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Abstract

In this paper, we propose a CMOS-memristor hybrid circuit that can perform 4-bit multiplication for future

energy-efficient computing in nano-scale digital systems. The proposed CMOS-memristor hybrid circuit is based

on the parallel architecture with AND and OR planes. This parallel architecture can be very useful in improving

the power-delay product of the proposed circuit compared to the conventional CMOS array multiplier. Particularly,

from the SPECTRE simulation of the proposed hybrid circuit with 0.13-mm CMOS devices and memristors, this

proposed multiplier is estimated to have better power-delay product by 48% compared to the conventional CMOS

array multiplier. In addition to this improvement in energy efficiency, this 4-bit multiplier circuit can occupy

smaller area than the conventional array multiplier, because each cross-point memristor can be made only as

small as 4F
2
.
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I. Introduction

As CMOS technology gets closer to the end

of Moore’s law, many researchers have been

trying to find some new emerging devices that

can survive beyond the end of device scaling

scenario [1]. Among many emerging new devices,

memristor which was theoretically introduced in

1971 [2] and later experimentally found in 2008

[3] is widely considered as a strong candidate for

future post-CMOS devices. Actually, memristors

were simply understood as a kind of

resistance-change memories that could store the

data by resistance change. For example, we can

store ‘0’ by Low Resistance State (LRS) and ‘1’

by High Resistance State (HRS), respectively. For

many years, various kinds of resistance-change

memories have been developed because they are

thought to be implementable simply on the cross

points between two orthogonal metal lines [4], [5],

[6]. The cross-point architecture is indispensable

in achieving high-density memory beyond the end

of Moore’s law. It occupies only as small as 4F2.

Here F means a minimum feature size in a given

process technology. In addition to this

high-density implementation, memristors can be

easily made on top of Silicon devices [7]. This

process compatibility with CMOS technology

makes it possible to realize hybrid circuits of

CMOS and memristors. The hybrid

CMOS-memristor circuits can be very useful in

mitigating the recent problems of CMOS digital

circuits such as low energy efficiency and poor
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device scalability. In this paper, we propose a

CMOS-memristor hybrid circuit with 4-bit

multiplication for energy-efficient computing. Here,

this proposed multiplier is verified to have 48%

better energy efficiency than the conventional

CMOS array multiplier. In addition to this

improvement in energy efficiency, this 4-bit

multiplier circuit can occupy smaller area,

compared to the conventional CMOS array

multiplier, because each cross-point memristor can

be made with as small as 4F
2
.

II. New Architecture

1. The conventional CMOS array multiplier.
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Fig. 1. (a) The multiplication of two 4-bit numbers (b) The

block diagram of 4x4-bit CMOS array multiplier

Figure 1 shows the multiplication of two 4-bit

numbers and the diagram of 4x4-bit CMOS-based

array multiplier which consists of 16 ANDs, 9 full

adders, and 3 half adder logics to multiply two

4-bit unsigned binary numbers, a3a2a1a0 and b3b2b1b0.

Each aibj in Fig. 1(a) is realized using an AND

gate. Each output bit is calculated by adding the

appropriate aibj in respective column and the

carry-in bit from the previous column. To calculate

the final 8-bit output, we have to wait for the

maximum delay time which includes the propagating

times of sum and carry calculation in the adder

blocks.

2. Memristor based crossbar logic (MBCL)

One of well-known parallel structures to

implement the combinational logic is programmable

logic device (PLD) which consists of a

programmable AND plane linking to a

programmable OR plane (PLA) or a fixed OR plane

(PAL). Fig. 2 shows the memristor based crossbar

logic that works as a PLA structure to implement

the logic function in sum-of-product form. In the

crossbar array, high and low resistance state (HRS,

LRS) memristors represent the open and closed

connections. For instance, in Fig. 2, the first row is

connected with A’ and B’ by LRS. Here A’ means

the complement of A. The other inputs such as A,

B, etc are connected to the first row by HRS. This

configuration of the first row can realize the

function of A’B’. Here, when both A=0 and B=0,

A’B’ can be 1. In the other cases, A’B’ should be 0.

Fig. 2. The conceptual schematic for memristor-based

crossbar logic (MBCL), where the left array works

as an AND plane and the right array performs OR

function
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The right array in Fig. 2 realizes the OR plane.

For the first column, F0, in the OR plane, F0 can be

1, when either A’B’ or AC’ is 1. Hence F0 can be

expressed with F0=A’B’+AC’, as indicated in Fig. 2.

3. The proposed hybrid circuit of CMOS and
Memristor for 4-bit multiplier

Fig. 3. The proposed MBCL of 4x4-bit dynamic multiplier (a)

The block diagram of 4x4-bit dynamic multiplier

based on memristor-CMOS hybrid circuit. (b) The

detailed circuit for calculating the partial product of

P<1>

Figure 3(a) shows the proposed hybrid circuit of

the CMOS-memristor 4x4-bit multiplier. The circuit

is composed of the AND plane and OR plane. Here

A0, A1, A2, and A3 are the A input vector. Similarly,

B0, B1, B2, and B3 are the input B vector. CLK and

CLKB are the clock and inverted clock signals.

P<0>, P<1>, P<2>, P<3>, P<4>, P<5>, P<6>, and

P<7> are the partial products. In Figure 3(a), the

memristor array acts as the programmable AND

plane. Each cross point in AND plane is realized by

a rectifying memristor that has high resistance state

(OFF state) or low resistance state (ON state). The

OR plane is implemented by the dynamic-type

circuit, as shown in right in Figure 3(a).

