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A new voltage mode design is presented for quaternary logic using CNTFETs. This architecture with
presentation of a new structure for voltage division can be applied on any four-valued logic im-
plementation. To ensure the functionality of this promising proposed architecture, basic gates, half-ad-
der, and full-adder are implemented using voltage divider. Moreover, a decoder is considered to enhance
the parameters of half-adder such as power consumption, delay, and number of transistors. The designs
are simulated using Hspice simulation tool. In comparison with prior works, our half-adder design is
optimized by 75.2%, 7.8% and 77% in power consumption, delay and PDP parameters, respectively.
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1. Introduction

Multiple-valued logic (MVL) is studied extensively as an ap-
propriate alternative to binary systems [1,2]. The MVL is able to
solve and optimize the complexity in interconnection problems
introduced by binary systems in VLSI circuits [3,4]. In MVL plat-
form, fewer digits are required to save, display or compute data.
Other advantages of applying MVL are higher speed computation,
more dense data storage memory, applying more optimized con-
nection routes, higher capability of transferring and receiving data,
and simplification in testing and evaluating [5-9]. However, MVL
systems apply signals with more levels compared to that of a
binary system. This phenomenon is more vulnerable to manu-
facture variation and system signal noise, that is, the noise margin
shrinking. If these issues are not dealt with in a proper manner
they prevent the application of MVL circuits.

Shrinking scalability of MOSFETs is the main factor encouraging
the scientists to design their fabrications using CMOS technology.
Now, the question is to what extent would this shrinking process
continue? The miniaturizing of transistor faces serious challenges
and restrictions such as the quantum effects, high lithography
costs, ICs heating, increased leakage currents, on-current increase
difficulty, large parameter variations, low reliability and yield as
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well as an increase in manufacturing cost [10]. To overcome these
challenges and restrictions and develop a sustainable future in
replacing of CMOS technology, introduction of new alternatives is
inevitable. The implementation of the first nano-computer in
Stanford University can be regarded as a breakthrough in replacing
of CMOS through CNTFET [11]. At present many researchers are
dealing with the following challenges with respect to the applic-
ability of CNTFET: CNT density, diameter and doping variations,
miss-position and misplacement of CNT and presence of metallic
CNT [12,13].

Voltage-mode MVL circuits can be obtained through multi-
threshold transistors [2]. Raychowdhury and Roy [14] designed a
complex set of circuit arithmetic for MVL operators by using
CNTFETs and resistors. They developed multi-threshold CNT
transistors, which could control the threshold voltages through
controlling the nano-tube diameter. In another study [15], authors
have eliminated the bulky resistors by applying active load p-type
CNTFETs and developed their next work by designing logic gates,
decoder, half-adder and multiplier through the three-valued logic
[2]. Two different three-valued adders, are introduced by applying
the complex circuit design in [16], where the researchers applied
different diameters for the CNT transistors, and capacitors. In [17],
the capacitors are omitted, leading to considerable optimization in
power consumption and PDP. A dynamic structure for im-
plementing a dynamic ternary logic based on the complete model
technique is proposed in [18], where clock signal is applied to
evaluate and pre-charge. The reliability of three- and four-valued
logic gates is investigated in [19]; where, the voltage-mode multi-
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Fig. 1. (a) Proposed voltage division circuit, and (b) route controlling CNTFETs.

Table 1 Table 2

Corresponding voltages for logic values. Truth table of B2Q.
Scale Logic Voltage (V) In1 0 1 1

In2 0 1 0 1

vdd ‘3 0.9 Out 0 1 2 3
2vdd/3 2 0.6
vdd/3 T 03
GND ‘0 0

valued circuit design is obtained through pseudo complementary
implementation. The complete set of quaternary logic gates, de-
coders and multiplexers are designed and described in [20]. In
their work, the authors applied separate power supplies for each

o

(19,0)
(19,0)

(19,0)

(a) (b)

logic value. The universal designs of ternary-valued logic (TVL)
with high-speed, low-power and full swing output using CNTFETs
are presented in [21]. All TVL functions can be implemented by the
method presented in [21], where, a power supply for each logic
value is required. These studies are theoretical investigations un-
der ideal conditions.

