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Dear editor,

The conventional von Neumann computer system has the
memory wall problem [1], which limits the computation
speed and causes high energy and latency of the comput-
ing system. To realize computing systems able to process
massive data and complex computing tasks with high effi-
ciency, a key and viable approach is in-memory computing.
Memristor-based stateful logic design is a promising candi-
date for realizing the in-memory logic computing [2].
There are considerable interests in memristor-based
stateful Boolean logic in recent years. Material implication
logic is achieved with memristors and resistors [3]. Sepa-
rate memristors are required for the input and output of
memristor-aided logic [4]. Four stateful two-memristor logic
gates and five stateful three-memristor gates are introduced
in [5]. The reconfigurable logic design is presented in [6],
and the inputs of logic gates are denoted by four physical
quantities, rather than just the nonvolatile resistance state.
This study proposes a novel reconfigurable circuit per-
forming sixteen stateful Boolean logic operations. The in-
put and output variables of the proposed logic gates are
denoted by nonvolatile resistance states, indicating that the
logic result is stored in situ and able to participate in sub-
sequent operations, which is suitable for the logic cascading
and conducive to the realization of complex computations.
Stateful NOR logic design. Figure 1(a) shows the circuit
schematic for stateful logic gates, where P and Q are in-
put memristors, M is the load memristor, Y is the output
memristor, and S is the carbon nanotude filed-effect transis-
tor. The resistance range of memristor is [Ryr,, Ry|, where
Ry, =50 Q, Ry = 1000 2. Operating voltages Vp, Vq, Var,
Vi, and Vg are applied to P, Q, M, Y, and S, respectively.
To operate the circuit as stateful logic gates, inputs p and
q are the resistance states of P and Q, respectively. The
output y is the final resistance state of Y. Before logic oper-
ations, P and Q are initialized to desired states Ry, or Ry,
and M and Y are set to Ry,, where Ry, and Ry are assigned
to logic 1 and 0, respectively. When performing a logic op-
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eration, operating voltages are applied simultaneously, and
NOR is realized by setting appropriate voltages, specifically,
Vp =Vq = Ve, Vm = Vi = G (grounded), Vs = VR.

The selection of Vo and VR is critical to correctly per-
form logic operations. The value of Vo should be selected
in a range that the voltage across each input memristor and
the voltage across the load memristor are both between the
threshold voltages V1, and Vi1, to support the logic operation
while keeping unchanged of inputs during the logic opera-
tion. Meanwhile, the magnitude of Vg should be larger than
Vi1 to switch Y to Ry.

The voltage Vg is gated to Y, and the state of S is de-
termined by the node voltage V,, at the node n. When
the potential V;, of the node n exceeds Vg, S is turned on
(equivalent to a closed switch). Therefore, the voltage drop
across Y approximates to Vi, and Y is switched to Ry. If
Vy, is lower than Vg, S is turned off (equivalent to an open
switch). As a result, the voltage drop across Y approximates
to 0, keeping Y at Rjy,. Based on Kirchhoft’s law, we can get

Ve—Va Vo —Va , Vii—Va
Rp Rq Rm

=0, (1)

where Rp, Rq, and Ry are the resistances of P, Q, and M,
respectively.

Based on (1), Vp = Vo = Vi, and Vi1 = G, V,, can be
calculated by

RM(RP+RQ) )
(Rp + Rq) - Rm + Rp - Rg

According to the specific states of two-input Boolean logic
and (2), node voltages are 0.09Vg, 0.51Vg, 0.51V¢, and
0.67Vg, respectively, for input combinations ‘00’, ‘01’, ‘10’,
and ‘11’. To perform NOR, the threshold voltage Vst of S
should satisfy 0.09Vc < Vg < 0.51V(. Here, we chose Vg
to be 0.4V(. In this way, when inputs are both logic 0, the
magnitude of V;, is less than Vg, and then S remains open,
which keeps the logic state of Y unchanged. For all other
inputs, the magnitude of V}, is greater than Vg, thus S is
closed, making the logic state of Y to be logic 0.

