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ABSTRACT

It was proven very early in the year 1964 that instead of base 2, the natural base
(given by e=2.71828...) is the most efficient radix for the implementation of
switching systems. The research also showed that base 3 rather than base 2 is the
most efficient integral base for the implementation of digital systems. But despite
that, binary technology (base 2) dominated the implementation of digital systems
all over the world until recently. During the early 2000s it became clear that new
methodologies were required to sustain the Moore’s law and keep up the growth
of processing power without increasing the number of transistors. This led to the
recent implementations of ternary logic systems which had been neglected till
now. The new ternary logic systems offered substantial power saving, reduced no.
of transistors, increased processing power, reduction in delay and reduction in
area. In this project we are going to design a Ternary Digital To Analog Converter
Using 3R-4R-6R Ladder Network. We further implement a 10 Trit ternary DAC
using this technique which has a 57 times better resolution than a binary 10-bit
DAC. Simulation results of this circuit also indicate a very low total unsettled
error of 0.047% of the Full Scale Reading. All simulations were performed using

SYMICA DE software.
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CHAPTER 1: INTRODUCTION

1.1. INTRODUCTION

Today one of the major creative challenges faced by the VLSI circuit
and system engineers is to design a new generation of VLSI products which
consume minimum power without compromising on minimum area constraints.
The concern of power dissipation in the form of heat has been part of the design
process since the 1970s but it was only towards the end of the century that it

became the main design concern [1].

In any modern VLSI circuit, about 70 per cent of the chip area is
occupied only by the interconnections [2]. The large number of nodes and
interconnections in modern binary circuits lead to enormous levels of power
consumption and many restrictions in fabrication which can be a source of
failures. Thus, the interconnection complexity and other issues of binary circuits
paved way for the research in multiple-valued logic (MVL) alternatives i.e.
technologies using bases other than base 2. Among all the MVL technologies it
has been proven mathematically by the authors of [3] that ternary logic (base 3)

is the most efficient in circuit complexity and cost compared to other bases.

On the device level, many devices and techniques such as Carbon
Nanotube FETSs, Single-electron devices, Spin wave architecture, Quantum

electronics and Quantum Computing etc. were developed in order to replace the




CMOS technology. Among these new techniques CNTFETS operate satisfactorily
and provide the best trade-off in terms of energy efficiency and circuit speed [4].
Further, the property of CNTFETs to manifest different threshold voltages at
different nanotube diameters make them the ideal candidate for implementing
MVL technologies [2].

These new devices and techniques enabled the efficient design of
Ternary Combinational and Ternary Sequential circuits. While design of ternary
digital systems can mitigate most of the above challenges faced by the VLSI
designers, the main problem remains that the physical world is made up of analog
signals. So in addition to creation of ternary combinational and sequential circuits
we require a ternary A/D and D/A Converters to convert these digital values to

analog signals and vice versa.

The first design of a Ternary DAC using a 3R/4R ladder network was
proposed very early in the year 1986 in [15]. But this design incorporated the use
of triple throw switches which were hard to fabricate. An improvement has been
suggested in [16] which uses SPDTs instead of triple throw switches and a
differential ladder network. But fabricating large resistances could cause
increased chip area and parasitic capacitances [17]. In order to avoid that a new
implementation of a T-DAC using current mirror sources has been suggested in
[17]. A drawback of the circuits suggested in [16, 17] was that they needed
additional circuitry for Ternary to Binary Conversion of their input signals. In
[18] a new resistive ladder network has been proposed which doesn’t require any
ternary to binary conversion circuitry. This circuit has 2 different ratios of
resistors for the least significant trits and most significant trits. In [19], a binary
weighted ternary DAC has been proposed. Each of these designs, its merits and
drawbacks have been discussed in a later chapter.




In this project we are going to design a Ternary Digital To Analog
Converter Using 3R-4R-6R Ladder Network which is a modification of the design
proposed in [15]. This new design uses also uses a voltage follower at the output
of the resistive ladder network as proposed in [18]. We further implement a 10
Trit ternary DAC using this technique which has a 57 times better resolution than
a binary 10-bit DAC. Simulation results of this circuit also indicate a very low
total unsettled error of 0.047% of the Full Scale Reading. All simulations were
performed using SYMICA DE software.

