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ABSTRACT

Accurate estimation of delay in a circuit is a critical task in deep sub-micron
technology due to process, voltage and temperature (PVT) variations. Look-Up-
Table (LUT) based delay estimation method is the most widely used in Static Timing
Analysis (STA). In this method, delay is obtained at some load capacitace C; and
input transistion time ¢,;, values using SPICE simulations and is estimated using
linear interpola,tioﬁ at other values of C} and t,;,. The timing parameters .of a latch
(setup time, hold time etc.) are expressed similarly in the LUT as a function of
input transition, load capacitance and clock skgw. One of the major challenges
associated with the LUT based method is an app'ropria.te choice of values of ¢, C;
and clock skew which reduce the LUT generation time as well as increase accuracy
of delay estimation. Our approach to solve this issue is that of identification of
regions of linear variation in delay or latch timing parameters with t,,, C; and
clock skew. We can then reduce the number of values of ¢,;,, C; and clock skew -
for which cell charcterization needs to be done. In this work, we identify the
region of linear variation of setup time of a. CMOS pass-transistor based latch with
respect to ¢,;, and C) in which we take appropriate care of its multistage nature
and presence of feedback loop in it. We express the model coefficients and model’s
region of validity as a function of D-latch size. We use this model in reducing the
CMOS latch’s characterization time significantly while retaining accuracy in setup
time estimation. We do notAuse device current/capacitive model in our work and
hence this work is general enbugh to be wvalid with scaling. With this work, we
were able to save approximately 66 % SPICE simulation during the standard cell
library characterization. We have done simulations and validate our model using
HSPICE. Delay predicted using our method is in good agreement with those of

SPICE simulations with the said saving in simulation time.
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Chapter 1

Introduction

1.1 Introduction

The propagation delay is one of the most important parameter in CMOS digital
circuits which affect both speed and dynamic power dissipation of a circuit [10]. The
speed of an integrated circuit is characterized by it’s clock frequency. The setup time,
hold time and the period of the clock imposes delay constraints on a combinational
path. The setup time determines the maximum delay of combinational path called
setup time (long path) constraints. Similarly hold time decide the minimum delay
of combinational delay path called the hold time (short path) constraints. Due to
process,voltage and temperature (PVT) changes, numerous number of iterations are
performed to calculace @ >'ay at various nodes of the circuit. With continuous scaling,
transistor level Jation is becoming more computationally intensive because of
the non linear tinsfer characteristics of CMOS gate [10]. Setup time, hold time
and combinational data path delay must be estimated accurately to confirm that
the constray;ts imposed by clock period are satisfied. As the system clock period
decreases, pessimism imposed by timing verification tools become less acceptable
[12]. More accurate characterization and verification techniques are therefore highly

desirable. Therefore, an analytical delay model that does not need much numerical
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iterations, has been the subject of much research.

The setup time delay can be measured by two ways [1]:

1. Dynamic Timing Analysis(DTA) : Circuit simulations using SPICE can be
used to estimate the delay of a circuit accurately. This method is accurate
but takes large CPU time to process an entire circuit having large number
of transistors. SPICE takes few seconds to process individual transistors in a

circuit, so the processing of an entire circuit takes large time.

2. Static Timing Analysis(STA) : An alternative method to SPICE which esti-
mate delay reasonably accurate but faster than DTA isstatic timing analysis
(STA). STA uses simple delay models to find the delay of entire data path,
hence takes lesser time. STA are widely used to verify the behavior of large
digital circuits designs in various stages of design. They have become the core

engine used inside circuit optimization tools.

1.2 Static Timing Analysis

Static timing analysis is a method for determining, if a circuit meets timing con-
straints without having to simulate. STA is a crucial part of the modern VLSI chip.
design process because it is fast and maintains a relatively high accuraby compared
to well-known dynamic timing analysis like SPICE. It is assured that total delay of
combinational path and sequential cell and setup time of the next sequential cell
mu'st be smaller than clock period P. In STA, neither proper functionality of circuit

is checked nor any vector generation is required.

1.2.1 Timing Path

A timing path is a point-to-point path in a design which can propagate data from
one flip-flop to other. Each timing path has one starting point and one end point.

Total delay is sum of net and cell delay along the tirhing path.
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1.2.2 ~ Net Delay

Net delay is the total time required to charge or discharge all the parasitics of a

given net. Total net parasitics are affected by
e Net Iengﬁh

e Net fan out

1.2.3 Cell Delay

This is the delay provided by cell elements. Cell delay is affected by:
e The input transition time (Slew Rate)

e The total load seen by the output transistors in a circuit.

1.2.4 Representation of Combinational Circuits

A combinational logic circuit may be represented by a timing graph G=(V,E) where
elements of V (Vertex Set) are the input and output of logic gates in the circuit [1].

The vertices are connected by the two types of edges.

e One set of edge connects each input of a gate to it’s output, which represents

"the maximum delay paths from input to output.

e Another set of edges connects output of each gate to input of it’s fan out gates,

corresponds to interconnects delay.

For example, a combinational logic circuit shown in Fig. 1.1 along with timing
graph. It has single source and a single sink for simplicity. In event all the primary
input are connected to Flip-flops and transition at the same time. FEdges are
connected from source to primary output to sink.

This type of representation circuit is directed acyclic graph (DAG), acyclic, since

combinational circuit generally doesn’t has any loops.
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Figure 1.1: An example illustrating the Combinagional circuit with it’s timing graph.

1.2.5 Representation of Sequenfial Circuits

These circuits, consists of combinational elements and sequential elements (Flip-flops
or Lathes), may be represented as a set of combinational blocks between latches,
and a timing graph may be constructed for each of these blocks [1]. For any such
block, sequential elements that fan out to a gate in the block constitute it’s primary
input. Similarly, a sequential circuit output for which a fan in gate belongs to block
together represents it’s primary output’s. In this, we construct a graph in which each
vertex corresponds to combinational elements, an undirected edge is drawn between
a combinational elements and combinational elements that it fan out to. Sequential
elements are left unrepresented. Computation of delay for combinational block is
important. Clock period must be greater than maximum delay of any combinational
path plus setup time for sequential elements. Hence, finding the delay of critical

path is a vital task. For this, we must find critical path.