Fig. 2. Proposed implementation of (a) B2Q, (b) NQI, (c) IQI, (d) SQI and (e) PQI.
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Table 3
The truth table of quaternary inverters.

IN Out
NQI 1Q1 PQI SQl
0 3 3 3 3
1 0 3 3 2
2 0 0 3 1
3 0 0 0 0
Table 4
Truth table of two inputs QNAND and QNOR.
QNAND QNOR
B B
A 0 1 2 3 A 0 1 2 3
0 3 3 3 3 0 3 2 1 0
1 3 2 2 2 1 2 2 1 0
2 3 2 1 1 2 1 1 1 0
3 3 2 1 0 3 0 0 0 0

The main contribution of this study is to introduce a new ar-
chitecture for implementing 4-valued circuits, using CNTFET
technology. In this architecture, each one of the 4-value functions
can be directly implemented through the truth table. This archi-
tecture would lead to simplification in the design process, since its
implementation resembles the designing of the binary circuits.
Moreover, the architecture is introduced according to the trade-off
between delay and power consumption in comparison with the
previous works. Here only one power supply would be suffice. An
intriguing point here is that for implementation of MVL circuits
there exists the possibility of its expansion, e.g. to 5 valued logic
circuits.
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Fig. 4. I-V Characteristics of an n-type CNTFET based on Stanford model.
2. Carbon nanotube FET (CNTFET)

Carbon nanotubes are considered as a graphene tab rolled into
a cylindrical structure. The direction of the rolling is called chir-
ality vector. Due to the chirality vector and the arrangement of
hexagonal honeycomb lattice of carbon atoms, the carbon nano-
tubes could be a conductor or semiconductor. The semiconductor
single wall carbon nanotubes (SWCNTs) are applied as a channel of
CNTFET [22]. By applying CNT as a transistor channel, a new device
is yielded which generally known as CNTFET [23]. The chirality
vector is defined by (ni,ny) pair named chiral number, which
specifies the physical and electrical characteristics of the CNT.
Chirality vectors are determined by the equation ch=an,+an;
where, a; and a, are the unit vectors of the hexagonal honeycomb
lattice. Like MOSFETS, CNTFETs are divided into n- and p-type.
However, compared to MOSFETs, the size and mobility of n- and p-
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Fig. 3. Implementation of (a) QNAND and (b) QNOR.
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Fig. 5. VTC diagram for (a) quaternary inverters, (b) proposed SQI, (c) proposed QNAND and (d) proposed QNOR.

Table 5
Noise margin values for proposed 4-valued designs.

Noise margin (V) Logic sQI QNAND QNOR

High 23 0.104 0.1 0.11
12 0.117 0.105 0.11
01 0.139 0.136 0.141

Low 23 0.138 0.142 0.126
12 0.119 0.127 0.12
0,1 0.102 0.109 0.1

types in CNTFETs do not differ [24]. The diameter of CNTs is cal-
culated by the following [20]:

2 2
ayn? + mny +n
! 2 ~0. 0783 /n? + mny + n2

n M

where, a=2.49 A (3ay and ay ~ 0.144 nm) is the interatomic
distance between two carbon atoms. The operation principle of
carbon nanotube field-effect transistor is similar to that of tradi-
tional silicon devices. Therefore, to turn ON a transistor, there is a
need to define a threshold voltage. The threshold voltage of a CNT

Denr=

channel is approximated as the inverse function of its diameter
[20]:

VLB V3 v, 0.436
™~ 2e” 3 eDor  Dovr(nm) )

where, e is the unit electron charge, V, = 3.033 eV is a carbon -t
bond energy in the tight bounding model and Ej, is the band gap
energy.

3. Proposed CNTFET-based design

In general, the multiple-valued logic circuits can be im-
plemented using one [17,2], or more than one power supply
source [18,20]. Increasing the number of power supplies in a cir-
cuit causes an overall distribution at the whole circuit since more
sources than that of the two necessary Vdd and GND sources are
required; therefore, increase in the number of power supply
sources would lead to complexity in interconnections, more en-
ergy consumption and higher fabrication cost. Here, one power
supply source is applied for multiple-valued logic circuits;
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Table 6
The result of simulation of quaternary inverters and QNAND and QNOR.