The rest of this project report has been organized as follows - Chapter
2 gives an introduction to the Ternary Logic. Chapter 3 provides an overview of
the previous works and Chapter 4 explains the adopted methodology. Chapter 5
consists of the Simulation results, comparison with previous work, conclusion and

future scope of this work.




CHAPTER 2: TERNARY LOGIC

2.1. INTRODUCTION

Even though it had been shown in 1964 that instead of base 2, the
natural base e=2.71828... is the most efficient radix for the implementation of
switching systems and base 3 is the most efficient integral base for the
implementation of switching systems, binary technology (base 2) dominated the
implementation of all switching systems throughout the world for many years. It
was only during the early 2000s that it became clear that new methodologies were
required to sustain the Moore’s law and keep up the growth of processing power
without increasing the number of transistors. Over the last decade, ternary logic
was extensively investigated and it has been shown that ternary logic has superior
characteristics compared to binary circuits, making it a compelling alternative.
These characteristics include a lower count of active devices on the chip, an
increased capability to process data per unit area, higher flexibility, higher
processing speed and a lower power dissipation and lower interconnection

complexity[2].

There are two ways to represent the Ternary logic systems: balanced
ternary logic (-1,0,1) which corresponds to (-Vg4,0,V4g), and standard/unbalanced
ternary logic (0,1,2) which corresponds to (0,V44/2,V4q)[6]. The T-DAC
developed in this project uses standard ternary logic (0,1,2) but a similar approach

can be used to construct a T-DAC which uses the balanced ternary logic (-1,0,1).




The basic switching elements used for the implementation of ternary
logic are diodes, bipolar transistors, JFETS, MOSFETs and Resonant Tunneling
Devices (RTDs) and CNTFETs. Most of the recent implementations of Ternary
logic employ CNTFETS due to their unique properties which make them highly
suitable for implementing MVL. CNTFETSs have been discussed in detail in next

section.

2.2. CARBON NANOTUBE FET (CNTFET)

Design of Ternary logic was simplified greatly by the advent of the
CNTFETSs. Carbon nanotubes are made from very narrow strips of minuscule
sheets of graphite which are rolled into a tube shape. The relatively small
dimensions and unique morphologies of the CNTs have made them a focus of
nano-electronics engineers and scientists. If a single graphite sheet is used, the
CNT formed is called single-wall (SWCNT) type and if the number of sheets is
more than one, then it is called a multi-wall (MWCNT) [5].

The three dimensional arrangement of the carbon atoms in any CNT
sheet is specified with by it’s chiral vector which is given by ch=nXa+ mXb,
where a and b are two vectors for the hexagonal lattice of the CNT and the two
indexes (n, m) are determined according to the orientation of the graphite sheet.

There are 3 different SWCNT types based on the chirality vector -

e The zigzag CNT (when n=0 or m=0)
e The armchair CNT(when n=m)
e The chiral CNT (when n£m+0)

The electrical conductivity of a SWCNT is also dependent on the




above chiral vector. A SWCNT will behave like a semiconductor if it’s indexes
‘n” and ‘m’ follow the equation n-m#3k (where k is any integer value) [5]. The

diameter Dcnt 0f a CNTFET is calculated through the equation-

2 2
ay/ny +niny +n;

" (2.1)

Dewr =

where a is the inter-carbon atom distance which is approximately equal to 0.249
nanometers [5]. The threshold voltage Vy, is determined by the equation-

(2.2)

where, V. is a constant (with value of 3.033 eV) and it determines the inter atom
carbon w-7 bond energy in a tight bonding lattice [5]. The dependence of Vi, on
Dcnt makes CNTFETS an ideal candidate for use in MVL.