1.2.6 Critical Path

To determine if a circuit meets timing constraints, it is necessary to find its critical
path [1]. Critical path is the path having maximum delay in traversing from primary
inputs (PIs) to primary outputs (POs). CPM(Critical Path Method ) is a technique

used to find critical path. Consider the combinational circuit shown in the Fig. 1.2.
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In STA the critical path is mostly found by a method which we elucidate here.

<

o0 - |
a2 p21 3/2 (yn_8/5
0/0 b l

0/ ¢
00 d "

315

0/0 e
0/0 T

0/0 g — 1 472 | 2/2
4]2
‘010 h —] . p 7/6

Figure 1.2: An example illustrating the application of CPM on a circuit with

inverting gates.

Each block in the figure could be a simple logic gate or combinational block,
and is characterized by delay from each input pin to output pin. Each block is an
inverting type logic gate such as NAND or NOR. The numbers d,/d; inside each
block represents the delays for output rise transition and output fall transition cases,
respectively. These delay’s are obtained through delay models. We also assume that
all the primary inputs arrive at the time zero, so that the numbers ”0/0” at each
primary input represent the worst case rise and fall arrival times, respectively at

each of these nodes.

A block is said to be ready for processing when the signal arrival time information
is available for all of its inputs. Therefore initially, only those blocks that are fed
solely by primary inputs are ready for processing. In the example these correspond
to i,j,k and 1. Then out of all the blocks that are ready for processing, choose any
of the block. We compute the worst case arrival time at output by adding the delay

of the block to latest arriving input time. In this way we process the remaining
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blocks and through out the entire circuit. In our example the processing of blocks
that are chosen are ij,k,],m,n,p,0 and the worst case delay for the entire block is

max(7,11)=11 units.

To find the critical path in the above example, we begin with the final gate output
‘0’, whose falling transition corresponds to the maximum delay. This transition is
caused by the rising transition at the output of gate n, which must therefore precede
‘0’ on the critical path. Similarly, the transition at ‘n’ is effected by the falling
fV'afzsition at the output of ‘m’, and so on. By continuing this process, the critical
path from the input to the output is identified as being caused by a falling transition
at either c or d, and then progressing as follows: rising j— falling m— rising n—

falling o. The arrows in the Fig. 1.2 indicates the critical path.

Thus in STA, critical path is determined by CPM method, which in turn inakes
’ use of the delay’s of the each logic gate. These delay’s of logic gates are obtained
by making use of Delay models(DM). STA uses delay models for fast calculation of
delay of a data path. Accuracy of STA depends on the accuracy of delay models

used. So, these delay models should be as accurate as possible.

1.3 Delay Models

In order to find the delay of an entire combinational circuit using STA, we must
determine the delay of it’s logic gates. When load is fully capacitive, problem of
finding delay of that logic gates reduces to that of finding delay of a gate for a
specified capacitive load. If gate is made from a library, it’s deléy is precharacter-
ized, under various load and input transition time t¢,;. Some common used delay

characterization under capacitive load are:

1. Analytical Delay Models : The delay of a logic gate is found from the output

voltage transition of logic gate across the load capacitor. They make use of
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the current equation of the MOSFET. The accuracy depends on the accuracy

of the current equation. Alpha power law is a typical example.

2. Empirical Delay Model : Empirical models are based on curve fitting on the
simulation data obtained using SPICE. Polynomial delay model is a typical -

example.

3. Look-up-Table Method : Here we tabulate the gate delays for several values
of input transition time (¢,4,) and load capacitance (C;). Having known i,

and Cj, we can pick the delay of that particular logic gate from the table.

We now discuss several important delay models proposed in the literature.

1.3.1 Shockley’s Delay Model

‘This model, calculates the delay using current equation in both triode and pentode
region .

In it, drain current is given by:

Ip = 0 (Vgs < Vry :cutof f region) (1.1)

= K[(Vas — Vo) Vas — 05 VE)] (Vis < Vasar : linear region) (1.2)

I

0.5K(Vys — Vrr)®  (Vas = Visas : saturation region) (1.3)

where
Viasat = (Vgs — V) : is the saturation voltage (1.4) '

Due to square relationship in satuaration, it is also called as sqtia,re law model.
Model gives fair result for long channel device. But, for short channel devices, it

fails to produce the result. This is because of two reasons

e The drain current in saturation does not follow square law relationship with

gate to source voltage

e The drain saturation voltage Vj,,; is different from predicted value.
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1.3.2 Alpha Power Law Delay Model

This model is extension of shockley’s delay model in device saturation region [3]. It
takes in to aécount velocity saturation effect which is predominant in short channel
MOSFET’S [3]. Using this model we can gi-erive an equation for logic gate delay by
taking into account of the input signal ‘slob‘e.

A full description of the model is givéh below :

Ip = 0 (Vés < Vrg : cutof f region) (1.5)

= (Ipo/Vpo)Vps (VDS < Vpg : linear region) (1.6)
= Iy, (Vbs > Vp, : saturation region) _ (1.7)
where .
/ Vs - VTH *
I = T 9 -7 1.8
v T (VDO - VTH> -0
, Vys — Vo \*/?
Vo = V, —2 - 1.9
bo = Voo (P pe) (19)

~ values of « is 2 for shockley’s delay model and for alpha power model, it is 1.2 for
n-MOSFET and 1.5 for p-MOSFET. The model is based on four parameters: Vg
(threshold; voltage), o (Velocity saturation index), Vpo (Drain saturation voltage at
Vs = Vbp, and Ipg (Drain current at Vas = Vps = VDD);
As we observe in alpha power model, the accuracy of analytical delay model
depends on the accuracy of the MOSFET current equations. MOSFET cufrent
equation for sub-micron technologies are very complex in nature. In addition, their

parameters are dependent on the terminal voltage of the device.

