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Integrated circuit (IC) chips are designed using binary logic. However, over the last two decades the
complexity of IC chips has become manifold. This has resulted in large chip area due to large number of in-
terconnections. Hence, large parasitics associated with the interconnections have reduced the speed and
increased the power dissipation. These problems can be overcome using multi-value logic (MVL). To design
digital circuits based on MVL, it is required to control the threshold voltage of the devices depending on
the logic levels. Carbon nanotube field effect transistor (CNTFET) is one such emerging device which is
suitable for MVL circuits as the threshold voltage of CNTFET can easily be controlled by changing the di-
ameter of the carbon nanotubes (CNTs). The diameter of the carbon nanotube (CNT) is controlled by vary-
ing the chirality of the CNT. Ternary logic is one of the promising multi-value logics where there are three
logic levels. In this paper, we have designed a D-latch based on ternary logic using CNTFET. The setup
and hold times for the D-latch have been characterized. The delay and power have also been analyzed.
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1. INTRODUCTION

Digital computation is generally performed based
on two value logic i.e., using only two possible states;
low (0) and high (1), where there is no other logic level.
Multi-value logic (MVL) like ternary or fuzzy logic
system permits more than two logic levels. Depending
on the number of allowed levels, MVL circuits can be
classified as ternary, where there are three logic levels,
and quaternary, where there are four logic levels. The
number of operations to perform digital computations
is generally reduced using MVL due to simplified logic
expressions. This results in the reduction of number of
devices as well as interconnections which in turn re-
duces the propagation delay, chip area, and power
dissipation. The pin-out problem of synthesizing large
chips can also be overcome using MVL.

One of the requirements of designing MVL circuits
is to control the threshold voltage of the devices. The
MVL circuits are designed using CMOS logic where the
threshold voltage of the MOS devices is varied by sub-
strate/body bias. Carbon nanotube field effect transis-
tor (CNTFET) is most suitable for MVL circuits as the
threshold voltage of CNTFET can easily be controlled
by changing the diameter of the carbon nanotubes
(CNTs). The diameter of the carbon nanotube (CNT) is
controlled by varying the chirality of the CNT.

Roy et al. in [1] have first proposed the multi-valued
logic design using CNTFET. The SPICE compatible
model for ballistic CNTFET is developed in this work,
where the geometry and operating conditions have
been the varied. Navi et al. have designed ternary logic
circuits including negative, positive and standard ter-
nary logics in [2] using 32 nm CNTFET technology.

Lombardi et al. have presented the design of ter-
nary logic gates and arithmetic circuits using CNTFET
technology in [3]. The authors have also designed ter-
nary memory cell using MOSFET-like CNTFET in [4].
In [5], the design of MVL circuits is presented using
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pseudo N-type CNTFETs. The design of content ad-
dressable memory using MOSFET-like CNTFET is
presented in [6].

A ternary D-latch is designed using CNTFET,
where the design is implemented at the gate level. In
[7], we have shown how ternary logic can be designed
using MOSFET-like CNTFET and how the device pa-
rameters can be varied to achieve different threshold
voltages which is key to the design of MVL circuits.

In this paper, we have designed a D-latch based on
ternary logic using MOSFET-like CNTFET. The ter-
nary D-latch is designed using transmission gate (TG)
based methodology for 32 nm technology node. The
chirality of CNTs is chosen in such a way that the de-
sired threshold voltage is achieved for the ternary op-
erations. The setup and hold times are characterized
for the proposed D-latch. The design is implemented in
Cadence virtuoso environment.

The rest of our paper is organized as follows. Sec-
tion 2 describes the basics of MOSFET-like CNTFET
and its characteristics. Ternary logic circuits are ex-
plained in Section 3. Section 4 presents the design of
ternary D-latch. The simulation results and setup and
hold time characterization are presented in Section 5.
Finally, we summarize our conclusions in Section 6.

2. CARBON NANOTUBE FIELD EFFECT
TRANSISTOR

CNT has been one of the emerging nanomaterials,
which has excellent electrical, thermal, and mechanical
properties. It has a one-dimensional structure made of
a rolled graphene sheet. CNTs are classified into three
different types: armchair, zigzag, and chiral. The chi-
rality of a CNT is defined by a pair of chiral index (n;
m), where n and m are two integers.

For n=m, CNT exhibits metallic property whereas
for n—m # 3t (i is an integer), CNT exhibits semicon-
ducting property.
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Different CNTFET structures have been proposed by
different research groups. In Schottky barrier CNTFET,
source/drain metal contacts are made of titanium or
cobalt [8]. The nanotube acts as a channel between two
metal contacts. In [9], band-to-band tunneling CNT-
FET (BTBT-CNTFET) is proposed by Appenzeller et
al., where the tunneling properties of the nanotube
devices have been utilized. Jie Deng et al. have pro-
posed MOSFET-like CNTFET, which has very similar
VI characteristics as that of MOSFET [10-12]. In this
work, we have used MOSFET-like CNTFET due to its
similar VI characteristics as that of the traditional Si-
based MOSFETSs. The device parameters of the CNT-
FET used in this work are obtained from [10, 11] and
the device model is obtained from [12]. The p-type and
n-type CNTFET models are created in Cadence vir-
tuoso environment to design the ternary logic gates
using this device model. In our model, the threshold
voltage varies from 0.289 V to 0.559 V by varying the
chirality from (10.0) to (19.0) of the nanotubes. Fig. 1
shows the VI characteristics of n-type CNTFET, where
the chiral index n varies from 10 to 19. Similarly, VI
characteristics of p-type CNTFET are also obtained,
which have already been illustrated in [6]. In tradi-
tional CMOS circuits, sizing of MOSFET is done by
varying the channel width of the MOSFET. However,
in MOSFET-like CNTFET sizing is achieved by chang-
ing the number of tubes.

