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Abstract

With the advancement in technology the number of transistors being fabricated
on a single integrated chips (IC) increase manifold as stated in Moore’s law. Due
to this increase in the transistors and thereby shrinking of the devices one of
the major problematic areas for designers are interconnects which are responsi-
ble for the connection of the devices with each other and to power supply and
ground. Thus analysis of on-chip interconnect is a necessary for designing a cir-
cuit. The mathematical representation of interconnect using finite difference time
domain (FDTD) methodology with CMOS receiver is proposed in this research.
The model used for the purpose is a driver-interconnect-load (DIL) model. In
order to analyze and further design interconnect circuits, neural network tech-
niques has been employed. Levenberg-Marquardt (LM) algorithm is used for im-
plementing back-propagation in neural network (NN) design. NN based models
have been extensively explored for classification, pattern recognition applications,
image-speech processing, system and control identification, medical diagnosis, fi-
nance, etc. However, this has been very limitedly explored and adopted for op-
timization, designing and performance evaluation of VLSI circuits and systems.
The optimization and designing of billions of transistors is a time consuming task.
The NN based model efficiently automates the complete process. The dataset for
training the network has been created using HSPICE . The accuracy of the pro-
posed NN based model is assessed using regression, mean square error and error
histogram. Further graphene materials such as multilayer graphene nanoribbon
(MLGNR) has been explored as an alternative material for the DIL system. Its
application is also validated in ring oscillator thereby proving a superiority over

the traditional materials for interconnect system

Keywords: On-chip interconnects, neural network (NN), Finite difference time domain
(FDTD), variabilty analysis, multilayer graphene nanoribbon (MLGNR) .
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CHAPTER 1

Introduction

Moore’s law states that number of transistors being fabricated in integrated cir-
cuits (IC) increases nearly two times in every two years. Due to this scaling down
of technology interconnects become a major bottleneck for IC designers. Since
number of transistors increase the IC becomes densely packed and therefore var-
ious signal integrity issues crop up. Also variability can be induced in intercon-
nects due to manufacturing process which result in uncertain parameters. Due to
these issues the analysis of on-chip interconnects is a major issue.

The conducting materials used to connect different modules, provide power
supply and ground to a circuit are known as interconnects. These are stacked on
top of each other in orthogonal position. The thickness of these interconnects in-
crease as we move from bottom to top layer. Further, they are classified into three
types namely- local, semi-global and global based on their structure and which
circuit elements they connect. Local interconnects constitute the bottom layer be-
ing usually first and second metal layer. These are short thin wires connects few
gates or transistors within a module or functional block. The next few layers are
the intermediate or semi-global interconnects which are longer and wider com-
pared to local interconnects and therefore provide less resistance. Intermediate
interconnects provide signal or clock distribution within a block and are typically
around 3 mm in length. Global interconnects occupy the top layers of intercon-
nects and usually more than 4 mm in length. These interconnects provide signal
or clock distribution to the entire circuit and connect different modules. Earlier
Aluminum was used as an interconnect material but later it was replaced by cop-
per which is still prevalent today’s chips. Graphene has emerged as one of the
promising prospective material which can be used to replace copper for better
functionality of the system. Therefore in this research the effect of graphene as a
potential interconnect material will also be considered for analysis.

Neural networks (NN) mimic the biological functioning of a human brain

thereby learning from different processes and further applying them in different
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Figure 1.1: Interconnect structure

scenario. NN structure consists of neurons which are connected to each other with
different strength which are defined as weights. These weights are readjusted in
training process to give minimum mean square error (MSE) with is considered as
a performance parameter of NN. The readjustment is done using back propaga-
tion algorithm. There are various back propagation algorithms such as gradient
descent, quasi-newton, Levenberg-Marquardt (LM) etc. Based on the speed and
memory needed for a particular problem the optimum algorithm is selected. Due
to the NN technique the multiple iterations used in traditional analysis method
is replaced by only a one- time training process thereby increasing the efficiency
of the system. The research aims to bridge the gap between VLSI and machine
learning by proposing a surrogate model for analysis and design of interconnect

system.

1.1 On-Chip Interconnect

Electrical modeling is used for interconnect modeling where resistance, induc-
tance and capacitance are the parasitics. The interconnect structure can be ob-
served in Figure 1.2.

The parasitics of a wire viz. resistance and capacitance in general are dis-
tributed along its length and are not lumped into a single position. However, at
low frequencies and short wire lengths, only capacitive and resistive components
of the wire can be considered. The distributed capacitance and resistance of the
wire can be lumped into a single capacitor and resistor. Distributed RC model is
more appropriate and accurate than lumped model. For long interconnects, when

the physical dimensions of interconnect are in the range of the wavelength of the
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Figure 1.2: Interconnect equivalent electrical model

signal passing through the interconnect, lump model become inefficient. Hence-
forth, distributed model is used. The transmission line has the prime property
that signals propagate over the interconnection medium as wave which is not the
case in distributed RC model. The signal propagates by alternatively transferring
energy from the electric to the magnetic fields, or equivalently from the capacitive

to the inductive modes

R RI2 RI2
=
L-model t7 T-muodel 1<7
R
Cr2 Ci2
T -model

Figure 1.3: L, T and pi equivalent electrical model

The term MTL stands for multi-conductor transmission line that means a set
of parallel conductors are used to transmit electrical signals between source and
load. The dominant mode of propagation is transverse electric and magnetic
(TEM) mode in MTL. the MTL model is solved to a equivalent simplified model.
This is known as equivalent single conductor (ESC) model.

In order to analyze the performance of interconnects FDTD is one of the widely

3



used model which has been used in this research. Further the outputs are en-
hanced using US-FDTD technique. Also variability analysis has been done using
Monte Carlo simulations in which the parameters are varied simultaneously in
order to get their cumulative effect on the circuit performance. Although these
methods are widely established yet they have high computational cost especially
while dealing with circuits with large number of connections. Therefore a new
method is proposed for on-chip interconnect analysis using neural network which
curbs the computational cost.

1.2 Neural Network

Machine learning is a study of algorithms that improves the performance at some
task with experience. The learnt regression model can keep learning new en-
try data and the model prediction becomes more and more precise. It has been
employed in various fields such as -Natural language processing, Speech recog-
nition, Computer vision, Robot control. Machine Learning can be classified into
three categories namely supervised, unsupervised and reinforcement learning.
Regression is class of supervised learning. It is a task of predicting the value of
target (numerical variable) by building a model based on one or more predictors

(numerical and categorical variables). The benefits of regression analysis are:

1. It indicates the significant relationships between dependent variable and in-

dependent variable.

2. It indicates the strength of impact of multiple independent variables on a

dependent variable.

Neural Network is a class of regression algorithm

Regression
|
| | I I
Frequency Covariance Similarity

Table matrix Function Others

. Multiple

Drecision e K 1_1&.::1&:!‘. SVR ANN

Tree B . Neighbour

Figure 1.4: Types of Regression algorithm



Neural networks (NN) mimic the biological functioning of a human brain
thereby learning from different processes and further applying them in different

scenario. This can be seen in Fig. 1.5
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Figure 1.5: Correlation of neuron in brain to neural network

NN structure consists of neurons which are connected to each other with dif-
ferent strength which are defined as weights. These weights are readjusted in
training process to give minimum mean square error (MSE) with is considered as
a performance parameter of NN. The readjustment is done using back propaga-
tion algorithm. There are various back propagation algorithms such as gradient
descent, quasi-newton, Levenberg-Marquardt (LM) etc. Based on the speed and
memory needed for a particular problem the optimum algorithm is selected. Due
to the NN technique the multiple iterations used in traditional analysis method is
replaced by only a one- time training process thereby increasing the efficiency of
the system.

The research aims to bridge the gap between VLSI and machine learning by

proposing a surrogate model for analysis and design of interconnect system. .



CHAPTER 2

Literature Review

Interconnects play a major role in overall functioning of the circuit. The analysis
of on-chip interconnects has been reported in various research papers. Machine
learning has been employed in various fields and it has been attempted to inte-
grate it with electronic circuit design. These researches have been presented in

this section along with their work and research gaps.

2.1 Interconnect analysis

Vobulapuram Ramesh Kumar, Brajesh Kumar Kaushik and Amalendu Patnaik [1]
proposed finite difference time domain (FDTD) modelling for interconnects with
non linear CMOS driver. In FDTD interconnect line is discretized in both space
and time domain. In earlier research the CMOS driver is considered as a linear
resistor but in this paper different regions of operation is considered and there-
fore a non-linear driver is used. It considers alpha power law model to represent
transistors in CMOS driver. The voltage and current are determined at near end
and far end terminal. [2] proposes FDTD for interconnects with non linear CMOS
driver represented with n'" power law model. N** power law model is advanced
technique compared to alpha power law model as it considers the aspect ratio into
account. In both [1] and [2] the load is modelled as an equivalent capacitor. Due
to this assumption in load the static power dissipation is ignored at the output.
Also only crosstalk analysis performed in the paper which can be further added
with power dissipation, delay of interconnects etc.

Vobulapuram Ramesh Kumar, Arsalan Alam, Brajesh Kumar Kaushik and
Amalendu Patnaik [3] proposes unconditionally stable finite difference time do-
main (US-FDTD) model to overcome Courant- Friedrichs-Lewy (CFL) stability
condition. According to CFL condition maximum time step size is limited such
that Aty = A 2/0jax. Although various US-FDTD methods have been proposed

for modeling transmission lines having resistive driver and load but in VLSI it is



essential to take the non- linearity into consideration. Thus this paper gives an
approach to model using on-chip interconnects which are free from time step re-
striction. In order to model the interconnect line forward and backward difference
approximation is used in space domain. Further to model CMOS driver modified
alpha power law model is incorporated. It is observed that the given technique
is more efficient than traditional FDTD method as it reduces the time taken in the
process and also gives a stable output for any given time step.

