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ABSTRACT

This paper details the design and implementation of a new type of semiconductor
parametric ring oscillator used to predict the speed of a device. The new oscillator, " A
Critical Path Based Parametric Ring Oscillator," represents the acmal critical path of a
device. The concept behind the critical path based oscillator, along with the design and
development process, are presented. The oscillator was implemented in a complex
microprocessor using an advanced CMOS process. Using the new oscillator, the speed of
a device can be modeled more accurately, thus leading to better material planning and
also improvements to yield analysis.
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CHAPTER 1
INTRODUCTION

In the semiconductor industry it is very difficult, if not impossible, to fabricate
complex Integrated Circuits (IC's) that are designed to have specific characteristics. The
characteristics of fabricated IC's always vary over a certain range. This range is
dependent on various factors including the design and the process. In the competitive
semiconductor market, it is a great advantage to be able to predict the characteristics ofa
device accurately in the early stages ofthe fabrication process. A typical IC fabrication
cycle can take anywhere from 10 to 20 weeks. By being able to predict the performance
at an early stage, which can be as early as 6 to 7 weeks before the final chip comes out,
material movement and scrap can be better planned and controlled. Scrap are those
wafers which will not meet the final performance requirements and there is no reason to
continue processing. By better planning, operating costs can be reduced leading to an
increase in the profit margins.
One ofthe most important characteristics of an IC in modem semiconductor
products is its speed. When a new product is developed a lot of time is spent on modeling
its speed characteristics. The job of speed modeling becomes even more complicated if
the product is developed using a brand new process technology. Many tools exist to
characterize the speed ofa device. One ofthe most widely used tools in device speed
characterization is the ring oscillator. Dramatic increases in the speeds at which devices
operate have prompted a need to measure ring-oscillator circuits as part ofthe parametric

test. Ring oscillators validate the operating frequencies of high-speed, smaller-geometry
processes. A basic ring oscillator has an odd number of inverters connected in a loop. An
odd number of stages must be used to provide the correct polarity of feedback for
oscillation. An inverter is one ofthe simplest circuits of any design and consists of one ntype and p-type transistor. The speed of an IC can be esfimated by measuring the
frequency of oscillafion ofthe ring oscillator.
The frequency ofthe ring oscillator is determined by the process, material and
geometry ofthe ring oscillator. The frequency ofthe ring oscillator is measured at the
output pin by applying a reset pulse. Ring oscillator stmctures can be added to each
wafer, and by measuring the frequency of these stmctures; the speed ofthe device can be
characterized on a lot-by-lot basis.
Though the basic ring oscillator gives good information about the speed ofthe
material it gives only a partial picture of what is happening in the circuit. The difference
between the circuit speed and material speed becomes very important when the device
uses a state machine. Also the basic ring oscillator is not accurate across all process
comers. If a ring oscillator is made that tries to mimic what is happening in the circuit, it
can better predict the speed of a device.
For devices having sequential logic or state machines the speed ofthe device can
be related to the time it takes for state transitions. A state transition can be tied to the
signal that takes the longest to arrive. A signal traveling through a certain path takes
longer to reach the destination than any other signal in the circuit. The path that takes the
longest to traverse is called the "critical path." The critical path of a device dictates the

maximum operating frequency ofthe device. So an accurate speed model which spans
over process comers and operating points may, possibly, be obtained by determining the
critical path ofthe device and then incorporafing it into the oscillator structure.
A theoretical design for a critical path based ring oscillator, which incorporates
the actual, or a close representation ofthe acmal, critical path of a device has been
developed [1]. The goal of this thesis is to improve the design to make it feasible for
implementation, then implement and verify the design. The structure is placed in the
scribe lines ofthe wafer.
This report consists of six chapters.
Chapter II and Chapter III give an insight into the cause of delay ofa circuit and
how it can be measured and used to predict the frequency.
Chapter IV details what a critical path based parametric ring oscillator is and how
it is designed.
Chapter V describes the implementation ofthe critical path based parametric ring
oscillator.
Chapter VI provides the conclusions and fiiture work.

CHAPTER 2
UNDERSTANDING DELAY/SPEED OF A DESIGN

To understand the speed of any circuit or design, for example a microprocessor, it
is necessary to understand the basic components upon which it depends. Speed of a
circuit is nothing but the inverse ofthe propagation delay that is involved. Propagation
delay of a circuit is the sum ofthe propagation delays of its individual components. The
individual components, finally, involve transistors and the interconnections between
them. This chapter explains what propagation delay is and explains how delay arises in
transistors and interconnect lines.

2.1 Propagation Delay
The speed at which signals can be transferred through physical medium depends
on various physical phenomena, such as resistance and capacitance of that medium. As
signals travel at finite speed, they take a finite time to travel, so there exists a delay from
the point of origin to the point of destination. For example, delay exists for a logic gate
between a signal change, from 0 to 1, on the device's input, and the resulting signal
change appearing at the device's output. This is referred to as the propagation delay time.
Propagation delay is dependent on the technology used and is one ofthe basic
performance parameters of a design. The speed of operation of any circuit depends on its
propagation delay, which in tum depends on various physical factors. As all the circuits
are implemented using physical logic gates, a logic gate imposes various technologydependent delays on the signals passing through the gate and its input/output lines. The

cause of delay in a gate, which is built using transistors, is due to the inherent delay that
exists in any transistor because of various parasifics associated with it. Propagation delay
also depends on the metal interconnect RC delay. So the total delay is the sum of metal
RC delay and delay due to logic gates. With the continual shrinking of device sizes the
delay due to logic gates, which depends on the parasitic capacitance is decreasing and the
delay due to interconnect is becoming the major component ofthe total propagation
delay.

