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Menmristive stateful logic is one of the most promising candidates to implement an in-memory computing system
that computes within the storage unit. It can eliminate the costs for the data movement in the traditional von Neumann
system. However, the instability in the memristors is inevitable due to the limitation of the current fabrication technology,
which incurs a great challenge for the reliability of the memristive stateful logic. In this paper, the implication of device
instability on the reliability of the logic event is simulated. The mathematical relationship between logic reliability and
redundancy has been deduced. By combining the mathematical relationship with the vector-matrix multiplication in a
memristive crossbar array, the logic error correction scheme with high throughput has been proposed. Moreover, a universal
design paradigm has been put forward for complex logic. And the circuit schematic and the flow of the scheme have
been raised. Finally, a 1-bit full adder (FA) based on the NOR logic and NOT logic is simulated and the mathematical
evaluation is performed. It demonstrates the scheme can improve the reliability of the logic significantly. And compared
with other four error corrections, the scheme which can be suitable for all kinds of R-R logics and V-R logics has the
best universality and throughput. Compared with the other two approaches which also need additional complementary

metal-oxide semiconductor (CMOS) circuits, it needs fewer transistors and cycles for the error correction.
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1. Introduction

Traditional computation system based on the von Neu-
mann architecture separates the computation from storage.
Data stored in the storage unit need moving to the processor
unit to accomplish the computation tasks. It brings significant
costs in time and energy.l!! With the advent of artificial in-
telligence (AI) and the internet of things (IoT), it is harder for
the traditional computation system to meet the requirements of
low latency and low energy costs. An in-memory computing
system that computes within the storage unit is a promising
approach to overcome the challenge.?!

Menmristive stateful logic'>~®! is one of the most promis-
ing candidates to realize the in-memory computing. Memris-
tor is a two-terminal nonvolatile electronic device.”~'?! Its re-
sistance state can be switched between the low resistance state
(LRS) and the high resistance state (HRS). The switching rule
depends on the magnitude and the polarity of the applied volt-
age on it. The memristor in the memristive stateful logic can
work as the computation unit and the storage unit within the
integrated crossbar array,!!>14! which can remove the costs for
the data movement.

However, current fabrication technology cannot elim-
inate the randomness of conductive filament (CF) forma-
tion/dissolution in the cation-based memristor, which induces
that randomness including resistance variations and voltage
variations in the SET/RESET operation for the memristor ex-
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its inevitably.[IS] In the resistance variations, LRS and HRS
variation rates ¢/u can reach 0.01 and 0.07, respectively. 6]
And in the voltage variations, set and reset voltage variations
o/u can reach 0.034 and 0.027, respectively.!!”! These vari-
ations may bring the memristive stateful logic with the relia-
bility problems.[8-221 The authors in Refs. [20,21] proposed
multiple operations to improve the reliability. But the reliabil-
ity of the logic may decrease when the device characteristics
and the operation times cannot meet the specific conditions.
Reference [22] proposed a universal logic error scheme, which
requires customization for specific error control including un-
intended nonswitching of the output cell, unintended switch-
ing of the output cell, and unintended switching of the input
cell. Besides, when the target logic operation is complex,
a balanced gate needs to be designed carefully for the opti-
mal time, area, and energy. Reference [18] proposed an error
monitor scheme for an IMPLY-based memristive in-memory
computing system. But it can only monitor and correct the
specific stateful logic family of IMPLY logic. Reference [19]
proposed a scheme which corrects the logic error with the ad-
ditional memristive logic operations. But the reliability of the
additional memristive logic must be credible to improve the
reliability of the expected logic.

Therefore, we propose an n-modular redundancy logic er-
ror correction scheme with the best universality and through-
put. And in comparison with the other two approaches which
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also need additional CMOS circuits, it needs fewer transis-
tors and cycles for the error correction. Moreover, synthesis
and in-memory mapping of logic execution in a single row
(SIMPLER)?3 can map a given logical function into a sin-
gle column (or row) with maximum cell reuse automatically,
which can be combined with the full parallel stateful logic
computation to realize the scheme design from logical primi-
tives to logical functions.

This paper extends our work in the conference paper,
which only proposes the basic n-modular redundancy error
correction design with preliminary mathematic simulation re-
sults. The major contributions of this paper include:

(i) The reliability of the logic event and the logic func-
tion is analyzed, and the implication of the device instabil-
ity on the logic reliability is discussed. The principle of n-
modular redundancy is systematically analyzed. The design
of the high throughput n-modular redundancy error correction
scheme with a universal design paradigm is proposed.

(i) An n-modular redundancy error correction circuit is
put forward to improve the reliability of the stateful logic. The
operational process is presented. And the circuit is simulated
with Cadence Virtuoso to demonstrate its function.

(iii) Based on the properties of the tested devices, a case
study of the scheme is carried out with HSPICE to evaluate the
performance of the 1-bit full adder (FA) based on the stateful
neural network.

In this paper, Section 2 presents the full parallel stateful
logic based on the stateful neural network in the memristive
crossbar array and the definition of the throughput. The relia-
bility of the logic event and the logic function is analyzed, and
the implication of the device instability on the logic reliability
is discussed in Section 3. The principle and the design of the
n-modular redundancy error correction scheme are proposed
in Section 4. The 1-bit FA based on the NOR logic and the
NOT logic is demonstrated for an example and the analysis on
the scheme is presented in Section 5. This paper is concluded
in Section 6.