S.A. Ebrahimi et al. / Microelectronics Journal 53 (2016) 156-166

C | parameter | Proposed Designs Designs presented in [4] | [29] | [2] | [20]
Load NOI 101 SoI POl | ONAND | ONOR | SOI | ONAND | ONOR SOl i SOI SOl
Power(uW) | 0.009 | 0.0131 | 0.9556 | 0.0087 | 0.5531 | 0.5539 | 1.3579 | 1.6775 15531 | 1.7595 | 1.2198 | 41.731
Oe-15f | Delay(ps) 1.3 0.91 1.7393 | 1.2258 : 3.1309 : 3.3049 | 19.067 | 24.552 26.527 3.6617 1.9553 | 5.0936
PDP(e-19J) 0.12 0.1193 | 16.621 : 0.1067 | 18.279 | 18308 | 25891 | 411.86 411.99 64.427 23.85 | 2125.6
Power(uW) 0.08 0.0849 | 0.9958 : 0.0785 : 0.5699 : 0.5796 ‘ 1.7798 0 41.749
le-15f | Delay(ps) 113.5 69.1 39.766 | 118.44 | 80.522 | 79.504 68.901 | 7.8268
PDP(e-19)) 90.3 58.696 | 395.99 | 92.983 458.9 460.78 1226.3 3264.6
Power(uW) 0.19 0.1576 | 1.0359 | 0.1493 0.5868 0.6158 1.7995 41.765
2e-15f | Delay(ps) 224.6 132.35 | 77.668 | 224.78 155.5 157.53 132.9 10.479
PDP(e-17]) | 3.33 | 2.0858 | 8.0456 | 3.356 | 9.1247 | 9.7007 Melfunction 23.915 43.765
Power(uW) | 022 | 02241 | 1.0758 | 0.2159 | 0.6037 | 0.6307 i 1.8192 41.783
3e-15f | Delay (ps) 333.1 199.21 | 116.01 336.5 233.03 234.21 198.9 13.153
PDP(e-17]) 7.32 44643 | 12.018 | 7.265 | 14.068 | 14.772 36.183 © 54.957
Power(uW) 0.29 0.2978 | 1.1156 | 0.2885 ! 0.6207 ' 0.6787 1.8393 1 41.797
4e-15f | Delay(ps) 4449 | 263.55 | 153.76 | 443.72 | 310.54 300.6 257.13 1 15.823
PDP(e-17]) 12.6 7.8485 | 17.154 | 12.801 19.242 20.402 i 47.94 766.135
Transistor Count 2 2 P10 2 16 16 9 ! 15 15 6 10 16
each 4-valued logic circuits are presented by QNAND, QNOR, QHAs
;:l'l’tl; Zable of QHA. and QFA based on the results obtained from simulations. The
wholeness of this proposed architecture is revealed in the first
Sum Carry selected method and the circuit parameters are optimized in the
B B second selected method.
A 0 1 2 3 A 0 1 2 3
0 0 1 2 3 0 0 0 0 0 4. Designing quaternary universal gates
1 1 2 3 0 1 0 0 0 1
2 2 3 0 1 2 0 0 1 1 The basic gates such as two-input quaternary NAND/NOR
3 3 0 1 2 3 0 1 1 1

therefore, the voltage division rule is applied to produce different
voltages for different logic values.

The proposed design in this architecture for creating voltage
divider is shown in Fig. 1(a), where, four CNTFETs are applied with
the chirality vector of (0, 19). These transistors operate in a state of
intermediate conductance. There are six routes from either Vdd or
GND to the output in Fig. 1(a) presented as 3, 2p, 1p, 0, 1n and 2n.
The route 0 is used to create logic ‘0’, which is controlled by the n-
type transistors network. In the same manner, the route 3 is to
produce logic ‘3’, which is controlled by p-type transistors. The
routes 1x and 2x (xe{p, n}) are connected to the output using
voltage divider that creates logic ‘1’ and ‘2’, respectively. Conse-
quently, to produce logics 0, 1, 2 or 3 in the output, the corre-
sponding route should be connected to the output. For example, if
logic ‘1’ is needed, the route 1p is connected to Vdd using the p-
type CNTFETs and the route 1n is connected to GND through the n-
type CNTFETs as well, in order to perform the voltage division. The
corresponding voltage for each logic value is presented in Table 1.
In this article, four different chirality vectors are used to control
the routes. These chirality vectors are applied in previous articles
[4,2,20,19] as well.