2.2 MOS Transistor and Parasitics
It is well known in engineering that complex construction without a strong
understanding ofthe underlying building blocks is a sure road to failure. So to be able to
understand the propagation delay ofa complex circuit, it is important to understand the
delay that exists in the basic building block, which is the Metal Oxide Semiconductor
(MOS) transistor. A MOS stmcture is formed, by superimposing several layers of
conducting, insulating and transistor forming materials. These structures are formed by a
series of chemical processing steps. Without going into details, these steps can be broadly
classified as oxidation ofthe silicon, diffusion of impurities into the silicon to give it
certain conduction characteristics and deposition and etching of metal on the silicon to
provide interconnection in a similar way as is done for a printed circuit board. There
exists electrical interaction between these materials, which leads to parasitic capacitances.
Though these capacitances are not intentionally designed they always exist. Though it is
possible to minimize these parasitics, it is impossible to eliminate them. Various parasitic
capacitances that exist in a MOS transistor are shown in the Fig. 2.1.
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Fig. 2.1 Parasitic Capacitances ofa MOS Transistor

The gate capacitance is composed of three components. This includes the MOS
structure capacitance, Cos and CGD, (due to the overlap ofthe gate with source and drain.)
The channel/substrate capacitance, CQB, arises from the oxide barrier between the gate
contact made of polysilicon (poly) and the channel or substrate ofthe device. This can be
better understood from Fig. 2.2.
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Fig. 2.2 Gate Capacitance of MOS Transistor

As the overlap capacitance is much smaller than the chaimel capacitance, gate
capacitance essentially consists of channel capacitance. The capacitance CGB is like a
parallel plate capacitor and its value is given by
(2.1)

CGC = (Cox)(W)(L)

where W is the width ofthe gate/channel, L is the length ofthe gate/channel, and Cox is
the capacitance density ofthe gate oxide. Cox is a derived quantity based on the thickness
ofthe oxide, as well as the material characteristics.
The other two capacitances are the junction capacitances which arise due to the
reverse-biased source-body and drain body pn-junctions. The depletion-region
capacitance is nonlinear and decreases when the reverse bias is raised. The junction
capacitance (also called diffusion capacitance) consists of two components the bottom
plate junction capacitance and the side wall junction capacitance. This can be clearly seen
in Fig. 2.3.
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Fig. 2.3 Junction Capacitance of MOS Transistor

The capacitance for the bottom plate junction, which is formed by the
source/juncfion region and the substrate, is given by
Cbottom = Cj WLs

(2.2)

where Cj is the junction capacitance per unit area. The side-wall junction capacitance,
which is formed by the source/junction region and the p+ channel stop, is given by
Csw= Cjsw(W + 2xLs)

(2.3)

where Cjsw is the capacitance per unit perimeter and is given by
^jsw — ^ jswXj

(2.4)

Xj being the junction depth which is a technology parameter.
The total junction capacitance (Cj) is therefore the sum of bottom and side-wall
capacitance. As indicated earlier, the junction capacitance depends on the operating point
also. The applied voltage dependent Cj is given by

^ ' ~

V

(2-5)

where Cjo is the junction capacitance density, A is the junction area, Vp is the applied
voltage, OB is the barrier potential of the junction and n is a constant based on the type of
junction. Cjo, OB, A, and n are all determined by the process and the design. Vp is based
on the operating point ofthe device.
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2.3 Metal Interconnect Delay
In the past, delay due to on-chip interconnect wires was considered to be
insignificant compared to overall delay ofthe device. But, after the introduction of deep
sub-micron semiconductor device technologies, this picture has completely changed. The
parasitic effects introduced by the wires display a scaling behavior that differs from the
active devices such as transistors, and tend to gain in importance as device dimensions
are reduced and circuit speed is increased. Metal interconnect delay becomes even more
important with the technology improvements to make the production of ever larger die
sizes thus increasing the average length of interconnect wires.
The parameters for metal interconnect are resistance, capacitance and inductance.
Generally, inductance is very small and can be neglected for delay analysis. A better feel
for how these parameters come into play can be seen in Fig. 2.4 which shows how a
schematic is actually implemented.
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Fig. 2.4 Physical Implementation of Interconnects

When a design is complex and the real estate is limited, one layer of metal will
not be sufficient to make all the connections. So depending on the design several metal
layers are used. So the metal RC time constant can be due to the metal lines being
adjacent to each other or because they are stacked on top of each other. This can be seen
in the typical layout orientation in Fig. 2.5. In reality, the layout can be more complex
which can lead to even more interaction between the metal wires.