1.3.3 Polynomial Delay Models

Traditional methods for characterizing a cell driving a load use an equation of the
form k1C; + ko, where k; is the characterized slope and ko is the intrinsic delay.

However, such an equation neglects the effect of input transition on the delay.The
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Non Linear Delay Model (NLDM) from Synopsys uses the characterizing equations
of the form at,;, + BC; + Vt.inCi + 9. .
The Scalable Polynomial Delay Model (SPDM) [4] developed by Synopsys uses a
product of polynomials to fit the delay data. For example, for two parameters C;
and tr:n, a product of m* order polynomial in C; with an n** order polynomial in
trin, Of the form (ao + @1Cy + v.ore.@mC™) (by + brtrin + ....byt™,) may be used [4].
To overcome these disadvantages, industry is making use of LUT to obtain delay
of logic gate. In the next section,we discuss details of look-up table approach of

finding the delay of any logic gate.

1.3.4 Look up Table Method

LUT"s approach is the most popular method for delay calculation in industry due to
it’s éccuracy and fast approach in STA [5]. The reason for going to this model is its
accuracy. As the device size shrinks and the input signal speeds increases it is diffi-
cult to predict the device characteristics and hence effects the accuracy of the delay
model. LUT approach overcomes the limitation of analytic and polynomial delay
models discussed in section 1.3.1, 1.3.2 and 1.3.3. In this method, delay is being
tabulated for several values of input signal transition time and load capacitances.

Look up table used for STA is a two dimensional table, where a gate’s delay is
characterized with respect to its load capacitance (C;) and the input signal transition
time (tin) [5]-

A general look up table looks as shown in the Table 1.1, tabulates delay with
respect to the load capacitance and input signal transition time.

Hence, in look-up table method, delay is precharaterized at some value of ¢,;,
and load capacitance C; to increase computational efficiency and minimize storage
and characterization requirements. Delay at other value of transition time and load
capacitance is calculated through linear interpolation. For this, linear relationship

of delay with transition time t¢,;, and load capacitance Cj‘is required.
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Cload1 | Cloadz | Cioads | Cloads
tr—in1 | D11 D12 D13 D14
t_m2 | D21 | D22 |D23 | D24
tr—ing | D31 | D32 [ D33 | D34
tr—ina | D41 D42 | D43 | D44
tr—ins | D51 [ D52 | D63 | Db4

Table 1.1: Delay LUT of a logic gate

However, there are several problems associated with the LUT’s. We enumerate

these problems in the next chapters.

Generally look-up table method requires

10

selection of ¢,;, and load capacitance C| in ad-hoc manner. Look-up table has to be

generate for each variation in process, voltage, temperature (PVT) and technology

node. In next few chapters we try to overcome some problems associated with LUT

method.



Chapter 2
Sequential Circuits

A-sequential circuit consists of combinational elements and registers [13]. Generally,
they have feed back. So, their timing diagram also has loops. Consider, a given
sequential circuit given below in Fig. 2.1. Here, output of a register goes back
to input to combinational block [17]. Combinational block has total I+M input’s.
It also has O+M output’s. Register can be made of either edge-triggered Flip-
flops or level-triggered latches. For the circuit to work properly with continuously
increasing clock frequency, timing constraints has to be satisfied. Now, we will

briefly understand all these timing parameters.

2.1 Timing constraints [17]

The basic parameters associated with a flip-flop or latch can be summarized as

follows:

e Setup tirhe : The data input of the register, commonly referred to as the D
input, must receive incoming data at a time that is at least Tsetup units before
the onset of the latching edge of the clock. The data will then be available at
the output node Q, after the latching edge. ‘The quantity ,7jetup is referred to
as the sefup time of the flip-flop or latch.

11
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Figure 2.1: An example of Sequential circuits.

e Hold time : The input D’ must be kept stable for a time of Tp44 units, where
Thota is called the hold time, so that the data is allowed to be stored correctly

in the flip-flop or latches.

o Clock-to-QQ delay : Each latch has a delay between the time the data and
clock are both available at the input, and the time when it is latched. This is

referred to as the clock-to-Q delay Teq.

e Data-to-QQ delay : This is the delay between the time the data input arrive at
the input and the time when data is latched. This is called as data-to-Q delay

TDQ .

e Maximum clock frequency : It is the maximum clock frequency on which the
circuit can operate. Maximum clock frequency is limited by timing constraints
of sequential circuits. These constraints are setup time, hold time and clock-

to-Q delay.

Consider two flip-flops i and j, connected only by pure combinational paths as

shown in Fig. 2.2 [1]. Over all such paths i—j, let
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the largest delay from FF i to FF j be d(i,j), and the smallest delay be d(i,j).
Let us denote the setup time, hold time, and the maximum and minimum clock—to-Q

delay of any arbitrary flip-flop be Tk, Thr, Nk and Jd respectively.

DATA PATH (D)
LAUNCHPATHOL) _l, - L“____D___D___l b L
T - Il Q \
e [\\1\>‘ >:>
| CLX C1X

SETUP TIME (18)
HOLD TIME (tH)

. P e T - -
—— wn e W -~

CAPTURE PATH (tC)

Figure 2.2: Representation of two FF coneected through a pure combinatioanl] path

Data is available at the launching flip-flop, i after the clock-to-Q delay and will
arrive at the latching flip-flop j, at a time no later than A;+d(i,j). For correct
clocking, the data is required to arrive one setup time before the latching edge of
the clock at FF j as shown in Fig 2.3 i.e at a time no later than P-Ts;. Where P is

the period of the clock. This will give us a relation as

N+ d@i,j) < P—Ts; (2.1)
d(i,j) £ P—Ts;j — O (2.2)

This constraint is often referred to as the setup time constraint. Since this require-
ment places an upper bound on the delay of a combinational path, it also called as
long path constraint. The dafa must be stable for an interval that is at least as long
as the hold time after the clock edge, if it is to be correctly captured by the FF j.
Hence it is essential that the new data does not arrive at FF j before time 7};. Since

the earliest time that the incoming data can arrive is §; + d(i,j), this gives us the
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Figure 2.3: Illustration of the clocking parameters. of the flip-flop

following hold time constraint:

6+ (i, j) = Thy (2.3)
d(i,j) = Tn;—6; (2.4)

Since this constraint puts a lower bound on the combinational delay on a path, it is
referred to as a short path constraint. If this constraint is violated then the data in
the current clock cycle are corrupted by the data from the next clock cycle.

