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Abstract

Clock skew is one of the main concerns when a ctbskibution network is being
designed. It imposes important constraints on istesm performance and, which the
newer technologies, its effects are becoming mmymifcant. There are some existent
models to estimate the clock skew within clock rabsition networks. The main
objective of this work is to present and analysarthn order to decide which is the best
model to estimate the clock skew in a generic dloluck distribution network. After
that, a prediction for future technologies coulddmne thanks to the conclusions that

are going to be drawn.
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1. Introduction

The first integrated circuits appeared in the ed®60s. Called "Small-Scale
Integration” (SSI), the circuits contained no méran some tens of transistors and it
made possible to develop the first lightweight @igcomputers. The next step, taken in
the late 1960s, introduced devices that containediteds of transistors on each chip
and was called "Medium-Scale Integration" (MSI).eYJhwere attractive because they
allowed more complex systems to be produced usimgller circuit boards and less
assembly work. Further development led to "LargakSintegration” (LSI) in the mid
1970s, with tens of thousands of transistors pigr. ¢I8I circuits began to be produced

in large quantities for computer memories and pocké&ulators.

The final step in the development process, stattindgpe 1980s, was "Very Large-
Scale Integration”, with hundreds of thousandsrarfigistors at the beginning, but with
several millions in the latest years (ULSI, "Ultrarge-Scale Integration" is the name
when the circuit contains more than 1 million arsistors, but there is no qualitative
difference between VLSI and ULSI). For the firshé, it became possible to fabricate a
CPU on a single integrated circuit, appearing thieraprocessors. Also, the first
megabit RAM chips were produced.

The introduction of VLSI systems had several imaottconsequences. One of them
is that the system operation speed could be camadityeincreased up to few gigahertz.
As semiconductor technologies operate at incredsirfggher speeds, system
performance has become principally limited by thdity of synchronizing the data
flow signals and not only by the delay of the indual logic elements. In high-speed
digital systems, clock distribution is a challergyiproblem that consumes an important
fraction of resources and design time.

In a synchronous digital system, clock signalsused to define a time reference for
the data flow within the system. This function ssential for the operation of this kind
of systems. Therefore, it is fundamental to givecmattention to the characteristics of
the clock signal and its distribution network. ®yst performance and reliability is
directly affected by the design of the clock dmiition network.
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As technology sizes decrease, the delay of intexction lines utilized in the clock
distribution network increases considerably. Thasom is that wire resistance is
incremented substantially (smaller wire width ahetkness) and, therefore, the RC
wire constant. Clock skew, the difference betwelake signal arrival times to two
sequentially adjacent registers, is directly reldtethe clock path delay. A higher path
delay causes a higher clock skew between thess.path

Clock skew is a key challenge for high-speed cirdésigners because it can
degrade performance and cause chip failures. Tieeaedesigner’s rule of thumb that
imposes that clock skew must be lower than the D@%he clock period. As clock
frequency goes up, better clock distribution netgoare required to keep skew at a
constant fraction of the cycle time. The growing &ize, clock loads and process
variability aggravate the problem. Even when clskkw is completely designed to be

zero, environmental and processing variations feaignificant amounts of skew.

At first, the motivation of this work is to give general overview of the different
existent solutions for the implementation of a &latistribution system. Their main
parameters and design techniques will be presertedoretical background and
sources of clock skew are described. The main igaal analyse the different existent
models for estimating the clock skew accordingltéeghnology parameters. They are
compared for a generic global clock distributionwegk (an H-tree). Simulations are
done with a JAVA program developed to calculate ¢loek skew according to each
model equations. At the end, a prevision for tleklskew value in next years will be
given thanks to the use of these models.

This work is organized in the following parts:

e In section 2, a general overview of clock distribaotnetworks is presented.
Firstly, synchronous digital systems are descriaad also the function of a
clock distribution network within them. Main strgtes of design are presented,
starting with the buffered trees and all their posstopologies. Primary
parameters of a clock distribution network are adtrced because they

determine how the clock system should be desighethe end of this section,
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some examples of the clocking issue in commercigitad system are

explained.

e« In section 3, clock skew is investigated in dep#i. first, a theoretical
background of the clock skew is presented. Secorallypossible causes of
clock skew (process and circuit parameter varig)i@ne introduced. The third
part of this section is one of the most importdrthe work. Existent clock skew
models are described and their equations to caécualack skew estimations are

presented.

e In section 4, the main goal of the work is desaib€lock skew models are
compared for a specific global clock distributiogtwork (a 256 nodes H-tree,
130 nm technology) that is designed according toesoptimization methods
(optimal wire and buffer sizes). Different simutats are made with a JAVA
program. The results are analysed. At the ends#nee simulations are made

but with the predicted technology parameters ferfthure.

« Finally, in section 5, the conclusions of this warle presented.
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2. Clock distribution networks

2.1.Synchronous digital systems

In a synchronous digital system, data signals avally stored in a clocked register.
This register is waiting for the arrival of the closignal. When it happens, data signal
leaves the bistable register and propagates thrthegbombinatorial network and, for a
properly working system, enters in the next regiate is fully latched into that register
before the next clock signal appears. In conclysiba components that make up a
general synchronous system are the following thulsystems:

1) Memory storage elements.
2) Logic elements.

3) Clocking circuitry and distribution network.

Clock signals are usually considered as simplerobeignals. However, they have
some characteristics and attributes very speclatkCsignals must be provided with a
very clean and sharp waveform because they aregntbareference of any data signal in
a synchronous digital system. Furthermore, teclgylkraling particularly affects to
clock signals. For example, the interconnect lesstivity is hugely increased when the
line dimensions are decreased (width and thicknass) consequently, the delay time
grows considerably. This increased line resistaacene of the main reasons of the
growing interest in the study of clock distributioetwork. Finally, differences in the
delay of clock signals when they arrive at theistt&tions, the clock skew, can
seriously affect system performance, as well aatereatastrophic race conditions in
which a data signal may be incorrectly latched iregister. The proper design of the
clock distribution network ensures that criticahitng requirements are satisfied and no
race conditions exist.

Two registers are sequentially adjacent if therat ieast a sequence of logic blocks
that connects the output of the first regigRer(initial) with the input of the second

registerR; (final). Otherwise, any event at the outpuRpfloes not affect the input &.
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We can define a local data path in the case ofseguentially adjacent registers (figure
2.1).

Datayy ——  R; Ly R,

Datagy

>
>

-ﬁ =
O

Figure 2.1: Local data path components [FRI-00].

The minimum clock periodcp (min) between any two registers in a sequentiad dat

path is given by:

1 .
T..(mn)=———= min)+ T, 2.1
CP( ) fCLK (max) PD( )+ skew ( )
where
TPD - TC—Q + Tlogic + -Ii-nt + -I;etup (2-2)

The total path dela¥pp of a data path is the sum of:

e Tc.o The maximum time required for the data signdétve the initial register
once clock signaC; arrives at the initial register.

e Tigic and Tin: The time necessary for the data signal to prajeatigough the

logic block Lf and interconnection lines.

e Tsewp The time required for the data signal to sucedlyspropagate and latch
within the final register of the data path.

The sum of delays components in (2.2) must satishtiming constraints of (2.1) in
order to support the minimum clock peridde (min), which is the inverse of the

maximum clock frequencig, (max). It is important to note th&tkwCan be positive or
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negative depending which clock sign&; or C; arrives earlier. The waveforms
depicted in figure 2.2 show the timing requiremen(2.1) being just satisfied (the data
signal arrives aRs just before the clock signal arrivesRiL

o Data Data e
Data Register Combinatorial Register nea
In Network o

ut
—— T B =
Clock Input Clock. Input
c; c,

|
Clock L/ I
! I
1
Data Tca Tint - 7Logic wng_ug y
I

Figure 2.2: Timing diagram [FRI-00].

2.2 Clock distribution networks design

In a synchronous digital system, the clock sigralsed to define a time reference
for the movement of data signals within it. Thecklaistribution network distributes
the clock signal from the source point to all tlengents that need it. Since this function
is vital to the operation of a synchronous systemch attention has been given to the
characteristics of these clock signals and the tridat network used in their
distribution. Clock signals are often regarded iagpk control signals, however, these
signals have some very special characteristicatntutes that must be fulfilled.

Many approaches for designing clock distributiotwaeks exist, from customized
design techniques to automatic algorithms. The irement of distributing a strictly
controlled clock signal to each synchronous registéhich are located on a large
hierarchically structured integrated circuit, withsome specific temporal bounds is

difficult and problematic. Furthermore, there aneportant tradeoffs among system
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speed, physical die area and power dissipation wihertlock distribution network is

planned [FRI-00].

The most common strategy when a clock distributi@twork is designed is to

divide it into different hierarchical levels. Théfatulty of applying symmetric clock

distribution strategies is that they do not easipport the ability of dividing large

VLSI systems into hierarchically structured funoad blocks (in figure 2.3, the

floorplan of a structured custom VLSI circuit is pieted). Preferably, each large

functional block would contain its own locally opized clock distribution network

(lower hierarchical levels) to satisfy the locahitg of that particular functional block.

k%ﬁﬁﬁﬁ%%ﬁﬁ%ﬁ%%ﬁﬁ%%ﬁ%ﬁﬁﬁa”"
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Figure 2.3: Floorplan of a structured custom VLSI arcuit [FRI-00].

In conclusion, in a hierarchical clock distributioetwork, there will be a global

clock distribution network in the highest level thhstributes the clock signal to each

lower level where different clock distribution dtegies can be applied in order to

optimize the performance of a particular functiorsalb-block. Each level of the

structure can be implemented in a different metegll, preferably on the higher levels

where the line sizes are bigger and their resistdower. This hierarchical structure is

depicted in figure 2.4:
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Figure 2.4: Hierarchical clock distribution system.

With regard to the clock generation, there are masyes to consider in the clock
generator design. Both power dissipation and jittgose important constraints when
the generation system is chosen, but operatingiémezy plays the major role, especially
in today’s systems. A phase locked loop clock gatioeris nowadays the best solution.

Figure 2.5 illustrates the basic block diagram ElL&-based clock generator.

Low Charge
Frequency Pum
Reference
—Phase | Loop @ s
Detector || Filter 0
High
Frequency
Clock Output
Divider

Figure 2.5: Generic PLL block diagram [STE-97].