(b)

(a)

Fig. 2.5 Metal Interconnect Lines (a) in the Same Layer, and
(b) in Adjacent Layers.
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CHAPTER 3
SPEED PREDICTION TECHNIQUES

After understanding the basic reason for a delay in any circuit, it is necessary to
understand how the overall speed ofa design, depends on these basic components and
how the speed can be predicted before it is completely manufactured. The delay due to
some parasitics can be measured by measuring the delay of basic logic gates. Since an
inverter is a basic logic gate for any technology, the propagation delay of an inverter is a
fimdamental parameter of any technology. This chapter provides details on the delay of
an inverter, how a ring oscillator can be used to measure this delay and about various
kinds of ring oscillators that are employed to predict the speed ofa microprocessor.

3.1 Delay of a MOS Transistor
In the previous chapter, various parasitic capacitances ofa MOS transistor were
described. Ideally a MOS transistor should behave like a switch, but all real transistors
have a resistance when they are in the on state. This on resistance is one ofthe basic
figures of merit of a FET and can be approximated by (VDD/IDMAX)- The parasitic
capacitance ofthe FET depends on the way the FET is used but it is typically
approximated as ( CQ + Co). Then the time constant, which determines the delay, is
given by

TFET = (VDD/IDMAX)*(CG + Co)

11
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3.2 Delay of an Inverter
The delay of an inverter is measured between the 50% points ofthe input and
output waveforms. The delay time between the input and output is the average ofthe
high-to-low propagation delay and the low-to-high propagation delay. This can be clearly
seen from Fig. 3.1.
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Fig 3.1 Propagation Delay of an Inverter

The delay of inverter can be approximated by representing the inverter by two
switches, one each for the nmos and pmos transistors, having an effective ON resistance
of RN and Rp, as shown in Fig. 3.2.
Then the delay is given by
(3.2)

t = (ti +12)/2

where ti = RpCo * In {(VH - VO)AVH} and tj = RCG In(VoA^H) and RN, RP and Co are
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given by
R N,P

(3.3)

'N,P

W,,P*K,^,*(V„-V,)

Ca=(C„, *W,*L,) + {C„^*W, "L,)

(3.4)

'DD

Co

Fig 3.2 Switching of an Inverter

These expressions are explained later in Chapter 4. Generally, to optimize the
performance, ti and Xj are designed to be equal.

3.3 Ring Oscillator -Basics
The delay of an inverter can be measured by using a simple ring oscillator
structure. Ring oscillators are used for a variety of purposes, like measuring parasitics,
thermal monitoring, calculating the length ofa wire etc. This is done by changing the
path that is included in the ring.
A ring oscillator is formed by connecting an odd number of inverters in a
feedback loop as shown in Fig. 3.3. The principle of operation ofthe ring oscillator can
be seen from Fig. 3.4.
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Fig. 3.3 Basic Ring Oscillator Stmcture
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Fig. 3.4 Operation ofa Ring Oscillator

Fig 3.4 shows the waveforms obtained at the outputs ofthe three inverters. The
rising edge at node 1 propagates though gates 1, 2 and 3 to retum inverted after a delay of
3tp. This falling edge then propagates, and retums with the original (rising) polarity after
another 3tp interval. It is evident that the circuit has a period of 6tp or it oscillates with
frequency l/6tp. This can be generalized for a ring oscillator with N inverters. An N
inverter ring oscillator has a period of 2Ntp and oscillates with afrequencyof l/2Ntp.
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3.4 Operation of SRAM
One ofthe main components of any microprocessor is the dense Static Random
Access Memory (SRAM) array and it is a main contributor to the critical path ofa
microprocessor. Reducing the access time of these arrays, which in modem VLSI designs
are 1 megabyte and up, is a big task.
These arrays consist of individual bitcells connected in rows and columns. A
typical bitcell schematic is shown in Fig. 3.5.
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Fig. 3.5 SRAM Bitcell Schematic
A particular bitcell is selected by using row and column address decoders as
shown in Fig. 3.6. A row decode line (wordline) selects the entire row and a column
decode line (bitline) selects the entire column. Wordline and bitline together select one
bitcell ofthe entire array. Sense amplifiers are used to reduce the read time ofthe array,
this will be discussed in later chapters.
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Fig. 3.6 Accessing a Particular Bitcell of an SRAM
Depending on the physical location ofthe bitcell, different bits have different
access time. A bit that is physically close to a row decoder and a column decoder will
have less access time simply because the signal must travel a shorter distance than a cell
which is farther from row and column decoders. Though the difference in access time is
typically less than a millisecond, it is a significant difference, in present day VLSI
designs because ofthe high clock speeds.
More important for this discussion, the propagation delay ofthe SRAM read/write
operation presents a mixture of complex delay regimes. Depending on the particular
circuit characteristics, the delay can be categorized into three broad categories: gate
dominated delay, junction dominated delay, and metal RC delay. For the row decoder
line or the wordline, the delay is dominated by the FET gate delay and metal RC delay.
For the column decoder line or the bitline the delay is dominated by the FET junction
delay and metal RC delay. Since a signal should travel through both, wordline and
16

bitline, for any read/write operation, modeling the overall SRAM delay in a test circuit is
complicated.