The required p-type and n-type CNTFETs for controlling the
routes are shown in Fig. 1(b), where the chirality value is placed in
front of each transistor. The input signals in Fig. 1(b) are 4-valued.
If the primary input signals are binary, the 4-valued signals can be
generated through an encoder (B2Q). As it is observed in Fig. 1(b), a
reverse voltage of inputs is required to control and detect the
routes as well. By applying Standard Quaternary Inverter (SQI), the
inverse operation is generated. These newly designed SQI and B2Q
circuits are introduced in Section 4.

In the next sections two selected implementing methods for

(QNAND/QNOR) and quaternary inverters are designed and ver-
ified; moreover, the appropriation of voltage division functionality
for this proposed designs is evaluated.

4.1. Inverters & encoder

The proposed B2Q circuit design based on this proposed ar-
chitecture is shown in Fig. 2(a), the input/output correlations are
tabulated in Table 2. The following four types of quaternary in-
verters: Negative (NQI), Intermediate (IQI), Standard (SQI) and
Positive Quaternary Inverter (PQI) are introduced and im-
plemented. The correlations among the inputs and outputs of
these inverters are presented by (3). The truth table of each in-
verter is represented in Table 3 and implementation of each one of
them is illustrated in Fig. 2.

NQI={3 ifin=0

0 ifin#0
101 = 3 1.f1.n:00r1
0 ifin=2o0r3
SQI=3-in
PQI = 3 llfz.n;é3
0 ifin=3 3)

Here, how the SQI works is assessed. When the input has the
value ‘0, with respect to (1) and (2), three p-type transistors in
routes 1p, 2p and 3 are switched ON while three n-type transistors
in routes 0, 1n and 2n are switched OFF. Consequently, the logic ‘3’
appears in the output. After changing the input value to ‘1’ (0.3 V)
the p-type transistor in route 3 will be switched OFF while the n-
type transistor of route 2n will be switched ON. Other transistors
remain in their previous states; thus, in this state, as to voltage
division, the output voltage will change to logic ‘2’. A change from
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Fig. 6. (a) First proposed QHA, (b) proposed Q-DEC and (c) second proposed QHA.

Table 8

The output values of Q-DEC for different inputs.
I 10 n i Ii ) 2 3
0 3 0 3 3 3 0 3
1 0 3 0 3 3 0 3
2 0 0 3 0 0 3 3
3 0 0 3 0 3 0 0

logic ‘1’ to logic ‘2’ leads to turning the p-type CNTFET OFF in route
2p while turning the n-type CNTFET ON in route 1 n, simulta-
neously. In this case, only route 1p is closed in the pull-up network

of the circuit; in the pull-down network of this proposed circuit,
route 1n and route 2n are closed and route 0 is open. Similar to the
previous state, here, the voltage division occurs and the output is
diverted to the state of logic ‘1. When the input value is ‘3, all
pull-down routes are closed and all pull-up routes are open;
hence, the output drops to GND (‘0’).

4.2. NAND and NOR gates

The truth table of QNAND and QNOR is tabulated in Table 4. The
correlation between inputs and output of each gate is determined
through the followings:
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Table 9
The value of chirality vectors and required gate signals for route controlling for
different inputs.

Logic p-Type n-Type
Gate signal  Chirality vector ~ Gate signal  Chirality vector

0 I (08,0) 10 (13,0)

Oor1 I (13,0) Ii (13,0)

OQorlor2 I (27,0) 3 (13,0)

3 3 (19,0) 1 (08,0)

3or2 Ii (19,0) I (13,0)

3or2orl IO (19,0) I (27,0)

2 R (19,0 2 (13,0

1 n (19,0 n (13,0)
QNAND = Min (A and B) @)
QNOR = Max (A and B) 5)

The implementation of QNAND and QNOR based on this pro-
posed architecture are shown in Fig. 3. The designs of this pro-
posed QNAND and QNOR are obviously symmetrical and similar to
conventional CMOS technology circuit design.