VI characteristics of NCNTFET, #tubes=3, Lg=32nm, Vg=0.9V
70.00

T T T T T T T T
(10,0 —
60.00 (13,0) =i : B %
(19,0) ‘

350.00 - g 5 4 5 ‘ i 2 -

Id (micro Am
w B
S o
o o
o o

20,00 fo ‘ : ; .

1000 |-/ : : ] : .

0.00 I i i I i i i i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Vds (Volt)

Fig.1 - V-I characteristics of n-type CNTFET

Table 1 — Truth table of ternary inverters

Inverter Input Output

0 2

STI

PTI
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3. TERNARY LOGIC

In ternary logic, there are three logic states: 0
(false), 1 (intermediate) and 2 (true), which correspond
to 0V, 0:5 VDD and VDD, respectively, where, VDD is
the power supply voltage.

In ternary logic, there are basically three sets of in-
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verters: simple ternary inverter (STI), positive ternary
inverter (PTI), and negative ternary inverter (NTI).
The truth table of the different types of inverters in
ternary logic is shown in Table 1. The circuit diagram
of simple ternary inverter is shown in Fig. 2.
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Fig. 2 — Circuit diagram of STIT logic
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Fig. 3 — Voltage transfer characteristics of STI

The voltage transfer characteristics of STI are
shown in Fig. 3. Three logic states 0, 1, and 2 corre-
spond to 0V, 0.45 V, and 0.9 V, respectively. When the
input voltage is below 0.3 V, T6 is ON and T2 is OFF,
and we get logic 2 (=0.9V) at the output. When the
input voltage is above 0.6 V, T2 is ON and T6 is OFF,
and we get logic 0 (= 0 V) at the output. When the input
voltage is between 0.3 V and 0.6 V, T2 and T6 are OFF,
however, T5 and T1 are ON. T3 and T4 are always ON
as they are diode connected. Therefore, we get logic 1
(=0.45V) at the output. When, Vin<0:3V or
Vin > 0:6 V, though the transistors T1, T3, T4, and T5
are ON, they produce higher resistance path as com-
pared to the pull-up (through T6) and pulldown
(through T2). So, the output is either VDD or ground.

4. TERNARY D-LATCH

In this paper, we have designed the ternary D-latch
circuit using the conventional CMOS D-latch topology.
Fig. 4 shows the ternary D-latch circuit, where the
normal inverters are replaced by the STI and normal
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transmission gates are replaced by ternary transmis-
sion gates. The transmission gates are used to pass the
different logic levels (0, 0:5 Vbp and Vpp) based on the
clock inputs. The first STI (STI1) provides the comple-
mentary output (Qp) of the D-latch.
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Fig. 4 - Circuit diagram of ternary D-latch

When the clock becomes high, the data input (Din)
passes through the first ternary transmission gate
(TTG1) and its complement becomes available at the
output of the first STI (STI1). However, when the clock
goes low, TTG1 remains OFF, and its output becomes
high-Z state. In order to avoid the charge loss during
this state, a keeper circuit (STI2) is used at the output
of the first STI (STI1). The second ternary transmis-
sion gate (TTG2) is used in the feedback path to avoid
the contention issue as shown in Fig. 4.The first stage
of the proposed circuit as shown in Fig. 4 consists of
eight CNTFETs with the design parameters as shown
in Table 2. The chirality of the CNTFETs is used in
such a way that the logic levels corresponding to three
ternary logic states pass through the circuit which is
explained in the following subsections.

4.1 Case 1: Transfer of Logic Level 0

When the clock is high, the transmission gate TTG1
is ON and it passes the logic from its input to output.
When the input of TTG1 is low (logic level 0), the out-
put of TTG1 is also low (i.e., @ =0). The entire opera-
tion of the circuit and operating conditions for each
transistor are shown in Table 3.

Table 2 - CNTFET design parameters
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Table 3 — Working principle

Tnput [CloclTG1]TG2] T1 | T2 |T3]T4] T5 | T6
0 |High| ON| ON |OFFJOFF| X | X |ON| ON
0= ...

