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In the context of computing in resistive memories (ReRAM), the imple-
mentation of threshold logic gates (TLGs) with memristors has been espe-
cially investigated for programable in-memory logic implementations. In
this work we focus on two circuit design concepts for threshold logic with
memristors: the voltage divider and the voltage adder. We provide an ana-
lytical exploration of the impact of the HRS-to-LRS ratio of memristors on
the performance of every circuit and highlight the advantages of the voltage
adder approach. Through experimental results from a proof-of-concept cir-
cuit, implemented using self-directed channel (SDC) memristors by
Knowm Inc., we validated the conclusions derived from the theoretical
analysis for computational memory structures supporting threshold logic
gates. Moreover, we present the design and simulation of a bitline driver
and sensing circuitry for a 1T1R array, where the proposed threshold logic
scheme can seamlessly fit, thus providing solutions towards the develop-
ment of robust and reliable computational ReRAM modules.
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1 INTRODUCTION

Memory-centric computing in resistive memories (ReRAM) has drawn a lot
of attention during the last decade [1], [2]. Resistive switching devices (RS
devices or “memristors” [3]) are considered among the key emerging tech-
nologies for future computational memories that are expected to significantly
improve the performance of computing platforms by lowering the require-
ment for data movement outside the memory modules [4]. In ReRAM arrays,
the data are represented by resistance; high resistive state (HRS) for logic ‘0’
and low resistive state (LRS) for logic ‘1’, or vice versa. During memory
WRITE operations, a transition from a HRS to a LRS is commonly called as
SET, and the opposite as RESET. Resistance switching is achieved via the
application of a voltage that exceeds the corresponding switching threshold
(Vsgreser)- Unlike conventional logic circuits based on transistors, compu-
tations inside a ReRAM module are performed by properly driving the word-
lines and bit-lines which connect to the memristors that participate in the
logic operations [5]. Many different logic design styles have been proposed
for memristor devices, allowing computations to be performed either only
inside the memory core (i.e., the crossbar array) or also at the periphery [6].

In this context, most recent approaches to such logic circuits rely on
implementations that are based on memory READ operations; i.e., they use
low-amplitude voltage pulses that do not modify the state of the memristors.
Compared to other design styles of the literature [7], [8], when computations
are based on READ operations, the conditional switching of any memristor
during information processing is avoided. Such principle of computing with
memristors is compatible with threshold logic gates (TLGs), which have been
also investigated for programable logic implementations in ReRAM circuits
[9]. There are many ways to incorporate memristors in TLG implementations
[10], [11]. However, reliability of logic operations can be affected by the
presence of variability in the switching performance of memristors, so it is
important that variability (both device-to-device and cycle-to-cycle) is prop-
erly considered in the design of TLG circuits based on memristors.

In this work we focus on two circuit design concepts for threshold logic:
1) a ratioed threshold logic circuit, based on a voltage divider, and ii) a linear
threshold logic circuit, based on a voltage adder. We provide an analytical
exploration of the impact of the HRS-to-LRS ratio (Ryrs/R; rs) of memristors
on the performance of every circuit, along with the identification of the most
important design parameters to consider for computational ReRAM modules.
Focusing on two-input logic operations, our analysis highlights the difficul-
ties in the application of the voltage divider approach given the strong depen-
dence of its operation on the memristors” switching features, thus promoting
the voltage adder as a better alternative to pursue for reliable threshold logic
operations in ReRAM. Through experimental results from a linear threshold
logic proof of concept circuit for a two-input NOR logic gate, implemented
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using off-the-shelf components and self-directed channel (SDC) memristors
[12], commercialized by Knowm Inc. [13], we validate the feasibility and all
the key conclusions derived from the theoretical analysis for computational
ReRAM structures supporting threshold logic gates. Finally, we present the
design and simulation in LTSpice of a bitline driver and sensing circuitry for
a 1T1IR ReRAM topology where the linear threshold logic scheme can seam-
lessly fit using the voltage adder, thus providing solutions towards the devel-
opment of robust and reliable computational ReRAM modules.