3.5 Parametric Ring Oscillator
A ring oscillator oscillates once power is applied and there is sufficient noise to
start the oscillations. If there is no start pulse the ring oscillator will take some time to
reach a measurable, stable state. To reduce the settling time and begin stable oscillations
immediately, a start pulse is applied to the oscillator. This, for example, can be done
using a AND gate as shown in Fig. 3.7.

i-{>o—[>wK>°

0

-'out

enable

Fig. 3.7 Start Circuit for a Ring Oscillator

The oscillations can then be measured at the output ofthe last gate. By varying
the length ofthe interconnect in the feedback path, it is possible to control the dominant
delay regime. Longer interconnects lead to a metal RC dominated oscillator and shorter
interconnect leads to gate and junction dominated oscillators.

3.6 Speed Prediction Techniques
Speed prediction and characterization techniques are used extensively in modem
semiconductor products. Speed prediction and distribution information is particularly
17

important to the microprocessor industry for both yield enhancement and business
planning. Many methods for accurate prediction of device speed versus process
parameters using parametric ring oscillators have been proposed.
To model the device speed, empirical data is collected from a large number of
wafers for each ring oscillator designed to emulate the three basic delay regimes. From
this empirical data a "best fit" ring oscillator is chosen. To find out how well this "best
fit" holds up across all process comers and operating points, further analysis is done.
From this data one ring oscillator is chosen which is "best" to predict the speed across all
process comers and operating points. Table 3.1 (reproduced from Mehta et al. [2]) shows
the results of such an analysis performed on a 0.25um, 5 metal layer CMOS
microprocessor.
Table 3.1 R-square analysis of oscillator vs. package-test frequency for a
superscalar microprocessor
On-Chip Circuits
Ring-oscillator - Interconnect-dominated
Ring-oscillator - Gate-dominated
Ring-oscillator - Junction-dominated
Transistor - N-channel
Transistor - P-channel

Split Lot
R-square
0.80
0.39
0.22
0.10
0.15

Even though a R-square correlation of 0.8 is acceptable, it is not good enough.
Given the complex interactions of various delay regimes ofa microprocessor, it is not
possible to accurately predict the device speed using any one type of oscillator. Also the
increasing complexity of microprocessors, both in the transistor count and number of
metal layers, only makes these simple oscillators used to predict the speed less and less
reliable.
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CHAPTER 4
A CRITICAL PATH BASED PARAMETRIC RING OSCILLATOR

Chapters 2 and 3 discussed the causes of delay. The delay associated wdth logic
gates and how to measure the delay using test stmctures, like a ring oscillator, was also
discussed. By varying the feedback path of a ring oscillator, different characteristics can
be studied. So by including the critical path of a device in the ring oscillator, the speed of
the device may be determined. This chapter briefly discusses the design ofthe basic ring
oscillator and how it is extended to a critical path based parametric ring oscillator. It
should be noted here that the actual design has already been done and the details ofthe
design are given in [1]. This project is implementing the design on silicon and physically
verifying the design.

4.1 Design ofthe Inverter
The first step in designing a ring oscillator, which consists of an odd number of
inverter stages, is to design a single inverter stage. An inverter, as already mentioned in
chapter 3, can be considered equivalent to a pair of digital switches as in Fig 4.1. The
switches mimic the pmos and nmos transistors with resistance Rp and RN, which is the
effective ON resistance of each transistor and CG is the gate capacitance ofthe transistors.
The inverter delay depends on the rising time constant and falling time constant. These
can be calculated by calculating the charging time constant ofthe gate capacitor through
the pmos resistor and discharging time constant through the nmos resistor. For optimal
performance a good design will have both these time constants equal.
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Fig. 4.1 Sv^tching of an Inverter
The values of CG, RP,N are given by
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(4.1)

(4.2)

where W, L are the length and width ofthe p and n transistors. Cox is the capacitance
density ofthe gate oxide, K is the transconductance, VH is the power supply voltage, and
VT is the threshold voltage.
The expressions for the time constants is given by
T

=R

*C

(4.3)

The delay ofa circuit depends on the time constants which are given by
r = -/?,Cc*ln(^^i—^)

(4.4)

H

t=

-R,C^*H-^)
H
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(4.5)

The value of TLH can be obtained from equation 4.4 by replacing VQ with VL and
similarly the value of THL can be obtained from equation 4.5.
Equations 4.4 and 4.5 show that the delay time depends on the power supply voltage
used. It can be shown that the delay changes as much as 66% by varying the supply
voltage from 1.4V to 3.3V [1 J.

4.2 Ring Oscillator
For a ring oscillator designed with N stages, the total propagation delay is
given by
TT = N * ( T L H + THL).

(4.6)

And the frequency of oscillation can be calculated using the total delay as

/ =^

•

(4.7)

Once the basic ring oscillator has been designed more elements can be added to the
feedback loop to determine their effects. Common elements seen in ICs can be modeled
as additional resistance and capacitance added to the feedback path. To model the
distributed nature of long metal interconnects a series of RC pairs can be used. The row
and column elements can also be modeled as RC pairs [1].
Care should be taken in regard to the number elements being included as more
elements - increase the leakage current and lower the value of leakage resistance. The
value of leakage resistance should always be higher than a critical value to keep the drop
across it higher than the threshold voltage ofthe inverter. This leakage resistor cannot be
21

made too large since this reduces the noise current that is present in the oscillator which
is very important to start the oscillations, if there is no start pulse being used.
This startup problem had been overcome by using a NAND gate as shown in
Fig. 4.2.
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Fig. 4.2 Start Circuit for the Ring Oscillator

One more thing to note here is that when a large number of gates, as is the case for
this project, are included in the feedback path, the inverters must be designed to be able
to drive such a large load. While cascading the inverters optimal sizing ofthe inverters
should be used to minimize the propagation delay involved in the inverters.
So the choice ofthe feedback path is the key element in designing a ring oscillator
for parametric measurements. Different combinations of capacitance, resistance, and
active elements can give different levels of information about process and design.
However care should be taken to not include a feedback path that will make the ring
oscillator not operate.