Thus the delay of the combinational data path as well as setup time and hold time
constraints have to be measured by the designer to check whether these constraints

satisfies the minimum clock period P.

2.2 Static Latch using Transmission gates [17]

La‘gch is a level triggered flip-flop. The most robust and common technique to
build a latch involves the use of transmission gate muitiplexer. Fig. 2.4 shows an
implementation of positive static latch based on multiplexer. For a positive latch,
D input is selected when the clock is high and the D input is passed to the output
Q. During this, latch is called in transparent mode. When the clock signal is low.
output sustain it’s value using feedback loop made by two back-to-back inverters.

During this, latch is in hold (Opaque) mode. Sizing of transistors therefore is not
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critical for realizing correct functionality. So, this latch is also called as static latch.
Fig. A.1 shows layout of minimum size static D-latch. For increasing size of latch,

we use fingering. The layouts using fingering are shown at the end of the paper.

CLK

L

10 Intermediate

node (I) I '
Input D —Do— l/: Output Q

TO CLK

T
ot

T1 12

=

CLK

Figure 2.4: Static Latch using Transmission Gate [17]

Assume that the propagation delay of each inverter is {54 ;n., and the propagation
delay of the transmission gate is tpq;- Also assume that contamination delé,y is 0,
and that inverter, deriving CLK from CLK, has a delay of 0 as well. The setup time
is the time before the rising edge of the clock that the input data D must be valid.
For the transmission gate multiplexer-based latch, the input D has to propagate
through Iy, T, I, and I, before the rising edge of the clock. This ensures that the
node voltages on both terminals of the transmission gate 77 are at the same value.
Otherwise, it is possible for the cross coupled pair I; and [; to settle to an incorrect

value. The setup time is therefore equal to 3 * tpqiny + tpa,tx

2.3 Sequential circuit characterization

STA tools rely on data described in cell libraries to analyze the circuit [7]. The
characterization of individual cells in cell library is therefore highly critical in terms
of the accuracy of the STA results. Specifically, the setup time and hold time

constraints of the sequential cells are used to vefify the timing of a synchronous
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circuit. Cycles times have been shrinking dramatically dri%ren by both faster gate
delays and more aggressive designs using fewer gates in a design. Thus, setup time
accounts for a significant portion of the clock period and therefore modeling of
setup time is critical [14]. For this analysis, setup time is calculated from SPICE

simulation and store in cell libraries.

2.4 Setup time characterization

For STA analysis, setup time has to be characterized. There is one common approach
for calculating setup time for sequential elements which is being discussed in next

section :

2.4.1 Existing characterization Technique of Setup time [7]

A common approach to characterize setup time is to examine the setup skew versus
data-to-Q delay relationship at a fixed hold skew. Three regions can be determined
from Fig. 2.5 : stable(No failure), metastable, failure (mal function) regions. In the
stable region data-to-Q deiay is independent of setup skew. As the skew decreases,
the data-to-Q delay starts to rise in exponential fashion. If the skew is excessively
small, the latch fails to latch the data. This region is unstable region. Region
between stable and unstable region is called as metastable region.

The setup(hold) is usually set to the setup skew where stable region crossover
- into metastable region. There are different approach to identify the crossover point.
In some approaches, the crossover points is the time where a certain amount of
degradation in the data-to-Q delay occurs. For example, 5% degradation is taken
as reference in industry. In some approaches, crossover points is the time where the
sum of setup skew and data-to-Q delay is minimized. At this point slope of the

curve is 45 degree.
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Figure 2.5: Data-to-(Q delay versus setup skew

So the approach described above uses SPICE simulation to calculate setup time
which is stored in standard cell library. But, it takes lot of time to characterize setup
time in library characterization. To overcome these drawbacks of SPICE simulation,
we use LUT approach to characterize setup time. Since for fast calculation and
also for simplicity, linear delay model for setup time is very much desired in LUT
approach. In the next chapter we derive and validate linear delay model for setup

time.

2.5 Problem Statement

e Presently in LUT method, ¢, and C) values are selected in an ad-hoc manner,
so there needs to a systematic way of choosing these values for improving

accuracy.

e These characterization tables have to be regenerated due to process,voltage
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and temperature (PVT). The LUT are characterized for several sizes of logic

gates. This requires huge characterization effort.

e The accuracy of delay obtained by LUT approach depends on the size of the
LUT. Increasing the size increases accuracy but increases the system’s memory

storage and simulation time.

e No linear delay model has been proposed for sequential cells due to presence

of multi stage cells and feedback loops.

In this wdrk, We propose a solutioh to the above problems with existing LUT’s
which focuses on optimum choice of ., and C; and also determine it’s region of
validity as a function of it’s logic gate size. Using this model and region of validity,
we choose appropriate values of ¢,;, and C; for generating LUT’s. Our approach can

also be used with technology scaling.



Chapter 3

Novel Linear Delay Model and It’s
Region of Validity

3.1 Overview

In this chapter we derive a linear delay model for setup time of sequential circuit.
The model is physical based and it’s coefficient and it’s region of validity are ob-
tained using physical arguments with very few SPICE simulation. We make various
assumptions while developing the model and later we justify these assumptions. In

the next section we derive our linear delay model using physical reasoning.