2 VOLTAGE DIVIDER & VOLTAGE ADDER FOR THRESHOLD
LOGIC OPERATIONS

Following the classification of memristor-based logic design styles, presented
in [14], a ratioed NOR gate can be implemented as shown in Fig. 1a. Such
circuit consists of a voltage divider and a voltage comparator. The voltage
divider is formed by a resistive element Ry and the equivalent resistance of
the selected memristors which are connected in parallel (selector devices in
series with the memristors are omitted from Fig. 1 for simplicity). The num-
ber of selected memristors equals the number of input operands and such
logic design is compatible with the crossbar array topology [15]. The circuit
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FIGURE 1
Generic implementation scheme of (a) ratioed threshold logic, and (b) linear threshold logic.
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was first proposed in [16] and lately has been reported in other works related
to in-memory computing targeting ReRAM architectures [17], [18].

During circuit operation, a voltage is applied across the voltage divider such
that the voltage on the selected memristor(s) |VourVrerl stays below their switch-
ing thresholds (Vsgr/reset) to not disturb the stored information in the memory
cells (thus equivalent to a READ operation). The output voltage Vo is described
by Eq. (1), where R, is the equivalent resistance of the selected memristors.

Re
Vour =Verer + Vpp —Vier)- RLT;H] (1)

Here we assume that high resistive state (HRS) represents logic ‘0’ and low
resistive state (LRS) represents logic ‘1’. If the resistive element exhibits a
resistance R; ~ R; rs, When only one memristor is selected, this topology can
be used for memory READ operations'; the output voltage Vit is compared
with Vyp to decode the information stored in the device as logic ‘1’ or logic
‘0’ (data I/O correspond to resistance/voltage)>. However, all logic operations
are typically equivalent to memory READ operations too. For two-input
logic operations: i) when inputs are “00” (both devices in Rygs), Vour 18
roughly close to Vpp, which is interpreted as logic ‘1’; ii) if at least one input
is logic ‘1’ (R rs) then Vqyr is interpreted as logic ‘0’. By comparing Voyr
with Vyp we produce the logic ‘0’ or ‘logic 1” digital output (Vi ogic)-

In such ratioed threshold logic design, the reliability of logic operations
depends on the selection of V. We define as Voyr 1 (Vour o) the output
voltage given by Eq. (1) corresponding to logic ‘1’ (logic ‘0’). Therefore, the
greater the difference |Vour 1-Vour ol the easier it becomes to define the
Vemp value. The smallest margin is observed between the “00” and the
“10”/“01” input combinations (for higher fan-in the smallest margin is
observed between the “all zeros” input case and the case when only one of the
memristors is in LRS). Moreover, such voltage margin improves when the
devices exhibit a resistance ratio with Ryrg >> Ry rs-

An alternative implementation concept is the linear threshold logic which
was previously discussed in [11] and more recently seen in [19], [20]. It
requires that the memory READ and the logic operations are both based on a
voltage adder instead of a voltage divider, as shown in Fig. 1b. Here, a READ
voltage Vygr is applied to the input terminals of the selected memristors,

1 For HRS as logic ‘0’ and LRS as logic ‘1’, note that the logic output of such READ opera-
tions is complemented.

2 Two thresholds are required if an undefined region is assumed in-between the HRS and LRS
states, thus a 2-bit A/D would serve in such case, where one of the two output bits would act
as a flag to denote resistance value in the undefined region.
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which are connected to the inverting input of an operational amplifier (opamp)
in a summing amplifier configuration, which is placed before the comparator
stage. Owing to the virtual ground of the opamp, the voltage drop on the ter-
minals of memristors is Vi, which is lower than their switching thresholds.
Vour corresponds to the weighted sum of the applied input voltages, and is
given by Eq. (2). R.q is the equivalent resistance of the selected memristors
and Ry is the value of the feedback resistor of the voltage adder circuit.