Mayank Kumar Rai, Ashoke Kumar Chatterjee, Sankar Sarkar, and B. K. Kaushik
[4] shows performance analysis in terms of delay, power and power delay prod-
uct of multilayer graphene nanoribbbon (MLGNR) as an interconnect material.
It is compared for different interconnect lengths with copper material. It can be
seen that MLGNR performs better than copper for longer interconnects (>200 u
m). Also the effect of interlayer resistance is depicted for different lengths. It can
be seen that smaller lengths have significant impact due to this resistance when
compared with longer interconnects.

Girish Kumar Mekala, Yash Agrawal and Rajeevan Chandel [5] shows the per-
formance analysis of dielectric inserted side contact graphene nanoribbon (Di-
side-GNR) using US-FDTD technique. Comparison between the proposed model
and conventional FDTD model for copper, Di-side-GNR and side- GNR have de-
picted in terms of output voltage, power dissipation and crosstalk in phase delay.
Also CMOS and resistive driver are compared thereby showing that CMOS driver
gives better accuracy. Although further analysis and comparison with conven-
tional FDTD modeling can be done on the basis of delay and power delay product
(PDP). This method can is done for two coupled lines but it can be extended for n
coupled lines.

Agrawal, R. Chandel R. Dhiman [6] analysed the variability effects in inter-
connects caused during manufacturing process. Due to variation in parameters
such as spacing (s), height (h), thickness (t) and width (w) the electrical parasitics
of interconnects is affected. The variations in geometry of the interconnects can
be due to the fluctuations induced in oxide thickness, effective length and thresh-
old voltage. Methods such as process corner, parametric analysis, Monte Carlo,
Taguchi and rank table analysis have been suggested for observing the effect of
variability and its consequence in overall performance of the system. In process
corner analyses driver — interconnect- load (DIL) model is used and the effect of
fast, slow and typical PMOS and NMOS is considered. Parametric analysis con-
siders the effect of each parameter variation on the circuit performance whereas

Monte Carlo considers the cumulative effect on the output due to varying param-



eters. ANOVA and rank table analyses the factors affecting the system perfor-
mance based on how strong or weak the influence is. This is done by providing

different tables or rank to different varying parameters.

2.2 Machine Learning

A. Hafid Zaabab, Qi-Jun Zhang and Michel Nakhla [7] Presents neural network
(NN) as microwave circuit optimisation technique for circuit or design level but
the learning algorithm used is slow and focuses on local minima rather than
global minima. It gives an idea about training sets and different training parame-
ters to be used. Different circuits have been modeled using NN such as amplifier
circuit, transmission line circuit and MESFET thereby depicting the generality of
the NN model.

Riccardo Trinchero, Paolo Manfredi, Igor S. Stievano and Flavio G. Canavero
[8] investigates the application of polynomial chaos (PC) , Support vector regres-
sion (SVR) for printed circuit board (PCB) interconnect modeling. Monte Carlo
(MC) is used for dataset creation. Further the techniques are compared with the
addition of noise and it can be observed that the performance of SVM perfor-
mance is better than PC as it takes into account the non- linear relationship be-
tween input and output into account. Further the computational efficiency of
neural network is confirmed as optimum results are obtained in much less num-
ber of samples.

M. I. A. Lourakis [9] presents Levenberg-Marquardt (LM) algorithm which is
formed by combining steepest descent and the Gauss-Newton method. It can be
employed to locate the minimum of the function. Since steepest descent is slow
but converges correctly it is paired with Guass -Newton method to give a faster
convergence.

P. Sibi, A Bordes , SA Jones, P Siddarth [10] presents an overview of different
activation functions which are used to incorporate non linearity and transform
the input to an output function. Activation function plays a key role in back prop-
agation algorithm which is employed to minimize the error of neural network.
Comparison between different functions is shown based on a common dataset
thereby giving an idea about the selection of an appropriate function with respect

to the problem statement.



CHAPTER 3

Research Objectives

As the scaling moves towards nanometer regime the output performance of VLSI
system is severely affected due to interconnect performance. The demands of
higher speed, higher operational frequency, lower power dissipation and smaller
chip size have made on-chip interconnects very important research topic. The
VLSI interconnect material i.e. copper (Cu) is facing various problems such as
delay, power dissipation,electromigration, surface scattering and grain boundary
scattering as the technology is scaled down. These problems are severe and de-
grade the performance of Cu interconnect. Due to these reasons there is dire need
for an alternative material to Cu interconnects which can perform better than it.
Graphene nanoribbons (GNRs) are the suggested alternatives to Cu as they offer
high thermal conductivity and large current carrying capacity over copper in-
terconnects. Also since the traditional analysis and designing methods are time
consuming for large circuits, alternative method namely NN has been proposed.
The objectives are detailed as follows

1. Mathematical formulation using FDTD technique with practical CMOS

driver and receiver

The analytical mathematical model is formulated using numerical method
based FDTD technique. The methodology is extended for a proposed DIL
model which utilises a practical CMOS driver and CMOS load. The MAT-
LAB results are compared with the HSPICE simulation.

2. Mathematical modeling using US-FDTD technique
The enhanced mathematical model is proposed using US-FDTD technique

for DIL model with capacitive load.The analytical results are compared with
the HSPICE simulation and FDTD model.



3. Neural Network Based Performance Evaluation of On-Chip Interconnect

System

The neural network model provides faster prediction when compared to the
traditional performance analysis method. Also the proposed method works
closely with the simulation methods thereby depicting the accuracy of the
developed model. The dataset used for training of neural network (NN) is
created using HSPICE. Performance parameters considered are delay and

power dissipation. The several analyses are performed at 32nm technology.

4. Neural Network Based Optimized Designing of On-Chip Interconnect
System

Automated design methodology is created in order to optimize the aspect
ratio of the driver for the on-chip interconnect system. This automation is
performed by employing NN technique. The training and testing sets are
created using HSPICE. After the validation of the network, the optimum
aspect ratio is obtained by providing the desired performance attributes as
input.The output performance parameters considered during optimized de-
signing of the system are delay, power dissipation and loading effects.

5. Variability Analysis of interconnects using machine learning techniques

Analyzing the impact of process variations on interconnect is essential for
predicting the reliability of graphene based interconnects. Monte Carlo has
been a widely used variability technique. Henceforth in this objective Monte
Carlo analysis has been incorporated for creating initial dataset for on-chip
neural network based model. NN replaces the manual time taking process
used in traditional variability analysis method and speeds up the process of
optimally designing of the system.

6. Performance analysis of graphene interconnects with graphene MOSFET.

A novel DIL model consisting of MLGNR material for both interconnect and
driving MOSFET has been proposed. This is compared in terms of perfor-
mance with its silicon counterparts. Also its practicality is tested through
a ring oscillator which shows better performance than the existing silicon

material

10



CHAPTER 4

Mathematical modeling using FDTD technique

The performance of interconnects have been evaluated using various models in
the past. Moment matching technique is method for performance evaluation us-
ing taylor series expansion [11]. The approximation using the first moment is
utilised to form elmore delay model. It provides performance in terms of delay
while considering interconnects as RC trees and therefore has a drawback of not
considering the contribution of inductance in overall delay of the interconnect.
Sakurai model [12] was developed to calculate delay using time response expres-
sion but it was also limited to RC lines. Ismail et al. [13] developed model using
RLC circuit and showed that exclusion of inductance results in inaccurate predic-
tion of delay. Although the driver in this case was considered as an RC element
and it limits the modeling scheme. Another method for performance prediction
is the two port method [14]. This method considers four ports where two are in-
put ports and the other two are the output ports. The topology of the network
between these ports defines the input-output relationship. Some of such methods
are ABCD, g, h, y and z models. Beside these circuit evaluation methods numeri-
cal methods have also been employed for interconnect analysis. In this technique,
instead of considering the circuit as a lumped or distributed model the model is
considered as 2D or 3D which exhibit electromagnetic characteristics. One of such
method is finite element method (FEM). In this technique the modeling is done
using partial differential equations which are restricted due to certain boundary
conditions. Also finite elements are created as the large segments are divided to
smaller segments. One of the methods of FEM is finite difference time domain
technique (FDTD) [15] [16]. In FDTD method the differential equations are con-
verted to discrete form in both time and space domain using central difference
approximation method [17].

Courant’s condition to employed to define maximum time step size (A t;4x)
which satisfies the condition A t5x < Az / Uypay . Here vp4y is the phase velocity

and Az is the step size in space domain. In this modeling scheme near and far

11



end boundary conditions are defined. The near end boundary is defined using
the MOSFET models such as nth power law for the driving non-linear CMOS.
The far end boundary is defined based on the terminating load. Till date the load
considered was resistive in nature and later replaced by capacitive load. The ma-
terial used for interconnect applications is usually copper in the current scenario.
Although due to the advancement of technology the potential of copper becomes
limited. The output performance is affected due to issues such as electromigra-
tion effect [18], delay and power dissipation. These problems can be overcome by
graphene which is an allotrope of carbon [19], [20]. Graphene interconnects are
mainly divided into carbon nanotube (CNT) [21], [22] and graphene nanoribbon
(GNR) [23], [24]. This research uses multilayer GNR (MLGNR) as an interconnect
material since it has higher mean free path, it is resistant to electromigration effect

and also its fabrication can be controlled as compared to CNTs [19].