3.2 Simulation setup

In the next section, we derive a linear relation of setup time with data transition time
and load capacitance. We do this analysis for positive level D-latch. We use 45nm
technology ptm files? for HSPICE simulation. We made layouts on CADENCE
virtuoso layout editor 6.1.3. We extract our SPICE files from layout. During
derivation, we assumed that CLK and CLK are pulse input having no skew and
overlap between them. We derived our relationship for rising D input where input

D rises from 0 to Vpp and output Q is rising from 0 to Vpp. where Vpp is power

19
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supply, which is taken as 1volt. Data transition time has been denoted by ¢,.;, which
is time taken by data input for 0 to 100% transition at input of inverter I;. In

our work, we assume that Vgg = V—D’lt, where Vgg is the gaté—source voltage of the

trin
inverter I;’s NMOS device, Vpp is the power supp]jf voltage and ¢ is the time. We
use thg symbol ¢,;, to denote the time required for the D input to increase from 0 to
Vpp- In this paper, the word ”‘dela,y” stands for 50% delay unless stated otherwise.
First we derived our model for minimum sized latch then we verified it’s validity
with increasing width of" latch. We do fingering to increase the width of latch as
shown in appendix. We simulate D-latch with W, and W, adjusted such that the

rise and fall transition times are equal.

3.3 Novel Linear Delay Model

In this section, using physical arguments, we show that delay varies linearly with
load capacitance(C;) and input transition time ¢,;, when these parameters are within
a certain range, since setup time is that skew at which data-to-Q delay Tpg rises by
say 5%. AS the delay Tp_q varies linearly with ¢, and Cj, setup time also varies
linearly with ¢4, and load capacitance C;. Fig. 3.1(a) shows variation of setup time
with data transition time ¢,.;,. Fig. 3.1(b) shows variation of setup time with load
capacitance Cj. Since setup time varies linearly with data transition time and load
capacitance, we can model sétup time as a linear function of data transition time

trin and load bapacitance C) given by equation 3.1

Setup time delayD = K 1T + KoC) + K3 (3.1)

Where K1, Ky, K3 are constants which are extracted by fitting the model in the
HSPICE simulation data. In the next section we derive setup time variation with

data transition time %,;,.
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Figure 3.1: (a) Setup time variation with input transition time for a given load
capacitance , (b) Setup time variation with load capacitance for a given input
transition time.In both figures Points are simulated data and dotted lines are fitting

of Delay Model.

I

3.3.1 Variation of setup time with input data transition
time

In this section, we show that setup time delay varies linearly with #.;, for a given
value of load capacitance C;. Data input D is rising from 0 to Vpp and output

Q is rising from 0 to Vpp. We assume linear transition of data input. So Vgg =
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(Vbp/trin) * t, where Vgg is gate to source voltage of NMOS device of Inverter I
and Vpp is the power supply voltage and t is the time. When latch is in transparent
mode, CLK and CLK are Vpp and Gnd respectively. As shown in figure 3.2, for
rising transition of D input, node I discharges from Vpp to Gnd with capacitance
C1+Cy. Where C; is input capacitance of inverter I1 and C, is parasitic capacitance
at Intermediate(I) node. The output I node discharge comprise of two regions: first,
when D inpuﬁ transitions from 0 to Vpp and second, when D input remains at Vpp.

So, the complete transition of I node can be divided in two regions:

e The NMOS device of inverter I is in linear region through resistance Rg,,,

trin in first region.

e The NMOS device of inverter Iy is in linear region through resistance R, ¢

in second region.

Input DD 10 TO
T Too

Figure 3.2: Ckt equivalent when latch is in transparent mode.

If load capacitance is chosen such that the NMOS device of inverter I is in
saturation region from 0 to Vpp. The output I node discharge AQ(¢rin) from 0 to

trin iS, .
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trin
AQ(tyi) = [ Lydt (3.2)
=t [ P 2 a0 (3.3)
pp VD DD
= tm‘n[ flz,y =1)d=z (3.4)
0
= STtri’rL : (35)
Outputl discharge fromt=0tot=t,,
Vitrin) = Vop — P %z {:_ o (3.6)
A P
S trin ‘
P

Here, 14, = f( “,/gf) , “,’gs )} is the NMOS drive current, Sy is a constant proportional
to W, since the NMOS current is proportional to the width of device (I, o W,,),
x=Vas/Vpp and y=Vps/Vpp. The generalized cxpression of current as a function
of Vgs and Vpg enables us to include the second order effects into the expression.
We assume that y= Vpgs/Vpp =2 1 for the NMOS device since it is operating in
saturation regime. Vi(¢,;) is the output voltage at time t=t,,. We assume that
PMOS device is very weak when compared to NMOS device due to rising transition
at the input node. ‘

Assumption 1 : As we show later in paper, for a large number points in the LUT,
the NMOS device of I inverter is in linear region in first region where V;, < Vpp.
In region 1, input D rises from 0 to Vpp and node I dis.charges from Vpp to V] for
transition time Tx; and V5 for transition time Tﬁz respectively as shown in fig. 3.3.
So V1 and V, are given by exponential discharge equations:

—Tr:
Rﬂvy (CI + Cp)

_ —T'ro
‘/2 - VDD exp Ravg(C[ + Cp)

(3.8)

Vi =Vppexp

(3.9)

Raug = Ravg,NMOS_'*_ Ravg,TG ’ (310)
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Figure 3.3: (a) Discharging of I node for T = Tr1 , (b) Discharging of I node for
Tr = Tgs.

where R,.9,7¢ = average resistance of Transmission gate
and R,.g nmos= average resistance of NMOS in linear region
1 1
R, = = 3.11
At 7A A ——‘%’RDt — Vry (3:11)

Assumption 2 : If we assume that discharging voltage at node I, V(1) discharges

linearly in this region then we can approrimate equation 3.8 and 8.9 as

. Tm ) '
Vi=V, 1-— 3.12
1. op ( Ravg (CI + Cp) ( )

Tro )
Vo=V, 1-— 3.13
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Taking the difference between V, and V) as AV,

Vb
Rm,g (C[ + Cp)

So the difference of two discharging voltage AV is linear function of T; and

Tho.