[24]

(1 WL 14

2. Full parallel stateful neural network

Figure 1(a) shows an m x n memristive crossbar array,
where m WLs and n BLs are connected with the synap-
tic weights. The configurations of the synaptic weights in-
clude one-transistor-one-resistor (1T1R), one-selector (or one-
diode)-one-resistor (1S(D)1R), and one-resistor (1R). Sneak
path!®! through unselected cells in the crossbar array may
incur unexpected resistance switching in the logic operation.
Therefore, ITIR configuration is adopted in this paper, to al-
leviate the implication of the sneak path. 1R crossbar arrays
presented in this paper are just used to show the function of the
crossbar array. The practical realization of the logic operation
is based on the 1T1R crossbar array. The voltages can be ap-
plied on WLs and BLs. Then the crossbar array can realize the
vector-matrix multiplication (VMM) through Ohm’s law and
Kirchhoff’s current law (KCL) through a read operation. 2%
Figure 1(b) shows the realization of the VMM with the input
voltages applied on the WLs and the output currents through
BLs. And figure 1(c) shows the realization of the VMM with
the input voltages applied on the BLs and the output currents
through WLs. In Fig. 1(b), when BLs are connected to the
ground directly, we can obtain

;=Y ViGj;. (1)
i

When BLs are connected to the grounded resistors Ry,
respectively, we can gain

GLY,;ViGj;

I = :
! LG +GL

@)
where V; represents the voltage applied on the i-th WL; I; rep-
resents the current through the j-th BL; G;; represents the con-
ductance of the memristor at the intersection of the i-th WL
and the j-th BL; Gy, represents the conductance of the load
resistor Ry..
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Fig. 1. (a) Memristive crossbar array, including 1TIR configuration and 1S(D)IR configuration. (b) Realization of the VMM with the input
voltages applied on the WLs and the output currents through BLs. (c) Realization of the VMM with the input voltages applied on the BLs and

the output currents through WLs.

Furthermore, if the resistance states of the memristors in
each WL are the same, the voltages applied on memristors in
each WL are the same. And I} =---=1; =--- =1,. When
the memristors in the crossbar array are the bipolar memris-

tors, namely, they only have two resistance states: Ryrs and
Rurs, memristors in each BL can be designed as a logic func-
tion based on the stateful logic, where R rs represents logic
‘1’ and Rprgs represents logic ‘0’. We can make use of these
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characteristics for realizing n same logic functions simultane-
ously.

For example, Vu, Vg, and V¢ are applied on WL, WL,,
and WL3, respectively. And the other WLs are floating. It
can realize the NOR logic based on the stateful neural net-
work in Fig. 2(a). Memristors are connected to the grounded
load resistor R. They would not be reset when the voltages
between them are positive due to their polarity. The initial
state of the output memristor C is Ryrs, representing logic
“0”. With a high resistance ratio of Ryrs/RiRrs, RLrs conduc-
tance and Ryrs conductance can be normalized approximately
as the real numbers 1 and 0, respectively, which allows the log-
ical value and device conductance to be used interchangeably.
According to Ohm’s law and Kirchhoff’s law, the node poten-
tial V1 can be deduced as

where i = A, B, C, and Ry, and Vg, = 0. When the voltage Vc—
V1 exceeds the threshold voltage Vi, namely, Ve—Vi—Vier > 0,
the output memristor C will be switched to Ry rs (logic “17).

(VC - Vz - Vset) Gi _ Y
Y. G; Y. G;

where Y can be viewed as the weighted sum in a neural
network, ! that is, ¥ = Y Giw;. G; values (the conductance
values) work as the input variables and w; values (w; = Vc—
Vi—Vser) work as the synaptic weights. Figure 2(b) shows the
equivalent network model in Fig. 2(a). The w; (voltage ap-
plied on the memristors) can be adjusted to obtain different
outputs (logic output values). Figure 2(c) shows the truth ta-
ble of the NOR logic. Similarly, figures 2(d), 2(e), and 2(f)
show the NOT logic based on stateful neural network, single-

>0, “

V-G layer perceptron network, and the truth table of the NOT logic,
V Zl 1~ (3)
I = — .
Y,Gi respectively.
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Fig. 2. (a) The NOR logic based on stateful neural network.!) (b) Single-layer perceptron network for the NOR logic. (c) The truth table of
the NOR logic. (d) The NOT logic based on stateful neural network.!®! (e) Single-layer perceptron network for the NOT logic. (f) The truth