The following table lists four commonly used chiralities alongwith

their corresponding CNT diameters as well as threshold voltages —

Table 2.1: Commonly used Chiralities of CNTFET

Chiral Vector (n1, ny) ‘ Threshold Voltage (V) Diameter (nm)
(8,0) 0.7 0.63407
(10,0) 0.56 0.79259
(19,0) 0.3 1.50592
(29,0) 0.2 2.29851

2.3. Basic Ternary Logic Gates

There are a few basic operations which every logic system should be
able to perform irrespective of it’s complexity. These basic operations are NOT,
OR, AND, NAND and NOR. Ternary gates which can perform these functions
are denoted as T-NOT, T-OR, and T-AND etc.
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A ternary inverter is a circuit that inverts the input signal and gives it
as the output. In ternary logic we have three inverter operations — Positive ternary
inverter (PTI), Negative Ternary Inverter (NTI) and Standard ternary inverter

(STI). The behaviour of these inverters is described by the given below equations-

NTI- [l fx=0 (2.3)
0, ifx#£0

STI- f=2-x (2.4)
0, ifx=2

Pﬂ-[l 2o (2.5)

The truth-table of all three ternary inverters is given below-

Table 2.2: Truth Table of PTI, NTI and STI

NTI STI PTI
Y1 (Y2)
2 2

A simple transistor level design of the PTI, NTI and STI was given in
[5] and is shown in Fig. 2.1. These are the simplest and most efficient
implementations of the ternary inverters. In comparison the STI implementation
given in [6] uses 5 CNTFETSs. The STI proposed in [8] is even more inefficient as
it uses 6 transistors to implement the same STI which has been implemented
using only two CNTFETSs in [5]. This clearly shows that the use of appropriate
chiralities and diameters of CNTFETS is very crucial for the design of an efficient

ternary logic device.




A =l 2om

STI(A)

A —E (29,0)

PTI(A)

Fig. 2.1: Transistor level of NTI, STl and PTI

The equations of the other basic ternary functions are given below —

Yanp = Xj.Xj‘ = min{Xj, Xj} (2.6)
Ynvanp = min{X;, X;} (2.7)
Yor = Xi + Xj = max{X;, X;} (2.8)
Ynor = max{X;, X;} (2.9)

where Xi and Xj are ternary variables having values 0,1 or 2. As we can see
Ternary OR operation basically returns the input with the maximum value as it’s
output. Similarly the Ternary AND operation returns the input with the minimum
value as it’s output. Further, we can see that the T-NOR and T-NAND operations




return the standard ternary inversion of the corresponding T-OR and T-AND

operations respectively. The Truth table of these functions is given below-

Table 2.3: Truth Table of T-OR, T-NOR, T-AND and T-NAND

Input A  InputB TOR  T-NOR T-AND  T-NAND
0 0 0 0 2

NN N [P P - oo
O N e T NCR FRE  J O
NN NN P e (N e
o |lo oo, |k o~ N
N |- ok - oo |o
ok Nk k(v

2.4. Ternary Combinational Circuits

A ternary combinational circuit can be defined as a circuit which uses
of a combination of ternary logic gates to transform ternary input signals into
ternary output signals. The output of a Ternary combinational circuit depends
only on the current inputs i.e. there is no memory element in the circuit. Several

ternary combinational circuits have been proposed in [2, 5, 6].

In [5] a systematic methodology has been given which can be used to
design any required ternary combinational circuit with the help of CNTFETSs.
This method [5] incorporates the use of a Ternary to Binary Decoder at the input
end and a binary to ternary encoder at the output end. After conversion of input
ternary signals to binary signals, they are fed to an intermediate stage which
separately generates two binary outputs corresponding to logic 1 and logic 2

output. Finally these two binary outputs are encoded into a single ternary output




using the binary to ternary encoder presented in [5]. Using this technique a

Ternary Half Adder and a ternary 1-digit multiplier have been implemented in [5].