R
Vour ==Veer - R_F 2
eq

As in the case of the voltage divider, the same topology serves for typical mem-
ory READ operations in the ReRAM module. Thus, Vot reflects the result of
both the memory READ and the logic operations. The Voyr voltage increases
with the number of memristors that are in LRS. For instance, if HRS represents
logic ‘0’ and LRS represents logic ‘1’, then for two-input logic operations the
“00” combination will produce a very small output voltage, whereas “01” (or
equivalently “10”) will give a higher output voltage, and “11” will result in the
highest Vgyt voltage. This is next compared with Vyp to decode the resulting
Vour voltage as logic ‘0’ or logic ‘1’ (Vi ggic). Note that for memory READ
operations we select only the target memristor to be read, and the circuit is
converted into a transimpedance amplifier. Consequently, the level of the out-
put voltage can be very low when the memristor is in HRS and thus susceptible
to noise. In such case, two cells could instead be selected, the second being a
“dummy”” memory cell corresponding to a memristor in HRS, to increase Vqyt
by a certain offset. It should be noted that in Fig. 1b itis Vour 1 < Vour o, thus
the interpretation of logic ‘1’ and ‘0 at the comparison stage will be reversed,
compared to what was mentioned previously in the case of the voltage divider.

In both threshold logic implementations shown in Fig. 1, varying dynami-
cally the comparison threshold Vyp and selectively inverting the comparator”s
output (Vi ogic), provides flexibility and allows implementing different logic
gates without modifying the rest of the circuit. This can be very beneficial for
cascaded in-memory logic operations and the realization of complex logic
operations, which were not explored further in this work.

3 PERFORMANCE COMPARISON OF THRESHOLD LOGIC
DESIGNS FROM A RELIABILITY POINT OF VIEW

According to Eq. (1), the output voltage Vqyr for NOR ratioed threshold
logic operations based on the voltage divider depends almost exclusively on

Ry, and thus on the k = Ryrs/Ry gs ratio. Therefore, next we identify the influ-
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ence that k has on the minimum output voltage window |Vour 1 - Vour ol
which determines the robustness and reliability of such operations. We
assume two cases: (a) when Ryrg >> R rs, and (b) when such condition does
not hold. From Eq. (1), assuming R} = R; rs, the equivalent resistance of the
two parallel memristors for the “00” input combination is Req 00 = Rurs/2.
Thus, the voltage at the logic output is given by Eq. (3):

Vops Rugs >> Rygs

1
Vour 1= Vegr + Vpp —VREF)-Z—, otherwise (3)
;+1

The best (highest) and the worst (lowest) value of Voyr  is provided by Eq. (3).
We note the dependence of the voltage on the resistance ratio k; the smaller it
gets, the farther the Vot ; gets from Vpp. Likewise, we repeat the same analy-
sis for the case of having one memristor in R} g, thus a “017/ “10” input com-
bination. The corresponding equivalent resistance R o; is calculated in Eq. (4).

Rigs> Rups >> Rypg

Req‘m - % otherwise @

1+k

Using Eq. (4), through Eq. (1) we compute the corresponding values for
Vour o as shown in Eq. (5).

1
E(VREF +VDD)’ Ryrs >> Rips
0N Vi + (Vo = Viggr ) T+l otherwise
L
k

By observing Eq. (5), we notice that the resistance ratio k does not have as a
significant impact on the difference between the highest and lowest possible
value of Voyr o, as it happens in Eq. (3). We are mostly concerned about the
minimum difference [Vour 1 - Vour of. Which occurs in case (b) when the
value of k is small. As an example, applying Vpp = 1V and Vggr = 0.6V, while
assuming a ratio of just k=10 we calculate a voltage window AVt = Vour |
- Vout 0 =0.933V — 0.79V = 143mV. Moreover, AVoyr could get as low as
40mV for k = 2.
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FIGURE 2

Evolution of AVoyt = Vour | - Vour o for a wide range of values of the resistance ratio k = Ryrs/
Ry rs, according to Eq. (1) (Vpp = 1V, Vggg = 0.6V). The horizontal (red) dashed line shows the
maximum value of AVqyt. The inset shows enlarged the part of the plot where it is 2 < k < 100.

In order to better understand the trends and the dependence of AVyyt on
k, we present graphically in Fig. 2 the evolution of AVgyt w.r.t. the value of
k. We observe that AVt approximates its maximum value (Vpp - Vrgp)/2
(equal to 200mV in our example) when k exceeds two orders of magnitude.
On the other hand, for lower values of k, the voltage window rapidly gets nar-
row. Note that the absolute values of Voyr ; and Voyr ¢ could be modified
using a different V. However, such modification is constrained by the val-
ues of the switching thresholds of the memristors (Vsg/reser)- These obser-
vations highlight the difficulties in the design and implementation of the
ratioed version of threshold logic circuits. The problem originates from the
strong dependance of the output voltage on the memristor’s switching fea-
tures, such as the resistance ratio k, which is affected by variability. More-
over, the value of Vygp is the only design parameter to consider in this case.
On the other hand, the linear threshold logic circuit based on the voltage
adder has Ry as an additional design parameter, whose value can be selected
depending both on k and on the applied voltage Vygp.

