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Abstract-Multiplication is a crucial process in
digital arithmetic, due to its application in
multi-dimensional  graphics, FIR filters,
cryptography, etc. Researchers focus on
reducing the power consumption and increasing
the speed of multipliers. An approach to
accomplish the desired goal is the use of nano-
technologies in implementing circuits. Carbon
nanotube technology is an appropriate option
among emerging nano-devices, due to its
similarities to the preceding technology,
MOSFET. In this paper, an architectures for a
four-bit two-operand multiplier is proposed.
Theproposed multiplier and the previous four-
bit two-operand multiplier are designed,
implemented and simulated through carbon
nanotube field effect transistors. Evaluations
and comparisons are carried out through
HSPICE simulator, using carbon nanotube
technology. The simulation results indicate that
the proposed four-bit two-operand carbon
nanotube multiplier has a better performance in
comparison to the preceding one.

Keywords: Carbon nanotube field effect
transistor, Fast multiplication, High speed
multiplier, Nanotechnology, Wallace multiplier.

|. INTRODUCTION

Multiplication is an essential function in
digital circuits and arithmetic units. Multi-
dimensional graphics, digital filters and encryption
methods employ multiplication in their functions
[1]. This operation is time-consuming, due to
adding a vast number of partial products to
accomplish the final result. Therefore, reducing
power and increasing the speed of this circuit is
crucial for designers and
manufacturers.Multiplication ~ comprises  three
phases. First, each multiplicand bit multiply to a
weighted bit of the multiplier. In this way, partial
products are generated through bitwise AND.
Second, partial products are reduced to two vectors
of sum and carry, using compressors, Wallace and
Dadda tree [2-4]. In the final stage, there is a carry
propagating adder that computes the final
multiplication result [2, 5].Some studies diminish
partial products generation time through algorithms
like Booth encoding, which cuts partial products to
half [6, 7].A number of publications suggest
methods for decreasing time of partial product
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reduction phase [8-10]. Eventually, some
researches apply fast adders in the final stage of
multiplication [2, 5].

According to Moore’s law, the number of
transistors on a chip doubles every 12-18 months;
hence channel length should be diminished. This
phenomenon is called scaling and causes several
problems such as short channel effect, parameters
variations, etc [11]. In order to cover the issue of
scaling, new technologies like carbon nanotube
field effect transistor (CNFET), single electron
transistor (SET) and quantum-dot cellular automata
(QCA) are emerged [12-15]. Carbon nanotube
transistor is an appropriate alternative for MOSFET
circuits among these nano-technologies.MOSFETS
and CNFETs have similar electrical and physical
features that cause carbon nanotube technology to
be a proper choice for the next generation
arithmetic circuits. Moreover, CNFETs become
center of attention due to low delay and power
consumption [11].

A high-speed two-operand multiplier is
proposed in this paper, which utilizes CNFET
technology for a better performance. The proposed
multiplier enhances delay and PDP parameters in
comparison to the preceding multiplier.

Il. AREVIEW OF CARBON NANOTUBE FIELD
EFFECT TRANSISTORS

Carbon nanotube is a sheet of graphene
that rolls up and shapes the graphene into a tube. It
is presented with a Chirality vector, Ch=na;+ma,.
The (n, m) are Chirality numbers and [ay,a;]are
unit vectors. According to n and m, carbon
nanotubes are divided into three groups. If n=m,
then nanotube is called armchair. If n=0 or m=0,
nanotube is zigzag and otherwise, it is chiral [16].
Three types of carbon nanotubes are shown in Fig.
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Figure 1. Sheet of graphene that forms three types of nanotubes

Armchair nanotubes have electrical
features just like metals, whereas only one third of
zigzag and chiral nanotubes have electrical
properties and the rest act as semiconductors. If
different voltages apply to a conductor carbon
nanotube, an electrical current will be generated
(like a wire). By applying a negative voltage to one
side of the nanotube and a positive voltage to the
other side, electrons flow in a direction leading to
the positive pole. The electricity current in a carbon
nanotube is conducted better than a metal. There is
a resistance against electrons flowing in the metal,
which is occurred in a collision with metal atoms.
Conversely, electrons movement in a carbon
nanotube is based on quantum mechanics, which
leads to a wave-like flow and there is no collision
in this case. Here, the quantum movement is called
ballistic transport and it is a vital attribute for
carbon nanotubes [17].