4.1 Model Formulation of DIL System using FDTD

Technique

Numerical method based FDTD technique has been fore mostly utilized in the
fields and applications of electro-magnetic by solving the Maxwell’s equations [9],
[25], [26]. This technique usually involves computations in both time and space
domains. The FDTD technique is executed in leapfrog stepping manner with elec-
trical (E) and magnetic (H) fields as its parameters [9], [27]. Later this method
has been prospectively employed for performance characterization of on-chip in-
terconnect system with voltage (V) and current (I) being analogous to E and H.
Conventionally, modelling of driver and load were performed in time domain
while interconnect were modelled in frequency domain. These cause time to fre-
quency or reverse conversion problem. To mitigate this issue, FDTD model has
been found appropriate. The conditions to be met during FDTD modelling are as
follows [28]

1. The spatial step size (Az) should be smaller than the wavelength (usually

10-20 times smaller than the wavelength).

2. The time step size (At) should satisfy the Courant’s condition.

The voltage and current along interconnect can be defined by Telegrapher’s

equations as:

(4.1)



di(x,t)  _odv(x,t)
xS o (42)

Here v and i are the voltage and current variables of the on-chip interconnect

whereas R, L and C are the parasitics namely resistance, inductance and capaci-
tor respectively. Based on (4.1) and (4.2), the voltage and current at any specific
point along the length of interconnect and particular instant of time can be de-
rived using FDTD formulations. The interconnect of length 1 can be divided into

Nx segments where Nx =1 /Az. This results in:

it1° = B.D.i 0% 4+ B(vp T —op ) (4.3)
Where, B = [i—fL + %.R]_1 (4.4)
AndD — [%.L _ %.R] (4.5)

opth = o + A(TDS — i 109) (4.6)

where, k =2, 3, .., Nx

Ax
andA = E'C 4.7)

After defining the general V and I for interconnect it is necessary to define the
boundary conditions for the driving CMOS transistor and terminating load of the
DIL system

Near-end boundary condition- k is kept as 1 and A z is replaced by A z/2,

thereby using equation (4.6) the results obtained are:

ot = of + 2A(ig 00 — i 109) (4.8)
n+1 n igoﬂ + ig in+0.5
o] =] + 2A(T — i) 4.9)

Here iy is the current of the driving transistor which is obtained by using
Kirchoff’s current law

a(Us — Ul)] avl

igg = Cm[ a(t) + ip — iy — Cd.w (4.10)
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where C;;; and C; are the drain to gate coupling capacitance and drain diffu-
sion capacitance of driving inverter respectively. i, is the current of PMOS and i,

is the current of NMOS. i, and i, are derived using the nth power law [29].

Far-end boundary condition with capacitive load - k is kept as Nx+1 and A z
is replaced by Az/2, thereby using equation (4.6) the results obtained are:

1 05 INer1 T R
. . X X
URE = O + 2405 — 5 ) 4.11)
. d(v
iNvp1 = CL[—( BZZ;‘)* 1)] (4.12)
iTl

ot = 0y + 2AF (IR0 — %) (4.13)
Where, F = [U 4+ ACy/At] ™! (4.14)

Proposed model - For a driver interconnect load model terminated by an ac-
tive gate load i.e. capacitor, a trade-off exists between short circuit and dynamic
power dissipation in on-chip interconnects. Therefore, FDTD model with CMOS
load has been proposed. To implement this, the far end boundary condition of the
conventional FDTD model for VLSI interconnects has been replaced by utilizing
nth power law model. This can be defined as:

1 7110, 140,

UnNTcH = ONxt1 T 2A(181+05 - lnNﬂrSl) (4.15)
n+1 n igl—H + igl -n+0.5

UNx+1 = UNxt1 T+ 2AF(—2 - le+1) (4.16)

Here iy is the current of the load CMOS transistor which is obtained by using

Kirchoff’s current law

: I(ONy —ONy+1)y, . . JUNx+1
io1 = Co| xa(t) ] iy — iy — Cpn 4.17)

where C;;, and C; are the drain to gate coupling capacitance and drain diffusion

capacitance of driving inverter respectively. i, is the current of PMOS and i, is the
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current of NMOS. i, and i;, are derived using the nth power law [29]. The current
values depend on different regions of operation namely linear, saturation and cut-
off regions [29] [30]. The detailed process flow for implementation of FDTD model
is depicted in Fig. 4.1. The first step is the electrical parasitic description corre-
sponding to the geometry of the considered interconnect. Thereafter, voltage and
current variables are initialized based on the starting input condition. Next step is
the iterative evaluation of voltage and current at particular distance points along
interconnect length and time intervals. These include incorporation and coher-
ence with the near- and far-end boundary conditions. This process is iteratively

executed till maximum defined time and length is attained.

{

,,.Ff”'f Geometry and Parasitic Description j//_,...f

| Initializing W and | |

I

Iy

Calculate V and | including boundary condition

N0
n=M n=n+1

YES

/ Final Qutput /

}

Figure 4.1: Flow diagram representing procedural execution steps for FDTD
model implementation

4.2 Results and discussion

The output analysis of side contact MLGNR has been performed using FDTD and
compared with the simulation results. Performance between copper and MLGNR
is compared with delay and power dissipation as the output parameters. Further
analysis of interconnect with CMOS load has been observed using the proposed
methodology. The input parameters for MLGNR which are the electrical para-
sitics of the interconnect namely resistance (r), inductance (1) and conductance

(c) have been taken from [31] whereas the parasitics for copper have been taken

15



from [32] [33].The technology used for the analysis is 22nm. The aspect ratio con-
sidered for CMOS transistor is 2:1 and the capacitive load is taken as 2fF. The
input given is a falling ramp signal from 0.9V to OV.

4.2.1 Performance comparision between copper and graphene in-

terconnects

The performance evaluation of copper and MLGNR has been compared in this
section. The performance parameters are taken as delay and power dissipation.
The length of interconnect are varied from 0.5mm to 3mm. Further the analysis
has been done using SPICE and FDTD methods are compared. It can observed
that the results obtained using FDTD are comparable to the SPICE modeling. The
error percentage between the mathematical model and simulation result is ap-
proximately 1 percent. The delay curve is plotted in Fig.4.2. and it can be observed
that the MLGNR gives much less delay when compared to copper interconnect.
Also with increase in length the delay also increases therefore interconnect length
is directly proportional to delay. Fig. 4.3. depicts the power dissipated by the
interconnect with respect to its length. Here it can be seen that the dissipation
increases as the interconnect becomes longer.

Further it can be observed that power dissipated by graphene interconnect
is much less than that of copper interconnect. Therefore graphene is a suitable
alternative for on chip interconnect as it gives better performance compared to
the commonly used interconnect material in today’s modern technology. Since
global interconnects are longer and therefore MLGNR can be used.

30 ¢ —— Copper (FDTD)

= =0— - Copper (SPICE)
i~ MLGNR (FDTD)
= =x==+ MLGNR (SPICE)

10

Delay (ns)

A e S
500 1000 1500 2000 2500 3000

0

Interconnect Length (um)

Figure 4.2: Delay in copper and MLGNR
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Figure 4.3: Power dissipation in copper and MLGNR

4.2.2 Assessment efficiency and robustness of the proposed FDTD

based technique

In this section,the performance of DIL system is assessed using proposed FDTD
and conventional FDTD models. The proposed model incorporates the practical
CMOS inverter as load while in the conventional FDTD model, CMOS inverter
has been approximated as capacitive load. The proposed model is also validated
with SPICE simulation results. For model assessment, transient analysis has been
implemented. The interconnect length is taken as Imm. Thus using a transistor
load provides as closer outlook to the real time application. The transient analysis
has been shown in Fig. 4.4. where the simulation and mathematical modeling
techniques are compared. It has been observed that mean error of 1 percent exists
between the SPICE simulation and FDTD model with capacitive load whereas
mean error is 1.8 percent between the SPICE simulation and the proposed method
using CMOS load
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CHAPTER 5
Mathematical modeling using US-FDTD tech-

nique

The FDTD methodology has been widely employed for electromagnetic problems
and then have been further explores in the VLSI domain. This involves discriti-
sation in space and time domain and is restricted to CFL stability condition as
shown in chapter 4. Since the interconnects in the present scenario are longer,
conventional FDTD techniques consume large memory space and power due to
the enormous number of iterations required for the analysis. Hence, beyond the
CFL condition, the FDTD technique is unstable and within it, the technique is
not efficient. The improvements in FDTD technique can be easily addressed if
the CFL stability condition is removed. Recently, several researchers have pro-
posed various modified FDTD techniques to overcome the CFL stability crite-
ria based on different algorithms, such as alternating direction implicit (ADI)-
FDTD [34] [35], split-step FDTD [36] [37], Crank-Nicolson (CN)-FDTD [38] [39]
and others [40] [41] [42]. All these techniques were developed for transmission
lines that are usually excited and terminated by resistive drivers and resistive
loads, respectively. However, the VLSI interconnects are driven and terminated
by the nonlinear CMOS drivers and capacitive loads, respectively. Therefore, the
existing unconditionally stable FDTD techniques are not suitable to analyze the
performance of CMOS gate driven VLSI interconnects. In USFDTD technique,
stability issue of FDTD technique has been mitigated by discretising voltage and
current solutions staggered only in space. This eliminates Courant condition, by

allowing a large time step size as compared to FDTD.