In a synchronous system, the use of a PLL clocleigegar can eliminate the clock
skew caused by active device variations. Sinceotliput of the PLL is in-phase with
the input, if clock distribution buffers of the thbution network are included within the
loop, their delay is essentially removed from tigstem. This does not eliminate the
chip-to-chip or on-chip clock skew due to passiexide variations and interconnect
delay [STE-97].

Various clock distribution strategies have beenettgped. The most common and
general approach to equipotential clock distributie to use buffered trees (section
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2.2.1), especially for custom VLSI circuits ande final levels of a hierarchical clock
distribution network. Furthermore, there are défartopologies for these buffered trees
that can be applied in some cases to satisfy speoihditions (section 2.2.2). A mesh
version exits. Also, there is a grid-like structu@ther very important strategy is the
symmetric H-tree, which is generally used in thebgl part of clock distribution
networks, distributing the clock signal to eacHet#nt functional block. Compensation
techniques to control clock signal properties witthie clock distribution network exist

and are presented in section 2.2.3.

2.2.1. Buffered clock trees

The most common strategy to distribute the clogkaliin VLSI systems is to insert
buffers, either at the clock source and/or alormmgklpaths, forming a tree structure as
shown in figure 2.6. The single clock source idechtoot. The trunk is the initial tree
portion. Branches are the individual paths driveech register. These registers are

called leaves.

Branches

_I::f_D_Qf— Leaves
Root —"""—II }—-"M—I -'W‘—l }—’WI‘—| :>—"I‘:'H

= = 3

o

Figure 2.6: Buffered clock tree [FRI-00].

If the buffer interconnect resistance at the clgokirce is small compared to the
output buffer resistance, a single buffer is oftesed to drive the whole clock
distribution network. The primary requirement isitthhe buffer must provide enough
current to drive the entire network capacitanceh baterconnection and fanout, while
maintaining high-quality waveform (short transitidimes). Also, it is necessary to
miniminize the interconnection resistance effeggselmsuring that the output buffer

resistance is much higher than the interconnec@mtion resistance that it drives. This
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strategy may be appropriated if the clock compjetidtributed on metal, making load
balance of the network less critical [FRI-00].

An alternative to use a single buffer at the cladurce is to distribute buffers
throughout the clock distribution network. This apgch requires additional area, but
improves greatly the precision and control of theck signal waveform and it is
necessary if the interconnection line resistancenas insignificant. Furthermore,
distributed buffers serve the double function opéifying the clock signal degraded by
the distributed interconnection impedances andatisw local clock distributing
networks (lower levels in the hierarchal structdre)n upstream load impedances. The
number of buffer stages between the clock sourceeach clocked registers depend
upon the total capacitance load and the maximummnigsible clock skew. It is worth
noting that buffers are the main source of clockvskvithin a well-balanced clock
distribution network since active devices charasties vary much more greatly than
passive device characteristics.

2.2.2. Topologies

e Binary tree

Some early clock routing algorithms [RAM-89], [JAD], [KAH-91] defined the
delay as a measure of the total wire length alopgth. These algorithms attempt to
equalize the lengths of each net from the roohefdlock tree to each of the leaf nodes.
The strategy used is to construct binary tree-$ikeictures with the clock pins at the
leaf nodes. Minimal skew clock distribution netwsrlire created using a recursive
bottom-up approach. The point where two zero-skiewkcsub-nets connect is chosen
such that the effective delay from that point toehealocked register is identical. This
process continues up the clock distribution trelke Tonnection point of each new
branch is chosen to satisfy the zero-skew desigal. gde layout process terminates
when the root (or source) of the clock tree is Inedc The schematic diagram of this
geometric matching process is illustrated in fig2ire.
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Figure 2.7: Geometric matching for zero clock skeyiFRI-00].

Elmore delay instead of the path length can berotiesign rule in order to
determine the binary tree. Here, the delay alopgth is the summation of the products
of the branch resistance and the downstream capaeitof every branch on the path
from the root to the clock pin of the register:

TDi = Z Rq Q (2.3)

where Cy is the capacitance at no#teand Ry is the resistance of the portion of the
unique path between the input and the output mptieat is common with the unique
path between the input and ndd¢FRI-00].

Automated algorithms present many problems. Fomgka, no intermediate buffers
can be placed and a single clock buffer must dthe whole network. Also, the

possibility of impossible wiring schemes can aftse wires crossing in a point).

¢ Symmetric H-trees and X-trees

One of the most important approaches for distnitgutclock signals utilizes a
hierarchy of planar symmetric X-tree or H-tree (ffig 2.8) to ensure zero clock skew. It
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is achieved by maintaining identical the distrilsbtauffers and interconnections from
the clock source to each clocked register.

o’ -

Figure 2.8: H-tree and X-tree.

In this approach, the clock driver is connectedh® centre of the main “H” (or
“X”). The clock signal is transmitted to the fouoroers of the main “H”. These four
almost identical clock signals are provide to niextel “H” structures. The process
continues through several levels progressively. Hiiteee end points are used to drive

local registers or to provide the clock signallie hext hierarchical clock network level.

Here, each clock path, from the clock source toldkal registers, has practically
the same delay. The primary cause of differentydetd the clock paths is the process
parameter variations that affect interconnectiopadances and, in particularly, any
distributed buffer. The amount of clock skew in dreke clock distribution network is
strongly dependent upon the physical size, semiottod process control and the
number of distributed buffers utilized in the netlw@~RI-00].

Planar H-tree structures place constraints on ligsigal layout of clock distribution
networks as well in the methodology design. Furtigee, the interconnect capacitance
and the power dissipated is much greater as comhpaith standard buffered clock
trees since the wires total length tend to be gredhis capacitance growth exemplifies
an important tradeoff between clock delay and clskkw when high-speed clock
distribution networks are being designed [FRI-00].



Luis Manuel Santana Gallego 15
Investigation and simulation of the clock skew indarn integrated circuits

Symmetric structures are utilized to minimize theck skew. However, an increase
in clock signal delay is incurred. Therefore, thereased clock delay must be
considered when choosing between buffered tree ldrtdee clock distribution
networks. Also, since clock skew only affects sediadly adjacent registers, the
obvious advantages of using highly symmetric stmes to distribute clock signals are
significantly degraded. There may, however, beaiersequentially adjacent registers
distributed across the integrated circuit. For #iigation, a symmetric H-tree structure

is particularly appropriate to distribute the glbpartion of the clock network [FRI-00].

e Mesh

Occasionally, a mesh version of a clock tree stinects used. Nodes are connected
in other metallization level by a mesh to minimike interconnect resistance within the
clock tree. A mesh structure places the branclstewmes in parallel, minimizing the
clock skew. In the figure 2.10, a 3D view of a mesfucture is illustrated.

Y
Y Y Y
YYYYYYY

Figure 2.9: Mesh structure.
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Figure 2.10: 3D view of a mesh structure [YEH-06].
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This is the traditional way to distribute clockshigh-performance microprocessors.
Under any H-tree, there is usually placed a mdsachieves very low skew and jitter

(i.e., robustness to variations), but sacrificewgroand is difficult to analyze.

e Grid

A clock grid is probably the simplest clock distrilon structure and is usually
utilized for distributing the clock signal in thendl stages of a hierarchical network.
Essentially, it consists in a grid of wires drivieynone or more buffers. In figure 2.11,
this structure is depicted. The main advantage dbek grid is that the distribution of
the clock signal to each destination point is senplfhe reason is that the regular
structure arrives near to each place where clapkasis needed. Furthermore, the clock

grid ensures good process variation tolerancesarhsy design methodology.

Figure 2.11: Grid structure.

There are some disadvantages with this structure.rmain of them is that the grid
wires increase the total capacitive load of thecklmetwork, increasing the power

consumption. Furthermore, the clock grid is inedint with regard to used area.
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2.2.3. Compensation techniques

It is usual to utilize compensation techniques whleck distribution networks for
customized VLSI circuit are designed. They are sgag/ to minimize the variation of
interconnect impedances and capacitive loads betdferent clock paths. Figure 2.12
shows this situation. Nodes i, j and k represeifieidint loads. The paths to these nodes
also have different buffering levels. Buffer locat$ are often chosen so that the active
buffer output impedance is comparable to or gretten the interconnect resistance
seen at the buffer output. This characteristic essithat the locally distributed
interconnect section can be accurately modellebdearsy mostly capacitive. However,
in general, the interconnect impedance should beelterl as a distributed RC section

of interconnect.

R

i s b P o e

p

Figure 2.12: Different interconnect impedances andapacitive loads [FRI-00].

There are two important techniques to control aochgensate the delay of each
clock signal path and minimize the skew betweemth&bove all, they are effective in
buffered tree clock distribution networks. Firsttbém is to insert passive RC elements
[IBM-85]. The second is to size geometrically triater widths [FRI-86].

Clock buffers are located along the clock path sttt the highly resistive long
lines drive loads with low capacitance and vicesgelPlacing a centralized module of
parameterized clock buffers within the bufferedetrigure 2.13) it is possible to
control the clock skew. Parameterizing the currehtclock buffers in the module
compensates the variation of the clock signal dektyeen each one of the functional

elements.
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Figure 2.13: Module of parameterized buffers [FRI-@].

e Compensation advantages

The most important advantage of using compensa¢iomiques is controlling and
reducing the on-chip skew. Furthermore, the clagka delay from the clock source to
the clocked register is reduced. The reason ignipeoved partition of the RC loads.
Since inverters located within each functional kle@dten drive large capacitive loads,
the interconnection impedance (resistance in pdatix driven by any specific clock
buffer is small compared to output buffer resiseanthe fairly long distances of the
clock signal paths are fairly resistive. Howevérede paths are isolated of the highly
capacitive loads. In this way, RC time constanesdecreased, reducing the total clock

delay (RC delay was analysed in section 2.3.1).

Other advantage is that the partitioning of clogktem becomes easier with the
buffer insertion. The VLSI circuit design can bertpned hierarchically in many
different functional sub-blocks in which differeclock distributions strategies can be
implemented according different requirements. Tty of compensation techniques
is very dependent upon the ability of characteribe interconnect devices and
impedances within the clock distribution network. ithV accurate impedance
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estimations, parameterized buffers can be desigoeshtisfy a specific clock skew

schedule.