table of the NOT logic.
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Fig. 3. Characterization of TiN/TaO,/HfO,/TiN memristor. (a) Optical image overview of the packaged chip. (b) The schematic of 32 x 32 1TIR
crossbar array inside the chip. (c) /-V characteristics of the TiN/TaO,/HfO,/TiN memristor and the distribution of the set threshold voltage Vet
measured in the direct current sweeping test. (d) Cumulative distribution function (CDF) of Ry rs and Ryrs measured in the pulse test.
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To measure the device properties and verify the scheme,
the circuit-level platform with the TiN/TaO,/HfO,/TiN 1T1R
32 x 32 crossbar array and its peripheral circuits are estab-
lished. Figures 3(a) and 3(b) show the optical image overview
of the packaged chip and the schematic of 32 x 32 1T1R cross-
bar array inside the chip, respectively. The transistor in the
ITIR array works as a selector to alleviate the implication of
the sneak path and a current limiter to perform the compliance
current. In the direct current sweeping test, when the selected
memristor is set to the LRS, a voltage of 1.5 V is applied on
the corresponding SL to open the selected memristor, and the
corresponding WL sweeps from 0 V to 1.5 V, while the BL
is grounded. When the selected memristor reset to the HRS, a
voltage of 1.5 V is applied on the corresponding SL to open the
selected memristor, and the corresponding BL sweeps from
0V to 3.2V, while the WL is grounded. The typical /-V char-
acteristics of the bipolar memristor is shown in Fig. 3(c). And
the normal distribution of the set threshold voltage Vi. with the
mean value ¢ = 1.25 V and the standard deviation c =0.02 V
is also presented in Fig. 3(c). In the pulse test, a voltage of
1.5 V is applied on the selected SL. And the set voltage and
the reset voltage are 1.25 V and —2 V, respectively. The cy-
cles are 1000. The cumulative distribution function (CDF) of
Rirs and Rygs is shown in Fig. 3(d), where Ry rs follows the
normal distribution with the mean value p; = 15 kQ and the
standard deviation o; = 0.91 kQ, and Ryrgs follows the normal
distribution with the mean value pt; = 150 kQ and the standard
deviation 6, = 10.4 kQ.

According to the practical device properties and princi-
ples of the stateful neural network mentioned above, the cir-
cuit parameters would be configured: Ry = 1.25RrRs, and
Va = VB = 0.6Vie(, Vo = VN = 1.3V The parameters of the
device and the circuit are shown in Table 1. Note that the cir-
cuit parameters remain unchanged in the simulations and tests.

Table 1. Parameter of the device and the circuit.

Variable Parameter Default value
Viet (V) set threshold voltage 1.25
Vieset (V) reset threshold voltage —-2.0
Rirs (kQ) LRS of the memristor 15
Ryrs (kQ) HRS of the memristor 150
Va (V) voltage applied on A 0.75
Vi (V) voltage applied on B 0.75
Ve (V) voltage applied on C 1.63
W (V) voltage applied on N 1.63
Ry (kQ) resistance of the load resistor 18.75

Furthermore, the throughput, which is the maximum
number of instances that can be executed within the crossbar
array within a given time unit, is defined as

#instances
Th hput = —. 5
roughpu Latency )

It can be improved by parallelizing the execution of many in-
stances of the same logic function: each instance is placed in
a different column as shown in Fig. 1(b).

3. Logic reliability

The logic function can be described as a set of
mapping from the logic sequence Q = [E',....E",E™"]
(Q = [X,...,X,,Y]) to the expected logic sequence Q =
[E',...,E"E™'] (Q = [Xi,...,X,.¥]). E/ represents the j-
thelementin @, j=1,...,r+1, whichcouldbe X orY. X, 7,
and r represent the input, the output, and the number of inputs,
respectively. A logic event can be defined as a mapping from
a sequence Q; € Q to the sequence Q; € Q. The reliability
of the logic event Q; — Q; can be defined as the probability
that the logic sequence Q; can be mapped to ; correctly. And
the reliability of the logic function Q@ — Q can be defined as
the probability that any logic sequence Q; can be mapped to
corresponding (; correctly.

Considering that the initial states of the outputs are fixed,
@ has 2" combinations. For each combination Q; € Q, the
probability that any element El’ in Q; can be mapped to El’
in O; is plj, where, that is, P(E{\Qi) = p{, i=1,...,2",
j=1,..r+1. Onlyif P(E}|Q) = --- = P(EI"'|Q) = 1,
can the logic event Q; — Q; be performed correctly. As the
logic events are mutually independent, the reliability of the
logic function @ — Q can be deduced:

2r
P =]]Ps (6)
i=1

where P.; represents the reliability of the logic event Q; — 0.

For example, as for 2 input NOR stateful logic gates,
there are 4 logic events from the input logic sequences
Q : 0 =10,0,0], @, =[0,1,0], Q3A: [1,0,0], and Q4 =
[1,1,0] to the output logic sequences Q: Q1 = [0,0,1], 0> =
0,1,0], O3 = [1,0,0], Q4 = [1,1,0]. When P (£} =0|Q;) =
P(E}=0|01) = P(E} =1]Q1) = 1, the reliability of the
logic event I P.; is 1. The characteristics of these memris-
tors are consistent with each other, and the voltages applied
on the A and B are the same. Therefore, inputs A and B are
equivalent to each other. Moreover, we can divide these 4 logic
events into 3 types for the NOR logic. Type I: Q1 — Q1, Type
II: 0y — Oy, and O3 — O3, Type III: Q4 — Q4 as shown in
Fig. 2(c). Similarly, we can divide 2 logic events into 2 types
for the NOT logic. Type I: Q1 — Oy, Type II: Q) — 0> as
shown in Fig. 2(f).