2.5. Ternary Sequential Circuits

A ternary Sequential circuit can be defined as a circuit whose output
depends on the present input as well as the past input. In other words a ternary
sequential circuit is one which consists of a ternary memory cell. The biggest
advantage of creating a ternary memory device is the increased memory capacity.
The storage capacity of a ternary device versus a binary device rises exponentially
by a factor of (3/2)" where ‘n’ is the no. of ternary digits (or trits) or the no. of
devices. For instance, the storage capacity of a 2 trit memory cell is (3/2)% = 2.25
times of a 2-bit memory cell. Another way to see this is that the storage capacity
of a 2 trit memory cell is more than a 3-bit memory cell. So with ternary

memories we can have increased storage capacity with fewer number of devices.

The most basic ternary memory element is a ternary flip flop or a flip
flap flop. It has three stable states (0, 1 and 2). A flip flap flop can be easily
constructed from a binary flip flop by just replacing the binary logic gates with
Ternary logic gates as shown in Fig. 2.2. At first the circuit appears exactly like a
binary D-latch constructed from four NAND gates and one inverter. But in
reality, it is a ternary D-latch constructed using four T-NAND gates and one T-
NOT gate. An important thing to note over here is that the enable signal is a
binary signal and can have only two values logic 0 or logic 2. The output of the

ternary D-latch is not known for the intermediate (logic 1) value of EN.

10




N
)9

En

Fig. 2.2: Ternary D-Latch using T-NAND and T-NOT (STI) gates

The authors of [8] have proposed a ternary master slave D-flip flop implemented

using CNTFETSs. The circuit is shown below —

‘YDD
0.626

1017

_|

1.331

Voo

Fig. 2.3: Ternary Master slave D-Flip Flop proposed in [8]
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A simplified version of the above circuit is shown below-

S Q

LD 1
]

0

D

CLK CLK
T 1 a

e T
I CLK

Fig. 2.4: Simplified version of Ternary Master slave D-Flip Flop proposed in [8]

1y

L

CLK

The truth table of the above ternary Master slave D flip flap flop is given below-

Table 2.4: Truth Table of Master Slave Ternary D-Flifp Flap Flop

CLK b) Onst
l X Qn
1 0 0
1 1
0 2

Once we create a ternary memory element we can use it to design
more sophisticated circuits like shift registers, counters, data encoders and

decoders etc.

2.6. Ternary Data Converters

In our day to day life we use several digital electronic appliances for various
purposes like communication, entertainment, transportation and security etc. By
implementing these digital systems using ternary logic we can greatly improve
their performance and reduce the size of these digital systems. But since most real
world signals are analog in nature, we need an interface to convert these the

analog signals into ternary digit signals and ternary digital signals into analog

12




signals. Consider the Audio Processing example given below-

Ternary

Audio

Processor

Fig. 2.5: Theoretical Ternary Audio Processing System

In this example, the ternary ADC converts the speech signal (analog) received
from the audio input device (mic) into a ternary digital signal so that it can be fed
to the ternary Audio processing equipment. Thereafter, the processed ternary
digital signal is converted back into an analog signal by the ternary DAC so that it
can be used by the audio output device (speaker).

A DAC is an electronic circuit which converts a digital code into an
analog code. The biggest advantage of using a ternary DAC at place of a binary
DAC is the increased performance, higher resolution and reduced size. The
resolution of a ternary device versus a binary device rises exponentially by a
factor of (3/2)" where ‘n’ is the no. of ternary digits (or trits) in the digital code. In
this project we develop a ternary 10-trit DAC which has a resolution of (3/2)*,
i.e. approximately 57 times the resolution of a 10-bit binary DAC. Alternatively,
if use a 7-trit ternary DAC, it gives a resolution which is slightly higher than the
resolution of a 11-bit binary DAC. Thus according to the design goal we can
either increase the resolution or decrease the area/power requirements of a DAC
by using ternary logic.

The 2 most common architectures for a binary DAC are the binary
weighted DAC and the R-2R ladder DAC. In this project we will develop a

13




ternary DAC by slightly modifying the R-2R architecture to create a 3R-4R-6R

ladder network.

2.1.