5.1 Model formulation using US-FDTD

This section involves development of US-FDTD model with a CMOS driver and

capacitive load as termination for interconnect lines. The DIL model used for
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model formulation is depicted in figure 5.1.The total interconnect length is di-

vided into Nz number of sections, each with a uniform length of Az.
Telegrapher’s equation 4.1 and 4.2 is used and forward difference approxima-

tion and backward difference approximation in space domain are applied. This

results in
. Oiy
Uga1 — Uk + 1Dz + Z.AZ.E =0 (5.1)
Ik — k1 duy

el K 2
Az ¢ ot (52)

T, "Nz+1

P o "Nz Nz

Figure 5.1: Representation of space discretization of an interconnect line for US-
FDTD technique

Fork=2,3,...,Nz, Eq. (5.2) results in

5
i — i+ cAz.% —0 (5.3)

For k=1 and k=Nz+1 the space segment is replaced by Az. This results in:
For k=1

. . cAz o
_ hitindiit S 4
i1 —ip+ > ot 0 (5.4)
For k= Nz+1
. . cAz 6v
INz+1 — INz T N ._1(\51?1 =0 (5.5)

Equation 5.3, 5.4 and 5.5 have been further modified based on boundary con-
dition. The detailed equation can be referred from [31]
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The CMOS driver has been modelled using modified alpha law since it takes
into account the short channel effects namely velocity saturation effect along with
the finite drain conductance parameter which are not considered in the case of
alpha power law model.

Detailed flowchart has been depicted in Fig.5.2.
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x"m""r'fs

[ Waveforms and parameter calculation ]

T end D
Figure 5.2: Flowchart of US-FDTD technique

The transient analysis has been performed using US-FDTD as shown in Fig.5.3.
It is further compared with FDTD output and the HSPICE simulation. As it can
be observed that the US-FDTD result lie close to simulation results with error less
than 1 percent. Further the error percentage of US-FDTD is less than FDTD. The
parasitics for copper have been taken from [32] [33]. The technology used for the
analysis is 22nm. The aspect ratio considered for CMOS transistor is 2:1 and the
capacitive load is taken as 2fF. The input given is a falling ramp signal from 0.9V
to OV.
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Figure 5.3: Transient analysis using US-FDTD technique
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CHAPTER 6
Neural Network based Performance Evalua-

tion of On-Chip Interconnect System

With different sizes of interconnects being employed for IC designs, it is neces-
sary that in order to have a reliable performance one must be aware and conscious
about increasing length on the output. Since, using the conventional methods of
performance evaluation would result in time consuming process when employed
on advanced technology, an alternative method is proposed namely NN. The de-
veloped method relies on dataset which determines the input and output param-
eters. Thus, NN lies in the category of supervised machine learning algorithm.

The proposed method is developed using the following methodology as depicted

Imitializing
Dataset

in Fig. 6.1.

Figure 6.1: Flow chart representation of NN based model development

The detailed steps for NN based model for on-chip interconnect system are
shown in Fig. 6.2. The first step involves dataset creation. In the current study,
this is obtained using SPICE simulation that is implemented on driver intercon-
nect model (DIL) model The DIL model is shown in Fig. 6.3. In this, the driver
is a CMOS inverter and capacitor is taken as load. The next step consists of NN
model creation. Thus, it is necessary to have an idea of its structure. The NN
model consists of three layers namely input, hidden and output. Each of these

layers contains nodes termed as neurons. These neurons are connected to each
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other with some strength known as weight. This is depicted in Fig.6.4. The inputs
are given to the input layer of NN which are passed through the hidden layer and
finally the result is obtained at the output layer. The hidden layer is responsible
to convert the given data into mathematical form which the machine can com-

prehend and provide the required output from given input without any relation
defined beforehand.

/Back propagatinu/

Minimum
MSE?

Use the resulting NIV
for performance
analysis

5 D

Figure 6.2: Procedural Steps of NN based model creation for performance evalu-
ation for on-chip interconnect system.

\\\\ ﬁ -
A Interconnect ——|
.-'//// -
Capacitive
Driver '/ Load

Figure 6.3: Driver-interconnect-load (DIL) model.

In Fig. 6.5., consider the output from the node of the hidden layer to be Z;, the
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weights connecting to input layer as W, input node values as X; and bias given
as b, then Z can be expressed as:

N
Zij =Y (W;,X;)+b (6.1)

j=1
Here i and j are integer values representing the node number of hidden and

input layers respectively

Hidden Layer

Input Layer

Figure 6.4: Neural network architecture

Bias is given so that output is not limited to origin and is flexible. After the
output Z is obtained, it is passed through an activation function that incorporates
appropriate non-linearity in order to improve its adjustability with any type of
dataset.

The output “Y” from output layer is obtained after ‘Z’ passes through the acti-
vation function. This can be denoted as:

Yi = f(Z) (6.2)
The activation function used for this study is sigmoid which is defined as [39]
f(z;) = — (63)

Yo1+es '

In the training process, the normalized dataset is used to define a relationship
between input and output variables. While creating the network, weights and
biases are chosen at random. These weights are updated using back-propagation
(BP) technique. In this technique, the predicted output is compared with the ac-

tual output in terms of performance parameter such as mean square error (MSE).
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Figure 6.5: Detailed structure with respect to single neuron in hidden layer

Then the weights and biases are readjusted and compared again until minimum
MSE is obtained. The readjustment is performed by employing algorithms such
as gradient descent, Quasi Newton, Levenberg-Marquardt (LM) etc. This research
work utilizes LM algorithm since it gives efficient trade-off between space and

time complexity [43].Weight updation using LM algorithm is defined as:
p y ghtup & &

Wis1 = Wi — (JF T + pI) e (6.4)

where | represents the Jacobian matrix, I is the identity matrix and e denotes
the error matrix. k, T, u refer to iteration index, transpose of a matrix and com-
binational coefficient respectively. The combinational coefficient is always posi-
tive. The LM algorithm is a derived using Gauss-Newton and steepest descent
algorithms . If y in equation (6.4) is very small or negligible, then equation (6.4)
behaves like Gauss—Newton algorithm. On the other hand when is very large,
equation (6.4) tends towards steepest descent algorithm. The complexity of LM
algorithm depends on the Jacobian matrix and therefore the complexity of the
proposed system depends on the number of input, hidden, output layers and on
the number of neurons in the hidden layer. In training process, parameters and
hyper-parameters are readjusted by employing the back-propagation algorithm.
The parameters refer to weight and bias values which affect the accuracy of the
NN network whereas the hyper-parameters include learning rate which affects
the time taken to converge the model to a minimum error. Once the parameters

and hyper-parameters are set and the network is validated, testing process occurs.
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The next phase in training process is validation. It is during this phase that hyper
parameters are updated. After training is the testing phase in which a different
set of data is given to the network and mean square error is calculated in order to

check the accuracy of the model.

6.1 Results and Discussion

The input parameters are electrical parasitics of interconnects namely resistance
(r), inductance (1) and conductance (c) whereas the output parameters are delay
and power dissipation. The 1, I and c values are varied according to the length
with minimum 500ym and maximum 3000ym. Number of samples taken are
2500 in which 70 percent is used as training samples, 15 percent as validation
dataset and 15 percent as testing dataset. LM algorithm is used to update the
weights in a continuous iterative process which occurs during backpropogation.

The activation function employed is sigmoid

6.1.1 Validation of Developed NN Model

Regression curve reflects the closeness of the predicted and actual results. Re-
gression coefficient (R) lies within the range of 0 to 1. The larger the R value,
the greater is the accuracy. It can be observed from Fig. 6.6. that the developed
model works considerably accurate in reference with actual results as the best fit
line closely coincides with target and R is unity for each of the training, testing
and entire datasets. Mean square error plot is shown in Fig. 6.7. It can be seen
than after 35 iterations (epochs), mean square error is obtained which is negligible
in value. Hence, system stabilizes and can be used with good accuracy after 35
iterations.

Further, error histogram in Fig. 6.8. depicts that the maximum dataset coin-
cides with zero error line. The x axis shows the error whereas the y axis portrays
the number of samples. Different colors are used to differentiate between training,
validation and testing. These show that the developed NN based model possesses
very less error and is highly accurate.

6.1.2 Performance Evaluation of On-chip Interconnect System us-
ing NN Model

After the NN network is validated and its structure is verified, performance analy-

sis is implemented with varying interconnect lengths. The parameters considered
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Figure 6.6: Regression curve for the considered model
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Figure 6.8: Error histogram

to evaluate the performance are delay and power dissipation. These are depicted
in Figs. 6.9 and 6.10 respectively. Fig. 6.9 shows the delay plot with different
interconnect lengths. It is seen that delay increases with interconnect length. This
is because of the increasing parasitic values with the longer on-chip wire length.
The results obtained from the proposed NN based model is compared with the
SPICE simulation results. It is analyzed that the NN based model is highly accu-
rate and has maximum error less than 5 percent. The power dissipation plot with
interconnect length is shown in Fig. 6.10. It is seen that power dissipation also
increases with interconnect length due to its increasing parasitics. Encouragingly,
it is envisaged that the proposed NN based model is in good agreement with the
SPICE results for all set of values.

|
20 Delay (NN model)

B Delay (SPICE)

3000

Interconnect length (pm)

Figure 6.9: Delay comparison between simulation and proposed NN based
model.
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Figure 6.10: Power dissipation comparison between simulation and proposed NN
based model.

6.1.3 Computation Time

In this section, time taken to predict performance using proposed NN based and
conventional SPICE methods is analyzed. This is shown in Fig. 6.11. Itis observed
from the figure that time consumed for evaluating the required performance out-
put results through the NN design is much lesser as compared to conventional
SPICE method. It is investigated that the computation efficiency in terms of time
requirement using the proposed NN based model is nearly five times greater than
SPICE. Hence, NN based model can be convincely employed as a suitable method

for performance evaluation of system with good overall performance efficiency.