AV — Vg - V1 - (TR]_ - (314)

In region 2, NMOS device of inverter /g is in linear region.For 50 %to 80 % delay
between D input and I node, output V(I) discharges from Vj to 0.2Vpp for transition
time Tx; and from V5 to 0.2 Vpp for transition time Tgo, with an on resistance R,,,.

Where K., = Ron nmos + Ron1a
using exponential discharge ecquation:

—t,

0.2Vpp = V; 3.15
—t
02Vpp = V; 3.16
DD 2 EXp Ron(CI + Cp) ( )
By dividing equation 3.16 by equation 3.15 ,we get:
V;
1!2,,,1(c,+q[,)1nv2 =ty —ty (3.17)
1
since
Vo=V, + AV (3.18)
1+ AV
Ron(Cr + C,) In -% — i —ty (3.19)
1
SO
AV
ROH(C[ + Cp) In (1 -+ T/—) == tl — tg (320)
1

Assumption 8 : For smaller value of ATg, AV ~ 0, so we can approrimate :
In(1+mx) =z, (3.21)

for smaller value of x

A
Ron(C] + Cp) ( VV) == tl e tQ (322)
1
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putting value of AV and V) from equation 3.14 and from equation 3.8 respectively,

in equation 3.22, we get:

| Tr1— The .
Ron(Cr + C,) <Rm,g(c,- A Tm) =ty — 1 (3.23)

for transition time Ty, delay D is given by D = T& + ¢,
From equation 3.23, it shows that for given value of Tr = Tx; and load Cj, setup
time delay %o — ¢; is a linear function of T'gs.

Further we make the following observations:

e Observation 1 : For a given value of T = Tk, and load C), delay between
data D and I node I is linearly proportional to T, within a region where our

assumption 1 and 3 are valid.

e Observation 2 : We also observed that delay coefficients K is given by

Ron(C[ =+ Cp)
Ravg(CI + cp) - TRI

(3.24)

which is independent of the width of latch.

We show that equation 3.1 fits well on data with a lower bound %, and an upper
bound ¢,4maez ON trip- Fig. 3.4(a) and fig 3.4(b) verifies the observation 1 and 2 made

in this section.

3.3.2 Variation of setup time with capacitive load :

In this section, we show that delay varies linearly with O, for a given value of data

Voo
TR,data

transition time ¢.;,. Again we assume Vgg =

Assumption 4 : since at Intermediate node I, load capacitance is almost constant.

So for a constant value of Tg 410, delay between D and I node is constant. Falling
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Figure 3.4: (a) Tps delay variation with input transition time for a given load
capacitance , (b) K variation with latch width.In both figures Points are simulated

data and dotted lines are fitting of Delay Model.

transition at intermediate(l) node is also constant for constant Tg g, and load
capacitance at intermediate node. As load capacitance increases, capacitance at
_intermediate nbde slightly decreases since capacitance at intermediate node is series
combination of Cp and Cgp of inverter I11. We prove this assumption later in this
paper. If assumption 3 is correct then, then delay between I and Q will be linear

function of C) for constant transition at [ node. Node I is falling from Vdd to 0 and
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output Q is rising from 0 to Vdd.
if the PMOS device of inverter I, is in saturation, the output charges from 0 to

Yoo for 50% delay. The output charge

trou,hl
AQ = f Lt
- 0

where t,ou r is falling transition time at intermediate node. Qutput charges from 0

to ‘—”é—”— through C; and C, ¢ whereas C}, g is the parasitics at the output Q node.So,

(G + c,,,Q)-‘%% = Ln* At (3.25)
(Cr+ Cp)¥22

At = (3.26)

Ion'

Here I,, = f(%‘?—s—, %’i) is the PMOS on current. We assume that NMOS device is
DD DD

very weak when compared to PMOS device due to falling transition at the I node.

SinceAI,m is proportional to W, and At is proportional to ﬁ So, delay At is

proportional to Wl,;

If PMOS device of inverter I is in linear region during charging of Q output
from 0 to V’Z,—D and output node can be assumed as an RC network, then delay is
proportional to R,,(C) + C,0). For a given value of load capacitance, since R,, is
proportional to W%,’ so dclay is proportional to WL,, in ‘liﬁear region for a given value
of load capacitance. So in both linear and saturation region, delay is proportional
to Wip for a given value of load capacitance C.

Further we make the following observations:
e Observation 3 : K is linear function of Wy
e Observation 4 : K3 is linear function of Wy

We verified our observations 3 and 4 through HSPICE simulation. 3.5(a) and
3.5(b) verifies these observations.
We validate all assumptions that we have made above in 3.4 and use them in

optimizing the setup time delay LUT, as we explained in chapter 1. Here, we have
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Figure 3.5: (a) K variation with latch width , (b) K3 variation with latch width.In
both figures Points are simulated data and dotted lines are fitting of Delay Model

made the assumptions 3.3.1 that the NMOS device of inverter I is in linear region
from O to ¢y,. This assumption gives the lower limit of region of validity of this
model. We also made the assumption 3 using equation 3.21 ,when x= % becomes
comparable to 1, the model diverges from delay equation ,this gives the upper limit
of the model. In next section, we determine the region of validity of the model given

by equation 3.1.
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3.4 - Region of validity of linear region delay model

In this section, we determine the region of validity of our delay model. For lower
limit of our model, we find the range of values of #,;, and Cj in which NMOS devices

of inverter Iy is in linear region. From equation 3.7 ,we observe that

Sttrin
VD) |t=trn=Vop — =——+~ < Vpp — V; 3.27
() | DD C +C, DD TH (3.27)
AQ,., = Sttrin = (Cr+ Cp)Vry (3.28)

For a given value of Cj, linear delay model of equation 3.1 is valid for all the
values of ¢,;;, which satisfies equation 3.28 .We denote the minimum value of .,

which satisfy equation 3.1 as &,pmin. From equation #,pmin is a linear function of C;

CiVrae  CpVru
tr min — +
b S Sr

(3.29)

We extract the slope and intercept of this linear function by fitting in SPICE

simulation data. We observe from- equation 3.29 that

e Observation 5 : t,4min is independent with load capacitance Cj, since C; is

independent of C;.