The implication of device instability on the reliability of
the logic events in the NOR logic and the NOT logic is sim-
ulated as shown in Figs. 4(a) and 4(b). The circuit parame-
ters are shown in Table 1. The device parameters (Vset, Viesets
Rirs, and Ryrs) fluctuate appropriately based on the tested
result. Assuming variable X satisfies the normal distribution
N (X, (X,, x rate)?), where X,,, and rate represent the mean
value, and fluctuation rate (o/u), respectively. For example,
rate = 0.016 in Vi, considering that the mean value of Vi
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is 1.25 V, namely, Viee ~ N (1.25,0.02%) (V). Here the de-
vices follow Vier ~ N (1.25,0.02%) (V), Rirs ~ N (15, (15 x
rate)?) (kQ), and Ryrs ~ N (150, (150 x rate)?) (k) inde-
pendently, and the rate fluctuates from 0.01 to 0.09. The simu-
lation is based on the TEAM model, which is simple, flexible,
general, and sufficiently accurate for memristive device-based
circuit design.[*7]

Figure 4 shows that the reliability of these logic events
will keep decreasing as the device instability increases. In
Fig. 4(a), O» — Qz, and O3 — Q3 decrease synchronously as
the device instability increases, which validates that these two
logic events can be put into logic event type II together. Type I
(Q1 — Q1) and type III (Q3 — O3) have the worst and the best
reliability in the device instability, respectively. In Fig. 4(b),
type I has better reliability than type II initially. And type I
decreases faster than type II with the instability increasing.

It demonstrates that device instability has a great impact
on the logic reliability.
evitable based on the current fabrication technology. In order

However, device instability is in-

to solve such an issue, an n-modular redundancy error correc-
tion scheme is proposed to help the memristive stateful logic
design towards high reliability.
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Fig. 4. The implication of device instability on the reliability of the logic
events in the NOR logic (a) and the NOT logic (b).

4. Logic error correction scheme

4.1. Principle of the logic error correction scheme

We can make use of the vector—matrix multiplication in
the memristive crossbar array to realize the error correction
scheme based on n-modular redundancy efficiently. Figure 5

shows the r-input logic error correction circuit design based
on n-modular redundancy. It is an m x n crossbar array whose
WLs are connected to the corresponding current comparators
CC. The red memristors are in incorrect states in the crossbar
array. The green voltages V;e,q used for reading the memris-
tors’ states are applied on the BL and their current Ip is gath-
ered to the corresponding comparator.

,";cml/ chy chd/ [ref,l
WL 1 / eee / ?
1

7

]rcf.r
WL, /X Xip e /Xy, ?
)
7 ]ref,Hl
WL)‘FI X Xyo  eee X ?
Yl y2 Yn
BL, BL, eee BL,

Fig. 5. The r-input logic error correction circuit design based on n-
modular redundancy. 24!

There are n same r-input and logic functions (r + 1 = m)
in the crossbar array. Through applying voltages on the WLg,
n logic functions can be performed simultaneously as a result
of the vector-matrix multiplication in the crossbar array. How-
ever, some memristors are in the incorrect resistance states due
to the instability in memristors. If there are k memristors are in
Rirs and (mk) memristors are in Ryrs, when Ve,q is applied
on BLg, the current through WL Ip can be deduced according
to Ohm’s law and Kirchhoff’s current law:

Vi Vi
ID (k) — k. read + (m o k) . read ) (7)
Ron Rott

Memristors in the crossbar array are fabricated in the
same condition. Therefore, we can assume that they follow
the same random distribution independently.

It Eif = 1, it means that the corresponding memristor (the
Jj-th memristor in a BL) in the corresponding logic combina-
tion (the i-th logic combination) will be Ry rs after the logic
operation. For n-modular redundancy (n BLs in the crossbar
array for the same logic operation with the same logic inputs),
the probability that only k£ modules in the j-th WL are correct
(k memristors are Ry rg in the j-th WL) can be deduced:

P(Ip(k)) = C(p))¥(1— pl)**. ®)

Moreover, the probability that Ip > In(|[n/2] +1) can be

deduced:
e f5)
= Y ceha-p)t )
k=|n/2]+1

Similarly, if EZJ = 0, it means that the corresponding
memristor (the j-th memristor in a BL) in the corresponding
logic combination (the i-th logic combination) will be Ryrs
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after the logic operation. The probability that I is lower than
or equal to Ip(|n/2|)Py; can be deduced:

ooes((2)

= Y cehra-pht (10)
k=|n/2]+1

J
Fii

In a single logic event, the relationship between the num-
ber of redundancy n for P!l reaching the expected reliability
and p{ is shown in Fig. 6. It demonstrates that increasing n
can increase reliability. Moreover, n will keep decreasing as
plj increases continuously and the change rate speeds down as
p{ increases continuously.

If plj > 50% for any p{ , this probability can keep increas-
ing and close to 100% as the number of repeated logic opera-
tions n increases.

If pl’ < 50% for any p‘ii, that is, 1 —p'l-i > 50% for any plj
the approach agrees with the condition p! > 50% for any p!.
And the operation is presented in Table 2.

350
300} —=— Pi>99Y%
J
950k —e— P/>99.9%
—A— P3>99.99%
200 F
<
150
100
50
0
0.6 0.7 0.8 0.9 1.0
p:f

Fig. 6. The relationship between the number of redundancy »n for reaching
expected success rate and p;.1>*]

Table 2. The operation based on different conditions.