Computational time (s)

Computational time (NIN)

Computational time (SPICE)

Figure 6.11: Comparison of computational time requirement for SPICE and NN
based models
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CHAPTER 7
Neural Network based Optimized Designing
of On-Chip Interconnect System

This objective aims to create an automated design methodology in order to op-
timize the aspect ratio of the driver for the on-chip interconnect system. This
automation is performed by employing ANN technique. The training and testing
sets are created using HSPICE. After the validation of the network, the optimum
aspect ratio is obtained by providing the desired performance attributes as input.
NN based model is prominently able to design the system by determining opti-

mum aspect ratio of drivers based on load and output performance requirements.

7.1 Model Formulation

7.2 Driver-interconnect-load (DIL) Model and Para-

sitic Extraction

For on-chip interconnects, driver that energizes interconnects and load that fol-
lows interconnects are important. Hence, the comprehensive model known as
driver-interconnect-load (DIL) is usually considered for effective analysis and in-
ference. This is shown in Fig. 7.1. In DIL system, both driver and load are often
modeled as CMOS inverter. The CMOS inverter as load is electrically modeled
as capacitive element. In CMOS driver, the physical dimensions of transistors i.e.
width and length, or equivalently aspect ratio (width/length) are very significant
parameters to define current over interconnect [44]. These essentially are also re-
sponsible for delineating delay and power dissipation in the system.

The interconnect material considered in the DIL model is copper. The copper
interconnects can be electrically represented as transmission line model. It com-

prises of distributed structure of resistance (R), capacitance (C) and inductance

31



Interconnect

I
1
|
I
|
I
1
[}
1
|
1
I
1
i
!
1
|
1
i
[}
1
|
I
1
[}
I
)

Interconnect parasitics  CMOS inverter e-modeled!

represented as a5 capacitive element

b CMOS mverter transmission line model A
b

-~

Figure 7.1: Driver-interconnect-load (DIL) model.
(L). These parasitics are determined as follows [32] [33]:

_ o
R=1" (7.1)

Here p is the resistivity of the material. Its value is 2.2 () -cm in case of copper

[33]. Further, 1, w and t refer to length, width and thickness respectively.

_poly 2 1 022(w+1)

L 277 [n(w—th)JrEij] (7.2)
w s 3.19 s 0.76 t 0.12
—eY oS a7(—S ot 7.
Co=ely +222( 7)) + 17 (5 " (gman) ) (7.3)

t h 0.09 w 1.14
= J4-(———)™ J4(———) "
Co=elll4 (i oges) TO074( 759s)
w h
11 - 0.16' o 1.18 74
6(w+1.87s) (h+0.985) I 74

Ctotal = Cg +2C, (7.5)

Here C, is the area and fringe capacitance whereas the coupling capacitance is
given by C,. Cyopqrefers to the total capacitance which is due the cumulative effect
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of Cg and C..

7.2.1 Development of Neural Network based Model

The process flow steps for the proposed model have been shown in Fig 7.2

Dataset

. -aini Testin
creation Training g

Figure 7.2: Process flow steps for NN based model development.

In this, the NN model that is created during training phase is used and no in-
ternal parameters are changed. A new dataset is considered to test the accuracy
of the automated model. The results are compared with the actual dataset and
the accuracy of the network is validated. Once the NN has been established and
validated, it can be utilized for designing, optimization, and performance evalu-
ation purposes. In the present study, the model that is employed for performance
evaluation using constructed NN is depicted in Fig. 7.3. A different dataset with
varying parameters is provided as input to the NN. In this case, the weights that
are updated and obtained during the training phase is retained and not changed.
At the termination-end of NN, desired output is obtained through which further

system analysis can be performed.

Identifyin, Providing inputs to the
f.y & g np . Performance
varying constructed NN design .
. . evaluation
parameters with saved weights

Figure 7.3: Model for performance evaluation of the system using NN design.

7.3 Results and Discussion

The dataset used in this research work is created using HSPICE and consists of
delay, power dissipation and power-delay product corresponding to particular
aspect ratio of the driving CMOS inverter. The width of the NMOS is varied from
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22nm to 1ym and the length is kept constant. The aspect ratio between PMOS
and NMOS transistors is taken as 2:1. Number of samples taken are 2000 which
include 70 percent as training dataset, 15 percent as validation and the remain-
ing 15 percent as testing samples. Back propagation is implemented for updating
parameters using LM algorithm. Then Sigmoid is used as the activation func-
tion to maintain the non-linearity between output and input parameters. In the
DIL model, CMOS inverter is considered as the driver. Copper is considered as
on-chip interconnect material and characterized by transmission line model. The
dimensions of interconnects are determined using ITRS [33]. The parasitics of
copper interconnects are evaluated using PTM [32]. The value of resistance, ca-
pacitance and inductance are 151.5 kQ)/m, 15.114 pF/m and 1.654 uH/m respec-
tively.

7.3.1 Assessing Accuracy of the Proposed NN based Model

Regression: The regression is the statistical process by which a relation is de-
termined between output (dependent) and input (independent) parameters. The
regression model is associated with the regression coefficient ‘R’ that determines
the closeness between the output and input parameters. The value of R can vary
from 0 to +1. Zero value of R indicates that there exists no linear relationship be-
tween the actual and predicted values whereas if R is 1 then, it reflects the high
degree of correlation between actual and predicted values. In the present case, the
regression model is used for the constructed NN based design to determine its ac-
curacy. This is shown in Fig. 7.4. The output and input parameters considered are
PMOS width and performance parameters respectively. In the figure, the regres-
sion curve is plotted for the entire dataset comprising of training, testing and val-
idation phase. The normalized output dataset is plotted with respect to normal-
ized target dataset. The Y axis denoted as output represents the predicted PMOS
width obtained through the created neural network whereas the X axis denoted as
target represents the actual PMOS width obtained through HSPICE dataset. The
regression line shown in the figure gives a pictorial view of the closeness of the
actual and predicted dataset. It is analyzed from the figure that the actual dataset
is at 45 degree slope. This refers to the ideal condition where the output dataset
is equal to the target dataset. Moreover, regression coefficient (R) has been deter-
mined for individually training, testing, validation and combinely overall phases.
The values of ‘R’ for all these cases are 0.98139, 0.98766, 0.96298 and 0.9765 respec-
tively. It is envisaged that for all the cases, ‘R’ is very close to unity. This shows

the highly accurate and reliable characteristics of the proposed NN based model
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for the considered DIL system. It signifies that the NN based model is correctly

trained and works accurately compared to the pre-existing methodology.
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OuUTPuUT

o Predicted
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Figure 7.4: Regression curve for the considered DIL model.

Mean square error (MSE): MSE is used to measure the difference between
the actual and predicted values. Analytically, MSE is determined by taking the
average of the square of the errors and can be expressed as:

1
MSE = ” Z(Outputactual - Outp”tpredicted)z (7.6)

The MSE value should be towards lower end for accurate systems. The MSE is
evaluated for different phases namely train, test and validation. The MSE is itera-
tively evaluated and based on these values, weights of the NN are updated in each
cycle using LM back-propagation algorithm. The back-propagation implementa-
tion is made stopped once MSE reaches to lowest value and remains constant for
all the phases. For the present case, MSE is plotted and shown in Fig. 8. From the
figure, it is seen that MSE becomes constant at around 2.1695 * 10718, This MSE
value is obtained after 588 iterations and correspondingly 8 seconds. This signi-
fies that the developed NN based model stabilizes and becomes considerable in
8seconds.

Error histogram: This defines the frequency of occurrence of different values
of errors. This is another effective measure for evaluating accuracy of the system.
The error histogram for the present case is shown in Fig. 9. In the present case,
total data inputs considered are 2000. For all this set of data, it is investigated
that error varied from -5.2 * 10~ to +3.64 *10~°. This is represented on x-axis of

Fig. 7.6. Thereafter, the occurrence of each error value is plotted. The error is
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Figure 7.5: Mean Square error plot for the considered DIL model.

calculated as:

error = target — output (7.7)

From the figure, it is observed that the error histogram follows the Gaussian
curve. It is inferred from the figure that for most of the input values, error is
negligible. This is evident from Fig. 7.6 where maximum occurrence of error lies
near the zero error line. It is investigated that the maximum occurrence of error is

at -2.81 *10~ 9. This low value of maximum error signifies the correctness of the

developed NN based model.
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Figure 7.6: Error histogram plot for the considered DIL model

7.3.2 Varying delay and power requirements

In this case, the system is designed for varying delay and power requirements.
This analysis is beneficial for essential applications that require particularly either
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low delay, low power dissipation or some trade-off between the two. Using this
analysis, optimum designing of the circuits can be efficiently determined using
the proposed NN based model. In the present DIL model, the design parameter is
aspect ratio i.e. ‘Width/Length” of PMOS and NMOS transistors in the CMOS in-
verter driver. The range of the delay constraint is kept as from 0.1 ns to 5 ns while
the range for power dissipation variation is made from 0.1 # W to 2 yW. This wide
range is chosen keeping in view the different possible desired requirements of out-
put performance parameters. Fig.7.7. depicts the actual and predicted width of
the NMOS transistor of inverter in DIL model corresponding to the different out-
put performance parameters which are selected at random from the dataset. The
channel length of the transistor is fixed as 22nm and the ratio between PMOS and
NMOS is considered as 2:1. Thus, the predicted PMOS width will be twice the
predicted NMOS width. Further fig.7.8. represents the percentage error between
the actual and predicted values of NMOS width. It is analyzed that the average
percentage error for all the considered cases is 1.67 percent. The low value of

percentage error reflects the high accuracy of the proposed NN based model.
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Figure 7.7: Comparision between actual and predicted optimized NMOS width

7.3.3 Varying loading requirements

The considered DIL model comprises of capacitive load that is electrically model
representation of CMOS inverter. In practice, the number of gates driven by on-
chip interconnects may vary. Depending on the gates driven by interconnects
at output, the value of equivalent loading capacitance and output current varies.
This also affects the output performance such as delay and power-dissipation. Fig.