¢ Compensation disadvantages

Is important to note an important disadvantage hid tompensation technique.
Unlike interconnection impedances, transistor cehahce tends to be highly sensitive
to variations in supply voltage and process andrenmental conditions (radiations and
temperature for example). The delay of a clock aigpath dominated by device
impedances is more susceptible to the clock skean th path dominated by

interconnection impedances.

2.3 Clock distribution network parameters

The function of a clock distribution network ispoovide a global time reference to
all the clocked registers of a synchronous digtastem. This way, it regulates the flow
of information within the chip. In this section, magparameters involved in a clock
distribution network are described. They are esskenthen the clock system is

designed.

2.3.1. Propagation delay

One of the targets when a clock distribution systemesigned is to minimize the
propagation delay time of the clock signal from slo@irce to the registers. It is required
because the clock period time must be larger thantime for the clock signal to
propagate from the clock source to the end ofahgést clock path. The clock signal in

the source cannot change before it arrives to edestination.

A clock signal path within a clock distribution m&irk has a single input, the clock
generator, and a single output, the register clogkt. Branches are typically composed

of distributed buffers and interconnect sectioms.otder to calculate the clock path
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delay and skew, a simple model of a CMOS invertefirdy another inverter with line

resistance and capacitance between the two ingasteften used (figure 2.14).

__Vop __ Voo Vbp

R
ﬂ . R int

C C

Figure 2.14: Interconnection delay model [AFG-89].

A well-known empirical estimate of the rise or fdthe (90 %) of a single CMOS
inverter driving an interconnect section with a aafpve load (representing the
following CMOS inverter) is [SAK-93]:

TR/F :1'02RntC|nt+ 2'3('( l% cf;n"' %t g"" B 9 (2.4)

where R and Ci; is the resistance and capacitance of the intessinsection
respectively, andry and Cy is the output on-resistance of the driving bufiexd the

input load capacitance of the following buffer resfively. These four parameters are

given by:
R=—t  k=HCuW o _fu
K'(VDD_\lI') Leff t0><
CO = Cox -W- Leff
__ P (2.5)
R WL Line

W 0.25 0.5
Cim=8.LD-hm-[T—‘“‘+0-77+ 1.06[%] 4 1.05{£j ]

ILD ILD ILD

where:
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e« WandL.# width and effective length of the transistor.

e Cyx gate unit area capacitance.

e tox gate oxide thickness.

e u: charge carrier mobility.

e V7 threshold voltage.

e p: metal resistivity.

e &ox OXide dielectric constant.

e ¢p: interlevel dielectric constant.

e Wiy, Lint andtine: width, length and thickness of the interconnetctioe.
e Typ: Interlevel dielectric thickness.

Cint Is derived from the empirical formula given in [\@84] that includes the

contribution of fringing fields. Occasionally, thaye not taken into account.

The physical delay model represented by (2.3) fairly simple approximation of
the delay of a CMOS inverter driving a distribute@ impedance. More complex and
accurate delay models exist.

2.3.2. Clock skew

Clock skew is another important parameter to take iaccount when a clock
distribution network is designed. It imposes timganstraint as propagation delay does.
Clock skew can be defined as the difference invakiiimes of clock signals to two
sequentially adjacent clocked registers. In figRrE5, clock skew is illustrated. There

are two possibilities depending on in which registe clock signal arrives before.

Clock distribution systems are generally designedathieve that clock signals
arrive just at the same moment to every destinazeno skew design), but there are
several factors that can cause differences in tlopggation delay time between
different clock paths (i.e. different line lengthdifferences in delays of any active

buffer, process and environmental parameter vana}i In this case, the clock skew
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can seriously affect to the system performanceyaiad the maximum clock system

frequency and causing catastrophic race conditions.

i ™
. b Combinational/ .
Register / Logic [ | Register
Il g 1] bl
1 \_5 P J 2
4CZ‘Icu:lc Input Clock Input4
lc, c:f!

[
Positive Clock Skew

Gy | ;m

| Tskovd

| Negative Clock Skew
e T e A
Ct’ : .\—/—.\l\'_

Tskcwl

Figure 2.15: Clock Skew [STE-97].

A complete analysis of the clock skew is presemesgction 3.1.

2.3.3. Clock jitter

Jitter represents the time varying behaviour ofdloek signal. The main effect of
jitter is that clock edge locations are shiftedhmiegard to the ideal edge location.

Therefore, the duty cycle of a clock signal coudddifferent to the ideal value.

Unit Edge location
Interval shifted

Reference
Edge
\A ¥ ||
X | |

Edge location |deal edge
shifted location

Figure 2.16: Clock jitter.
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Clock source has always a specific clock jittert &so clock distribution network
introduces jitter in the clock signal. The noisauses that contribute to jitter most

significantly are the following [STE-97]:

* Noise coupled through the circuits’ power and gbaannections.
* Noise coupled through adjacent or intersecting svire
* Noise inherent to the circuits’ transistors thewssgl

2.3.4. Clock power dissipation

Another essential parameter in the design of akcliistribution network is the
power dissipated by it. In a VLSI modern systernockldistribution networks have to
drive thousands of registers, creating a greataitya load that should be efficiently
sourced. Therefore, each clock signal transitioangles the state of each capacitive
node within the network. Both high capacitive loasl the continuous demand of
higher frequencies have led to an increasinglyelapggoportion of the total power of a
system dissipated within the clock distributionvwnetk, in some applications much

greater than 25% of the total power.

Total power consumption can be divided in threemsaiurces:

P

total

=P

dyn

+ Pyt Plkg (2.6)

where:

e Puayn It is the average dynamic power dissipation cduse the continuous
charging and discharging of the capacitive nodakimwithe clock distribution
network (parasitic interconnection capacitanceskarfter input capacitances).

P,,= fC

dyn —

Ve, (2.7)

total
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e Psc It is the short-circuit power dissipation. Theusa is that in a CMOS
inverter, there is a small period in which botmsiators, NMOS and PMOS,
are simultaneously conducting. The power dissipateatis period is dependent
on short-circuit currentsg input and output signal slopes, device parameters

and supply voltages.

Psc = scy DC (2.8)

o Pug: It is the power dissipated when there is no #@gtion the circuit. It is due
to the leakage curreri: reverse-bias diode leakage and the sub-threshold
leakage. The first occurs when the drain-to-bulkage of either the PMOS or
NMOS transistor is reverse biased. The second saghen the gate-to-source
voltage of the inverter is below threshold voltabat it is enough to put the

inverter into weak inversion.

Plkg = IkgVDD (2.9)

For CMOS VLSI circuits, the primary component ofwsy dissipation is the
dynamic power. The goal is to minimize the exp@sgR.6) without decrease system
clock frequency. Therefore, for a given circuit leypentation low dynamic power
dissipation is best achieved by employing certanigh techniques that minimize the

power supply and/or the capacitive load.

2.4 Clock distribution networks examples

There are a lot of different examples to show d#f¢é approaches for clock
distribution networks in synchronous digital VLSysgems, from highly specialized
customized circuits to commercial processors. Tleaseples are going to be shown in
chronological order to present a historical perpef the general clock distribution

design problem and related tradeoffs over the tpastiecades.
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2.4.1. The DEC/Compaq 64-Bit Alpha Microprocessor Family

The DEC/Compaq 64-bit Alpha microprocessor famigpresent perfectly the
evolution of VLSI circuits during the last decadasd specifically their clock
distribution networks. In the following table, sorparameters of three DEC/Compaq

microprocessors are shown:

Generation 21064 21164 21264
Technology im) 0.75 0.5 0.35
Transistors (million) 1.68 9.3 15.2
Frequency (MHz) 200 300 600

Die size (mm) 16.8x 13.9 18.1x 16.516.7 x 18.8
Capacitive clock load (nF) 3.25 3.75

Power supply (V) 3.3 3.3 2.2
Supply current (A) <10 ~15 > 30

Total power (W) ~30 ~50 ~72
Power percentage dissipated within the clock distion network 40 % 40% 44 %

Table 2.1: Characteristics of three Alpha Micropro@ssor generations [FRI-00].

In the Alpha 21064 microprocessor (year 1992), mglsiphase clock signal is
distributed globally on the higher level of the algirocess (M3). The reason is that the
resistivity per unit length of the third layer atite metal to substrate capacitance are
smaller compared to the other layers.

The distribution of the loads is asymmetric, s@ ihecessary a specialized strategy
for the clock network. The single 200-MHz clock rsd) is distributed through five
levels of buffering, as shown in figure 2.17, whéhe total network consists of 145
separate elements. Each of the elements contaimdefeels of buffering with a final
output stage locally driving the clocked registevertical straps are placed on the
second level of metal (M2), configuring a clock mmestructure, to minimize the skew
that could appear within the initial four-stage tgor of the buffer tree. This strategy is
accomplished by centrally locating the clock geheracircuitry within the integrated
circuit [HOR-92].
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i
M2
Figure 2.17: Clock distribution network of Alpha 21064 microprocessor [HOR-92].

The Alpha 21264 microprocessor (year 1998) is itlsé ¥ersion of the Alpha family

that utilizes a hierarchy of clocks. That hierarchgludes a gridded global clock, six
gridded major clocks and many local and conditioloedl clocks [BAI-98], [GRO-98].

Conditional
oni—{ ) e
External
Clock : Local Clacks
————— ' i
F PLL :—Do—SS i &
Local Clocks
Conditional

State Local Clocks
Elements :

cond

Figure 2.18: Hierarchy in Alpha 21264 microprocessoclock network [GRO-98].

An on-chip PLL is used to generate the clock sigAal shown in figure 2.19, the
clock signal is routed from the center of the che distributed by X and H-trees to 16
distributed clock drivers. The final portion of thck distribution network uses a tree
configuration as compared to an H-tree to save pamd area. All interconnections

within the GCLK grid are shielded (both laterallydavertically by power/ground lines).
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N W b T bolodlon m §
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Figure 2.19: Global clock distribution network in the Alpha 21264 [BAI-98].

2.4.2. The Intel IA-64 Microprocessor

The Intel IA-64 is a recent example of a micropsso designed to operate beyond
the gigahertz frequency level [RUS-00]. The genelatk distribution design strategy
applied in this microprocessor is to minimize thHeck skew through the use of
distributed programmable deskew circuits while suppg local optimization of the
clock distribution network.