e Observation 6: The intercept is a constant with W,,. This is because
SraW, ' (3.30)

and
CoaW,' (3.31)

and also
CinaeWhp (3.32)



Linear Delay Model 31

As C changes, C; remains almost constant because of series combination. In

fact, it slightly decreases as

CepCl

Cr = Coonsian —_ 3.33
! tant + Cep + €y ( )
1
CI = Cconstant + CGD ' -i+—-c—(%p- (334)
as CGD* ICl
using binomial ecxpansion
C
c’I = Cconstant -+ GG'D (1 - "‘G—D)
C .

so as C} increases, C; decreases. But the change in C; is so small that we can
consider it as a constant. So ,f,pmin remains almost constant with varying Cj.
figure 3.6(a) and 3.6(b) confirms the observations 5 and 6 respectively.
Our assumption 3 gets failed for higher values of ¢,;,, where z = % becomes
comparable to 1 in equation 3.21 .This gives the maximum value of ¢, which satisfy
our linear delay model equation given by 3.1 .We denote this value by ¢,,. As ¢,

depends on ratio ?,—:/, trp varies as this ratio changes.

e Observation 7 : Since t,, depends on discharging values of intermediate node
I at ¢4, variation of C; does not affect [ node discharging value. So ,, should

be independent of C;.

e Observation 8 : Since AV is a voltage difference of two intermediate node
voltage at two different T, as Width W, increases, both voltage discharges
rapidly and voltage difference AV remains almost constant with varying W,.

Therefore AV is constant with W,,.

e Observation 9 : V; discharges faster as W, increases since drive current I,

increases. Since .
1 1

e Via—. 3.35
In & W, (3.35)

Via
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Figure 3.6: () t,pmin variation with load capacitance , (b) t,4min variation with latch
width.In both figures Points are simulated data and dotted lines are fitting of Delay
Model
s (3.36)
Wa ~ .

3.7(a)- 3.7(b) and 3.8(a)- 3.8(b) verifies observations 7-9. So, t,;, depends

linearly on W%l So, in this section we verified the validity of our linear delay model
with variation in load capacitance and device width. '

In the section 3.3.1 we made aésumtion 2 that intermediate node I voltage at

Vin = Vpp, V(I) varies linearly in linear region. We also observe from equation 3.14

that Vi and V; varies linearly with ¢,4,. figure 3.9(a) confirms the assumption we
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Figure 3.7: (a) t,, variation with load capacitnace with various latch size, (b) AV

variation with latch width

have made. figure 3.9(b) shows falling transition time at I node which is also linear

with ¢4, of D input.

In the section 3.3.2, we made assumption 4 that delay between I and Q node

varies linearly with load capcitance C;. Figure 3.10(a) confirms this assumption.

Figure 3.10(b) shows delay between D and Intermediate I node remains almost

constant with load capcitance C;. So,it also confirms that Tpy is almost constant,

with variation in load capacitance C;. So, in this section we confirmed all the

assumptions and observations made above in section 3.3.



Linear Delay Model 34

0.84
0.82
0.8
.78
0.76
0.74
0.72
0.7
0.68 °

V; (volt)

1/ (W, (um) )

(a)

160 T T T T
©,=0f ———
140
120

100

tp (PS)

80 |

‘60 | —
\l

a1 2 3 4 5 15 7 8 o
1/ (W, (um)) T
(b)

Figure 3.8: (a) V; variation with latch width. (b) ¢, variation with latch width.In
both figures Points are simulated data and dotted lines are fitting of Delay Model.

In the next section, we discuss the verification of linear delay model of equation
3.1 and the region of validity expression by equation 3.29 and equation 3.36 at
different technology node.

Say, for a D-latch with a size, we know the value of K, K5 and Kj3 through
HSPICE simulation. we also know ¢, for given size.Now, we can predict K, K ,

K3, trpmin and ¢, for any given size of D-latch using observations in section 3.3

and 3.4.
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Chapter 4

Impact of Technology Scaling on
the Delay Model

In chapter 3 , we discuss our delay model. Now, in this section we will validate
similar results on different technology node to find whether our model can migrate

to lower technology node with reasonable accuracy.

4.1 Overview

With continuous scaling of CMOS device in deep-sub-micron technology, any delay
model is useful in STA only when it maintains it’s accuracy and validity with
technology scaling and PVT variation. In this chapter we show that our delay
model for setup time maintains it’s validity and accuracy at lower technology node.
We show our results using HSPICE simulations. We perform our analysis at 32nm

technology node.

4.1.1 Delay model Verification at 32nm Technology node

In this section, We verify the validity of our model and our observations regarding

it’s coeflicients and region of validity using HSPICE simulations at 32nm technology
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node?. Our linear delay model for setup time is given by:
Delay = KlTR + ch’l -+ K3 . (41)

We extract the model coefficients X7, K» and K3 using 32nm D-latch HSPICE
simulations. In Figure 4.1(a) we plot the setup time variation with the input
transition time at a given load capacitance. We show the variation of setup time
with load capacitance (C}) for a given input transition time in 4.1(b).

Figure 4.2(a) shows delay between D and I node Ty, versus input transition
time at a given load. Again our delay model perfectly fit with the simulation data
with in a lower limit ¢,4min and an upper limit ¢,,. In equation 4.1 ,it was observed
that the A is independent of D-latch size whereas K3 and K73 varies linearly with
- respectively. ‘

Figure 4.2(b), 4.3(a), 4.3(b) confirms these observations using HSPICE simu-
lations at 32nm technology node. '

Similarly, Figure 4.4(a), 4.4(b) and 4.4(c) shows the variations of t.;, AV, and
Vi respectively with D-latch size W,,. These plot verifies our observations 7-9, made
in section 3.4.