Vo =

Ve. (2)
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Figure 1 (Color online) (a) Schematic circuit diagram for stateful logic operations; (b) full adder.

Remaining stateful Boolean logic. By tuning operating
voltages Vp, Vq, and Vi, and fixing other biases Vs (VR)
and Vy (G), sixteen Boolean operations can be realized.
That is, by simply changing the voltages applied to P, Q,
and M, the same circuit is able to execute different logic
operations. For instance, NAND can be realized by setting
Vp = VQ = 0.7VC, VM = VY = G, and Vs = VR. From (1),
the node voltage V;, of NAND gate is

_ 0.7Rm(Rp + Rq) .
(Rp + Rq) - Rm + Rp - Rg

Based on (3), the node voltages are 0.06V, 0.35V, 0.35V¢,
and 0.46V(, respectively, for inputs ‘00, ‘01’, ‘10’, and ‘11°.
Because of Vg = 0.4V, when inputs are both logic 1, the
node voltage V;, exceeds Vsr, and then S is closed, which
switches the logic state of Y from logic 1 to 0. For all other
input combinations, Vi, is suppressed below Vg, thus S re-
mains open, keeping the logic state of Y to be logic 1. As
a result, this configuration is capable of performing NAND.
The logic function reconfiguration of the circuit for NOR
and NAND operations is illustrated in Appendix A.

For complete 16 Boolean logic operations, the specific ap-
plied voltage assignment, the node voltage formula, and the
corresponding node voltage and output under different input
combinations are summarized in Appendix B. Furthermore,
the impact of resistance variation on the logic operation is
discussed in Appendix C.

Full adder. The one-bit full adder implemented by using
the bidirectional crossbar arrays is shown in Figure 1(b),
where the memristors in the same color ellipses can be used
as a stateful logic gate. The one-bit full adder contains three
inputs (i.e., addend a, summand b, and carry-in cin) and
two outputs (summary d and carry-out c¢o). The logic func-
tions of d and co can be expressed as d = a ® b D ¢y and
co = (@@ b) - cn + a- b, respectively, where @, +, and -
denotes XOR, OR, and AND logic operations, respectively.

To correctly perform logic operations, when the crossbar
array is used for input branches, selected and unselected
rows are floated and grounded, respectively. While the cross-
bar array is used for output branches, selected and unse-
lected rows are grounded and floated, respectively. Before
executing logic operation, the input a is stored into R11 and
Wa1, the input b is stored in Ri2 and Waa, the input ¢y is
stored in W12, and other memristors are set to logic 1.

In the first two steps, the XOR between a and b is re-
alized, and the logic output (i.e., a ® b) is stored in Wi;.
In next two steps, the logic operation d = a ® b & cn is
executed, and the result is stored into Ra;. So after step 4,

Vi

Ve. (3)

the sum output d is obtained. In step 5, the AND between
a @ b and cy is executed, whose result is stored in R31. In
Step 6, AND is performed, and data in R3z is changed to
be a - b. In the final step, co can be gained by realizing
the OR between the logic values in R3; and Rga2, that is,
co = (a®b)-cin +a-b is gained and stored in W3s3. As a re-
sult, the sum and carry outputs of a full adder are obtained
with seven logic operation steps. The logic operation steps
and corresponding applied voltage levels for half adder and
full adder is listed in Appendix D. In addition, simulation
results are shown in Appendix E.

Conclusion. A reconfigurable stateful logic design is pre-
sented, which is able to perform complete 16 Boolean logic
operations with the same circuit topology, different than
other memristive stateful logic designs. Then the full adder
are realized by using the presented stateful logic gates. The
entire scheme opens up a new approach for the fusion of
computation and memory to develop beyond von Neumann
computer architectures.
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