Performance parameters of a T-DAC

In accordance with [20-25], the various performance parameters of a

ternary digital to analog converter can be defined as follows-

Resolution- The resolution of Ternary Digital to Analog Converter can be
defined as the number of different analog output voltage values that can be
provided by the DAC or the different number of codes that can be written
to the T-DAC [22, 23, 25]. For a n-Trit T-DAC, the resolution is 3"

Least Significant Trit (LST)- The LST of a T-DAC is defined as the
smallest change that can be produced at the analog output (in volts)
corresponding to a change in the least significant trit of the input ternary
code. For a n-trit T-DAC, the LST is equal to Vref/3"

Gain error — The Gain error of a T-DAC can be defined as the difference
between the expected value of the Full scale reading and the actual value
of the full scale reading [20].

Differential Nonlinearity (DNL) error- The DNL error of a T-DAC can
be described as the difference between the actual step height of a T-DAC
and the ideal value of the LST of a T-DAC [20, 24].

Integral Nonlinearity INL error- The INL error of T-DAC can be
defined as the deviation of all values on the actual transfer function from a
straight line representing the ideal transfer function [20, 24]. It can be
calculated as the summation of all differential nonlinearities for each step
[20,24].

14




CHAPTER 3: METHODOLOGY USED

3.1. PREVIOUS WORK-

In the recent years, several designs of different ternary logic circuits
have been proposed which include some primary arithmetic operations like the
half adder and 1-digit multiplier presented in [5]. The main focus of these
implementations was efficiency in terms of the delay, number of transistors and
power. But most of the previous work has been focused on implementing only
combinational and sequential ternary circuits and there has been very little work
in the implementation of ternary data converters (T-ADCs and T-DACs) despite

the many advantages of ternary circuits.

One of the earliest designs of a ternary DAC was proposed in [15] in
1986 and is shown in Fig. 3.1. This was the first ternary DAC to use a ladder
network with resistances in the ratio of 3R, 4R and 6R. The values of resistances
are picked such that the value of the equivalent resistance to the left of each node
principle node is 6R. The detailed network analysis is given in [15] and has been
skipped here for the sake of brevity. A major drawback of this circuit was that it

required the fabrication of Triple Throw switches which are hard to implement.

15




6R 4R 4R 4R ANALOG
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Ay~ o AT o AN
P |
st -

Fig. 3.1: Ternary DAC design proposed in [15]

To mitigate these problems, the authors of [16] have suggested a new
circuit which uses SPDT (Single Pole Dual Throw) switches instead of Triple
throw Switches and a single power supply line instead of two. This circuit [16]
uses SPDTs in conjunction with a differential ladder network. The circuit is

shown in the Fig. 3.2 below-

[T

S0 5la

——C)
[
ey
-
»—0
=0
»r—0
L

=

Fig. 3.2: Ternary DAC design proposed in [16]
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While this circuit presented in [16] mitigated the above problems, it
had it’s own drawbacks. Firstly, this circuit uses a differential ladder which
doubles the number of required resistors and increases the design complexity as
well as power consumption. Further, this T-DAC is not truly a ternary DAC as it
requires the conversion of ternary signals to binary signals for it’s negative and
positive value coding branches. This means that we require additional circuitry in

the form of a ternary to binary decoder in order to utilize this DAC.

A very different approach for the construction of a ternary DAC has
been proposed in [17] and is shown in Fig. 3.3 below. In this circuit the use of
current mirror sources has been proposed instead of a resistor ladder network.
This is done to avoid the challenges faced in the fabrication of resistor lines in the
range of a few kQ [17].

. 27:1 network

vl vy oy 7

OO 00 OO O OO

91 | 9T 31§31 I I]91 31§31 I} I

Fig. 3.3: Ternary DAC design proposed in [17]

But this circuit again requires conversion of ternary signals to binary
signals which means it also requires additional circuitry in the form of a ternary to
binary decoder. Further, even though the resistive ladder network has been
removed, the circuit still requires a 27:1 current divider network which has been
realized using MOS transistors. The MOS transistor current divider network may
reduce the area and parasitic capacitance of the chip but the large number of MOS

transistors in the current divider network and all current mirror sources increase

17




the design complexity and increase the number of steps in the fabrication process,

thereby increasing the fabrication costs.