Furthermore, depending on the number of
tubes, carbon nanotubes categorized in two groups
of single-walled carbon nanotubes (SWCNT) and
multi-walled carbon nanotubes (MWCNT) [14].
Each CNT has a diameter that can control the
threshold voltage of a CNFET. This diameter is
calculated as equation 1.

Doy = o2 +nm+m? =0.07830 +om+m? (1)
T

Where, ais the carbon to carbon distance and
computed via a = v/3a, formula anda, = 0.142 nm
is the length of the carbon-carbon bond. Moreover,
n and m are chirality numbers.

The threshold voltage of a carbon
nanotube transistor is controlled through adjusting
the CNT diameter (equation 2).
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Where, v, is the m-m bond energy in the tight
bonding model, equal to 3.033 eV ande is the unit
electron charge. As it is shown in equation 2, the
threshold voltage of a carbon nanotube field effect
transistor is approximated as the inverse function of
the nanotube diameter.

I1l. PREVIOUS WORKS

Multiplication is one of the essential
operations in digital arithmetic. It is not a fast
process, due to adding a large number of partial
products and get the final result. Multiplication
operations carry out in three stages. Most studies
have focused on the second step of this operation,
which is partial product reduction phase. In this
section, previous two-operand multipliers are
introduced.
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There are several articles introduced
various techniques of multiplier implementations.
Callaway et al. presented four methods for
implementing a two-operand multiplier and
compared them in terms of power consumption,
delay and PDP. Modified array, split array,
Wallace tree and booth recoded Wallace tree were
types of multipliers were investigated by Callaway
et al. Authors proved that the fourth multiplier has
the maximum power consumption and Wallace tree
multiplier has the minimum PDP among other
designs [18].

Itoh et al. presented a multiplier with
rectangular-style Wallace tree. They were aiming
to decrease chip size; hence, a reduction in layout
cost and chip fabrication [9].

A low power Wallace multiplier based on
wide counters was proposed by Abed et al. in 2011.
This multiplier operated like Wallace multiplier,
but there is a difference in the partial product
reduction stage. In this stage, the proposed
multiplier employed counters, instead of full
adders; therefore, this circuit had fewer gates and
also, consumed less power. This method showed its
superiority in the case of carry propagation,
because counters do not have input carry, while
compressors have [19].

A four-bit two-operand CNFET-based
multiplier was presented in [6], which utilizes low
complexity Wallace tree for partial product
reduction stage and also a ripple carry adder as the
final carry propagating adder [20] (Fig. 2). This
method employs less half adders for the reduction
phase and the number of gates used in the circuit is
decreased, consequently. However, this operation
results in increasing the final carry propagating
adder length; hence, a reduction in multiplier’s
speed.
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Figure 2. Low complexity Wallace multiplier architecture [6]

This multiplier utilizes an energy efficient
carbon nanotube full adder based on XOR function,
which reduces the power consumption of the circuit
[21]. The nanotube architecture of this low
complexity Wallace multiplier using CNFET-based
AND, half adder, full adder and carry propagating
adder is shown in Fig. 3.
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Figure 3. Low complexity Wallace multiplier presented in [6]
based on carbon nanotube technology

This multiplication is carried out through
three half adders, three full adders and a 6-bit carry
propagating adder, which results in an eight bit
output.

An implementation of a two-operand
multiplier was introduced in [22], which was
designed based on carbon nanotube technology.

IV. PROPOSED FOUR-BIT TWO-OPERAND
MULTIPLIER

The proposed multiplier utilizes a high
speed full adder illustrated in Fig. 4. The CNFET-
based full adder is proposed by Charmchi et al. and
makes use of XOR-XNOR and Majority functions
to produce sum and carry [23].
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Figure 4. A CNFET-based full adder cell [23]

The proposed architecture for a four-bit
two-operand CNFET-based multiplier, using nano-
devices, is shown in Fig. 5.
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Figure 5. Proposed two-operand CNFET-based multiplier

The proposed multiplier utilizes eight full
adders and a four-bit carry propagating adder,
which leads to reduction in delay of the circuit,

V. SIMULATION RESULTS

All  simulations are performed on
proposed two-operand multipliers, using HSPICE
simulator andthe CNFET model [24-27] is
utilizedin these simulations. This standard model
has been designed for enhancement-mode unipolar
MOSFET-like CNFETS, in which each transistor
may include more than one carbon nanotube as its
channel.