Next, we compute the minimum voltage window |AVyy| for two-input NOR
linear threshold logic operations to highlight the reliability gains offered by this
alternative topology. From Eq. (2), the equivalent resistance of the two memris-
tors in “00” input combination is R, oo = Rurs/2 and at the logic gate output it is
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Vour 1 =-Vrer(2-Re/Ryrs)- Based on Eq. (4), from Eq. (2) we compute the value
of the voltage Voyr  at the logic gate output, as shown in Eq. (6).

R
F
—Veer =k, Rygs >> R
HRS

R, (6)

VOUT,O =

~Veer ~(k+l), otherwise

HRS

By observing Eq. (6) we figure out that the corresponding output voltage Vour o
is always affected by k. Likewise the voltage divider circuit, here small k£ values
lead to a small AVt voltage window. The narrower voltage window is given
by AVour = Vour o - Vour 1 = -Vrer (Re/Rurs)-(k-2). The latter is a value pro-
portional to both k and Rp, and thus it can be engineered appropriately. For
example, assuming R = 50KOhm, Ryrg = 100KOhm, and Vigr = 100mYV, then
a resistance ratio of just k = 10 produces a AVqyr of 400mV, whereas k = 100
results in a much higher AVqyt of 4.9V. Such numbers are significantly larger
than the maximum AVqyr observed in the voltage divider configuration. For k
>> 1, it can be AVgyr = Vour ¢- On the other hand, for the same parameters, a
resistance ratio as low as k = 2 leaves little space for voltage comparison, but
this can be compensated using higher Ry values.

4 EXPERIMENTAL IMPLEMENTATION OF TWO-INPUT NOR
GATE WITH A LINEAR THRESHOLD LOGIC CIRCUIT

Building upon the analyses presented in previous sections, here we present
our results from the experimental validation of the voltage adder concept
for two-input NOR linear threshold logic operations. In the experimental
setup we used the digital oscilloscope, the function generator and digital
output signals of the Digilent Analog Discovery 2 (AD2) instrumentation
tool [21]. The memristors were discrete self-directed-channel (SDC) bipo-
lar devices with tungsten (W) as dopant on a chalcogenide material [12],
developed and commercialized in 16-pin ceramic DIP packages by Knowm
Inc. [13]. The SDC devices are distinct from Conductive Bridge RAM
(CBRAM) [22] devices and represent their own sub-class of electrochemi-
cal metallization memory (ECM) which, in response to an applied voltage,
use a metal-catalyzed reaction within the active layer to generate Ag ion
transport routes that contain Ag agglomeration sites, permanent under sim-
ilar operating conditions.

For the forming of the pristine memristors and the posterior evaluation
of cycling (SET-RESET) performance, every memristor was first individu-
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ally connected to the inverting input of an OP97 opamp in a transimped-
ance amplifier topology with a 47KOhm feedback resistor [23]. A positive
voltage ramp was applied, rising from OV to 1V in 100us, while limiting the
maximum current at 90uA, as described in [24]. If forming was unsuccess-
ful in the first attempt, the process was repeated and the ramp duration was
gradually increased. Once the devices were formed successfully, triangular
wave voltage was applied to normalize the cycling performance of every
device. In Fig. 3 we observe the cycling behavior of one of the memristors
during 50 cycles under symmetric triangular voltage of |1V| amplitude and
10ms period. Next, the devices were submitted to a series of memory
WRITE and READ operations to evaluate the switching performance under
pulsed input voltage, required for our target digital application. When sin-
gle-pulse WRITE operations are concerned, as in our case, careful selection
of the WRITE pulse amplitude is necessary. Higher WRITE pulse ampli-
tudes have a high probability to trigger a successful SET or RESET. Based
on observations on the device behavior under manual pulsing, we selected
500us-wide pulses of 0.9V for SET and -1.2V for RESET to guarantee a
complete transition, whereas READ-out was performed at -0.15V using
3ms-wide READ pulses.