0.5 vaq |High| ON| ON | ON |OFF|ON|ON]| ON | OFF

Oﬁ){)ggd_High ON|ON|ON|ON| X | X |OFF| OFF

Chirality Diameter Threshold

CNTFET (nm) (nm) voltage (V)
TG1 (19.0) 1.487 ~0.289
TG2 (19.0) 1.487 +0.289
T1 (19.0) 1.487 +0.289
T2 (10.0) 0.783 +0.559
T3 (13.0) 1.018 +0.428
T4 (13.0) 1.018 —0.428
T5 (19.0) 1.487 —0.289
T6 (10.0) 0.783 —0.559

The gate terminals of T5/T6 and T1/T2 are connect-
ed to the output of transmission gate (TTG1). T1/T2 are
OFF, and T5/T6 are ON, so the output of STI1 is high
i.e., @ = Vbp. The second STI (STI2) complements the
output of first STI (@), so we get logic 0 at Q.

4.2 Case 2: Transfer of Logic Level 0.5 VDD

When the input of transmission gate TTG1 is 0.5
Vbpp, i.e., 0.45V, T6 is OFF, T5 is ON, T1 is ON and T2
is OFF. The diode connected CNTFETs T4 and T3 pro-
duce a voltage drop of 0.45V from node n2 to @ and
from node @b to n1 due to threshold voltages of T4 and
T3. Therefore, the output voltage becomes 0.45V (i.e.,
0:5 Vbp), and we get logic level 1 at Qb and also at Q.

4.3 Case 3: Transfer of Logic Level VDD

When the input of the transmission gate TTG1 is
0.9V, ie., Vpp, T6 and T5 are OFF and T1 and T2 are
ON. Therefore, the output voltage is pulled down to the
ground, and we get logic 0 at @, and logic 2 at @. The
ternary D-latch shown in Fig. 4 works when clock input
is high, i.e., data transfer takes place when clock is at
logic 2. It is also possible to make it work when clock
input is low by replacing the clock (clk) and inverted
clock (clkb) inputs in the TTG1 and TTG2 circuits.

Transient characteristics of D-Latch
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Fig. 5 — Transient characteristics of ternary D-latch

5. SIMULATION RESULTS

The proposed design is implemented using 32 nm
technology node. The simulations are performed in
Cadence Virtuoso environment. Fig. 5 shows the simu-
lated input and output waveforms of the ternary D-
latch. When clock remains high, the D input is passed
to Q output and complement of D input is passed to Qb
output. The rise/fall delay of the ternary D-latch is
calculated which are shown in Table 4.
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Table 4 — Input-output delay of ternary logic based D-latch

Sl. No. Transition Rise Delay (ps)
1 0 to 0.5 x Vpp 23.88
2 0.5 x Vop to Voo 4.94

Sl. No. Transition Fall Delay (ps)
1 Vop to 0.5 x Vbp 23.89
2 0.5x Vppto O 4.93

Table 5 — Average delay, power, and PDP of ternary D-latch

PDP (ad)
18.906

Average power (W)
1.312

Average delay (ps)
14.41

Table 6 — Setup and hold time of ternary logic based D-latch

Sl:No: Transition |Setup time (ps) Hold time (ps)
1 0 to 0.5xVbp 20.0 20.0
2 0.5xVbp to Vop 30.0 28.0

Note: Clock -ve edge and data rising edge
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Fig. 6 — Setup time characterization of ternary D-latch
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30LIBIIMAIN PO3CIFOBAHHS HOTYRHOCTI. 111 mIpobieMy MOKHA IIOIOJIATH 34 IOTIOMOI0I0 0ATraTO3HAYHOIL JIOTIKKA
(MVL). st mpoexTyBauHs mudpoBux cxeM Ha ocHOBI MVL HeoOXigHO KOHTPOJIIOBATH IIOPOTOBY HAIPYTY
IIPUCTPOIB B 3AJIEKHOCTI BiJI JoriyHUX piBHIB. [losboBMit Tpauaucrop 3 Byrelesux Hanorpybox (CNTFET)
€ OJTHUM 3 TAKWX IPUCTPOIB, AKWUH miaxoauTsh 1 cxem MVL, ockinbku moporoBy Hanpyry CNTFET moxua
JIETKO KOHTPOJIIBATH IILJITXOM 3MIiHU JiaMerpa Byrieriesux HaHoTpyOook (CNTs). Jliamerp Byriienerol HaHo-
Tpy6ru (CNT) xomTpoIIOETHCS 3MiHOMW 11 XipasbHOoCcTl. TpupiBHeBa JIOTIKA Mae TPHU JIOTIYHUX PIBHA 1 € OHI-
€10 3 MIePCIIeKTUBHUX 0araTo3HAYHUX JIOTIK. Y JAaHii poboTi Mu po3pobusm D-Tpurep Ha 0CHOBI TPUPIBHEBOI
snoriku Ha 6a3i CNTFET. Oxapakrepu3oBaHo yacu BCTAHOBJIEHHS Ta yTpuMaHHsa D-tpurepy. [Ipoanasmiso-
BaHO TAKOXK YacC 3aTPUMKH 1 IIOTYIKHICTS.

Kmiouosi cnosa: CNTFET, MVL, Tpupisuesuii, D-rpurep, Yac HacuyeHHs Ta yTPUMAHHS.
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