Condition Rigs, pl > 50%

Rugs, p| > 50%

Rirs, p} < 50% Rys. pl < 50%

W el

Compare Ip > It
n
Success rate Y Cipk(1—py)rk
k=|n/2+1
Operation set/reset

o]

Ip < It

) w([5))

reset/set

n
o qu + 1)
Ip < Lt Ip > It
[n/2]
L GA-p)

set/reset reset/set

Therefore, for each element in any logic combination,
when the probability p{ can be evaluated, st;. can be promoted
through n-modular redundancy bit by bit. It can enhance the
reliability of the logic event. And then the reliability of the
logic function can be enhanced according to Eq. (6).

4.2. Design of the error correction scheme

The inequations in Eqgs. (9) and (10) can be performed
with a current comparator. We can compare Ip with . which
represents the critical current when the number of Ry rs ac-
counts for half of the n memristors. If Ip is > L., we will
apply Vit on these n memristors to make them in Rprs, or
we will apply Vieser On them to make them in Ryrs, under the
condition p{ > 50% for any p{ .

Figure 7 shows the universal steps for the error correction
scheme based on the n-modular redundancy. The red memris-
tors represent the memristors that are in incorrect states. The
blue current comparator CC represents the activated current
comparator CC. The green and red arrows represent the direc-
tions of read voltage (Vieaq) and write voltage (Vier and Vieget),
respectively.

There are 2r+2 steps in the whole correction scheme for
the r-input logic. It corrects the memristors WL by WL. In
each WL including r inputs and 1 output, we compare the cur-
rent Ip with I in the first step. Then a write operation on
all memristors in the same WL according to the output of the
comparator is performed. If it is desired for the reset opera-
tion, Vieset 1s applied on BLs and the corresponding WL is con-

nected to the ground as shown in Fig. 7(b). And if it is desired
for set operation, Vi is applied on the corresponding WL, and
BLs are connected to the ground as shown in Figs. 7(d) and
7(f). The other WLs are floating.

Figure 8 shows the schematic diagram for the logic er-
ror correction based on the n-modular redundancy. The green
block and the red block represent the input memristor and the
output memristor, respectively. And there are r inputs and 1
output in the logic operation. Figure 8(a) shows the univer-
sal design and can correct the errors including the input er-
rors and the output errors, which corresponds to Fig. 5. The
n same logic operation can be performed in 1 step. And the
logic correction operation is 2r + 2, as shown in Fig. 7. It
costs (r+ 1) x n memristors and 2r + 3 clock cycles.

When the r input memristors can be kept in the cor-
rect state in the logic operation, the design in Fig. 8(a) costs
(r+1) x n memristors and 3 clock cycles. Therefore, it can be
regarded as the time-optimal logic correction design. Further-
more, when the r input memristors can be kept in the correct
state in the logic operation, the scheme can be expanded to an-
other two designs. Figure 8(b) shows the area-optimal logic
correction design. The logic operation can be performed step
by step. It costs r +n memristors and n + 2 clock cycles. Fig-
ure 8(c) shows the trade-off logic correction design. Note that
n/d is an integer generally. It costs (r+n/d) x n memristors
and n/d + 2 clock cycles. The time-optimal design and the
area-optimal design represent the conditions n =d and d = 1
in the trade-off design, respectively.
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Fig. 7. The r-input logic error correction step based on n-modular redundancy.?*!
(a) (b) the 1TIR. Each SL is connected with the gate of the transis-

Fig. 8. The schematic diagram for the logic error correction based on the
n-modular redundancy. (a) the time-optimal logic correction design, (b)
the area-optimal logic correction design, (c) the trade-off logic correction
design.

Figure 9 presents the schematic diagram of the proposed
n-modular redundancy error correction circuit in the 1TIR ar-
ray. It consists of ANALOG_TOP composed of the crossbar
array and the error correction block, and DIGITI_TOP used for
controlling the circuit. In the crossbar array, WLs, BLs, and
SLs are connected with the WL drivers, BL drivers, and SL
drivers, respectively. BLs and WLs are only connected with

01

tor in the corresponding line, which can control the transistor
(open or close) through applying voltages (Vopen and Veiose) on
the corresponding line. The WL drivers and the BL drivers can
apply different voltages (Vy, Viead, Vset» and Vieset) and states
(“G”, “Z”, and “F”’) on WLs and BLs, respectively. V, repre-
sents the applied voltages on the memristors in the logic op-
erations. And the states “G”, “Z”, and “F” represent that the
node is grounded, the node is floating, and the node is con-
nected with the grounded resistor Ry, respectively.

The error correction block consists of a multiplexer
MUX, and a current comparator. And the error correction cir-
cuit is the current comparator. The circuit diagram of the cur-
rent comparator which consists of 14 transistors is as shown in
Fig. 10. It compares the read current Ip with the reference cur-
rent Ier through comparing the current of two branches out;
and outy. If Ip > Iy, the output signal will be high level sig-
nal. Otherwise, the signal will be low level signal.

The current comparator is connected with MUX. Through
the selection signal Ctrl_ L of MUX, the current comparator
can be connected with the specific BL or WL. Then the cur-
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rent Ip will be compared with I.;. The output of the current
comparator will be transmitted into the DIGITI_TOP.
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Fig. 9. Schematic diagram of the proposed N-modular redundancy error cor-
rection circuit in m X n 1T1R array.
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Fig. 10. Circuit diagram of the current comparator.

DIGITI_TOP can control the crossbar array and the error
correction block simultaneously through Ctrl_ WL, Ctrl_BL,
Ctrl_SL, and Ctrl_L.