The Stanford University SPICE model [25] that include non-
idealities, like channel elastic scattering, the doped source/drain
region, Schottky barrier (SB) resistance, multiple CNTs per device

and other non-idealities, is adopted to simulate these circuits
consisting of the ones introduced here and the ones of to be
compared with. This SPICE model is explained in [26-28] in a
comprehensive manner. Fig. 4 illustrates the I—V characteristics of
the n-type CNTFET applied in this article employing the Stanford
University model. In this architecture three CNTs are applied in
constructing each transistor (tubes =3), where pitch =30E—9m
and gate length =32E—-9m while the other parameters remain
fixed and the default values are applied. The simulations are per-
formed using same parameters model for circuits introduced here
and the ones of to be compared with, at 27 °C with 0.9 V power
supply. All changes in outputs are considered and the worst delay
case is addressed. For circuits which have two outputs, their
maximum delay is reported as the worst delay. The time between
50% of change at the input up to 50% of the change at the corre-
sponding output is considered as the delay. The Voltage Transfer
Characteristics (VTC) of this proposed SQI is compared to the
previous works, Fig. 5(a). The noise margin for these proposed SQI,
QNAND and QNOR are illustrated in Fig. 5(b)-(d), respectively. The
noise margin of these three gates are listed in Table 5. Function-
ality of these proposed gates prove that this architecture functions
in a correct manner in addition to facilitating the designs.

The results obtained from the simulation of these introduced
gates are tabulated in Table 6. As observed, in VIC (Fig. 5(a)), the
reaction of this proposed SQI against input voltage changes is more
rapid in comparison with the previous works. This architecture has

B
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Fig. 7. Transient response of proposed (a) B2Q, (b) Q-inverters (c) QNAND and QNOR (d) QHAs and (e) Q-DEC.
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Table 10
Truth table for QFA.
Sin=A+B 0O 0 0 O 1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 5 5 5 5 6 6 6 6
C o 1 2 3 o0 1 2 3 o0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Sum o 1 2 3 1 2 3 o0 2 3 0 1 3 o0 1 2 o0 1 2 3 1 2 3 0 2 3 0 1
Carry o o o o o o0 o 1 o0 o0 1 1 o0 1 1 1 1 1 1 1 1 1 1 2 1 1 2 2
Table 11 and in logic 1 and 2 it is troublesome (Fig. 5(a)). Compared with [2]
The possible values of A and B to generate valid A+B. the PDP parameter in this proposed architecture at C-Load =0 has a
better performance by 30.31%.
A+B 0 1 2 3 4 5 6 Producing i diate logics in MVL circuit desiens through th
A 00 1 01 2 0 1 2 3 1 2 3 2 3 3 roducing 1nter1.n.e iate logics in circuit designs tl rough tl e
B o1 0 2 1 0 3 2 1 0 3 2 1 3 2 3 proposed voltage divider and that of [2,29,14] encounter a short circuit

an appropriate noise margin since at the output there is no voltage
swing problem. By comparing the circuits here with that of the [4] it
is observed that they have voltage swing problem in the presence of
capacitance load. (e.g. if the C-Load =1e-15f at the output, the
voltage of each logic (except ‘0’) is reduced by 0.3V and any in-
crease in C-Load makes this problem worse). In this architecture,
when C-Load =0 the PDP parameter outperforms the findings in [4]
by 94.2%. The output nodes in [29] have the voltage swing problem
and due to constant ON state of the pull-up network, the static
power is high. Moreover, the PDP parameter in SQI implementation
at C-Load =2e-15fis optimized by 66.4%. The major problem in the
findings of [20] is the application of three different power supplies
for implementing 4-valued logic circuits. This method introduced
complexities in the interconnection with a high power consump-
tion. In this study at C-Load =2e-15f the PDP parameter outper-
forms that of the [20] by 81.6%. In designing 4-valued circuits based
on the method introduced by [2] and illustrated in Fig. 3(d) in [29]
the output does not have a correct function per C-Load over Oe-15

in certain output situations. Here, there exists a direct relation between
power consumption and the standby energy consumption increase.

5. Quaternary half-adder (QHA)

Any enhancement in adding operation leads to enhancement of
other operations [30]; since, they generate more complex opera-
tions like multiplication, division and exponentiation [31,32]. This
addition operation is widely applied in arithmetic logic unit (ALU),
floating-point unit, and address calculation in the main and cache
memories [33].