The architecture of the IA-64 clock distribution twerk consists of three
components: a balanced tree structure to globadiyiloute the clock signal, multiple
deskew circuits distributed regionally with balaticelock trees, and multiple local
clock buffers that drive the individual circuits camegisters. In addition, a separate
reference clock signal is distributed along witl tobal clock signal for use within the

deskew circuit.
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Figure 2.20: I1A-64 clock distribution topology [RUSO00].

The global portion of the clock distribution netwaos originated from the clock
source (on-chip PLL), and distributes the clocknalghrough a network structured as
an H-tree until it reaches one of eight deskewtehss each containing up to four
deskew circuits. Clock lines are shielded by growmdl power lines in order to
minimize the effects of any capacitive and induetooupling between the clock lines
and any adjacent signal lines.

Figure 2.21: 1A-64 global clock distribution [RUS-®)].

The deskew buffer consists of a phase detectoraaddyitally controlled analog
delay line. The buffer provides local delay com@ios by comparing the reference
clock signal to a local feedback signal, permittthg delay of the clock signal to be
adjusted through the analog delay line and thegtatector.
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The output signal of each deskew circuit is distigldl through a balanced tree
network to a set of local buffers. These buffersvedia regional grid of clock ports.
Thus, by applying this intermediate compensatiochneue, the global clock
distribution design problem can be treated as al ldesign problem, making the entire
chip integration process significantly easier andrenmanageable. Localized clock
skew scheduling and clock gating for power managermes also supported at this level
of the clock distribution network.

Regional Clock Grid
“*—_ Normal Local
Clock Buffers - Intentional
Skew Buffer

Combinatorial
Block

Figure 2.22: 1A-64 local clock distribution [RUS-0Q.

2.4.3. The Intel Itanium 2 Microprocessor

The Itanium 2 microprocessor [TAM-04] is one of th@wvest developed by Intel in
the last years. It is fabricated on the 130-nm CM®&cess with six layers of copper
interconnects. The processor has a total of 410omitransistors and operates at 1.5
GHz at 1.3 V. The clock distribution network desigmploys a tree-based differential
global clock network. To address the clock skewasand to increase the frequency of
operation, a fuse-based de-skew circuit is implegewreducing the clock skew caused
by on-die process variations and clock networkglesnismatches.

The clock distribution network is implemented usmgnultilevel tree architecture.
Figure 2.23 shows the clock distribution hierarchy.
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Ck Gen

Master Primary Second Level Local Clock
Driver Driver Repeater Clock Buffer Buffer

Figure 2.23: Clock distribution hierarchy [TAM-04].

The global clock distribution is a differential tvi@vel tree structure that originates
at the clock generator (Ck Gen) and terminatekeasécond-level clock buffer (SLCB).
The master drivers, the primary drivers, and tipeagers are used along the distribution
to increase the signal strength.

The zonal clock distribution consists of the SLQ#l @ahe local clock buffer (LCB).
The SLCB converts the differential global clockasingle-ended zonal clock, SLCBO.
There are 23 zonal clocks in the core, strategigadirtitioned to support the various
functional units. Deskew circuits are implementedhis part of the clock distribution

network to minimize clock skew effects.

To minimize the inductance effects in the clockweaks, the clock lines are
shielded in layers to provide low-impedance curnesttirn paths. To minimize skin

effects, wires wider than about 4 um are not used.
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3. Clock skew

3.1 Definitions

For two sequentially adjacent registers, as shawfigure 2.1,C; andC; are the
clock signals that drive the local data path. Bdttk signals are generated in the same
clock source. The propagation delay of the clogkals from the source to the registers
R andR;, is Tci andTc;respectively. They define the timing reference bkw the data
signals leave each register. There is a clockidigion network designed to generate a
specific signal waveform. Ideally, clock events wcat all registers simultaneously.
Given this strategy of global clocking, the cloggral arrival time to each register is

defined with respect to a universal time reference.

The difference in clock signals arrival time betwelvo register sequentially
adjacent is the clock skeWw.w We can define the clock skew mathematical exmass
as: Tskew= Tci — Ter. If the signal<Ci andC; are in complete synchronism, it means they
arrive at the exact same moment, the clock skexera. It is important to note that the
clock skew between is only relevant to sequentiatljacent registers that make up a
local data path. Thus, the clock skew, at systerahgw level, between two registers
non-sequentially adjacent has no effects on thdopeance and reliability of a
synchronous digital system from an analysis viewpoi

Different clock signal paths can have differentagsldue to several reasons. We can

summarize them in the following three reasons:

1) Differences in the wire lengths from the clock smuto the clocked registers.
2) Differences in the delays of any active bufferha tlock distribution network.
3) Differences in the interconnection passive pararsete

We can note that, for a well-designed balanced kcldestribution network,

distributed buffers are the primary clock skew seur
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Clock skew magnitude and polarity have two différezffects on system
performance and reliability. Depending on whichnsigC; or C;, arrive earlier and the
magnitude ofTsew With respect to data path time deldyp, system reliability and

performance can be degraded or improved. Both @asediscussed below.

1) Maximum data path/clock skew constraint relatiopshi

If the clock signal arrival time to the final retgs, Tcy, is previous to the arrival time
to the initial registerTci, the clock skew is positiva ¢ > Tcr). Under this condition the
maximum operation reachable frequency is decrea&epositive clock skew is the
additional time amount that must be added to themuim clock period to apply a new

clock signal edge to the final register without gmgblem.

Figure 3.1: Positive clock skew.

For a specific design, the greatest propagatioaydBlp (max) of any local data
path between two sequentially adjacent registerst ioe less than the minimum clock
periodTcp (Min).

Toew< Tep— TodMax)= Tom(Te g+ Ty dmaxy T+ To,), whereT, > T, (3.1)

skew —

This situation is the typical analysis of the cali data path in a synchronous
system. If this constraint is not satisfied, theteyn will not operate correctly with this
specific clock period. Therefordcp must be increased if we want the circuit operates
without any problem. In a circuit where the clodiew tolerance is small, data and
clock signals should run in the same directionydbg forcing thatC; leadsC; and

making the clock skew negative.
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2) Minimum data path/clock skew constraint relatiopshi

If the clock signal arrival time to the final retgs, Tcy, is later than arrival time to
the initial registerT¢i, the clock skew is negativdd; < Tcy). It can be used to improve
the maximum performance of a synchronous systethdyeduction of the critical data

path. However, there is a minimum constraint toidhvace conditions.

C |

1

Figure 3.2: Negative clock skew.

When C; follows to C;, clock skew must be less than the required timeHe data
signal to leave the initial register, propagateotigh the combinatorial logic and
interconnections and setup in the final registg@utn If this condition is not met, the
data stored in the final register is overwrittethathe data that was stored in the initial
register because it arrives to tReinput earlier than the clock signal (race conditio
Furthermore, a circuit operating close to this metsdn could not work correctly at
unpredictable times due to environmental tempeeatar power supply voltage

fluctuations:

[Tskews Tp(min)= T o+ & (min)+ T+ I, whereT, <T, (3.2)
where Tpp (Min) is the minimum data path delay between twquentially adjacent
registers.

3.2Clock skew sources

Clock skew appears due to differences in clock dtbm the source to each
destination register. These differences can beualegire lengths or different resistive
and/or capacitive wire parameters. In a balanceckdree, the nominal value for clock
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skew is zero, since clock paths are designed tcedneal. However, clock skew
appearance is still possible due to variationshia ¢lock paths caused by process and

circuit parameter tolerances. We can classify tirethe following way:

e Transistor parameter variations

In the integrated circuit fabrication process,tedinsistor parameters are subject to
deviations from their nominal values. Statisticabdels have been developed for
transistor parameters such as threshold voltsge ¢ate oxide thicknesd.§), charge

carrier mobility ), transistor width\(V) and effective channel lengthl(es).

Drain
Gate 2,
Gare—Substrate Overlap
Source fox
L eff
A
P, k Bulk

W

Figure 3.3: Vertical section of a MOS transistor.

In table 3.1, typical values for this parameter presented according to different

technologies. In table 3.2, standard deviationshoavn.

Parameter 130 nm 100 nm 70 nm 45 nm
Vr 0.19V 0.15V 0.06 V 0.021V
Tox 3.3 nm 2.5 nm 1.6 nm 1.4 nm

L eff 130 nm 100 nm 70 nm 45 nm

W (min) 130 nm 100 nm 70 nm 45 nm

Table 3.1: Typical values for different technologis [ITRS].
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Parameter Description Standard Deviation
o\ Threshold voltage 4.2 %

Oy Charge carrier mobility 2%

Gtox Gate oxide thickness 1.3 %

ow Transistor width 5%

O eff Transistor effective channel length |5 %

Table 3.2: Typical values for standard deviations{ AH-01].

¢ Interconnect Parameter Variations

Interconnect width\{4,) and thicknesstif;) and interlevel dielectric thickness,)
variations are the main parameters of interesttelnology advances, the number of
interconnect layers increases, and the interconlees become more non-uniform.
This non-uniformity, which is caused by manufactgriprocesses, produces large

variations of interconnect parameter values.

5 Wee |
! 77777
T[LD
% GILILIIN

Figure 3.4: Interconnect segment main parameters.

In table 3.3, some typical values for this parametee presented according to
different technologies. In table 3.4, standard aéns are shown.
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Parameter 130 nm 100 nm 70 nm 45 nm
Wint (min) 335 nm 237 nm 160 nm 103 nm
tine (Min) 670 nm 500 nm 352 nm 235 nm

Table 3.3: Typical values for different technologis [ITRS].

Parameter Description Standard Deviation
Gwint Wire width 3%
Gint Wire thickness 3%
GTILD ILD thickness 3%

Table 3.4: Typical values for standard deviationsfFAN-98].

¢ System Parameter Variations

Besides process parameter variations, which aralynidie tolerances of device and
interconnect physical parameters, system leveltdat@ons may create clock skew.
Power supply voltage fluctuatioNp) and temperature variationg)(are considered as

system level parameter variations.

In table 3.5, some typical valuegpp are presented according to different

technologies. In table 3.6, standard deviationshoavn.

Parameter 130 nm 100 nm 70 nm

Vb 1.2V 1V 09V 0.6V

Table 3.5: Typical values for different technologis [ITRS].

Parameter Description Standard Deviation
G\DD Power supply voltage 3.3 % [KAH-01]
GT Temperature 8 % [GRO-98]

Table 3.6: Typical values for standard deviations.