22

4.3 Critical Path Based Oscillator
One ofthe main reasons conventional ring oscillators cannot accurately predict
device frequency, in this case the final test frequency of a microprocessor, is because the
ring oscillator does not have the circuit characteristics ofthe microprocessor. By
including some circuit characteristics ofthe microprocessor, it may be possible to predict
the device frequency more accurately. A microprocessor consists of a large number of
components and its operation has very large number of paths. The speed ofa
microprocessor depends on the slowest of these paths, i.e the critical paths. The circuit
that is involved in the critical path is the one that determines the speed ofthe
microprocessor.
For a microprocessor, the read/write ofthe onboard SRAM arrays is most
commonly the bottleneck for performance. So, in this case, critical paths most commonly
involve the onboard SRAM arrays. Worst case delay for accessing a bitcell involves
traversing a whole row and a column. A critical path includes some other logic at the
beginning and at the end ofthe array. Fig. 4.3 shows the block diagram ofthe proposed
critical path ring oscillator. The basic principle of operation of this ring oscillator is the
same as was discussed earlier in this chapter.

I-

1 Row of SRAM

1 Column of SRAM —

Additional Logic

Fig. 4.3 Block Diagram ofa Critical Path Based Parametric
Ring Oscillator
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A rigorous analysis ofthe circuit described above can be done using powerfiil
simulation tools like SPICE. Simulation and verification ofa design before it is
implemented is very important as it can save a lot of time and money in development and
testing costs. For this case, the design was tested over a wide range of temperature,
operating points and process variation to prove that it works across all these comers [1].
This oscillator was also found to be distinct from its predecessors and has shown that it
can better predict the final test frequency, based on simulation results [1 J. Also, as the
oscillator does not depend on only one delay regime, but actually takes all the delay
regimes and interaction between those regimes into account, only one test needs to be
done instead ofthe multiple tests that are done today. Also, as there is only one oscillator
to be correlated to the final test frequency, the job of speed modeling can be greatly
reduced. Given the feasibility ofthe design and the various advantages a critical path
based parametric ring oscillator has, it is a worthy effort to implement the design on
silicon and prove its validity. This step is necessary before it can be implemented on
on-chip circuitry.
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CHAPTER 5
IMPLEMENTATION AND VERIFICATION

Layout design is the next step, after completing circuit design, to physically build
a device. To physically build a device, a semiconductor material, like silicon is subjected
to various processing steps in which impurities and other material layers with specific
geometric pattems are added. These steps are sequenced to form three-dimensional
regions that act as discrete circuit elements. The interconnection between these elements
is done using patterned low-resistance materials. So an integrated circuit is a set of
patterned layers which are stacked to form three-dimensional objects that fijnction
electrically as devices or interconnects. A physical design or a layout design is the
translation ofa circuit schematic into a set of pattemed layers. To understand the layout
design, it is necessary to know how these pattems are transferred on to silicon for the
specific fabrication technology, which, for this project is CMOS technology. A brief
overview of these two is given below.

5.1 Pattem Transfer
Using a photomask to pattem layers of materials is the most critical part in IC
manufacturing. A photomask is generated from the pattems drawn using a layout editor
(viz. IC station). Transferring pattems on to silicon is done using a process called
lithography. This process is represented in Fig. 5.1, which shows patteming an Si02
layer. The layer is first coated with a light-sensitive material called photoresist. The
photresist is then exposed to light through a photomask. The photoresist is then
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developed to expose the layer beneath the exposed photoresist. Etching removes the
exposed layer and then stripping the photoresist leaves a pattemed layer.
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Fig. 5.1 Patteming ofa Layer
5.2 CMOS Fabrication Technology
A typical semiconductor fabrication process, using CMOS technology, starts with
the growth of p-type epitaxial silicon substrate, on one side ofa silicon wafer. An N-well
is then formed, as p-type transistors reside in an n-type substrate. Due to very high
transistor density in VLSI design, it is important to electrically isolate each device. This
is done by defining an active region, where the devices are going to be formed, and
surrounding it with a thick field oxide. Gate oxide is then grown over the active region.
Depositing and patteming polysilicon next defines all the transistor gates. Applying and
patteming photoresist to cover all the locations but the p+ and n+ regions, then forms the
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source/drain regions ofthe transistors. After defining tiie transistors they are
interconnected by growing a CVD (chemical vapor deposition) oxide, patteming metal 1active and metal 1-poly electrical connections, and patteming metal 1 layer. Depending on
the complexity ofthe design, several metal layers are used. Each metal layer is formed b\
a series of CVD oxide growth, via formation and metal patteming. After patteming ofthe
top metal layer is finished, the circmt is passivated using overglass. Electrical contacts to
the outside world are made using pad openings.
From the above discussion, various kinds of pattems are required to build the
circuit. Fig. 5.2 shows the basic steps for the layout of an inverter.
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5.3 Design Rules
When designing these pattems, a set of design rules has to be followed to ensure
proper fimctioning ofthe resulting device, fabricated using a given process. Design rules
are a set of guidelines that specify the minimum dimensions and spacing allowed in a
layout drawing. They are imposed because ofthe constraints involved in the fabrication
process. Limitations of lithography give rise to several of these design rules. These mles
are strongly dependent on the equipment used. So these are technology dependent rules.
These rules involve specification ofthe minimum dimensions, spacing, overlap, surround
and overhang ofa layer. These rules are graphically represented for each technology. A
typical rule set is shoyvn in Fig 5.3.
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5.4 Design Structure
The true power of an IC design comes from a large number of transistors being
wired together. As an IC may involve millions of transistors, it is not possible to hand
draw all these transistors. But, all complicated designs have regularity and the whole
system can be constructed using basic gates and modules. Because of this, digital chip
design is intrinsically structured using a hierarchical approach. All the cells need not be
custom designed. The same design stmcture has been used for this project, which has
approximately 20,000 transistors. The design has cells that are fiilly custom, completely
library based and some that are custom designed and also have library cells.