In order to show the superiority of the
proposed design, power, delay and PDP is
calculated for each implementation. PDP is a trade-
off between power and delay of a circuit.
Simulations are carried outin 0.6, 0.7 and 0.8
voltages and 3fF load capacitance. The results are
tabulated in table 1.

Table 1. Simulation results for multipliers at 3fF and 25°¢

Power (e -06 W) Delay (e -10 S) PDP (e -16 J)
Multiplier 0.6v
Two-operand
multiplier [6] 1.5813 1.785 2.8226
Two-operand
multiplier [22] 1.6338 2.1114 3.4496
Proposed two-
operand 1.9237 0.8733 1.6801
multiplier
Multiplier 0.7v
Two-operand 2.09 1.5888 3.3205
multiplier [6]
Two-operand
multiplier [22] 2.9835 1.1234 3.3516
Proposed two-
operand 3.0184 0.714 2.1554
multiplier
Multiplier 08v
Two-operand
multiplier [6] 27117 1.494 4.0512
Two-operand
multiplier [22] 6.2085 0.865 5.3703
Proposed two-
operand 4.638 0.6181 2.867
multiplier

16



International Journal of Advanced Information Science and Technology (lJAIST)

Vol.4, No.11, November 2015

As it is shown in table 1, the proposed
multiplier have better performance in delay and
PDP parameters in comparison to the previous
multipliers. What is more, the proposed design
consumes more power in comparison with
multiplier presented in [6], due to the number of
full adders used in its architecture. The comparison
of the preceding multipliers and the proposed two-
operand multiplier isillustrated in Fig.6.
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Figure 6. (a) Power, (b) delay, (c) PDP versus different voltages
in multipliers
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Simulation results at 0.6 V supply voltage
and at 25°° temperature with capacitance load of
3fF show that the proposed two-operand multiplier
has 51% and 58% delay improvement in
comparison to [6] and [22], respectively. The PDP
improvement of proposed design at the same
conditions is 40% and 51% with respect to the
works of [6] and [22], respectively. At supply
voltage of 0.7 V and at 25° temperature with
capacitance load of 3fF, the results show 55% and
36% optimization in delay and 35% and 35.6%
improvement in PDP parameter in comparison to
multipliers presented in [6] and [22], respectively.
Moreover, delay has 58% and 28% enhancement
and PDP has 29% and 46% improvement in the
case of 0.8v supply voltage, in comparison to [6]
and [22], respectively.

The two-operand multiplier presented in
[6] has less power consumption in comparison to
the proposed design. This is due to the reduction of
the number of gates in the design. On the other
hand, the proposed two-operand multiplier has a
full swing output that is an advantage for a digital
circuit. Fig. 7 depicts the waveforms of the
proposed design at 0.8 V supply voltage, 5fF load
capacitance and 25° temperature.The design has
well performed and has a full swing output in
comparison to the multipliers of [6] and [22].
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Figure 7. Output waveforms of the proposed two-operand
multiplier

Accomplishing a high speed circuit is
another benefit of the proposed method. The
proposed multiplier has a better performance due to
utilizing an XOR-XNOR and Majority full adder
and a small carry propagating adder in the last step
of the multiplication process.
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V1. CONCLUSION

A high speed four-bit two-operand
multiplier is designed and implemented in this
article. The proposed design is based on carbon
nanotube field effect transistor, which is the
leading technology among nano-devices. The
proposed multiplier utilizes small carry propagating
adder in the final phase of the multiplication
process; therefore, the delay of the circuit is
reduced and the PDP parameter is improved. In
contrast, the presented design consumes more
power in comparison to the previous multipliers,
due to adopting more full adders in its architecture
in the reduction stage of multiplication.
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