The thermal image of the Alpha 21064 microprocespoesented in section
2.4.1, shows a 30° C temperature gradient oveenhiee chip that gives a temperature
variation of about 8 % [GRO-98]. In figure 3.6,2hmage is depicted.
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Temp = 48C

Figure 3.6: 20164 thermal image [GRO-98].

3.3.Clock skew models

An important research area in VLSI circuits is tignianalysis, where simplified
models are used to estimate the delay through a £®Iif@uit according to process and
circuit parameter variations. At first, a probadiit model for the accumulation of clock
skew in synchronous systems is described. Usirsgntloidel, upper bounds for expected
skew and its variance in tree distribution systeres derived. Thereafter, a model for
tapered H-Tree is described, where no buffers &eed at branching points and the
wires are widened to avoid reflections. The clo&kvs is calculated as function of
device, system and interconnect parameter varmtidhe first statistical model (upper
bounds model) is too conservative for estimatirgdlock skew of a well-balanced H-
tree clock distribution network because correlatimiween overlapped parts of paths
are not considered. Finally, a new approach tonasé the mean value and variance of

clock skew is described taking into account thiselation.

3.3.1. MODEL 1: Statistical model to estimate upper boundsf clock skew

This model is described in depth in Appendix 1.

Kugelmass and Steiglitz [KUG-88] present a probsil model for the
accumulation of clock skew in synchronous systddsing this model, it's possible to
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estimate upper bounds for expected clock skew letvprocessing elements (and its
variance) in symmetric tree distribution systemshwN synchronously clocked

processing elements.

The first assumption in this model is the topola@dyhe clock distribution network.
It must be a symmetric tree-like structure withirrgke source andN end points called

processing elements (PE). There must be only otieffman the source to the PEs.

L

A

Figure 3.7: Model 1 tree structure.

Each clock path is composed of delay elementsebsifind interconnection wires.
It is possible to associate a random variable tcheslement that gives the delay
contribution of it. The total delay from the clos&urce to each PE is the sum of all the
random variables along the path. By the CentralitCirheorem, the sum converges to a

normal distribution.

According to these authors, it is possible to defia random variable that
characterizes the clock skew of the clock distidutetwork. It ISR = Anax- Amin
whereAmax andAnin are the maximal and the minimal arrival time tg ahtheN PEs.

Random variables that compoReare dependent in a clock tree because they are
sums of overlapping variables. However, thanks talemnonstrated theorem, the
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expected mean value &is smaller than the same case but with independetom

variables.

Another theorem says thatRfis composed oN independent identically distributed
random variables (it is the case for a symmetcicldistribution network), then, the

asymptotically expected value &fis:

E[R]=0'

4INN—-InInN-=1In4r+ 2C 1
+ (3.3)

(2InN)" logN

where C= 0.5772 is Euler constant amdis the standard deviation of the path delay.

The variance oR is given by:

o’ n? 1
Var| R| = ———
R INN 6 +O{I092N} (34)

Equation (3.3) is therefore asymptotic upper boondhe expected skew in a clock
distribution tree withN leaves.

To apply these model equations to the proposeceeéldepicted in figure 3.1, it is
necessary to know the value of clock path standesdation,s. It has two different
components (and independent according to the nassdeimption):

o= \/05 logZ N +GV%(2(\/N - ]>)2 (3.5)

whereay, is the standard deviation of buffer delays apds standard deviation of the

wire in the lowest level.

The next step to calculafgR] it is necessary to determine the delay variante
through a buffer of the clock distribution tree atelay variance,? through a wire of
the clock distribution tree.
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Using Sakurai's model for interconnection delaysated in section 2.3.1, and the
possible clock skew sources considered by the aall®, tox, Les, Voo, Tio, Wint, tint),
the value of,? ando,” is determinedin terms of variances of the independent random
variables that compose them, by the following eggpians:

2 2 2
sz — aTDeIay G\i + aTDeIay o 2 + a-I-Delay GLZ + a TDeIay sz (3 . 6)
oV, at,, b | oLy, “ | AV, o>

2 2 ?
o2 :[aToemy] o7, +[M’] O, +[6T—Mﬁy] o, &)
o oW, BN
where:
oT oT
Delay _ Delay aRO = 23«00 + mt)
o, 0ROV \4

T, oT oT
ey _ 7 poiay Oy + oot 0y _ 2-30(00 + |nt)_+ 2.3qR+ R]t) =
&, R oL, oG o,

0X OX

T, oT oT
ey _ 7 ooy IRy o S 2.30(C, + |nt)_+ 2.9(R+ Rnt)_
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aTD(—:‘Iay _ aTDelay aRD _ 23((0 + )
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oT, OTpeiay OC,,,

Delay

C
L= (1.02R .+ 2.3(R)—nt
T, oC, oT (10X, ®)

int ILD LD
a-I—Delay _ aT Delay aRm + a-I—Delayaqm _(
Wiy aRm oW 0 G 0 W
oT,

Delay Delay aRm

atint al%nt a 1;nt

1.0, + 2.3@,) 3:{ (1.0R, + 2.3@)&

=(1.0C,, + 2.3@,) = Ru

int

3.3.2. MODEL 2: Statistical model for clock skew in taperal H-trees

This model is described in depth in Appendix 2.

Zarkesh-Ha, Mule’ and Meindl [ZAR-98] describedcampact model to enable
first-order estimation for clock skew in taperedrndes. In this kind of structure, there
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are not intermediate buffers at the split pointd #re wires must be widened to avoid

reflections in those points.

Figure 3.8: Model 2 tree structure [ZAR-98].

Authors propose that any H-tree circuit can be $ifrag in the following equivalent
circuit shown in figure 3.9.

Clock
H-Tree Network Driver Sub-block routing
cikt . Vint Cint CLK?

CBIOCI:

Figure 3.9: Equivalent circuit of clock H-tree network [ZAR-98].

Using the equivalent circuit, the delay of the entlock network of figure 3.9 is
divided into two parts:

e Interconnect delay from the clock source to clduk diriver If the H-tree network

is driven by a single driver, then the delay expi@s for a distributed RC line using
Sakurai's model50% of time delay) is:

& 1Y & 1
Ty ee=04| L5 | D2 1-— | +X.p [ 1-—=| (3.9
L 2/2 G 2%
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whereg; is the relative dielectric constant of the ILD m&k p the line resistivity,
Co the speed of light in free spad2the die size, and the number of H-tree levels.

e Transistor delay of the sub-block clock drivdtre delay expression is according to

Sakurai's Model (50% of time delay):

T

driver

L /W
=0.7- -C, (3.10)
/U'Cox'(VDD - VT)

whereC, is the capacitive load of the sub-block clock drive

The overall delay of the entire clock distributioatwork is the sum of the previous

componentsTpelay = Three + Toriver. This model gives first order estimation of the

clock skew:

TDeIay

OX

Tesk(X) = ATpeay™ AX (3.11)

where x is any variation of clock skew components such¥(g, Atox, ALett , AHint,
ATwp, AVpp, AT and AC,.. Table 3.1 shows the closed form equations for each

individual clock skew component by using (3.11):

Physical parameter Clock skew component

and derivation used

Threshold voltage V. AV,
. Tesk(V5)=0.7-R - C.- — |
fluctuation Voo Ve ) M
Gate oxide thickness At,,
Tesk(ted =0.7R;- C,-
tolerance ox
Transistor channel length ALy
TCSK(Leff) =0.7-R-C:
tolerance ff

Wire thickness 1V At
TCSK(tint):O'4'(r}m'cmt)' Dz(l_y/] —
22 t

int

variation
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ILD thickness

2
1 AT,

.. TCSK(TILD) = 0-4'( Fo * Qm)' D’ [1_9/] : Lo

variation 22

IR drop

Tesc(Vpp) =0.7-R - Q[VV%VJ_

Non uniform register —
istri i ’ TCSK(CL)=0.7~ R- CLC_L
distribution L

E /q+V. ) AT
TCSK(T) =07-R- CL'[\(;—T]'T

Temperature

gradient oo — Vs

Table 3.1: Clock skew components.

It is important to note that the model equations ba easily modified to be more
similar to other models, where the Sakurai's exgioes are used with 90% of time

delay. It only supposes to change the coefficidatBy.ree aNd Tpriver.

) TH—tree : 04 - 102 = TH—tree = 102 ‘ntclnt )|2 +£- |
o
= Tywer: 07 - 23 = T,.=23R-C

3.3.3. MODEL 3: Statistical model for clock skew considemg path

correlations

This model is described in depth in Appendix 3.

Jiang and Horiguchi [JIA-01] propose a new approachkstimate the mean value
and variance of clock skew for general clock dwttion networks. The novelty is that
clock paths can be not identical and path delayetation caused by the overlapped
parts of path lengths is considered. In this wagclkclskew mean and variance is
accurately estimated for general clock distribuneitworks.

Clock paths of a clock distribution network usudilgve some common branches
over their length. These common branches causelabon among the delays of these
paths. Only the overlapped parts of two paths determie correlation between them.
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If £is the maximum value of the propagation delay mamlde minimum value, then
the mean value and the variance of the clock skeare given by:

E(x) = E(£) - E) (3.12)

D(¥) = D($) +D(n) -2pyD(&)-D(1) (3.13)

Here,E() andD() represent the mean value and the variance ofdomarvariable,
respectively, ang is the correlation coefficient @fands. Author propose a recursive
approach for evaluating the parametB(g), E(;), D(), D(y) andp. Based on this
algorithm, an expression can be derived for thekckkew of a well-balanced-tree
clock distribution networks.

e Clock skew estimation for H-tree clock distributinatworks

Before developing the models, the H-tree itself infust be defined. The H-tree
presents intermediate buffers at each branchingt @mid, without loss of generality, it
hasn hierarchical levels, whemedenotes the tree depth. The le@diranch corresponds
to the root branch, and levelbranches to the branches that support sinks. A ieve
branch begins in a level splitpoint and ends in a levetl split point. The H-tree
illustrated in figure 3.10 is drawn for=4 and it is used to distribute the clock signals to
16 processors.