Another disadvantage of the above circuits is that in all of these
circuits the digital inputs have been connected indirectly through a triple throw
switch in [15] or an SPDT in [16,17]. This problem has been resolved in [18]
which presents a completely new resistive network for the Ternary DAC. The
circuit is shown in Fig. 3.4 below-

100k 100k 100k 100k 100k
Qut
150k 75k 75k 75k 82k 82k 82k
i 0 ] 0 ] ]
3 3 £ 3 s 3
47k 4.7k 47K 47k 4.7k 47K
4.7k 4.7k 47k 4.7k 4.7k 4.7k

[pinz>
[pin3>
pind
pin
[pine>
pin

Fig. 3.4: Ternary DAC design proposed in [18]

This circuit uses a potential divider, which in this case is a pair of
4.7kQ resistors. This holds the pin at Vs/2 when a pin is configured as High
impedance input. The main ladder resistors are much stronger so that the normal
pin drive remains unaffected [18]. This circuit also uses an output buffer (voltage
follower) at the output end (shown in Fig. 3.5). The output of a DAC has a
variable impedance due to the resistor network and it becomes non-linear if
connected directly to the load. Therefore the output is connected to a Voltage

follower.

Qutput

DACout OpAmp

Fig. 3.5: Output Buffer (\Voltage follower) from [18]
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Since the above circuit uses too many different values of resistances, it

can quickly increase the design complexity and fabrication costs. Further, this

circuit uses large values of resistances and as mentioned in [17], the fabrication of

resistances which are even a few kQs can lead to large chip area and high

parasitic capacitances. Therefore fabrication of a large number of resistors of

large values can quickly increase the total size of the chip and the total parasitic

capacitances of the circuit.

Another approach for creating a ternary DAC using the weighted

resistance architecture has been proposed in [19] and is shown below in Fig. 3.6-

10k0

R1

MSh 5
7/

2

30k1

2

90k

R4
Ul
. —

LSb s
7

2

VDD/2 5
&

Fig. 3.6: Ternary DAC design proposed in [19]

Upon careful observation we can see that this design [19] is

unfavorable for the same reasons as for the circuit proposed in [18] i.e. larger chip

area, large parasitic capacitances, multiple different values of resistors to be

fabricated etc.
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3.2. PROPOSED DESIGN-

In this project we design a simple ternary DAC by modifying the 3R-
4R-6R ladder network proposed in [15]. This circuit uses only three different
values of resistors and doesn’t require large resistances of the order of tens or
hundreds of kQ as in [18, 19]. Further, the proposed circuit doesn’t require the
usage of triple throw switches or SPDT as in [15-17] because the digital signals
are directly connected to the input lines of the T-DAC. In order to avoid any non-
linearity caused by this direct connection, we use a output buffer (voltage buffer)
as in [18, 19]. In addition to that the proposed circuit is a truly ternary DAC in the
sense that it does not require any additional Ternary to binary conversion circuitry
as in [16, 17]. The proposed design for an n-Trit Ternary DAC is given in the Fig.
3.7 below-

4K 4K 4K
4 e e e NN +
Vout
6K

Fig. 3.7: Proposed n-Trit Ternary DAC

It is a simple infinite ladder network with a combination of the
resistances 3K, 4K, 6K. The ternary digital inputs TO, T1, ... Tn are directly
applied at the inputs of the DAC. The output of the resistive ladder network is fed
to a voltage follower. Using this technique the following circuit was implemented
in Symica DE (shown in Fig. 3.8 on next page). The ten boxes labeled “signal” at
the bottom are ternary staircase wave generators which generate a waveform with

3n+1

a time period equal to nanoseconds for the nth input.
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Fig. 3.8: 10-Trit Ternary DAC simulated in Symica DE