The Sum and Carry functions of QHA are represented by (6) and
(7). The truth table of QHA is tabulated in Table 7. In (6) and (7), A;,
B; €{0, 1} are obtained through decoding the signals A and B as
follows:

Sum=3 .(AoB3+A1Bz+A2 Bl+A3BQ)+2.(AoBz+A1 Bl+A2 Bo+A3B3)
+1. (AgB1+A1Bo+A; B3+A3B,)

(6
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Fig. 8. (a) The schematic diagram of this proposed QFA, (b) transistor level structure of Carry generator and (c) the transient results of proposed QFA.
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Table 12
The simulation results.
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Average Power (uW)

C-Load Parameter Proposed QFA [35] QHA [20] BFA-based QFA
Q-DEC B2Q 1st QHA 2nd QHA QFA
0Oe-15f Power (uW) 0.3337 0.8684 1.7557 1.4563 2.4766 98.36 5.882 2.868
Delay (ps) 7.61 2.561 49.892 18.972 71.728 109.23 20.573 43.01
PDP (e-16]) 0.0254 0.022 0.876 0.276 1178 107.439 1.2101 1.2337
2e-15f Power (uW) 1.827 0.906 1.908 1.6193 2.6579 102.43 5.961 3.7
Delay (ps) 390 51.11 251334 74.941 107.994 122.36 42.459 80.1
PDP (e-16J) 7125 0.464 4.7955 1.21352 2.871 125.333 2.531 2.96
Transistor count 18 18 89 87 195 163 106 190
Power supply count 1 3 1
AQ) B(Q) ¢
Q2B Q2B Q2B
ANlBI Cl A0\ B)CO O
YYY YYVYY
BFA BFA
—CI Sl C S
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+ Y ;
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Carry (Q) Sum (Q)

(a)

Fig. 9. (a) BFA-based QFA, and (b) third method to implement 4-valued circuit based-on this proposed architecture.
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Carry:] . (A1B3+A;By+A; B3+A3B1+A3By+A3B3) @)

For example, if A has logic value of 2’ then: Ap=0,A;=0, A,=1
and A3;=0 can be written.

5.1. First proposed QHA design in this architecture

Here, two circuits are applied separately to calculate the Sum
and Carry. According to Table 7, logic 2’ and ‘3’ do not appear on
the Carry output; hence, there is no connection in Carry circuit
design for routes 2n, 2p and 3. The first proposed QHA is shown in
Fig. 6(a), where, the two inverters are required to generate A and
B, which are not shown in the Fig. 6.

5.2. Second proposed QHA design in this architecture

In the first proposed design for QHA, there exist relatively
higher number of transistors between output with either Vdd or
GND. To remove this issue, a second design is being suggested
here. In this case, the value of each input should be specified. To
determine the value of each input a decoder is necessary. This
proposed quaternary decoder (Q-DEC) is shown in Fig. 6(b), with
one input and 7 outputs. The outputs of this decoder for any logic
in the input are tabulated in Table 8.

After determining the logic value of the input, the suitable
transistor based on Table 9 is chosen and the correct route con-
nects to the output subsequently. The chirality and required signal
connected to the gate of the applied transistors are tabulated in
Table 9. The required controlling signals for transistor gate are
provided directly by the input or by a decoded input.

In Table 8, I is the input signal, Ix and Ix (x€{0, 1, 2, 3, i}) are the
outputs of the decoder. For instance, if one of the pull-up route in
Fig. 1(a) is to be connected to Vdd, while, the input logic value is 2’
or ‘3’, the p-type transistor with chirality (19, 0) is applied. In this
case, gate is connected to [i. Yet, another example, when an input
has logical ‘0’ and it needs to be connected to one of the pull-down
routes to the GND, one n-type transistor with chirality (13, 0) is
chosen. The gate of this transistor is connected to 0.

In [20] authors introduced a quaternary decoder with 16
transistors and 3 computing levels. To control the p-type transis-
tors they used four extra inverters (Fig. 8 in [20]). Consequently,
the number of transistors and computing levels increases to 24
and 4, respectively. In this proposed Q-DEC, the number of re-
quired transistors is 18 and the computing levels is 3.