Figure 3.10: A well-balanced H-tree clock distributon network for 16 processors.
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For a n level well-balanced H-tree, &ti=0, ..., nbe the actual delay of branchf
a clock path. The clock skel(y) and skew variancB(y) of then level well-balanced

H-tree are given by:

E(x) =%Z \/ i [”—‘1jk D(d, ) (3.14)

D(Z):Z-(l—p)-i[ﬂji-D(di) (3.15)

The closed-form expressions (3.14)—(3.15) indic¢arly how the clock skew is
accumulated along the clock paths and with theea®e of H-tree size.

e Clock skew calculation in function of its comporent

The delay of a branch may then be obtained by guegathe rise and fall times
using Sakurai’'s model for interconnection delay® 0 of time delay), described before

in section 2.3.1.

One approach to calculating the delay variance lofaach due to the variations of
process parameters is express the parameter nslamiaerms of independent variables.
Authors consider the following variables to caltalghe variance of the delay of any
branchD(dn.i+k): VT, 4, toxs Lett, W, TiLp, Wint, tine. The variance of the delay in a branch is

the following:

2 2 2 2 5
G-?De\a = (%] 0\2 + (%] Gj + (aT_Delay] G‘ozx + %y GLze" + ( 0 TDeIa)j 0\,5
y 8VT a,u 8tox 8Leﬁ oW (3 . 16)

2 2 2
+ a-I—Delay G—? + aTDeIay sz\( + a TDeIay 05
a‘l’l b LD aW nt a tm nt

int

where:
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oT oT,
Delay — Delay aRO = 23C(C0 + mt)
&, R oV VDD Y
aTDe|ay _ aTDeIay aRO — 23(((: +C ) F%
aVT aR) &u 0 int

T oT, oT
Ootay _ & ooy Ry | @ 0oy 0Gy _ 2.30(C, + qm)5+ 23qR+ ngt)E (3.18)
oty  OR, O, 090G oty to t,

T, oT oT,
oy _ ooty OBy | Tosey 0o _ 5 3¢ ¢ .m)—+ 23qR+ R) > b
L, R oL, aC, dL,

eff
oT, oT, oT

Delay _ ~ " Delay aRO + DeIayaCO = 23((00 + Cmt)ﬁ‘i‘ 23(( R+ Fﬁlt)E

W R OW 4G oW w W

Tooay _ OTouay OCu C
ela ela =(1L.OR, + 2.3(R )—nt
oT,, oC., oT =(LOR, ®)

int ILD LD

a-I—Delay a Delay aRm + a-I—Delayaqm _(
W aRm oW, 0 G 0 W

a-I—Delay Delay aRm _ (1 OZ: + 2 3@0) I%nt
int
atint al%nt 81;nt tlm

10X, + 2.3@,) 3:{ (1.0R, + 2.3@)%{
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a7

Model Parameters

3.3.4. Summary of the models

Parameters of the models

1 e Interconnection resistandg;y, Parameter deviations in %
e Interconnection capacitandg;, e Threshold voltageoyt
e Driving transistor on-resistancBy e Power supply voltagenpp
e Driving inverter input capacitanc€, e Gate oxide thicknessio
e Effective channel length e
e  Number of processing elemenis: e |LD thicknessorp
o Lowest level branch length; e Wire width: oyint
e Power supply voltage/pp e  Wire thicknessai:
e Threshold voltagevy
2 Process parameters: Parameter deviations (in %):
e Interconnection parameteng;Cit e Threshold voltagest
e Threshold voltage of inverterg; e Gate oxide thicknessigy
e Power supply voltage/pp o Effective channel length e
e Transistors energy gap; e Wire thicknessoy
e ILD thicknessorip
Design parameters: e Power supply voltagesypp
e Buffer output resistanc&, e Load capacitancesc,
e DiesizeD e Temperatures,
e H-tree levelsn
e Capacitive load of sub-block&;
3 e Interconnection resistandg;y, Parameter deviations in %
e Interconnection capacitandg;, e Threshold voltagest
e Driving transistor on-resistancBy e Charge carrier mobility,
e Driving inverter input capacitanc€, e Gate oxide thicknessio
e Transistor widthoy
e H-tree levelsn e Effective channel length e
e Lowest level branch length; e Wire width: oyint
e Power supply voltage/pp e  Wire thicknessai:
e Threshold voltagevr e |LD thickness: orip
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e Equations of the models

Model Equations

1 Clock skew expression (mean):

E[Skevy= (o-b log, Nr O-Wz(\/*N_ l))[4|n N — |E12|rI1nNN—)}I2 4z+2C Célnil J]

Parameter calculation (using 90% time delay in &lsumodel):

Delay_l Ommt |nt+ 2 3@ R) Q+ R) Qn—i_ R]t Q)

2 2 2 2
o 2 — aTDeIay o 2 + aTDeIay o 2 + a TDeIay o 2 + a TDeIay o 2
b aVT Ve atox tox P Leff Lesr oV Vob

DD
2 2 2
G‘f, — [ a-I—Delay ] G_I?ILD + [ a-I—Delay] G\f{m + [ a-I—Delay\J GLZ“
My W, Oty

a-I—Delay _ aTDeIay aRo -2 ch + ) I%
int
N, oR oV Voo — V
a-I—Delay _ aTDeIay aRo n a-I—Delayaco -2 ch +C )5+ 23(( R)+ R] )5
atox aRD atox aCI) atox " tox "t

(0):4

T oT oT
Delay _ ' Delay 8F\’0 " Delay aCo -2 ch +C mt)ﬁ—i_ 2$)(R) + Rﬂt)&
Ay  OR, oL, 9G oL, Lo :

eff

a-I—Delay _ aTDeIay aR) _ 2 ch + ) I%
int
aVDD aR) aVJD \éD B \(
oT, oT,
Delay Delay aC . (lORm n 230%)&
aTILD ac:lnt a-ITLD LD

aT, oT,

Delay _ Delay aRm + Delayac:lm = (1 OZ:mt + 2.3 ) R“ (1 Omnt + 2. 30%) Im
W, R, oW, 0G, oW W, Wo
T, oT,

Delay __ © "Delay Ry _ (1-Ox:im + 23@:0)&
atint al%nt 81}nt tnt
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0T peia
Tesk = ATDeIay: Z Tcsk( X~ Z‘%

Sub-block routing
I'int":int

CLK1 Fint’ Cint

CLKZ

I+ I

CBle

AX
TDeIay - TH-tree + TDrivel
Clock
H-Tree Network Driver

Parameter calculation (using 50% time delay in &lsumodel):

7

T —07[ Lor W jq
driver . ,U‘COX'(VDD_V)

2
TH—tree 204[ P& ] Dz[l—i] -l-£ D[l——l\]
Lo Tio 272 G

L
Physical paramete Clock skew component
and derivation use
Threshold voltags vV AV.
fluctuation Tesk(V1)=0.7-R - C [—TJ—T
CSK\'T L VDD _VT \/T
Gate oxide At,,
thickness toleranc Tesk(ted =0.7-Ry- C-—
Transistor AL
channel length Tesk(Leg) =0.7-R,- C-——
tolerance eff
Wire thickness 1 2 At
variation TCSK(Lm) = 0-4'(ﬁm 'Cum)' D’ '{1_7j -
2 2 tim
ILD thickness 1 2 AT
variation T.o(T,)=0.4(r_ - D?.| 1=— | .2 D
CSK( ILD) ( int Qm) ( 2%\} T”_D
IR drop v AV.
T (V. )20_7.%.(;[(&].&
TP VDD _VT VDD
Non uniform AC
register Tesk(C)=0.7"R- C.- c
distribution -
Temperature
gradient

E./q+\V. ) AT
T. (TN=07R.C.|—— 1 T |22
CSK( ) R} L [ VDD _\[r J T

Model Equations
2
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Model Equations

3 Clock skew expression (mean):

23 3= o

For an level well-balancedd-tree (with buffers at each split poinB(d), i=0, ..., n,is the delay
variance of the brandh

G—? _ aTDeIay G\f + aTDeIay G?-l— aTDeIaLy 012 + a-I-Delay GLZ + aTDeIay G\/\?
Delay aVT T a ,U M atox ox a L eff aW

+ [ aTDeIay ] 02 + [ a-I-Delay] o 2 + [ a-I-Delaly) o 2
TILD nt nt
Mo W, ) Mot ) !

where:
aTDeIay _ aTDelay aRo _ 23C(C + )

o, R oV o \eD— \
aTDeIay _ aTDelay aRo _ 23C(C + ) F%

GVT aR) a/u 0 int

T, oT oT
ey _ 7 poiay ORy + ook 0o _ 2.30(C, + |nt)_+ 23R+ th) E
O R 0%, 090G Oty Lox

aT, oT oT,

sy ey O Oy B8 g e o .m)—+ 23qR+ R) > =
g OR Oy G, Oy Les
T, oT oT

s Town . Toen0%s 5 30, +.C,) B 23R+ 7) S
W R OW 0G oW W W

T, oT,
Delay Delay aC _ (102%”t + 230%)&

oTo (3C|m a-ﬁLD To

aT, oT it
Delay _ Delay aRm + Delayaqnt = (1 OZ:mt + 2.3@C ) Fﬁ“ +( 1ORm + 23%) qn

oW, aRm oW, 3G, oW, W W

a-I—Delay Delay aRm _ (l OZ: + 2 3@0) Rnt
int

atint al%nt a 1;nt tint
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4. Comparison between clock skew models

The main goal of this work is to analyse the existelock skew models and to
determine which gives us the most accurate cloekvskstimation for a specific clock
distribution network. The efficiency of these maléd going to be studied applying
them to a generic H-tree structure, which is oftised in the global part of a clock
distribution network (higher hierarchical level).

At first, in section 4.1, a specific design methiody is presented. An H-tree with
optimized buffers and wire sizes is going to belenmgented. In the next section 4.2, the
technology parameters of the 130 nm technologystievn in different tables. In
section 4.3, numerical results of the simulatiores presented. They have been done
thanks to the JAVA programiequations”. This program calculates clock skew
estimations according to the equations of the tlaeglysed models. In appendix 4,
program operation is presented. Finally, in sectdof, clock skew estimations for
future technologies are presented.

4.1 Design methodology

There are different possibilities for the structuiean H-tree clock distribution
network. There could be intermediate buffers atiranching points (models 1 and 3)
or not (model 2). In the second case, wire widthsstnbe widened to avoid signal
reflections at these split points.

In this work, the H-tree utilized for models sintigas is going to be designed
optimizing their buffers and wire sizes (width, dkmess and length) according to
different optimization methods. The result of opaimg interconnection length is that if
in any level of the H-tree any branch length isglemthan the optimal length, it is
divided in k sections inserting optimal size inverters. Theotogy resultant is
illustrated in the following figure 4.1:
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<4 >

level 4

level 0

Figure 4.1: Buffered H-tree with optimized wire dimensions.