Similar switching characteristics are desired for all the memristors to be
used in a practical digital application. However, circuit design and evaluation
processes should take into consideration not only the cycle-to-cycle (C2C)
variability in discrete devices, as evidenced in the i-v characteristic of Fig. 3,
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FIGURE 3

Absolute current-voltage (abs(i)-v) curve for a memristor during 50 cycles under symmetric tri-
angular wave voltage of |1V| amplitude and 10ms period. The vertical dashed lines are a guide to
the eye showing the minimum voltage required, on average, to initiate a change in the resistance
for SET (Rygs to Ry gg) and RESET (R g to Rygrs)-
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but also the device-to-device (D2D) variability. The two memristors used in
our case, namely M, and Mg, demonstrated a qualitatively similar behavior
under the same applied voltage signal, with very similar voltage thresholds
for SET & RESET on average, as well as similar time-response, but with dif-
ferent resistance ratio k. In fact, the average values for the HRS and LRS
states were measured as {Ryrs, Ryrs} = {15, 30}kOhm for M, and {RjRs,
Rurs} = {5, 45}kOhm for Mg. The histograms in Fig. 4 present the corre-
sponding distributions. Such values demonstrate a low HRS-to-LRS resis-
tance ratio of nearly 2 < k < 9 which, according to the theoretical analysis
presented previously, it could result challenging for the correct operation of
the threshold logic circuit.

The schematic of the circuit in our extended experimental setup, used to
implement the two-input NOR linear threshold logic operations, is shown in
Fig. 5a. Each memristor was connected in series to an analog switch
(MAX320) used to emulate the cross-point selector devices and to allow indi-
vidual access to every memristor. The control signals used with the switches
were the digital signals generated by the AD2 instrument, which was con-
trolled through the Waveforms software interface. Both branches of memris-
tors were connected to the inverting input of the same OP97 opamp, in a
summing amplifier topology with a 47KOhm feedback resistor R. The output
of the voltage adder went through another OP97 opamp used as unity gain
buffer, whose output was driven to an AD8561 comparator to produce the
digital output of the logic operations. Hysteresis was considered in the
comparator’s circuit to avoid fluctuations of the digital output signal; the ratio
of the resistors R / (R, + R,) in Fig. 5a establishes the width of the hysteresis
window with Vgyp setting the average switching voltage Vyp. In Fig. 5b we
show the details of the pinout interface of AD2 and an illustration of the
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FIGURE 4

Histograms of the resistance values observed in memristors (a) M and (b) Mg, during 50 repeti-
tions of the SET — READ — RESET — READ pulse sequence. The results concern the resistance
values calculated from data collected during the applied READ pulses. Data count values cor-
respond to the amount of data measured by the AD2 instrument.
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FIGURE 5

(a) Schematic of the circuit used to implement the two-input NOR linear threshold logic operations.
(b) Illustration of the circuit implementation in a protoboard using Knowm memristors in a ceramic
DIP package. The inset shows the interconnection interface of the AD2 instrument in detail.

actual implementation in a protoboard with the necessary connections to
AD2. A 50KOhm potentiometer was used in series with R, to properly con-
figure the desired Veyp.

We performed a sequence of operations which included memory WRITE
operations both for logic ‘0’ (RESET) and for logic ‘1’ (SET), as well as logic
NOR operations, by selectively applying the required voltage pulses to the
memristors via the wave generator channels WG, and WG,. The characteris-
tics of the applied pulses were as mentioned previously. More specifically, the
process sequence is as follows:

i) alogic ‘1’ is written to both memristors simultaneously through two SET
operations to store the “11” combination;

ii) a NOR operation takes place with the simultaneous application of Vygp
voltage to both memristors;

iii) the memristor M, is RESET to create the “10” combination;

iv) a NOR operation takes place as in step (ii);

v) the memristor My is RESET to create the “00” combination;
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FIGURE 6

Histogram presenting the distribution of the measured voltages at the output of the summing ampli-
fier during two-input NOR logic operations, depending on the input logic combination encoded in
the resistive state of memristors. A total of 50 measurements were carried out for every input logic
combination. Data count values correspond to the amount of data measured by the AD2 instrument.

vi) a NOR operation takes place as in step (ii);
vii) the memristor M is SET to create the “01” combination;
viii)a NOR operation takes place as in step (ii).