The detailed circuit of the partial product,

P<1> is shown in Fig. 3(b). P<1> can be

calculated with

Four min-term are used to implement the

combinational expression represented in Equation

(1). Each min-term is realized by each row. For

example, if we look at the first row of Figure 3(b),

/a1, a0, and b1 are connected with the first row by

LRS not HRS. It means that the first row in Figure

3(b) represents the min-term, 101 BAA . Similarly, the

second, third, and fourth rows can also represent

the other min-terms in Equation (1).

The operation of the proposed

memristor-based multiplier in Figure 3(b) is divided

into two phases that are called the pre-charge

phase and evaluation one. In the pre-charge phase,

CLK is held at low level. The input PMOS

transistors, Mi,1 to Mi,4 are turn on to charge the

row voltages, X1, to X4, by VDD. The input dynamic

buffers placed at the top of columns are off with

their outputs are high to keep the row voltages

high during the pre-charge phase. The PMOS

keeper transistors, Mk,1 and Mk,2 are employed to

prevent X1, X2, X3, and X4 from being discharged

during the evaluation phase. In the evaluation phase,

all the input buffers are on. Four min-terms in

Equation (1) are decided by the row voltages of X1,

X2, X3, and X4. The inverting buffer and the PMOS

transistor placed at the end of each row perform

the OR function.

III. Simulation and results

The simulation results were obtained by the

SPECTRE simulator that is provided by Cadence
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Design Systems Inc. In this work, the

memristor-CMOS hybrid circuits were simulated by

SPECTRE using the memristor’s Verilog-A model

[8], [9] and the CMOS model parameters which

were given by SAMSUNG 0.13-mm process

technology.

Fig. 4. The timing diagram of the proposed memristor-based

4-bit multiplier in two operating cycles, the first

cycle represents multiplying 0011 with 0010, the

second one is multiplying 0000 with 0000.

Figure 4 shows the timing diagram of the

proposed memristor-based 4-bit multiplier in two

clock cycles. In the first cycle, two numbers of 0011

and 0010 are applied to the inputs A and B as

multiplier and multiplicand, respectively. In the

pre-charge phase, all columns are held by VDD

regardless of the inputs A and B by turning off the

input dynamic buffers. The row voltages of X1, X2,

X3, and X4 are charged to VDD by turning on the

PMOS transistors Mi,1 to Mi,4 in Fig. 3(b). During

the pre-charge phase, the partial-product nodes,

P<0>, P<1>, P<2>, P<3>, P<4>, P<5>, P<6>, and

P<7> are low, because the NMOS transistor, Mpd is

on. During the evaluation phase, the input dynamic

buffers are on thus a3, a2, a1, and a0 can have 1

or 0 according to the input vector of A3, A2, A1,

and A0. /a3, /a2, /a1, and /a1 are the complements

of a3, a2, a1, and a0, respectively, as shown in

Figure 3(b). Similarly, b3, b2, b1, and b0 are

decided by the input vector of B3, B2, B1, and B0,

respectively. /b3, /b2, /b1, and /b0 are the inverted

version of b3, b2, b1, and b0. During the evaluation

phase, the row voltages of X1, X2, X3, and X4 can

be calculated with the following Boolean

expressions, in Eq. (2).

From the equation (2), when the input vectors A

and B are 0011 and 0010, respectively, only the row

voltage on X2 can be high, among the row voltages

of X1, X2, X3, and X4. If X2 node becomes high

during the evaluation phase, the partial product of

P<1> can also be high, as shown in Figure 4. In

the second operating cycle, when the input vectors

of A and B are 0000 and 0000, all the partial

products from P<7> to P<0> become 00000000.

Figures 5(a), (b), and (c) show the comparison

between the conventional CMOS array multiplier

and the proposed memristor-based multiplier in
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Fig. 5. The comparison of the conventional CMOS array

multiplier and the proposed memristor-based

multiplier in term of (a) the power consumption, (b)

the delay time, and (c) the power-delay product
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terms of the power consumption, the power-delay

product, and the delay time. In Fig. 5 (a), the

multiplied input vectors of A x B are changed

between 0000 x 0000 and 1111x1111. In the

simulation, the operating frequency is fixed by 100

MHz and the supply voltage is varied from 0.8V to

1.6V. The proposed circuit consumes larger power

by 15% on average compared to the conventional

CMOS array multiplier. However, the proposed

circuit shows shorter delay time compared to the

conventional array multiplier, as shown in Fig. 5(b).

The shorter delay time of the proposed circuit is

mainly caused by the shorter signal path that is

composed of only AND plane and OR plane in the

proposed circuit in Figure 3(a). On the contrary, the

convention CMOS array multiplier has much longer

signal path that includes many logic gates and

many 1-bit adders to deliver the carry signal

calculated by the present-stage adder to the

following stage. Fig. 5(c) compares the power-delay

product between the conventional CMOS array

multiplier and the proposed CMOS-memristor hybrid

multiplier. The power-delay product of the proposed

multiplier is estimated smaller by 48% compared to

the conventional CMOS array multiplier.

IV. Conclusion

In this paper, we proposed the

CMOS-memristor hybrid circuit with 4-bit

multiplication for energy-efficient computing. The

proposed circuit is based on the parallel architecture

with AND and OR planes. This parallel architecture

can be very useful in improving the power-delay

product of the proposed circuit compared to the

conventional CMOS array multiplier. Particularly,

from the simulation of the proposed hybrid circuit

with 0.13-mm CMOS devices and memristors, this

proposed multiplier is estimated to have better

power-delay product by 48% compared to the

conventional CMOS array multiplier. In addition to

this improvement in energy efficiency, this 4-bit

multiplier circuit can occupy smaller area than the

conventional array multiplier, because each

cross-point memristor can be made as small as 4F
2
.
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