The first step is to characterize interconnectiaresv Azad Naeemi, Raguraman
Venkatesan and James D. Meindl present two met{@swire model and RLC wire
model) [NAE-01], [NAE-02] where wire width is optized for any technology. Since
the inductance starts to become significant foiglometal interconnections and high
frequency operation, the RLC method has been chimstdns work. The optimal wire
width is given by this expression:

Vvopt =1.88G+/¢p5, R G (4.1)

wherecy is the speed of light in vacuua constant depending on the wire geometry,
the metal resistivitygo the dielectric constant in vacuum, aRg and Cy the output
resistance and input capacitance of the minimum peater. For such interconnect
width, wire thickness is calculated according teehhology aspect ratio parameter.
Then, using analytical models and formulas, théstasce, capacitance and inductance

for wires are calculated.
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The next step is to determine the optimum numbédriarifer size that we are going
to insert in the H-tree. In this way, dividing bches in optimal length sections, their
delay time is minimized [ISM-00]. If this time ismgller, then the clock skew is also
smaller (because clock skew depends on the staa@ardtion of the path delay). The
equivalent resultant wire after being divided iswh in figure 4.2:

P P >

Figure 4.2: Repeaters inserted in aRLC line to minimize the propagation delay.
Now time expressions are transformed in the negson

k-T

Td segment

— Ro Cmt th C;ht (4'2)

segment

elay =

where TsegmentiS the delay per line segmeiily and Ry are the input capacitance and
output resistance of the minimum size invert@r; and R are the capacitance and
resistance of the interconnection line in the phtis, the number of segments almdls
the number of times that the inverters are bigd@ntthe minimum size inverter.
According to the expressions presented in [ISM-@0B¢ optimal values ok and h

taking into account the inductive wire effects are:

RS 1 |
hopt RuG [1—1— 0.1qT|_/R)3:|0.24 )
_ [RuCa 1 |
2R, 140187, Y

whereT R iS:
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T ,r= M (4.5)
V RG

In those expression$n, Lk and Ci; are the total resistance, inductance and
capacitance of the line.

By other hand, in VLSI circuits, clocks lines arsually shielded by ground and
power lines to reduce the noise coupled into sigimEs from the clock lines.
Furthermore, in this way the modelling of the capaei and inductive wire
characteristics is easier, resulting predictableaéqns that allow control the delay of
each clock signal path and the clock skew betwean.the

V5 Plane

Clock

GND Plane

Figure 4.3: Wiring structure.

Models 1 and 3 can be applied to same clock digiab network topology: An H-
tree with intermediate buffers at split points aadne wire width at each level of the
tree. Model 2 is applied to the other H-tree pakisip a tapered H-tree without
intermediate buffers and widened wire widths. Tfeeee some changes have to be done
to compare the results of that model with the othver models results.

e Model 2 differences

The main difference in the equations of this modemparing to models 1 and 3, is
the parameteriCin. It is the distributed capacitance and resistanad@fine from the
root to the leaf because no buffer is placed betwieem.
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A |1
]

W

r -
w

L1

Fr 9
w

Figure 4.4: Wire diagram in model 2.

In an H-tree, wire width is doubled at each highevel. In figure 4.4, the
parameters of a tapered section are shown. Thergsgstance and capacitance from
point A to point B are:

rc,=rc
c

rZCZ:ZrE:rc (4.6)

RC[otal = rC'( I‘1+ L2)2

wherer andc are the resistance and capacitance per wire lamgthWe can see that
parameterriCint IS the same in each level of the clock H-treds la constant value.
Therefore, in model 2, to calculatgcin, we only have to multiply the parametés
andCiy; of the models 1 and 3.

The paramete€, in the model 2 equations is the capacitive loadheffollowing
sub-block in the hierarchical clock distributiontwerk. We are going to assume that it
is the input capacitance of the buffer that drithes next level sub-block, so we can use
the sameC, that we have in models 1 and 3. According to mdelquations, the
variance ofC_ is going to be assumed 0 because we decided béfar€, is input
capacitance of a buffer, so with the varianc&ot,y, Lerr andVyq the variance o€y is
defined.
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The resultant tapered H-tree structure is showrndtue 4.5. The lowest level wire
width is the minimal and it doubles at each higlesel. No intermediate buffers are

placed at split points.

Figure 4.5: Tapered H-tree.

4.2 H-tree parameters (technology parameters)

In this section, the parameters of the 8 levelsdgd-that is going to be utilized in
simulations are presented. The chosen technolo§@dsnm. Parameters are extracted
from the ITRS roadmap and from the result of apmythe design methodology
equations. The first table shows the primary paramet the 130 nm technology, like
CMOS device parameters and minimal size intercoioreetire parameters.

Parameter Description Value
Vb Supply voltage 1.2V

V1 Threshold voltage 0.19V

Tz Gate oxide thickness 3.3nm

D Die size 17.32 mm
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£1LD Dielectric constant (interlevel) 3.6
Wint (Min) Minimal wire width 335 nm
AR Wire aspect ratio it / Win) 2

tinte (MiN) Minimal wire thickness 670 nm
Ro (min) Buffer output resistance (min. size inv.) 3.94
Co (min) Buffer input capacitance (min. size inv.) 0.77 fF

Table 4.1: 130 nm technology parameters [ITRS].

After applying the formulas to calculate optimizedffers and wire dimensions,

next table shows buffer and wire parameters thag@ireg to be used in the simulations.

Parameter Description Value
Wint (Opt) Optimal wire width 1250 nm
tine (OPY) Optimal wire thickness 2500 nm
Lint (opt) Optimal segment length 2.88 mm
W (opt) Optimal buffer size (optimal width) 322pum

The following table shows the number of requiredfénsf in an 8 levels H-tree
according to the optimal wire partition and the siiee of the 130 nm technology.

Level

Table 4.2: Optimized parameters.

Branch length
D/2 = 8.66 mm

Required buffers

D/4 = 4.33 mm

D/4 = 4.33 mm

D/8 = 2.17 mm

D/8 = 2.17 mm

D/16 = 1.08 mm

D/16 = 1.08 mm

D/32 =0.54 mm

N Y R SN IS B O I O o

O N| O g A W N | O

D/32 =0.54 mm

[N

Finally, next table shows the definitive parametdrthe clock distribution network
that is going to be utilized in the simulations.idtan 8 levels H-tree with optimized

buffers and wire dimensions.

Table 4.3: Required buffers at each level.
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Parameter Description Value
N Number of nodes 256

D Chip size 17.32 mm

Rint Interconnection resistance (optimal) 7.04e3Q/m

Cim Interconnection capacitance (optimal) 3.4e-10 F/m
Cuv-total Total wire capacitance (397.76 mm) 135.24 nF

Ro Buffer output resistance (optimal) 1.59Q

Co Buffer input capacitance (optimal) 1.91e-12 F
Ch-total Total buffer capacitance (775 buffers) 1.48 nF

Table 4.4: H-tree parameters.

Finally, in the last table, process and circuitgmagter tolerances are shown. It is

necessary to know them because they are the inpanpters of the JAVA program for

the simulations. The transistor width deviation adcalated according to the minimal

size technology deviation. It means that the vajiven for the 130 nm technology is

referred to the minimum size transistor lithograpkgr optimal size transistors, the

absolute value of the deviation is the same. Caresity, the percentage of deviation is

smaller. The same calculations are done for themaptwire width and thickness

according to the deviation of minimal size wires.

Parameter

Description

Standard Deviation

6\DD Power supply voltage 3.3 % [KAH-01]

GyT Threshold voltage 4.2 % [KAH-01]

oy Charge carrier mobility 2 % [KAH-01]

Giox Gate oxide thickness 1.3 % [KAH-01]

Gw Transistor width 5% of 130 nm— [KAH-01]
2.02e-3 % of 322m

G eff Transistor effective channel length 5 % [KAH-01]

Gwint Wire width 3% of 335 nm— [FAN-98]
0.804% of 1250 nm

Giint Wire thickness 3% of 670 nm— [FAN-98]
0.804% of 2500 nm

OTILD ILD thickness 3 % [FAN-98]

GT Temperature 8% [GRO-98]

Table 4.5: Parameter tolerances.



Luis Manuel Santana Gallego 59
Investigation and simulation of the clock skew indarn integrated circuits

As was said in the previous section, model 2 requemse different parameters.
First of them isrinCint, the distributed capacitance and resistance ofitkeefrom the
root to the leaves. It is calculated multiplying ttame optimaR,; and C; that were
used in models 1 and &_ is the same input capacitance thanin the previous
models. Wire width variatiomwin is calculated for the worst case (last level width
optimal width).

Parameter Description
I intCint Distributed capacitance and resistance 2.39e-6 s
C. Load capacitance 1.91e-12 F

Table 4.6: Model 2 parameter differences.

4.3 Simulations

To analyse the different clock skew models with pneposed H-tree described in
the previous section (256 nodes, 130 nm technoldbwe different simulations have
been realised. In the first of them, the valuehef tlock skew according to each model
is compared. Secondly, each clock skew componeninds/idually analysed to
determine with parameter deviation has higher erfte on the total clock skew value.
The third simulation shows the clock skew estimatmndifferent number of H-tree
end points (number of levels).

We have to take into account that each model cersidifferent clock skew

sources. For example, only model 2 considers thgpeeature variation, or moreover

the case that model 3 considers transistor widtlati@ns but model 1 does not.

4.3.1. First simulation

Clock skew estimations for the three models in a 8668es H-tree and 130 nm
technology.
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Comparison of the three models
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Figure 4.6: Clock skew estimations according to eaanodel.

We can observe that the results are the expectedeM gives us a value di2 ps
for an H-tree with intermediate buffers and modeji@es a value o#15.2 ps It is
correct because the first model estimates an uppend for the clock skew and the
third model calculates the clock skew more accwaglice it takes into account the
correlation between overlapped parts of clock pdttslel 2 estimation is realized with
a different clock distribution network topology, apered H-tree without intermediate
buffers. The value 026 psis accepted because it must be smaller than thewdor
buffered H-trees, where more sources of clock skesv mesent along the paths
(intermediate buffers). The reliability of thesdimsitions depends on how accurately

the clock system parameters have been predicted.