5.5 Padframe
Bonding pads are large metal regions that allow wiring between the silicon and
the outside world. These pads are generally ordered as pad frames which have pads
placed equidistant from each other. The scribe lines that exist between the dies on a wafer
have a bunch of these padframes, to be used by the test stmctures placed in the scribe
lines. The dimensions of a padframe are standard and cannot be changed by the layout
designer. For this project a 20x1 padframe was used and the whole design was fit into the
padframe.

5.6 Floorplan
The floorplan of a chip shows the placement and area consumption ofthe major
blocks ofa design. Floorplan is done at the beginning of a design. It involves identifying
all major blocks and the interconnect requirements. Space for routing of signals between
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file blocks, depends, on the number of signals and the blocks to which the signals are
routed. Some ofthe major signals that are usually forgotten during the initial floorplan
are the power signals (VDD and Ground). Initial real estate allocations are based on tiie
complexity of blocks, limitations of fabrication technology, and past experience. Actually
the placement and the size/shape of cells are adjusted as needed as the design evolves.
The floorplan is important at all levels. At the system level, the distance between
fimctional blocks determines the performance ofthe chip. For cell design, it is often
based on satisfying the electrical specifications and using the minimum amount of real
estate.
For this project the layout was divided into 10 major blocks as shown in
Fig. 5.4. The approximate size of each of these blocks was calculated and these blocks
were arranged in such a way that it was possible to incorporate all the cells within the
pads as in Fig 5.4. Actually, not all the area ofthe pad can be used, as some area is
needed to make metal2 to metal3 contact ofthe pad. The layout ofthe whole design is
shown in Fig. 5.5.
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Fig. 5.4 Floorplan ofthe Design
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Fig. 5.5 Layout ofthe Critical Path Oscillator
A brief description of each of these blocks is given below.

5.7 Divide-bv-1024
A divide-by-2 layout was taken from the actual microprocessor layout and was
replicated 10 times to get the divide-by-1024. The block diagram of divide-by-1024 is
shown in Fig. 5.6. To be able to take readings at metal3, the entire metal3 layer that was
present in the original divide-by-2 layout was removed and the corresponding
interconnects were made using metal 1 and metal2. As the output ofthe divide-by-1024
needs to drive an output pad, four drive inverters were used to drive the output pad as
shoyvn in Fig. 5.7.
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Fig. 5.6 Block Diagram of Divide by 1024
31

IN

The design of these inverters, which are in a cascade, is done such that the propagation
delay is minimum. This was achieved by increasing the size ofthe inverters by a factor of
e as shown in Fig. 5.8. The acttial layout of these inverters is shovm in Fig. 5.9.
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Fig. 5.9 Layout of Cascade of Inverters Driving a Large Load
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5.8 Inverters
The three inverters that belong to the basic ring oscillator are designed in this
block. This block was completely custom designed. The W/L values were chosen to be,
the typical W/L values ofthe inverters used in the actual microprocessor.

5.9 Start and Driver
As discussed in Chapter 2, to be able to start measuring the oscillations
immediately, a start-up mechanism is needed, which yvdll force the ring oscillator into a
particular state and not have an effect once the oscillations start. This was achieved by
using a NAND gate and an inverter as shown in Fig. 5.10. Power On Reset (POR) is the
signal that is used to jump start the ring oscillator. It will be held high, which makes the
nand gate an inverter, all the time except during the start pulse. As these two gates have
to drive the whole circuit, the W/L value for these gates is very large. Gates like these,
which have large W/L ratios, are implemented using several parallel gates with smaller
W/L ratios, to be able to fit into a particular size/shape ofthe available area. This is
shown in Fig. 5.11 (a) and Fig. 5.11 (b). The layout of POR is shown in Fig. 5.12.