37



g E1TOT

Error Percentage (%)
=
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7.9. shows the effect of varying capacitive load on output performance parame-
ters. The loading capacitance is varied from 2 fF to 10 fF. It is analyzed that both

delay and power-dissipation increases with increase in the loading capacitance.
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Figure 7.9: Effect of variation of capacitive load on delay and power-dissipation

In order to efficiently drive the particular load and deliver sinking output cur-
rent, the driver of the DIL system need to be designed optimally. This can be suit-
ably designed using proposed NN based model. For the present discussed case,
the capacitive load value in the DIL model (Fig. 7.1) changes from 2fF to 10fF. The
delay and power dissipation is kept constant at 1.77ns and 1.01W. The parame-
ters are adjusted after 146 iterations to give the best performance. The R value for
training, testing, validation and overall period is determined as 0.99997, 0.99992,
0.99992 and 0.99996 respectively. The NMOS width of transistors of CMOS driver
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inverter is determined using developed NN. Fig. 7.10 shows the obtained NMOS
width for different loading values. From the figure it is seen that with increase
in loading, the NMOS width tends to increase and then decrease such that the

defined performance in terms of delay and power dissipation is maintained.
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Figure 7.10: NMOS width prediction of driver in DIL model using proposed NN
based model for defined performance parameters.

7.3.4 Effect of varying aspect ratio of driving transistors

The performance parameters namely delay and power dissipation for varying as-
pect ratio of driving transistors are predicted using NN based model and com-
pared with the actual dataset. This has been shown in Fig. 7.11. The intercon-
nect length is kept constant as Imm. It can be observed from figure that on in-
creasing the width of NMOS the delay reduces whereas the power dissipation
increases. This is because as width of transistor increases, correspondingly the
driving current increases. Higher current leads to faster switching of circuit re-
sulting is smaller delay. On the other hand, higher current leads to more I2R
losses that causes higher power-dissipation in the circuit. Also the obtained re-
sults from proposed NN based model is validated using actual HPSICE data. It
is analyzed that the maximum percentage error between the two is less than 1.6
percent . The low value of the percentage error shows the accuracy and efficacy
of the proposed NN based model in determining the output performance of the
considered DIL system.
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Figure 7.11: Delay and power dissipation assessment with variation in channel
width of driver transistor in DIL model.
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CHAPTER 8
Variability Analysis using Neural Network Tech-

nique

At scaled technology nodes, interconnects are the major governing parameter in
determining the efficiency of electronic devices. At lower technology nodes, the
non ideal effect such as variability also aggravates substantially. The term vari-
ability refers to fluctuations in parameters due to variations in process, voltage,
temperature etc. which results fluctuations in output system performance. Vari-
ability analysis can be accomplished using several statistical mathematical tech-
niques such as Monte Carlo, parametric analysis, process corner, ANOVA and
rank table analyses. However, these conventional techniques are becoming obso-
lete and deficient in determining the severe variability effects of the sophisticated,
densely-packed and enormously large on-chip interconnects. Moreover tradi-
tional techniques are tremendously computational expensive. Henceforth in the
present work, the prospective neural network based on back propagation captures
the effect of highly variable parameters that are existing in on-chip interconnects.
Back propagation neural network (BPNN) is used with Levenberg-Marquardt
(LM) algorithm to adjust weights of hidden layer in order to minimize error. The
proposed model is efficient and versatile such that it predicts the reliability of the
circuit performance based on circuit parameters such as resistance, inductance
and capacitance values in much lesser time. The performance parameter consid-
ered for the developed model is mean square error. This section presents the re-
sults that are obtained using the developed model that is based on NN approach.
The precision of the developed model is also compared with the traditional ana-
lytical model. The ANN based model is developed for 32nm technology using.
The on-chip interconnect dimensions are defined in the Table 1 [9] [10].

The neural network is trained using dataset that is generated from Monte
Carlo simulations. These have been performed using HSPICE. Interconnect par-

asitics namely resistance, inductance and capacitance are varied. The output per-
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Interconnect Dimension | Value
Width(w) 48nm
Space(s) 48nm
Thickness(t) 144nm
Height(h) 110.4nm
Aspect Ratio 3
vdd 0.9V
Length 0.5mm
Dielectric Constant(e) 2.25

Table 8.1: Interconnect dimensions for 32nm technology

formance parameters are delay and power dissipated. The interconnect length
considered is 0.5mm. The Monte Carlo simulations have been performed for 1000
iterations. The process parameters are varied with a deviation of & 10 percent
simultaneously. Further training, testing and creation of neural network struc-
ture have been implemented in MATLAB with the help of nntraintool. Training
dataset consists of 70 percent of the total dataset. Further the remaining dataset
is divided into validation set and testing dataset each with 15 percent of the to-
tal dataset. Input layer is connected to hidden layer. Number of hidden layers
and neurons in it depend on the complexity of the problem. Since Feed forward
neural network does not have any prior knowledge regarding the weights or hid-
den layers, henceforth back propagation algorithm is used to compute weights.
These weights are iteratively updated in order to fit with respect to the perfor-
mance parameter. For this problem, two hidden layers have been employed with
count of neuron number as 10 and 8 respectively. The training algorithm used in
LM algorithm with 1000 epochs (iterations) and mean square error as a perfor-
mance parameter. The activation function used is sigmoid in order to introduce

non-linearity to the hidden layer.

8.1 Validation and accuracy assessment of the devel-
oped NN based model

The regression plots are shown in Figures 8.1,8.2 and 8.3.

Further mean square error and error histogram have been plotted in Figure
8.4 and Figure 8.5 in which it can been seen that after 32 epochs or iterations best
performance of neural network is obtained. Also maximum numbers of samples
have nearly zero error.

After the created NN functionality is validated , variability analysis is done
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Figure 8.1: Training regression plot
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Figure 8.3: Regression plot for entire data.
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with £ 10 percent variation in input parasitics to create testing dataset. This pro-
cess is done for different interconnect lengths and compared with the traditional
Monte Carlo method in terms of mean power dissipation and delay. This is de-
picted in Figure 8.6.and Figure 8.7.
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Figure 8.6: Monte Carlo and NN comparison plot based on power dissipation
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Figure 8.7: Monte Carlo and NN comparison plot based on delay

Further the computational time is compared between the proposed and the
conventional method as shown in Figure 8.8. As it can be observed the computa-
tional time is much less for Neural network

45



23

[=F]

E 20 |

[

E 15 |

E = Analyticsl

§ 10 f m Neural Network
2

s

[=]

I

Figure 8.8: Monte Carlo and NN total time elapsed plot

46



CHAPTER 9
Performance Analysis of Graphene Intercon-
nects with Graphene MOSFET

Graphene is one of the allotropes of carbon which is being explored as an al-
ternative to the existing copper interconnect. Graphene can form of graphene
nanoribbon (GNR) when its width is lesser than 50nm. They possesses improved
electrical and mechanical properties when compared to the present interconnect
materials. GNR can be classified on the basis of their orientation as armchair
(ac-GNR) or zigzag GNR (zz-GNR). [45] Zz-GNR are always metallic in nature
whereas ac-GNR can be metallic or semi-conducting in nature. Ac-GNR can be
termed as metallic in nature if number of carbon atom N along its width are N
= 3p-1 or N = 3p+2 where p can be any integer (p=1,2,... ). Further ac-GNR is
semi-conducting when N = 3p or N = 3p+1.

Armchair Ligzag

Width Width

Figure 9.1: Armchair and zigzag structures of MLGNR

GNR is classified as multilayer GNR (MLGNR) and single layer GNR (SLGNR)
depending on the number of graphene sheets used. MLGNR is preferred usually
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since it provides better conductance and easier fabrication. MLGNR can be fur-
ther classified as top contact MLGNR (TC-MLGNR) and side contact MLGNR
(SC-MLGNR). Since contact resistance is lower in SC-MLGNR, it is preferred over
TC-MLGNR [46]. The structure for SC-MLGNR has been depicted in Fig. 9.1.

9.1 MLGNR Interconnect

Ground

Figure 9.2: Schematic representation of MLGNR interconnect over ground plane.