We take the NOR logic based on the stateful neural net-
work with 3-modular redundancy for an example to demon-

strate the process. When the input memristors can be kept
in the correct state in the logic operation, the error correction
needs to be performed on the output memristors denoted by
X31, X37, and X33.

(i) Perform the logic operation in parallel: WL[1]-WL[3]
are applied on V, Vi, and V¢, respectively. And the other WLs
are in the “Z” state. BL[1]-BL[3] are in the “F” state and the
other BLs are in “Z” state. Vpen is applied on SL[1]-SL[3]
and Vjese 1s applied on the other SLs.

(i) Read the logic states in parallel: WL[3] is connected
with the current comparator. And the other WLs are in the “Z”
state. BL[1]-BL[3] are applied on V;¢,q and other BLs are in
the “Z” state. Vopen is applied on SL[3] and Ve is applied on
the other SLs.

(iii) Write the logic states in parallel: Vype, is applied on
SL[3] and V.o is applied on the other SLs. If Ip > If, Vet
is applied on WL[3] and the other WLs are in the “Z” state.
BL[1]-BL[3] are in the “G” state and the other BLs are in “Z”
state; If Ip < Iief, Vieset 1S applied on BL[1]-BL[3], and the
other BLs are in “Z” state. WL[3] is in the “G” state and the
other WLs are in the “Z” state.

The schematic plot is implemented in the time-optimal
logic correction design here. And it also can be implemented
Note that the
positions of the applied voltages need to be changed syn-
chronously.

in the area-optimal logic correction design.

N

Re_enable

S e B B e |

Select (11 X 01 X 00 X 10 )
J}Cf

Signal

Fig. 11. The output signal of four data patterns with 3-modular redundancy
in the NOR logic.

Cadence Virtuoso is utilized to complete the simulation of
analog-mixed signal. The memristor model is TEAM model,
and the other circuits are based on Semiconductor Manufac-
turing International Corporation (SMIC) 40-nm technology.
Figure 11 shows the output signal of four data patterns with 3-
modular redundancy in the NOR logic. re_enable and control
are the control signal of the current comparator. select rep-
resents the different data patterns for 3-modular redundancy.
“00” represents that 3 output memristors’ resistance is all in
HRS. “01” represents that two output memristors’ resistance
is in HRS. “10” represents that one output memristor’s resis-
tance is in HRS. And “11” represents that 3 output memristors’
resistance is all in LRS. Ip represents the read current of the
three output memristors. It shows Ip is larger than I when
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select is “11” or “10”. And its corresponding output signal is
1. It demonstrates the circuit can work well for the logic error
correction.

5. Simulation and discussion

In this section, we take the 1-bit FA as an example to sim-
ulate the implication of the device instability on the reliability
of the combinational logic circuit. Then the scheme is carried
out to improve the reliability of the logic. The 1-bit FA based
on the stateful neural network with two steps, whose proba-
bility based on the tested result in Fig. 3 is 11.2%, is hard
to be realized. Therefore, the 1-bit FA is designed with the
NOR logic and NOT logic based on the stateful neural net-
work through multiple steps. With the help of SIMPLER, [>’]
the 1-bit FA is mapped into a single column within a crossbar
array. SIMPLER, short of synthesis and in-memory mapping
of logic execution in a single row, can reduce the minimum
required number of cells for the execution of the given logi-
cal function and reduce the execution latency using a column
(or row), which can be combined with the full parallel stateful
logic computation to realize the scheme design from logical
primitives to logical functions.

5.1. The 1-bit FA simulation

The 1-bit FA based on the NOR logic and the NOT logic
within a crossbar array in a single column is proposed accord-
ing to the SIMPLER. Figure 12(a) shows the 1-bit FA netlist
which consists of seven NOR logic gates (g4, g5, g6, 88> 9,
g10, and g11) and five NOT logic gates (g1, g2, &3, 87, and g12).
Figure 12(b) shows the execution of the 1-bit FA netlist using
a single column of the memory with nine memristors. The first
three memristors serve as inputs A, B, and C; and will not be
destroyed. The other six memristors are used for the logic op-
eration and the storage of the temporary logic value. There are
six steps including 15 clock cycles for the complete 1-bit FA.

Step I: initialize the six memristors to logic ‘0’ (Rygrs) for the
following logic operation. Step II: serial logic operation of the
six gates. Step III: initialize the three memristors not required
as inputs for following logic operations. Step IV: serial logic
operation of the next three gates. Step V: initialize the three
memristors not required as inputs for following logic opera-
tions. Step VI: serial logic operation of the last three gates.

Row

number I: Initialization

A
B 11: Execution of gates 1, 2,5,4,6,8
€

III: Initialization

F T R -

IV: Execution of gates 7, 3,9

1 2-7 8§ 9-11

s}
&

V: Initialization

VI: Execution of gates 11 (S), 10, 12
(CO)

98

N

il ()

Fig. 12. (a) 1-bit FA netlist based on the NOR logic gate and NOT logic gate.
(b) Execution of the 1-bit FA netlist using a single column of the memory
with nine memristors.

The simulation algorithm of n-modular redundancy based
on the 1-bit FA is demonstrated in Algorithm 1. Note that the
states of the input memristors in the logic gates won’t be de-
stroyed in this device characteristics in Table 1. Therefore, the
error correction only needs to be carried out for the output cell.