Fig. 5.10 Start and Driver Circmt
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Fig. 5.11 Gates With Large W/L (a) hiverter (b) NAND

Fig. 5.12 Layout of Start and Driver Circuit
5.10 Sense Amplifier and Associated Circuitry
A sense amplifier is an essential part of any RAM array. It is used to greatly
reduce the access time ofthe RAM array. Once a bit cell is selected it takes a long time
for the bitiine^itiine* (bitline* is the inverse of bitiine) voltage to increase/decrease to a
voltage level corresponding to logic 1/0. This time can be reduced by using a sense
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amplifier which senses the differential voltage between bitline(bl) and bitiine* (bl*) and
amplifies it to the rails. This is shown in Fig. 5.13.

V(0) = 0
Word line
activated

Sense amplifier
activated

Fig. 5.13 Operation ofa Sense Amplifier to Reduce the Time
Needed to Build-up Bitline Voltage.

The timing for the sense amplifier (i.e., when to start detecting the differential
voltage) is very important for the sense amplifier to fimction correctly. Row and column
decoders generate the timing signal, which enables the sense amplifier, in an acmal
microprocessor. Implementing row and column decoders in the ring oscillator is not
possible due to the complexity involved. But by using a dummy column and reading
more than one bitcell hard-coded (or programmed) to read zero (this builds up the voltage
of bitiine faster) a timing signal is generated that is similar to the timing signal generated
using row and column decoders. The number of bitcells that need to be programmed to 0,
to generate the same effect can be found from simulation data. A typical sense amplifier
is shown in Fig 5.14.
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Fig. 5.14 Circuit Schematic ofa Sense Amplifier
When a sense amplifier is used, the differential voltage between the inputs of
sense amplifier should be made zero, when sense amplifier is not enabled. For this
purpose a charge equalizer is always used along with the sense amplifier. The main
purpose ofthe equalizer is to remove any differential voltage that might be present at the
differential inputs ofthe sense amplifier. The sense amplifier inputs are precharged to
half VDD, when it is not enabled using the precharge circuitry shown in Fig. 5.14.
The sense amplifier layout was also extracted from the original microprocessor
layout. But as this design involves a large number of transistors and the length of column
cells limits the area available, metal3 and metal4 were used in the original layout. Since
the objective is to measure the frequency ofthe ring oscillator early in the fabrication
process, h is important to remove as many metal layers as possible. From careful analysis
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ofthe layout h was possible to remove metal3 and metal4 from the original layout and
implement the sense amplifier using metal 1 and metal2.

5.11 Sense Amplifier Control
The sense amplifier control block is used to provide proper timing for the sense
amplifier. As discussed earlier, in the microprocessor itself a row decoder and column
decoder are used to time the sense amplifier. This control block uses wordline enable and
bitiine timing for generating the sense amplifier enable, equalizer and precharge disable
signals. It also routes the bitline signal to the sense amplifier input when the bitiine
timing is enabled.

5.12 PROGO
The PROGO block consists of two rows of 8 bitcells that can be programmed to 0.
From the simulation data, the number of bitcells programmed to 0 needed to generate a
timing signal was found to be 4. But, since the operation ofthe SRAM is critically
dependent on this timing, a programmability feature was developed, to change the
number of bitcells programmed to 0 (progO cells) that are used in the dummy column.
The programmability feature allows 0 to 8 progO cells in the dummy column. The range
of interest is 4x to 8x though. By varying the number of progO cells in the timing column,
the differential input seen by the sense amplifier varies. The programmability feature was
obtained by having the wordline and ground rails adjacent to each other and by being
able to connect any of these progO cells to either wordline or ground just by moving an
edge ofa metal layer. The layout ofthe PROGO block is shown in Fig. 5.15.
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Fig. 5.15 Layout of PROGO Block
The schematic ofa progO cell, which always reads zero, is shown in Fig. 5.16.

Fig. 5.16 Schematic ofa Bitcell that is Hardcoded to Read 0 (PROGO Cell)
One ofthe aims of this project was to keep the layout as close as possible to the
original layout. For this reason attempts to layout the schematic in Fig. 5.16 in the same
area as that of a bitcell were made. But it was not possible to layout tiie above schematic
in the given area, so an altemate schematic as shown in Fig. 5.17 was tiiought of which is
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fimctionally the same as that of Fig. 5.16. To implement this circuit only one ofthe
metal 1 edges ofthe original bitcell layout needed to be moved.
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Fig. 5.17 Altemate Schematic ofthe PROGO Cell