We have verified all the above observations at 32nm technology ndde and prove
that our linear delay model is equally valid at 32nm technology node and maintains

it’s accuracy.
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Chapter 5

Results and Conclusion

In chapter 3 we have provided the linear delay model for setup time and validate it.
In this chapter, we use the proposed delay model for characterization of standard

cell library and observe the saving in number of simulation and resources.

5.1 Overview

In pfevious chapﬁer, We derived and validated simple model for the setﬁp time.
We also showed that our linear model can be used to charactrize the setup time
for D-latch which relates setup time linearly with input transition time (¢,;,) and
load capacitance (C;) , if an upper limit is followed. As the aim of this thesis
work is to reduce the characterization effort and time for nanoscale standard cell
library with the process, voltage and temprature (PVT) variation, we use our delay
model for efficient generarion of LUT for library characterization. Sample library
consists of important sequential latches of various sizes. In this chapter, we show the
saving in number of simulation using our method to generate the LUT’s. finally we
compare the delay values obtained from- traditional LUT’s, our LUT’s and HSPICE

simulation for D-latches of various sizes.
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5.2 LUT using Dé_lay Model

We have explained in chapter 1 the look up table approach in STA for estimation
of setup time delay. For example, consider a LUT of 7x7 matrix. the number
of points in this LUT is 49. These points are generally obtained using HSPICE
simulation. Cufrently, Industry obtained setup tifn_e of all the points using HSPICE
simulation through the methodology described in 2.4.1 and we call this LUT as
traditional LUT. In optimized LUT or LUT using linear delay model, we make use
of the simple models derived in chapter 3 for points which are in region of validity as
described in section 3.4. However for the points where the delay model is not valid,
we use HSPICE simulations. For characterization using our method only requires
two HSPICE simulations and then delay model can be used to calculate setup time
for all the points in LUT which are within the region of validity. First, we will plot
the variation of setup time with transition time ¢,;,, and slope of this plot will give
us K7 and intercept gives us ks + K. Agaiﬁ we plot the variation of setup time with
load capacitance C; and slope of this will provide K, and intercept gives us K; + K3.
Using this two equatio}is, we can calculate values of K, K>, K3 for that parti(;ular
width of D-latch. for other sizes of latches, we can calculate K, K3, K3 values using
the observations 1-9 in chapter 3. The upper bound can also be calculate if we know
the ¢, for any width using the observations given by in chapter 3. So, we can predict
setup time through our delay model for any value of width within £,,. The points
outside the t,.b; requires HSPICE simulation. In the next section we enumerate the

saving in the number of points of LUT obtained using simulations.

5.3 Reduction in Number of Simulations

In this section, we use proposed linear delay model derived in chapter 3 during LUT
characterization for library generation. Hence the number of SPICE simulations

required to characterize a standard cell library decreases. In our library we have
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built the LUT for D-latch of various sizes. Table 5.1 shows saving in the SPICE

simulation for LUT generation For D-latch of various sizes.

Size 6x6 <7 8x8 9x9
Reference | 24 35 48 54
2 24 28 40 54
3 24 28 40 54
4 24 28 40 45
5 24 28 40 45

Table 5.1: Number of savings in HSPICE simulation while characterizing D-latch

library using our DM.

5.4 Accuracy of LUT generated using the model

In this section, we calculate setup time delay for D-latch of various size using the

model and it’s coefficients as derived in chapter 3. Then, we calculate the setup

time delay using HSPICE. Then we compare both setup time delay ,obtained using

our model and from SPICE simulation. Fig. 5.1 shows the comparison of both the

delays.

From 5.1 and 5.2, it clearly depicts that our setup time delay is very close to

the HSPICE delay.
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5.5 Conclusion and Future Work

We show that if an upper bound on input transition time. is followed, a simple
linear delay model is valid for all the D-latch of various sizes, which relate setup
time linearly with t,;, and load capacitance C;. We derive the region of validity
and delay model coefficients with D- latch size W, (For equal rise and fall time
transition) and simple relations which express t,, as a function of C; and W,. To
derive these relations we did not use device current/ capacitance model. We only
use the gate toi)ology and charging/discharging of the load stage. Therefore these
relations are \.ralid with technology scaling. We extend this work to 32nm technology
node.

Using these relations, we show that standard cell library characterization effort
can be significantly reduced. We show that standard cell library characterization
can be done with a significantly lesser number of simulations(66% reduction) while
maintaining accuracy. This is useful since numerous cycle of standard cell library
characterization would be needed at several PVT corners in deep-sub-micron tech-
nologies due to PVT variation. We can generate the accuracy of the LUT using
this linear delay model. We don’t need to calculate the setup time delay in region
of validity. So, we can calculate setup time using SPICE simulation in the region
where the delay is highly non-linear function of (¢,4,,C;) and our model gets failed.
So more number of points in LUT increases the accuracy of the LUT.

As s future work, we would extend the relationship for D-latch setup time having
clock skew and also for hold time to characterize sequential standard cell in standard

cell library characterization.
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Figure 5.1: (a) Comparision of setup time using proposed delay model and HSPICE

simulation for W, /W, = 1.5/1 for varying ¢, (b)Comparision of setup time using

proposed delay model and HSPICE simulation for W,/W,=3/2 for varying t,;, (c)

Comparision of setup time using proposed delay model and HSPICE simulation for
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Appendix A

Layout of D-Latch

In this chapter, we include layouts of D-latch for various width. We first make layout
for minimum size width of latch and then use fingering to increase the width. We

make layout in CADENCE VIRTUOSO LAYOUT EDITOR version 6.1.3.

A.1 Sequence of Layouts

e Layout of minimum sized D-latch:

Layout of 2* minimum sized D-latch:

Layout of 3* minimum sized D-latch:

Layout of 4* minimum sized D-latch:

Layout of 5* minimum sized D-latch:

03
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Appendix

Figure A.2: Layout of 2*minimum sized D-latch.
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Appendix

latch.

d D

minimum size

Figure A.3: Layout of 3*

Figure A.4: Layout of 4*minimum sized D-latch.
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Figure A.5: Layout of 5*minimum sized D-latch.

56



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Bibliography
	References
	Appendix

