheme comprising 28 steps.
These steps, listed in Table 4, include also the 5 FALSE
required to initialize S, Coy, Mj, M2, M3, and offer the
extra benefit of retaining the input values (i.e., the sequence
of operations is engineered in such a way that the devices
holding the input bits never change their logic state). This
differs from most of the other works reported in Table 5,
were the computation corrupts the values stored in the input
devices. Therefore, if the stored value must be preserved,
3 additional COPY operations (realized with 6 FALSE and
6 IMPLY) should be added to the step count. To our knowl-
edge, the proposed sequence uses the minimum number of
steps ever reported for an architecture that can retain input
values. We performed repeated circuit simulations and ana-
lyzed the behavior of the circuit in the presence of variability
and RTN, considering both the IMPLY and the SIMPLY
implementations, the latter including the comparator and the
control logic. We show that even if the energy improve-
ment is smaller than that of the single operation alone, the
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TABLE 4. 1-bit full adder sequence of operations.

# Step Operation Equivalent Operation
1-5 FALSE(M;,M,,M3,S,Cpy) My, My, M3,S,Cppye =0

6 BIMPM, M, =B

7 M;IMPM, M, =B

8  AIMPM, M,= A+B=AB

9  M,IMPS S=AB

10 FALSE M, M,=0

11 AIMP M, My = A

12 My IMP M, M, =A

13 BIMP M, My,=B+A= AB

14 M,IMPS S=AB+AB=A®B

15 BIMP M, M;=B+A=4B

16 My IMP Cyye Cour = AB

17 FALSE M, M;=0

18 SIMP M, M; = A®B

19  Cp, IMP M,y M; = C,,(A®B)

20 M3 IMPC,y, Cout = AB + C;,,(ADB)

21 FALSE M, M; =0

22 Cy IMP M, M, = C,

23 M,IMPS S = C,u(A®B)

24 FALSE M, M, =0

25 M, = C_m(m) M, = C_m(m)

26 My IMP M, M, = C,,(A®B) +
Cin(A®B)

27 FALSES
28 M,IMPS

§=0
S =C;,, D(ABB)

SIMPLY implementation requires on average a third of the
energy required by the IMPLY. The energy per sum oper-
ation is reported in Table 3 for every input combination.
Compared to other works in the literature, of which the
salient features are reported in Table 5, the IMPLY and
SIMPLY results are coherent with experimental and physics-
based simulations results. Other simulation works based on
different architectures (e.g., MAGIC) and employing simpli-
fied general-purpose models, show lower energy estimates
and shorter computation times than our results, probably
due to the faster clock frequencies and lower current com-
pliances considered in these works, besides the difference
in architecture. Moreover, as remarked in Section II these
estimates may not be very reliable when considering very
fast voltage pulses. Currently, a hybrid FET-RRAM design
(listed in Table 5) shows the best performance in terms
of energy and computation speed. However, these estimates
were obtained considering an extremely simplified RRAM
model, and the proposed solution is not compatible with
crossbar implementation which is an important requirement
to enable the design of area efficient structures. In addi-
tion, the energy reduction provided by SIMPLY shifts the
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TABLE 5. Comparison among the proposed and existing full adders in the literature.

Tvpe of Logic . . Energy* Delay* .
Author(s) P . s Phyls\l/[cz dl:la sed # Devices inFé:(s)lsl::far (estimated / i Elgl:;el;tary (estimated / in ltftti:;ies
(exp / sim) reported) P reported) p
Siemon et al. . 202 pJ 3.61ps
23] IMPLY (sim) YES 8§ RRAM YES (estimated) 19 (estimated) NO
Lem"[“z"‘l‘} etal | (VPLY (sim) NO 8 RRAM YES ; 136 ; YES
Kva““[sgk]y etal | vpLY (sim) NO 9 RRAM YES ; 23 9.1 s (estimated)|  NO
Kvatinsky et al. . 11.5 s
o] IMPLY (sim) NO 6 RRAM YES - 29 (estimatod) NO
Talati et al. [24] | MAGIC (sim) NO 5RRAM YES 650 7 (estimated) 13 19.5 ns (reported NO
’ at 0.7 GHz)
. . . 16.9 ns (reported
Talati et al. [24] | MAGIC (sim) NO 10 RRAM YES 800 fJ (estimated) 16 NO
at 0.7 GHz)
. . . 20.8 ns (reported
Talati et al. [24] | MAGIC (sim) NO 19 RRAM YES 650 fJ (estimated) 13 NO
at 0.7 GHz)
. . . 16.9 ns (reported
Talati et al. [24] | MAGIC (sim) NO 10 RRAM YES 500 £J (estimated) 10 NO
at 0.7 GHz)
Cheng et al. [12] | IMPLY (exp) - 8 RRAM YES 19.5 pJ (reported) 27 54 ps (reported) NO
Puglisi et al. [10]| IMPLY (sim) YES 9 RRAM YES 6.4 nJ (reported) 43 345 ns (reported) YES
This Work IMPLY (sim) YES 8 RRAM YES 518 pJ 28 560 ns YES
172 pJ 920 ns
This Work SIMPLY (sim) YES 8 RRAM YES 28 YES
(0.172 fJ)y** (92 ns)**
221 52 ps
Junsangsri et al. | CMOS LiM YES (FET) 41 FET+4 NO (reported — ) (reported — YES
[25] (sim) NO (RRAM) RRAM excludes RRAM excludes RRAM
energy) delay)

* Reported means that the value was explicitly reported by the authors in the paper. Estimated means that the corresponding value has been inferred from data in
the paper, although not explicitly reported by the authors. ** Projections considering Ic = 10nA and clock frequency = 0.5GHz [6, 28-29].

energy bottleneck from the IMPLY to the FALSE opera-
tion. Therefore, SIMPLY allows device/circuit requirements
co-design with the aim of lowering the energy consump-
tion also of the FALSE operation [27], which is the same
for both for SIMPLY and the ordinary IMPLY, see Table 2.
Thus, efforts can be directed at the device-level design to
develop devices that achieve higher Ryrs by using lower
IVEaLsEl, hence reducing the energy necessary for the FALSE
operation. Further energy reductions can be achieved by low-
ering the current compliance [28] (increasing both Ryrs and
Rrrs) and by using shorter pulses [6], [29]. We projected
the energy per sum operation at lower Ic (10nA) and faster
clock frequency (0.5 GHz) and showed that SIMPLY could
potentially reach CMOS level performance, and even largely
overcome them when the von Neumann bottleneck effects
are considered.

VI. CONCLUSION

In this work we introduced a novel smart LIM scheme,
SIMPLY, applicable to resistive switching memory technolo-
gies. We simulated its performance using a physics-based
compact model calibrated using experimental data and
showed that it greatly improves the reliability of the ordi-
nary IMPLY logic, while also drastically lowering the energy

VOLUME 8, 2020

consumption both when considering the single operation and
the 1-bit full addition. In addition, the energy projections at
lower Ic, show that SIMPLY is a viable solution for ultra-low
power computing, ideal for IoT applications.
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