5.13 ROW
The Row block was replicated infromthe original SRAM arrays. Instead of using
just one row four rows were used. Two of them act as sacrificial rows, as the features of
the end elements may not be uniform. Since the SRAM array is built using a 2x2 bitcell
base cell, for simplicity four rows were used. The total number of bitcells in the row is
320.
5.14 COLUMN
A column cell was also replicated from the original SRAM array. Here four
columns are used. Two are for the sacrificial end columns, one for the timing and one for
the critical path. The total number of bitcells in a column cell is 256.
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5.15 Design Rule checking
Design rule checking was done at all levels ofthe layout design. It is impossible
to make a design rule check after laying out the whole design, as the number of design
rule errors are enormous by then. Design rule checks, needs to be done after including
any new element or after making any form of change to the previous layout.
The layout tool used for this project was Mentor Graphics, IC Station. As design
rules used for the design ofthe microprocessor are very aggressive (pushing the edge)
and are state ofthe art, these were not yet integrated into the layout tool, at the place
where layout was done. So to be able to perform the design rule check the layout was
yvritten into a text format, called a LAFF format, and then the design rule check scripts
were run on this text file.
It is worth mentioning that different tools have different ways of storing the same
information. The original layout is in Cadence L-Edit and uses a GDSII database. To
import the layout from this to IC Station, first the cell information is streamed-out from
the Cadence L-Edit to a GDSII text file. Then the GDSII format is converted into the
LAFF format. As IC Station works with a database in a specific format, this LAFF text
file is converted into the IC Station database format. After making any kind of edits, to
run the DRC, first the LAFF format file is created from the IC Station database and then
the DRC scripts are run on this text file.
What makes matters even worse is that, an SRAM design need not pass all the
design rule checks. This is intentionally done to achieve higher SRAM density at the cost
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of lower yield. So when designing any thing similar to a bitcell, it is necessary to know
which rules can be violated.
The design rule check was done during the design of all the blocks and was also
done after putting all the blocks together. A total of 203 design rules were checked.

5.16 Electrical Rule Checking (ERC)
Having a layout design pass a design rule check is not enough to confidently say
that h is going to behave the way it is supposed to behave. It is also necessary to make
sure that there are no signal shorts or opens present in the circuit. Electrical mle checking
is done to check the electrical integrity ofthe layout. The ERC was done for the whole
layout and it was made sure that the entire layout had no ERC violations.

5.17 Device Extraction
A layout having good electrical integrity does not mean anything if it does not
represent the same electrical circuit for which it was designed. This verification is
involved. All the devices and the interconnections between these devices must be
identified. Also after devices and their interconnections on the layout are identified, they
have to be correlated to the devices and interconnections on the schematic.
This can be done by first running a script that takes the LAFF format file and
creates a database, called the SVDB (Schematic Verification DataBase) database, which
has all the device and interconnection information from the layout side. A similar SVDB
database is created from the schematic called the reference SVDB. Cadence was used to
create the schematics. To create the reference database, first the Lsim netlist ofthe
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schematic was extracted. A series of scripts were run to take this Lsim netiist and create a
SVDB database from the reference side. To verify that the layout actually represents tiie
schematic, another script is run that compares these two SVDB databases, one from the
reference side and one from the layout side.
As the number of nodes can be large in a schematic and not all the nodes have
names in the layout and schematic, it becomes very difficuh at times to identify where a
mismatch is. This device extraction was done for all the blocks by creating a schematic,
reference and layout SVDB databases and running a script called svdbcompare for all the
blocks.
Once the blocks were clean from svdbcompare errors the SVDB database for the
whole layout was created and checked for errors. Once this is done and there are no
errors, there is a reasonable level of confidence that the layout actually represents the
schematic for which it was designed.

5.18 Tapeout
Once the layout has been checked for all kinds of possible errors, the design is
sent to a mask manufacturer. Before the design can be sent to a mask manufacturer, it has
to be flattened, which removes all kinds of hierarchy present in the design. One mask is
generated for each ofthe layers.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS

The circuit design ofa critical path based ring oscillator was studied and based on
the simulation resuhs that were done [1] it was seen that the new critical path based ring
oscillator is robust and works over a v^de range of power supply voltages, temperatures,
and process variations. Also the critical path based ring oscillator (though not much better
than the conventional ring oscillator over temperature and operating point variations) was
better for process variations, especially for the hot process which is becoming more
important for designs that demand better performance. Depending on these observations
it was decided to implement the physical design.
Design improvements like, adding start circuitry, driver inverter for the oscillator,
output pad driver inverters, read 0 bitcells were done. These design improvements are
necessary to trigger the oscillations ofthe oscillator and to make the design testable.
The new oscillator physical design was done for a complex microprocessor. The
design was done for the C035 process. The layout was done using mentor graphics IC
Station and the physical design was kept close to the actual layout ofthe critical path of
the microprocessor.
The layout ofthe critical path based ring oscillator was done using 10 major
individual blocks. The layout was verified not to violate any ofthe design rules by
running design mle check on each individual block and on the final layout. Electrical
integrity ofthe layout was verified to be good. By creating the SVDB databases from the
layout, device extraction ofthe layout was done for each ofthe blocks. Schematics for
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the layout were created using Cadence and the SVDB database of these schematics was
created. By comparing the SVDB databases from the layout and schematic, the layout
was verified to exactly match the schematic.
After verification ofthe design, the design was taped-out to be placed as one of
the test structures in the scribe lines between the microprocessor dies ofa silicon wafer.
As the chip is still in the manufacturing loop the test data could not be taken. But
plans exist to take this data when the chip is out ofthe manufacturing process. The chip
will be tested using four probe needles, one each for VDD, Ground, Start pulse and
Output. The frequency will be measured using a Wentworth probe station. The hardware
required to test the chip has already been checked and is ready to use when the chip
comes.
Once the ring oscillator is validated to be functional on silicon and to stable over a
wide range of Temperature, Operating Points and Process variations, all that will be
needed is to correlate the test frequency with the final test frequency and prove that the
new oscillator predicts better than the existing ring oscillators. Once this is proven, the
new ring oscillator can be implemented on the on-chip circuitry to replace all the other
ring oscillators that are present on the chip.
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