The abovementioned event sequence from step (i) to (viii) was repeated 50
times, aiming to observe the obtained voltage levels at the output of the sum-
ming amplifier (Vgyr) for every binary input combination, encoded in the
resistive state of the devices. We focus only on the results corresponding to
the logic NOR computations. We computed the average voltage at the output
of the summing amplifier while the Vygr voltage was applied for logic opera-
tions. We present in Fig. 6 the histogram of the measured voltage levels, cor-
responding to every input logic combination.

By observing Fig. 6, we confirm the expected operation, which agrees quanti-
tatively with theoretical calculations we performed using Vigr = 0.15V, Rg =
47KOhm, and the average { R rs, Ryrs} values of the two memristors, mentioned
previously. Based on this performance, we can define an adequate Vyp voltage
in the comparator stage to correctly identify logic ‘0’ and logic ‘1’ output. We
note a wide voltage margin between 0.6V and 1.0V, which is above the largest
voltage value measured for “00” input combination, and below the minimum
voltage value measured for “01”/*10” input combination. So, the circuit is robust
enough to respond correctly even using memristors with a much worse switching
performance. In our case, with Vyp = 0.7V, the comparator”s output was always
correct in all the performed NOR logic operations.
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Therefore, this experimental work validated the use of the voltage adder topol-
ogy for threshold logic operations using memristors and demonstrated its practi-
cality in adverse operating conditions using memristors with considerably low
HRS-to-LRS ratio (below one order of magnitude) as well as C2C variability and
D2D variability, evidenced through the different HRS-to-LRS resistive windows.

5 FITTING THE VOLTAGE ADDER IN COMPUTATIONAL
RERAM MODULES SUPPORTING THRESHOLD LOGIC

The difficulties in the use of the voltage divider practically pose certain con-
ditions for the suitability of any memristor device type for ratioed threshold
logic circuits, depending on its switching features. However, as shown in the
previous sections, the voltage adder constitutes an alternative to pursue for
more reliable logic operations following a linear threshold logic scheme. In
this context, we show next how the voltage adder can fit in computational
ReRAM modules like that introduced in [15].

A block-level abstraction of the topology of such computational ReRAM is
shown in Fig. 7. The core of the memory consists of a mxn transistor-memristor
(1T1R) crossbar array with m bitlines (BLs), n wordlines (WLs), and m output
lines (OLs) which are connected to the sensing circuits. The peripheral circuits
enable threshold logic operations alongside typical memory READ/WRITE

Data I/O Instructions
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[ T T [ T [ 1
Wordline
Driver
[ T T T T 1
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157 Crossbar Array [ 23
“ZZ 1o I
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FIGURE 7
High-level block diagram showing the topology of a computational ReRAM system (adapted
from [15]).
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operations. The memory control unit (MCU) decodes the received instructions
to activate the WL and BL/OL involved in every memory/logic operation, in a
similar way as presented in [20]. Moreover, the MCU supports internally
instructed memory WRITE operations with a logic value that is temporarily
stored in the output stage of the sensing circuits and is driven to the BL/OL
driver to be next stored in the memory via a SET or RESET process. This
enables data movement, as well as chained logic operations with an intermedi-
ate write step required to store the output of one stage in a target memristor, So
that the same data can be used as input in subsequent logic stages.

The authors in [14], [15] proposed a design for the driving/sensing cir-
cuitry of every BL/OL in such array. Considering the superior performance of
linear against ratioed threshold logic operations, here we present in Fig. 8 an
updated version of that design to make possible fitting the voltage adder in
computational ReRAM modules supporting threshold logic. The presented
circuit focuses on a single row of the memory and its driving/sensing parts,
which can be replicated to account for the m BLs/OLs of the array (not shown
here). The WLs drive the gate terminals of the select switches which are
vertically-grouped to form memory words. Thus, the WLs permit the connec-
tion of the selected memristors to a common OL.