SC-MLGNR consists of multiple GNR layers stacked on top of each other
with a dielectric medium such as HfO,, Al;O3 etc (represented as €1) between
them [47], [48]. This prevents interlayer electron hopping thereby decreasing
impedence and increasing electron hopping. The thickness between the nano-
ribbons is kept equal to Vander-waal’s gap (6 = 0.34nm) [49], [50]. This structure
is enclosed in a dielectric medium, €, such as SiO; dimensions w, t, 1, h in Fig.
1 refer to width, thickness, length and height from the ground plane. The ML-
GNR interconnect can be represented by electrically equivalent single conductor
(ESC) model. This is shown in Fig. 9.2. This comprises of various resistive, capac-
itive and inductive parasitics. The quantum resistance is the resistance of ideal

quantum wire which considers zero scatering. It is denoted as

B i /2e?
Nch

Where 71 is the planck’s constant, e is the electron charge and N./ is the num-

Ry (9.1)
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ber of conducting channels present in a single layer. In real time scenario the
scaterring, defects and rough edges exist. Also the mean free path is finite. In
the figure, Rc; and Rcy represents the contact resistance and Rs is the scattering

resistance which is represented as:

Rq
Ri= —1 (9.2)
Imrp
Where )1 FP represents mean free path of an electron. The contact resistance
exists due to imperfect contact between the metal and GNR layers and it is neg-

ligible. The equivalent resistance per unit length (Ry) for N-layer SC-MLGNR is

given as:
R;
Ry = — 9.3
v ©3)
Where N is the total number of layers in the MLGNR structure. It is defined
as:
.t
N=1+ mtg 9.4)

Where t is the height of the interconnect and J is the vander-wall’s gap The

total resistance Rg is given as

Rs + Rc1 + R
Nch * N

Where RCy, RC, are the side contact resistance of SC-MLGNR. , N & refers to

the total number of conducting channels present in a single layer. Nch is formed

Ry = Ry + (9.5)

due to both conducting and valence conducting bands. It can be defined using
Femi-Dirac function which can be defined as:
e (Ejp—Eg) (Ejy—Ef)

Noo=Yo1te )Ty e ) (9:6)
1 1

Where T is the temperature, k is the Boltzmann’s constant, Ef represents the
Fermi energy and E;,, and E;; n be defined as minimum energy in the i** sub-band.
This can be derived as shown in [46] The total inductance of the MLGNR inter-
connect is equivalent of kinetic inductance (L) and magnetic inductance (Lys). L
and L can be calculated as follows [51]:

(h / 462) .0 f

L, =-—_’7 7 7
k NN, 9.7)
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Figure 9.3: Electrical equivalent single conductor model of MLGNR interconnect

_pd
Ly = - (9.8)
L=Ljy+ Lk (9.9)

where y is the permeability of graphene Also the total capacitance in MLGNR
is due to quantum capacitance (C;) and electrostatic capacitance (Ce). This can be
expressed as follows [49] [50]:

4.2
Q:% (9.11)
C,.C,
C=_1 9.12
Cq+ Ce (0-12)

where N.h refers to the total number of conducting channels present in a sin-
gle layer, € refers to dielectric permittivity of graphene . As it can be seen that the
electrostatic capacitance and magnetic inductance are dependent the interconnect
geometry and surrounding dielectric material whereas the quantum capacitance
and kinetic inductance are dependent on number of layers and number of chan-
nels in a layer of GNR interconnect. The kinetic inductance is dependent on iner-
tia and mobile charge carriers. Since multiple interconnect structures are coupled
with each other they have mutual inductance and capacitance which can be cal-
culated by [49] [52].
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9.2 GNR - Field Effect Transistor

On the basis of device structure GNRFETs are classified into two types known as
SB-type and MOS-type GNRFETs. SB-type GNRFETs are fabricated using metal
as contacts and graphene as channel. On the other hand, GNRFETs formed with
reservoirs doped with n-type impurities (N-type GNRFET) and p-type impurities
(P-type GNRFET) referred to MOS GNRFET. MOS-GNRFETs are favoured over
SB type GNRFET due to high ratio of on and off current. To get the desired per-
formance in a device amount of output current is need to be controlled and this
current is controlled by the threshold voltage. Hence, it can be stated that control
over threshold voltage is extremely important to achieve high performance. Due
to fixed bandgap in conventional Si-MOSFET, the threshold voltage can only be
controlled by different process parameters such as material of gate electrode, di-
electric constant, thickness of oxide and substrate doping, whereas in GNR-FET
bandgap engineering of GNR makes it to function at scaled technology. Symmet-
rical net effective mass of electrons and holes in GNRFET results exact equal and
opposite response, hence design procedure of GNR-FET is much simpler than that
of Si-FET circuits. Width of GNR is known as width of channel depends entirely
on number of ribbons. Mathematically it can be expressed as

Wy, = (N +1) % 1.732 % (0.144/2) (9.13)

9.3 Analysis of ON and OFF current in GNR-FET

Limitations of Si MOSFETs at lower technology node energized exploration of
emerging devices that can not only maintain consistency with Moore’s law but
also reduce the leakage currents and henceforth OFF state current. Graphene
nano-ribbon (GNR) FET is one such device that has been investigated as one of
the most promising device. Owing to extremely high carrier mobility, excellent
thermal strength, low parasitic capacitance and effective mass, GNRFET excel-
lently performs at nano miniaturized technology nodes. Due to higher carrier
mobility exhibit much more rapid response than that of conventional silicon based
MOSFETs. The OFF state current in GNRFETs reduces as thickness of dielectric
is reduced. Consequently, scaling of oxide thickness does not impact the over-
all performance of GNR FET as had been the case with Si FET. An MOS type
GNR-FET with armchair chirality is considered in the present work. To improve

the driving strength of GNRFET ribbons with armchair chirality are connected
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in parallel. As mentioned earlier MOSGNRFET are formed by doping of n-type
and p-type impurities, the doped part is known as reservoirs whereas channel is
formed by the intrinsic part. Similar to Si-FET phenomenon of turning on and
off of device is controlled by gate terminal. Equivalent model of single GNR in
SPICE is shown in Fig.9.4. Modelling of GNRFET circuit involves determination
of channel capacitance, channel potential, intrinsic capacitance and also compli-
cated approximation.

Reservoir Length (L) Ribbon Spacing (2W-y)

>
Channel Length (Lcx) B‘annel Width (We)
Gate Width (Wate)

Figure 9.4: GNR FET Model
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Figure 9.5: Detailed Structure of GNR with N=1

Entire calculation of different parameters as well as current is presented in [51].
Drain current in MOSGNRFET can be expressed as

(9($ep—Vs)—¢a) (1(¢ep—Vp)—ea)
Yin(l4e o) —In(l+e "7 ) (9.14)

4

_ 2gkT

Where ¢ is channel potential, €, is sub band index, Vp, is the drain potential,

Vs is source potential, k is boltzman constant and T is room temperature. From
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Figure 9.6: Circuit Set up to solve CH

the equation of current it can be stated that on current increasing the channel po-
tential improves the magnitude. To find out the impact of thickness of dielectric
and dielectric constant on ratio of on and off current SPICE set up for calculation
of channel potential is taken under consideration [Fig.9.6]. Calculation of channel
potential involves determination of physical capacitance (Qc4p) and channel ca-
pacitance (Qcpy) as shown in Fig.9.6. Out of these value of physical capacitance
depends on different capacitors such as capacitance between gate and channel
as well as channel and substrate. During on state of device the equivalent ca-
pacitance due to gate terminal is gate and channel whereas in off state coupling
occurs between gate and substrate. In both cases the oxide layer will act as dielec-
tric layer, henceforth gate capacitance rely upon the thickness of oxide layer and
its dielectric constant value. Mathematically Qc4p can be expressed in terms of

physical and channel capacitance as follows.

Qcar =Cocu(Ve — Ve —¥en) + Csuscu(Vsus — Ves — Yeu) (9.15)

Where Cg,Cp is gate to channel capacitance and Cgy;p,Cq is channel to sub-
strate capacitance Vrp is flat band voltage, Vg5 is sub band voltage and V and
Vs are gate and substrate voltage respectively. Gate to channel capacitance is de-

fined as

55% 10 ".e,.Ley

Stor 5.98W,
(1+ 1V5;G )In (255t )

Co(sus),cH = (9.16)

In which €, is dielectric constant, t,, is thickness of oxide and Wy and W are
channel and gate width respectively. Therefore, from the above mentioned equa-

tions it is derived that as we increase the thickness of oxide, gate capacitance gets
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decreases which makes decrement of Qc,p. As stated earlier on current is directly
proportional to channel capacitance and physical capacitance, it is inferred that
on current reduces as we increase thickness of oxide. Henceforth we can say that
scaling of thickness of oxide layer boost up the magnitude of on current. Now,
following the effect of oxide thickness, influence of dielectric constant can be ob-
served in same way. In the case of dielectric constant from equation 9.16 it is seen
that gate capacitance increases as we raise the value of dielectric constant. This
results in increment of value of Qcap and henceforth channel potential and on
current. Thus, it is concluded that raising up the value of dielectric constant hikes
the magnitude of on current. Off current of device is determined by substituting
the value of gate voltage to zero as in this condition the device remain at cut off

condition. Substituting the value of gate voltage to zero in equation results

Qcapr = Csus,cu(Vsus — Veg — Ycu) + Ca,sus(Vsus + Vrp) (9.17)

Now considering the equation 9.14 for off current analysis, it is observed that
value of physical capacitance will decrease due to increment in gate to substrate
capacitance. Henceforth off current will be at minima when the oxide thickness

will be minimum.

9.4 Circuit Designing with GNR-FET and GNR inter-

connect

At lower technology node interconnects effects the performance of device and
correspondingly frequency of device. Henceforth, it is necessary to analyse the
impact of interconnects along with device in order to determine the signal degra-
dation and performance. Delay and power of GNR-FET and Si-FET with copper
and GNR interconnects is determined for Driver Interconnect Load Model (DIL)
for all the combinations at 22nm technology node and it is concluded that GNR-
FET with GNR interconnect results least delay and power dissipation. Length of
interconnect is taken as 1um in the considered design and correspondingly value
of resistance, capacitance and inductance is determined [53]. A mono ribbon GNR
having values of R, L and C as 0.9k, 0.16nH and 0.00578fF are taken in the present
design respectively. Table shows the delay and power of four different combi-
nation of DIL model that is Si-FET with copper interconnect, Si-FET with GNR
interconnect, GNR-FET with copper interconnect and GNR-FET with GNR inter-
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connect. The high mobility of carriers in GNR-FET than Si-FET and lower value of
interconnect parameters of GNR than that of Copper results lesser interconnects
delay results minimum delay. As proved in earlier section that leakage power
in GNR-FET is significantly lower than that of Si-FET at lower technology node,
henceforth GNR-FET with GNR interconnect model results least power dissipa-

tion also out of all combinations.