It is a 10-Trit Ternary DAC with a resistive ladder network of 3K, 4K
and 6K. The ten ternary inputs (TO, T1, ... T9) are applied directly to the input of
the ADC. The ternary input signals are of unbalanced type i.e. (0,1,2). For the
sake of simplicity, we have kept the Vs at 2 Volts which means that logic level 2
(Vs) corresponds to 2 Volts, Logic level 1 (Vs/2) corresponds to 1 Volts and logic
level 0 (GND) corresponds to 0 volts respectively. For simulation purposes we
have used an ideal opamp to implement the voltage follower at the output end.
Another advantage of using this circuit is that we can control the gain of the
circuit by adding a couple of resistors in the feedback loop of the Op-amp. This
might help in scaling up/down the output voltage for certain applications.

Another advantage of using the 4R/3R implementation is that the ratio
accuracy and thermal tracking of these resistors might be improved in comparison

to R/2R networks because of the nearly equal values of these resistances.
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CHAPTER 4: RESULTS

41. SIMULATION RESULTS-

A 10-Trit ternary Digital to Analog Converter has been implemented
and simulated using Symica DE software. A staircase waveform with varying
Time period was applied as the input signals (TO, T1, T2... T9) to the T-DAC

circuit. The following table lists the Time period of all input signals-

Table 4.1: Time Period of Ternary Input Signals (T0, T1,... ,T9)

Name of Signal Time Period

(ns)

1. TO 3ns

2. T1 ans

3. T2 27 ns

4. T3 81 ns

S. T4 243 ns

6. T5 729 ns

7. T6 2,187 ns

8. T7 6,561 ns

9. T8 19,683 ns

10. T9 59,049 ns
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The simulation results of the 10-trit T-DAC are shown in the following
figures (Fig. 4.1 to 4.4)-

------------------------------------------------------

Fig. 4.2: Zoomed section of the input TO to show waveform
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Fig. 4.3: Output characteristics of the 10-trit DAC for a staircase input
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Fig. 4.4: Zoomed section of the output Vout to show waveform clearly
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The zoomed section of the input signal TO (Fig. 4.2) shows that the
LST of the digital code applied on our 10-trit T-DAC changes every one nano
second. The zoomed section of the output signal Vout (Fig. 4.4) shows that for
every change in the input digital code, there is a corresponding change in the
output signal Vout at intervals of 1 nano second. The output characteristics of the
10-trit DAC (Fig. 4.3) show that the time period of the DAC output is the the
same as the time period of the MST of the DAC input i.e. 59049 nano seconds.

4.2. PERFORMANCE PARAMETERS OF THE T-DAC —

The following table gives a list of the performance parameters of the

10-trit ternary DAC that was simulated in this project-

Table 4.2: Performance Parameters of the T-DAC

N Characteristic Proposed Design
1 Resolution (no. of output levels) 59049
2 Least Significant Trit (Volts) 33.87017uVv
3. Gain Error (Volts) 4.00006pV
4 DNL Error (Volts) -16.0376nV
5 INL Error (Volts) -946.952uV
6 Settling time (sec) 22.3592ps
Total Unsettled Error 946.960uV or 0.047% of
E (Volts or % of FSR) FSR

4.3. CONCLUSION & FUTURE SCOPE-

In this project a ternary Digital to Analog converter has been designed
and a 10-trit T-DAC was implemented using this methodology. The new circuit
solves several problems encountered in the previous circuits proposed in [15-19].

The performance analysis of the circuit shows a 57 times higher resolution than a
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10-bit binary DAC. Further, the circuit has a very low total unsettled error of
0.047% of the FSR. The simulation results indicate a substantial improvement
over the existing binary DACs. As an extension of this work, DACs of other
bases (other than 2 or 3) can be developed using a similar approach for specific
applications. The N-ary DACs of higher bases could provide an even higher
resolution as well reduce the ladder stages thereby reducing the circuit
complexity, fabrication costs and power consumption. Another area of research
could be integration of ternary logic gates, memory cells and T-DACs and T-

ADC:s to create new Ternary microcontrollers and microprocessors.
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