The BL/OL driver enables the selective application of WRITE or READ
voltages to the terminals of the memristors depending on the value of the
signals write/read_bar and data. The data signal defines the logic value to be
stored during a WRITE operation through a SET or RESET process. Note
that only positive WRITE voltages are assumed; V;rg for SET and Vygg for
RESET. The selected memristors, through the top left side of the BL/OL
driver see “Vpp = Virs” or “Vpr = ground” for WRITE operations, or “Vg;, =
Vrer~ for READ/logic operations. Likewise, through the bottom left side of
the BL/OL driver they see “Vg; = Vyrs~ or “Vgp = ground” only during
WRITE operations when the switch Ty is conducting. During READ/logic
operations, the switch Ty disconnects the BL/OL driver and the switch Ty
connects the OL to the sensing circuitry on the far-right side.

Vﬁ.

_1°

- output line
write/read [ o=
data [ {>C write/read

FIGURE 8
Schematic of the proposed circuit corresponding to the bitline driver and the sensing circuitry
within a single row of the computational ReRAM module.
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More specifically, when write/read_bar = ‘1°, a memory WRITE operation
takes place. If data = ‘1’, the selected memristors see { Vg = Vigrg and Vg =
ground} at their terminals, whereas if data = ‘0’ the selected memristors see
{ VgL = ground and Vo = Vigrs}. When write/read_bar = ‘0’, a memory READ
or a logic operation takes place and a common voltage Vg = Vygr is applied to
all the selected memristors. For a memory READ operation, only one WL
should be enabled. However, the circuit schematic includes in WL a “dummy”’
memory cell corresponding to a resistive element R; = Ryrg, Which can be
selectively used to increase Voyr by a certain offset. The same configuration
applies for a logic NOT operation since only one memristor is selected. In gen-
eral, when n memristors are selected simultaneously, the topology implements
the circuit shown previously in Fig. 1b for n-input linear threshold logic opera-
tions. Through the selective inversion at the output stage with the inv; ogc sig-
nal, the circuit enables the OR/NOR and the NOT/COPY operations. Note that,
by modifying dynamically the Vyp threshold, more operations could be pos-
sible with the same circuit, such as AND/NAND (not covered here). However,
in practice the feasibility of this also depends on the distributions of the Vqyr
voltage observed for all possible input logic combinations, as previously seen
in Fig. 6 for experimental results from SDC memristors.

At the right side of the circuit schematic, we observe the output stage of
the specific BL. The logic value generated by the comparison of Voyr and
Veup in the original form or its complement, is asynchronously stored in the
output of a local register as V} ggic, using the hold; ogic control signal. The
stored value can be driven to the external interface of the computational
ReRAM or it can be internally driven to the BL/OL drivers to allow the stor-
age of the logic result anywhere inside the memory array, which is equivalent
to a COPY operation [25]. Nevertheless, for chained logic operations, the
destination cell must be aligned row-wise (i.e., be in the same BL) with the
rest of memory cell(s) to be used as input operand(s).

We validated this updated design of the computational ReRAM driver
through LTSpice-based circuit simulations for a sequence of memory and
logic operations. Our purpose was to demonstrate:

i)  the correct transition of memristors between HRS and LRS state during
memory WRITE operations;

ii) the correct identification of the stored information during READ operations;

iii) the correct execution of logic NOR operations with two input operands,
for all possible input combinations.

To this end, we designed and simulated the circuit shown Fig. 8 using four mem-
ristors in the same BL and a dummy memory cell whose resistance was fixed in
HRS, which was used only in READ operations. For the memristors we used the
mean metastable switch memristor model proposed by Knowm Inc. [26] with
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{Vser Vreser) = {450, -450}mV. We did not include variability in simulations,
but we purposely used a low value for k with {R;rs, Rgrs} = {4, 10}KOhm
which, according to Fig. 2 creates the smallest possible voltage margin for com-
parisons at the output stage. For the operational amplifiers, the comparator, and
the analog switches, we used the corresponding circuit models as in the experi-
mental implementation with £5V supply, whereas digital components were
treated as ideal elements. Moreover, we used +1V WRITE pulses, a resistor Rg =
50KOhm, Vigr = 100mV, and a voltage threshold Viyp = -1.32V which was
adequate for all the READ/logic operations. The simulation results are presented
in Fig. 9 which shows the evolution of the resistance of all the memristors, the
logic state of the WL signals, the logic state of the control signals write/read_bar,
invy ogrc> and hold; ogic, as well as the logic signal of the output of the local reg-
ister Vi ogic. Memristors M and M, were initially found in HRS, whereas M5
and M, were purposely set in LRS. Seven different operations take place, which
include memory WRITE (both for SET and for RESET), memory READ (both
for logic ‘1’ and for logic ‘0”), and logic NOR, as summarized in Table I.