Device Delay Power Dissipation
Si-FET and Cu interconnect 7.890 x 107 9.453 x 1072
Si-FET with GNR interconnect 7.69 x10~° 8.649 x10~°

GNR-FET with Cu interconnect 6.436 x10~? 2.133 x10~°
GNR-FET with GNR interconnect | 2.975 x10~? 1.344 x10~°

Table 9.1: Delay and Power dissipation of DIL models

9.4.1 Design of Ring Oscillator with GNR-FET and GNR inter-

connect

Ring oscillator is a device which consists of odd number of stages of inverter con-
nected in series and the output of last inverter is fed back to the input of first
inverter. Ring oscillators are utilized in numerous applications such as in voltage
control oscillators of Phase Locked Loop (PLL), random number generation, to
find out the impact of voltage as well as temperature on chip etc. The output of
ring oscillator oscillates between 0 and 1 and the frequency depends on the delay
of each stage and no of stage. The frequency of ring oscillator can be determined

analytically as

F =1/2nT, (9.18)

Where T; is defined as delay of single inverter in ring oscillator and n as no of
inverters connecting together. A high frequency ring oscillator is desired in every
application as higher frequency leads to generation of more data in a time period.
A 3 stage ring oscillator is designed with Si-FET and GNR-FET and GNR as in-
terconnect. Specifications of process parameters taken in the design mentioned in
the table 9.2 [54] [55]

From the simulation results of DIL model and also a ring oscillator with spec-
ifications given above it is concluded that GNR-FET with GNR interconnect sys-
tems provides least delay and power as well as high frequency. Henceforth, there-
fore due to excellent performance and less power dissipation this configuration of
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Parameters GNR-FET Si-FET
Gate Length (Lg) 22nm 22nm
Width of PMOS (W, ) Wy =2.123nm | W), = 80nm
Width of NMOS (W,,) W,,=2.123nm | W,=50nm

Dielectric Constant (K) 3.9 (5i0y) 3.9 (5i0y)
Thickness of Dielectric (Tyy) Inm 1nm
Supply Voltage (V) 1 volt 1 volt

Table 9.2: Process Parameters for GNR and Si FET

ring oscillator could be taken in voltage controlled oscillators.

Device | Frequency of Oscillation
Si-FET 9MHz
GNR-FET 10MHz

Table 9.3: Process Parameters for GNR and Si FET

The number of ribbons considered in the design of GNR-FET ring oscillator is
4, the oscillation frequency can be increased further by increasing the number of
ribbons. Delay of GNR-FET based circuits decreases as we increase the number of
ribbons, henceforth frequency of oscillation can be boost up by further increment
of number of ribbons. Figure 9.7 shows the simulation result of frequency of 3
stage ring oscillator with variation in number of ribbons in FET and it can be
concluded that GNR-FET with six ribbons results frequency of 15MHz which is
significantly higher than frequency of Si-FET ring oscillator.

o
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Frequency (MHz)
=
=

=T o R " L =

Figure 9.7: Frequency of oscillation with variation in number of ribbons
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9.5 Variability Analysis of Graphene FET with Graphene

Interconnect

Variability refers to the fluctuations in the parameters which affects the output
performance of the entire design is affected. Thus in order to keep consideration
for the varying performance it is necessary to perform variability analysis. Since
in the previous section it has been observed that the system performs better with
MLGNR used for both driver and interconnect in the DIL model, in this section we
analyse the affect on the system when certain parameters are varied. The output
parameters considered are delay and power dissipation.

For this analysis parameters for both interconnect and transistor are consid-
ered to vary with 10 percent variation. In Figure 9.8 it can be seen that the mean
delay and mean power dissipation has been calculated for different interconnect
lengths ranging from 0.5 to 3 mm using Monte Carlo methodology. The R, L and
C are considered as the varying parameters and total number of sample for each

interconnect length is taken as 1000.
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Figure 9.8: Performance analysis for variation in MLGNR interconnect parasitics

Further the variability of graphene FET is analysed for varying oxide thick-
ness and number of MLGNR ribbons. This can be observed in Figure.9.9 where
the oxide thickness is varied with 4 percent and corresponding delay and power
dissipation are calculated.

Further the effect of number of ribbons on output performance is observed
in Figure 9.10 Due to the increase in number of ribbons the width of the driving

transistor is also increased thereby depicting the output variation with respect to
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Figure 9.9: Performance analysis for variation in oxide thickness
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Figure 9.10: Performance analysis for variation in number of ribbons

Figure. 9.11. represents the output performance due to variation in dielec-
tric constant. The power dissipated and delay are observed with respect to the

constant being varied from 4 to 20.
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CHAPTER 10

Conclusion

e The proposed technique employs an inverter load in the DIL model em-
ployed for the mathematical analysis. The transistor is modeled using nth
power law for different region of operations. Performance of copper and
MLGNR have been compared using the simulation and FDTD method. Per-
formance comparision is based on power dissipation and delay. It is ob-
served that the MLGNR interconnect gives better performance compared
to the commonly used interconnect material. Further the proposed FDTD
method is compared with the simulation result for transient analysis. It is
observed that the technique and the conventional method gives an error of
1.8 percent which is very close to the simulation results. Thus it can be in-
ferred that the proposed FDTD technique with CMOS load can be used to

model the interconnects in VLSI design.

e To make the analytical model more robust and stable. US-FDTD is proposed
for the DIL model. US-FDTD is not limited to Courant condition as in the
case of FDTD thereby making it more practical for longer interconnects. The
results are validated using HSPICE simulation results. The average percent-
age error is observed to be less than 1percent for the estimation of crosstalk
induced performance parameters. Moreover, it is observed that the pro-

posed model is highly time efficient than the conventional FDTD model.

e Neural Network (NN) is an advanced machine learning technique which
has been rarely investigated and employed for analysis of on-chip inter-
connects. The current research work utilizes the prospective NN technique
for faster and accurate prediction of system comprising of DIL model. The
proposed method takes into account different on-chip interconnect lengths
and thus varying parasitics in order to analyze the performance parame-
ters viz. delay and power dissipation. The proposed method is validated

and tested for different datasets. The parameter considered for validation is

60



mean square error (MSE). Further, results of the proposed NN based model
are compared with the SPICE simulation results. It is observed that error
is less than 5 percent for all test cases, thereby providing highly accurate
results. Also, comparison based on the computational time requirement is
performed. It is envisaged that the proposed NN based design is nearly 5
times faster than conventional method. Hence, the NN based model gives a
considerable advantage when large dataset is considered. This also enables
to save considerable computational effort and is highly beneficial for circuits
with large number of active and passive components embedded in VLSI
integrated circuit designs. The neural network is therefore a well suited
technique that is fast, robust and dynamic in nature and can be effectively

applied for designing and performance evaluation of VLSI systems.

The proposed system is aimed to design an accurate NN with high regres-
sion coefficient and minimum mean square error. This design is trained, val-
idated and tested with HSPICE dataset. After the accuracy of the network
is checked, the optimum aspect ratio is predicted using the performance pa-
rameters that are delay, power dissipation and loading. For the optimized
designing of the system using NN, it is envisaged that the obtained values
are very accurate and percentage error is less than 2 percent compared to the
actual values. The constructed NN model is also utilized to evaluate the out-
put performance of the DIL system. . It is investigated that the performance
gain in terms of computation is nearly five times over HSPICE model. From
the several analyses presented in the research, it can be strappingly inferred
that novel neural network approach is efficient for optimized designing and

accurate performance evaluation of DIL system.

The approach incorporates a systematic process comprising of creation of
initial data set, then training and building the NN based model. This is fol-
lowed by testing of the model. The developed neural network based model
is computationally efficient. The validity and accuracy of developed model
is ensured using regression plots and analyzing mean square error. Fur-
ther, variability analysis have been performed using NN based model. This
has also been validated using conventional Monte Carlo method. It is ana-
lyzed that NN based model is 9.2 times faster as compared to Monte Carlo
method. Since neural network does not have a-prior knowledge, it has the
capacity to grasp from abstract dataset and thereby it is not limited to a par-
ticular interconnect dimension. Also the proposed model can handle high

dimension dataset which have unknown non-linear relationship with each
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other. The neural network based model is versatile, dynamic and can be
effectively incorporated to implement, analyze and design efficient circuits
and systems.

The comparision using different permutations of silicon and graphene with
FET and interconnects displays graphene FET with graphene interconnect
as a comparatively better DIL model. The comparision is based on perfor-
mance parameter namely delay and power dissipation. Further graphene
FET shows higher frequency in a ring oscillator compared to Si-FET. Also it
is observed that on increasing the ribbons of MLGNR the frequency of op-
eration increases. Thus it shows that graphene interconnect and FET can be
a prospective alternative to the current DIL models. Variability analysis has

also been performed for the proposed DIL model
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CHAPTER 11

List of Publications
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ded System (AVES-2019), SVNIT Surat.

e Ajita Misra, Diksha, Yash Agrawal and Vinay Palaparthy “Performance Eval-
uation of On-chip Interconnect System using Prospective Neural Network
Design,” 2020 IEEE International Students” Conference on Electrical, Elec-
tronics and Computer Science, MANIT Bhopal.

e Ajita Misra , Yash Agrawal , Vinay Palaparthy and Bakul Gohel “Novel
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