There are three main power consumption states: Pscatic, Paynamic
and Pgport_circuit [34]. The Pgport_circuit State is when the pull-up and
pull-down transistors are ON simultaneously. In other to reduce
Pshort-circuit iN the second proposed design, the chirality of pull-up
transistors, which is controlled by decoder's outputs, is considered
as (19, 0); while the chirality for pull-down transistors is (13, 0).
The circuit of the second proposed design is shown in Fig. 6(c). For
simplicity, the decoders are not shown in Fig. 6.

The transient response of these proposed B2Q, inverters,
QNAND and QNOR, first and second QHA and Q-DEC in this article
are shown in Fig. 7(a)-(e), respectively. The results of simulations
are listed in Table 12.

In the second proposed QHA design, with no load capacitance,
the power consumption, delay, and PDP are 75.2%, 7.8% and 77%,
respectively, indicating a better result in comparison to [20];
moreover, the implementation of this design only needs one
power source while the number of transistors are decreased and
no voltage swing problem occurs at 500 MHz frequency with
C-Load up to 6e-15f.

6. Quaternary full-adder (QFA)

The QFA is presented by using the second proposed QHA and
decoder in Section 5.2. The Sum and Carry values are tabulated in
Table 10. The possible values of A and B for A+B=X (X<{0, 1, 2, 3,
4,5, 6}) are listed in Table 11. The characteristics of this proposed
architecture contribute to implementation of the common FA
through the QHA blocks. This is one of the reasons based on which
it is claimed that, adopting of this architecture leads to simplicity
in designs. This QFA shows the ability of cascading circuits which
are implemented based on this proposed architecture with ac-
ceptable and correct functionality.

The schematic diagram of this proposed QFA is shown in Fig. 8
(a). This QFA circuit consists of four decoders, one Carry generator,
and two QHA. There is no Carry unit computing in both the QHAs
in Fig. 8(a). The inputs of Carry generator are the decoded values of
A, B, C and H. The results of simulations are tabulated in Table 12
and the transient response of the QFA is shown in Fig. 8(c).

A thorough analysis of Table 12 would indicate the fact that
these proposed power consumption, delay and PDP outperform
the available findings in [35]. Moreover, the malfunctions at the
two states when the input summation is 2 or 3; and when the
summation of the inputs change from 4 or 5 to 6 or 7 are observed
in QFA presented in Fig. 6 of [35].

In order to estimate the efficiency level of the introduced QFA it
is compared with CNTFET implementation of static CMOS full-
adder (BFA-based QFA). For this purpose, the circuit shown in
Fig. 9(a) is designed, simulated and the results of which are ta-
bulated in Table 12.

It should be mentioned that such circuit implementation
based-on this architecture are not merely limited to these two
presented methods, for example the following model (Fig. 9(b))
can be adopted as well to improve the drive capability. This claim
is justified by the fact that a reduction of connections in the output
node leads to a reduction in the capacitance of output capacitor,
while the number of transistors between the output with either
Vdd or GND remains constant regardless of the number of inputs.

The evaluations of power consumption, delay and PDP are shown
in Fig. 10(a)}~(c), respectively, for the first and the second proposed
QHA and QFA designs against C-Load variations from 1 to 4e-15f.

7. Summary

Due to the advantages over binary logic in designing digital
systems the MVL is of great importance. For example, it is possible
for the MVL logic to simplify and cause energy efficiency in digital
design since it reduces the complexity of interconnections and
chip area. This article presents the new quaternary designs of MVL
circuits based on CNTFETs. Applying different chirality vectors in
CNTFET contributes in designing a voltage divider to generate the
required 4-valued logics. The universal functionality complete di-
gital gates are designed and tested with appropriate results. Two
types of half-adders are proposed here and by applying the opti-
mized half-adder, the full-adder design is implemented. The qua-
ternary CNTFET-based circuits are implemented and the results of
simulations confirm the true functionality of the operations. With
respect to the previous implementations, the designs presented
here demonstrate improvements in the critical circuit character-
istics. In comparison with the available PDPs, (as the term presents
a trade-off between delay and power consumption) this newly
designed PDP outperform other competitive designs. The obtained
results indicate that this design approach is a viable solution for
high-performance VLSI design in nanotechnology.
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