(1) The input such as “000” is obtained from the list
logic_inputs consisting of [“000, “001”, “010”, “011”, “100”,
“1017, “1107, “1117’]. A, B, and Cj, are initialized according
to the input. The other six memristors are initialized as logic
“0” for the logic operation.

Algorithm 1. Simulation algorithm of n-modular redundancy based on the 1-bit FA.

logic_inputs = [“000”, “001”, ..., “111”]
logic_gates = [“g1”, “g2”, ..., “g12”]
for i in redundancy do
repeat Ns do
logic_outputs =[]
for input = “000”, “001”, ..., “111” do

initialize nine memristors’ states according to the input

[T

for logic_gate = “g;”, “g2”, ..., “gi2” do

get the input state in_gate and the output state out_gate in the logic_gate

Ww=0
repeat i do
generate the random distribution

write logic netlist file according to the in_gate and out_gate including their respective properties
run the netlist file and read the resistance of the out_gate R_out

Vp+ = V_read/R_out x R¢

out_gate = logic “1” if Vp > V¢ else logic “0”
get the final logic output and put it into logic_outputs
compare logic_outputs with different logic operation truth table and count logical times Np,

get P = N /Ns
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(i1) The 1-bit FA based on the i-modular redundancy cir-
cuit is designed, whose memristors’ states are determined by
the input. Each memristor follows the same random normal
distribution independently. And 12 logic operations are per-
formed in sequence. Accumulate the voltage Vp for i times
and compare the voltage with the reference voltage V.. The
logic error correction can be executed for the output memristor
in every logic operation. After 12 logic operations are finished,
the output sequence can be obtained.

(iii)) Walk through the input combinations and get the
logic_outputs. We can compare it with the standard 1-bit FA
logic output sequence and count the right logical times Np..

(iv) Repeat the above steps 1-3 for Ng times, and the reli-
ability of the 1-bit FA based on i-modular redundancy can be
calculated: A = Ni/Ns.

(v) Increase the redundancy i and repeat the above steps
1-4. The reliability of the 1-bit FA for different modular re-
dundancies can be obtained.

5.2. Discussion

The probability of the 1-bit FA can be evaluated based on
the parameters of the devices and the circuits. Figure 13(a)
shows the probability of the logic event [0, 0, 0, 0, 0] — [0, O,
0, 0, 0] in the 1-bit FA. When the memristor A is the logic “0”,
the probability of the logic event [0, 0] — [0, 1] in the NOT
gate g1 is Pyorti- Similarly, the probability of the logic events
in 12 logic gates and the logic event [0, 0, 0, 0, 0] — [0, 0, O,
0, 0] in the 1-bit FA can be obtained. Furthermore, the other
seven logic events in the 1-bit FA are obtained. And the prob-
ability of the 1-bit FA can be deduced according to Eq. (6) as
shown in Fig. 13(b).

A P, —_p 4 1p 3 2 2
& PFAlil NOT P\()T2 I\UR\ P\()R} (a)
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P
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0 ° 1
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Input Output Probability
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0 1 0 0 1 Pras=Pyog ‘217\(”33]7\“‘“3 AP\IURSU
0 1 1 1 0 Pras=Prog 12Pyor2*Prori Pyors'
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Fig. 13. (a) The probability of the logic event [0, 0, 0, 0, 0] — [0, 0, 0, 0, 0]
in the 1-bit FA. (b) Statistics on the number of the NOR and the NOT logic
events required by the 1-bit FA logic events.

The probability of the 1-bit FA with n-modular redun-
dancy is simulated and mathematically evaluated, and the re-
sults are shown in Fig. 14. The devices follow Vi ~ N (1.25,

0.02%) (V), Rirs ~ N (15,(15 x rate)?) (kQ), and Rurs ~ N
(150, (150 x rate)?) (kQ) independently. S1, S3, S5, and S7
represent the simulation probability of the 1-bit FA with 1, 3,
5, and 7 modular redundancies, respectively. E1, E3, ES, and
E7 represent the mathematical evaluation results of the 1-bit
FA with 1, 3, 5, and 7 modular redundancies, respectively.
The total simulation times Ns = 1000. The rate of Ry rs and
Ryrs fluctuates from 0.01 to 0.09. It shows the probability of
the 1-bit FA decreases as the rate of Ry rs and Ryrs increases.
And n-modular redundancy can improve the probability sig-
nificantly. What is more, the evaluation results can fit simula-
tion results well, which can verify the evaluation methodology.
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Rate

Fig. 14. The simulation and evaluation probability of the n-modular redun-
dancy based on the 1-bit FA.

The whole steps can be evaluated in the simulation. The
1-bit FA takes 15 steps, three of which are initialization for
following logical operation in Fig. 12(b). The error correc-
tion only needs to be carried out for the output cell according
to the device characteristics. Therefore, the logical error cor-
rections need to be performed 12 times. If the time-optimal
logic correction scheme is carried out where the error correc-
tion performs in parallel, the whole steps require 39. And it
takes three times of 9, 27 in total, devices among memristive
crossbar array.

The throughput of the logic operation with the logic cor-
rection can be evaluated. Figure 15 shows all aligned logic
column operations with n-modular redundancy of ¢ different
row-aligned instances are executed in parallel. And it takes
the time-optimal logic correction design. We assume there
are a steps for logic operations and b steps for logic cor-
rections. Then there are @+t X b steps in parallel with the
design in Fig. 9. And there are (a + b) x t steps for the
other correction schemes.!!”->2! The throughput of this work
is t/(a-+1t x b), which is larger than that of the other correc-
tion schemes 1/(a+ b) according to Eq. (5).