In every operation, the write/read_bar signal takes the corresponding
value, the required WLs are activated and the V; ;e output is updated on the

Opy 0py, O OPu__ Opss OPw__ Opw
Rt 1 T T T T T
o =
Rus T:H | E—ry l
Rus . 1 — |
o] [] [] |

WL,
WL,

write/read ;
imvose [ 1]
VLoslc:] ] 1 1R |
T T H : : : “ :

hold, ogic

1.
H
0
we, | e B |
1 3 : z
. T | ]
L
0

0 20 40 60 80 100 120 140

Time (ms)
FIGURE 9
LTSpice circuit simulation results for the circuit topology shown in Fig. 8. The vertical dashed
lines are a guide to the eye, for the time-frame of different operations which are also identified
using different color in the plot background.
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Operation # Type Description
1 logic NOR(M;, M,) NOR(0, 0) since memristors M, and M, are in HRS
2 WRITE ‘1’ to M, Memristor M| undergoes a SET from HRS to LRS
3 READ state of M, The stored logic ‘1’(LRS) is interpreted in the output
4 logic NOR(M;, M,)  NOR(l, 0) after memristor M; was SET in LRS
5 WRITE ‘0’ to M; Memristor M3 undergoes a RESET from LRS to HRS
6 READ state of M3 The stored logic ‘0’(HRS) is interpreted in the output
7 logic NOR(M,, My)  NOR(I, 1) since memristors M; and M, are in LRS

TABLE 1
Sequence of Memory and Logic Operations Realized in Simulation

rising edge of the hold; o¢,c signal. We observe in Op#1 that for “00” resistive
input combination, the Vg signal is set to logic ‘1°, whereas in Op#4 and
Op#7 it stays at logic ‘0, as expected for two-input NOR logic operations.
During WRITE operations, we observe the correct transition in the state of
the selected memristor, without any change induced to the state of the
unselected devices. Finally, during READ operations, along with the WL of
the target memristor, the WL, activates the dummy cell and the inv; o, sig-
nal is also high to complement the output. Therefore, for a stored LRS in
Op#3 the V; g output takes logic ‘1’ value, whereas for a stored HRS in
Op#6 the V;og;c output takes logic ‘0’ value, which agrees with the conven-
tion assumed for the representation of data in form of resistance.

Everything considered, these functional circuit simulation results validate the
correct operation of the presented design of the BL/OL drivers and the READ
circuitry in the periphery of a ReRAM module supporting threshold logic opera-
tions in memory owing to the use of the voltage adder. Through theoretical analy-
ses, experimental validation and simulation results of an extended ReRAM
system, this comprehensive study contributes towards the design and develop-
ment of computational ReRAM modules. Future work will focus on the execu-
tion of chained logic operations in memory, the use of unconventional grouping
strategies for the select transistors [27], the overhead in peripheral circuit area and
the trade-off between latency and parallelism of logic operations in memory,
towards the development of dedicated logical and physical synthesis flows for
computational ReRAM modules supporting threshold logic.

CONCLUSIONS

This work focused on the design of threshold logic in memory with memris-
tors and assessed two circuit design concepts for their implementation, com-
patible with the crossbar topology. An analytical exploration of the impact of
the HRS-to-LRS ratio of memristors on the performance of every circuit
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highlighted the advantages of the voltage adder which distinguished as a
practical solution for the design of robust computational resistive memories.
Trough experimental results from commercial memristors, we validated the
feasibility and the conclusions derived from the theoretical analysis for com-
putational ReRAM modules supporting threshold logic gates. To this end, we
presented the design of a bitline driver and sensing circuitry for a ITIR
ReRAM array where the linear threshold logic scheme can seamlessly fit.
Therefore, through detailed theoretical analyses, experimental validation and
simulation results of an extended ReRAM system, this comprehensive study
presents potential solutions towards the development of robust and highly-
reliable computational ReRAM modules for future unconventional comput-
ing systems.
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