There are four kinds of error correction schemes!!’-2?!
except for this work. We compare this work with the others
from four angles. Table 3 shows the comparison of the error
correction scheme.
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Fig. 15. All aligned logic column operations with n-modular redundancy of
t different row-aligned instances are executed in parallel.

The authors Refs. [19,20] improved the logic reliability
through reasonable multiple operations. Therefore, it does not
need additional CMOS circuits. The cycles for error correc-
tions of the primary logic vary from 2—4 according to the de-
vices’ properties. It can work for IMP and MAGIC. The logic
reliability with it may not be able to reach 100% when the
resource consumption is not considered.

Reference [22] divided the logic gates into NOR-type
gates and non-NOR-type gates. As for NOR-type gates such
as NOR, it makes use of zero checking module (ZCM) consist-
ing of a three-input NOR CMOS logic gate. Three-input NOR
CMOS logic gate needs about 6 transistors. As for non-NOR-
type gates such as NAND, it designs a balance gate consisting
of a memristive logic gate to combine these two gates into one
logic gate for special detections. Note that the reliability of
the balance gate must be 100%. Therefore, before the error
correction of the non-NOR-type gate, its balance gate must be
corrected first. If the balance gate belongs to non-NOR-type
logic gate, it also needs another balance gate to correct the bal-
ance gate... When the reliability of the balance gate is 100%,
the odd checking module (OCM) consisting of two three-input
XOR and one XOR CMOS logic gates is performed to start the
error correction. The OCM needs about 16 x 2 x 2416 = 80
transistors. And the total number of transistors is 6 4+ 80 = 86.
And the cycles for error corrections of the primary logic are
3 for NOR-type gates, and at least 6 for non-NOR-type gates.
It can work for all kinds of R-R logics. The logic reliability

with it always can be able to reach 100% when the resource
consumption is not considered.

The authors in Ref. [18] detected two kinds of error types
through comparing the node voltages twice, then corrects them
with different voltages. The proposed error detection circuit
totally requires 72 transistors, where the digital sub-circuits in-
cluding flip-flops, MUX, and XOR gate, are all designed with
the minimized size.!'® And the cycles for error corrections of
the primary logic are 4. It can work for IMP. The logic reliabil-
ity with it always can be able to reach 100% when the resource
consumption is not considered.

The authors in Ref. [19] corrected the logic error with the
additional memristive logic operations. Therefore, it does not
need additional CMOS circuits. The cycles for error correc-
tions of the primary logic are 5. It can work for IMP. The
logic reliability with it may not be able to reach 100% when
the resource consumption is not considered.

This work judges the correct logic according to the share
of different logic values. And the judgment is realized with a
current comparator. Therefore, all kinds of logics whose logic
values are represented by resistance states are suitable for this
work. The current comparator needs 14 transistors. And the
cycles for error corrections of the primary logic are 3. It can
work for all kinds of R-R logics and V-R logics. The logic
reliability with it always can be able to reach 100% when the
resource consumption is not considered.

In summary, although these three approaches (Refs. [18,
22], and this work) need additional CMOS circuits for improv-
ing reliability, the logic reliability with them always can reach
100% when the resource consumption is not considered. The
other two approaches cannot. The number of transistors this
work needs is observably less than the other two approaches.
And the cycles for error corrections of the primary logic of this
work needs are less than those of the other two approaches,
too. What is more, this work can be suitable for all kinds of
R-R logics and V-R logics. Its universality is more powerful
than the others.

Table 3. Comparison of the error correction scheme.

The number of tran-
sistors in the error cor-

The cycles for error
corrections of the pri-

What types of logics the
scheme can work

Whether the reliability always
can reach 100% when the

rection circuit mary logic scheme can work
Zhu et al.?0211 0 2-4 IMP, and MAGIC No
In et al.[??] 86 3or6 R-R logic Yes
Xu et al.l18] 72 4 IMP Yes
Li et al.l!! 0 5 IMP No
This work 14 3 R-R logic, and V-R logic Yes

6. Conclusion

In this paper, we simulated the implication of device in-
stability on the reliability of the logic event with the TEAM
model in HSPICE. The mathematical relationship between
logic reliability and redundancy has been deduced. Then

through combining the mathematical relationship with the
vector-matrix multiplication in a memristive crossbar array,
the logic error correction scheme has been proposed. It can
be implemented in any stateful logic and the logic based on

them. Moreover, a universal design paradigm has been put
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forward for the complex logic with SIMPLER. And the circuit
schematic and the flow of the scheme have been raised. Fi-
nally, 1-bit FA based on the NOR logic and NOT logic within
a crossbar array in a single column is simulated and the math-
ematical evaluation according to the device properties is per-
formed. It demonstrates the scheme can improve the reliability
of the logic significantly. And compared with other four error
corrections, the scheme which can be suitable for all kinds
of R-R logics and V-R logics has the best universality and
throughput. Although it needs additional CMOS circuits, the
logic reliability with it always can reach 100% when the re-
source consumption is not considered. And compared with
the other two approaches which also need additional CMOS
circuits, it needs fewer transistors and cycles for the error cor-
rection.
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