4.3.2. Second simulation

Clock skew components according to each model iv6ar®des H-tree and 130 nm

technology.
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Figure 4.7: Components of the clock skew in model 1

According to model 1 (and the parameter toleraneediptions), an important
conclusion can be drawn: the tolerancd_gf the effective channel length, should be
specially controlled because it is the main soumdie total clock skew. The influence
of this parameter (tolerance 5%0) is higher compared to the gate oxide thicknggs,
another transistor source of skew, but with smatiarance 1.3 %9. As it was said in
previous sections, buffers are the main sourcdoakcskew. Their parameters may be
accurately controlled to obtain low skew H-trees. aVgources of skew are less

important if their tolerances are not particulagignificant.

« MODEL 2
Clock Skew Components
(Model 2- 130 nm Technology)
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Figure 4.8: Components of the clock skew in model 2



Luis Manuel Santana Gallego 62
Investigation and simulation of the clock skew indarn integrated circuits

The main conclusion that can be extracted afteulsitea the model 2 in a tapered H-
tree is that wire clock skew sources are more importhan buffer sources. It is
consequent because a tapered H-tree 246 nodes has onl®57 buffers and the
optimized H-tree utilized in models 1 and 3 simiolas hass76 buffers. By other hand,
the ILD thickness is the main source among wire skewces. It is due to a higher

variance 8 %)than wire thickness variatio9.804 %).

« MODEL 3
Clock Skew Components
(Model 3-130nm Technology)
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Figure 4.9: Components of the clock skew in model 3

Practically the same conclusions than were drawthiffirst model simulation can
be drawn. Buffers parameters, principdlly, are the main source of clock skew. A
different parameter, which model 1 does not consigdransistor widtiw. The effect
of it is almost negligible due to the very low t@ace value of this parameté&.@2e-3
%).

4.3.3. Third simulation

Clock skew estimations for different number of nogean H-tree implemented in

the 130 nm technology.
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Different number of levels
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Figure 4.10: Clock skew in the 130 nm technologyf different number of levels.

The results are again the expected. In every tlaselock skew value given by the
model 3 is lower than the given by the model 1sl{ogical because model 1 only
provides an upper bound for the clock skew. Modgivés us a value considering the
correlation between paths, so the value is lesseceagve. Estimations for model 2 are

always the smallest. It is because the taperedéHHas less clock skew sources than the

equivalent optimized buffered H-tree.

We can observe how the clock skew increase as nuaifldevels in the H-tree is

bigger. This increase is less appreciable for nigimber of levels because when we add

a new one, we are just adding a new buffer and asreajl interconnection section.

On the other hand, model 1 estimations are madefonly even number of levels.

Their equations have no meaning when they are eppd H-trees with an odd number

of levels.
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4.4 Clock skew for future technologies

Once the three models have been analysed and seshukatd several conclusions
about them have been drawn, it is possible to ajyayn to a global clock distribution
network designed with future technology paramet@ns3 levels H-tree implemented in
100, 70 and 45 nm technologies. We can verify hactbck skew will be in the future
for this topology and if an H-tree like that wilekappropriate within a global clock

distribution network.

At first, technology parameters of these techn@sgire presented in the following

table. We can compare them to the 130 nm parameters

Parameter 130 nm 100 nm 70 nm 45 nm
Vb 1.2V 1V 0.9V 0.6V

Vr 0.19V 0.15 0.06 0.021

T 3.3nm 2.5nm 1.6 nm 1.4 nm

D 17.32 mm 17.32 mm 20 mm 21.21 mm
&1Lp 3.6 3.3 3 3.6

Wint (min) 335 nm 237 nm 160 nm 103 nm
AR 2 2.1 2.2 2.3

tine (MIN) 670 nm 500 nm 352 nm 235 nm
Ro (min) 3.941Q 4.95 KO 8.02 k2 15.7 IQ
Co (min) 0.77 fF 0.66 fF 0.457 fF 0.34 fF

Table 4.7: Technology parameters for the chosen teoologies [ITRS].

After applying the equations, the optimized paramsefer the buffer and wire size

are in the next table:

Parameter 130 nm 100 nm 70 nm 45 nm

Wint (Opt) 1250 nm 1005 nm 850 nm 620 nm

tine (OPY) 2500 nm 2110 nm 1870 nm 1426 nm

Lin (opt) 2.88 mm 2.16 mm 1.67 mm 1.32 mm

W (opt) 322um 354um 496 um 648 um
Table 4.8: Optimized parameters.
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The following table shows the number of requiredfdénsf in a 256 nodes H-tree

according to the optimal segment partition anddikeesize in the 130 nm technology.

130 nm 100 nm 70 nm 45 nm
Level Section | Length Buffs. Length Buffs. | Length Buffs. Length Buffs.
0 D/2 8.66mm |3 8.66mm |4 10mm 6 10.6mm |8
1 D/4 4.33mm |2 4.33mm |2 5mm 3 5.30mm |4
2 D/4 4.33mm |2 4.33mm |2 5mm 3 5.30mm |4
& D/8 217mm (1 217mm |1 2.5mm (2 2.65mm |2
4 D/8 217mm (1 217mm |1 2.5mm (2 2.65mm |2
5 D/16 1.08mm |1 1.08mm |1 1.25mm |1 1.33mm |1
6 D/16 1.08mm |1 1.08mm (1 1.25mm |1 1.33mm |1
7 D/32 0.54mm |1 0.54mm |1 0.63mm |1 0.67mm |1
8 D/32 0.54mm |1 0.54mm |1 0.63mm |1 0.67mm |1

Table 4.9: Required buffers at each level.

Finally, next table shows the definitive parametdrthe clock distribution network

that is going to be utilized in the simulationsidta 8 level H-tree (256 nodes) with

optimized buffers and wire dimensions.

Parameter 130 nm 100 nm 70 nm 45 nm

N 256 256 256 256

D 17.32 mm 17.32 mm 20 mm 21.21 mm
Rint 7.04e3Q/m 10.04e32/m 13.8e3Q¥/m 24.9e3Q/m
Cim 3.4e-10 F/m 3.11e-10 F/m |[2.92e-10 F/m |2.64e-10 F/m
Cu-total 135.24 nF 123.70 nF 134.32 nF 128.73 nF
Ro 1.59Q 1.40Q 1.13Q 1.09Q

Co 1.91e-12 F 2.34e-12 F 3.24e-12 F 4.90e-12 F
Cho-total 1.48 nF 1.82 nF 2.62 nF 4.00 nF

Table 4.10: H-tree parameters.

One of the biggest problems presented during tHsoedéion of this work was the

difficulty in searching the exact parameters foffedent technologies. Due to this
reason, tolerances of the required parametersang ¢p be chosen the same than the
130 nm case. Therefore, the following table presémm.
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Par. 130 nm 100 nm 70 nm 45 nm

6vop | 3.3 % [KAH-01] 3.3 % [KAH-01] 3.3 % [KAH-01] 3.3 % [KAH-01]

oyt |42 % [KAH-01] 4.2 % [KAH-01] 4.2 % [KAH-01] 4.2 % [KAH-01]

6, |2 % [KAH-01] 2 % [KAH-01] 2 % [KAH-01] 2 % [KAH-01]

Giox | 1.3 % [KAH-01] 1.3 % [KAH-01] 1.3 % [KAH-01] 1.3 % [KAH-01]

ow |5% of 130 nm— 5% of 130 nm— 5% of 130 nm— 5% of 130 nm—
2.02e-3 % of 322m | 2.02e-3 % of 322m | 2.02e-3 % of 322m | 2.02e-3 % of 322m
[KAH-01] [KAH-01] [KAH-01] [KAH-01]

GLerr | 5 % [KAH-01] 5 % [KAH-01] 5 % [KAH-01] 5 % [KAH-01]

owint | 3% of 335 nm— 3% of 237 nm— 3% of 160 nm— 3% of 103 nm—
0.804% of 1250 nm | 0.707% of 1005 nm | 0.565% of 850 nm 0.498% of 620 nm
[FAN-98] [FAN-98] [FAN-98] [FAN-98]

Gint | 3% of 670 nm— 3% of 670 nm— 3% of 352 nm— 3% of 235 nm—
0.804% of 2500 nm | 0.711% of 2110 nm |[0.565% of 1870 nm [ 0.494% of 1426 nm
[FAN-98] [FAN-98] [FAN-98] [FAN-98]

oo | 3 % [FAN-98] 3 % [FAN-98] 3 % [FAN-98] 3 % [FAN-98]

or |8% [GRO-98] 8% [GRO-98] 8% [GRO-98] 8% [GRO-98]

Table 4.11: Parameter tolerances.

The next figure 4.11 shows the estimation for thé 26des H-tree (8 levels)
designed according to four different technologi) nm, 100 nm, 70 nm and 45 nm.

Different technologies
(8 levels H-tree)
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Figure 4.11: Clock skew for different technologie$130, 100, 70, 45 nm).
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In every case, the clock skew value given by modisl Bwer than the given by
model 1. It is logical because model 1 only proside upper bound for the clock skew.
Model 3 gives us a value considering the corratatietween paths, so the value is less
conservative. Model 2 estimations for the taperetted are always smaller than the
estimations for the H-tree with intermediate bugfdt is reasonable because there are
less clock skew sources in a tapered H-tree (lefisrbu

On other hand, an increasingly clock skew is obserasdtechnology size is
decreasing. It is due to the increase of the RGtem (both wires and inverters) when
technology size decreases. The raise is exponestiafor each new technology the
clock skew in an H-tree increases considerably. Phasents a big problem because
one of the main goals of a newer technology is toea® higher clock frequencies. To
do that, clock skew has to be kept proportional be tlock period (10 %
approximately). In the next table and in figure24.the relation between the clock skew
and the clock period is shown. Only an H-tree im@atad in the 130 nm technology

can satisfy the design rule of 10 %.

Parameter 130 nm 100 nm 70 nm 45 nm
Clock frequency [ITRS] 1.6 GHz 3.0 GHz 9 GHz 15 GHz
Clock period 625 ps 333 ps 111 ps 66.7 ps
Clock skew (model 3) 45.2 ps 69.6 ps 120 ps 312 ps

% (Clock skew vs. period) | 6.8 % 20.9% 108.1 % 467.8 %

Table 4.12: Relation between clock skew and cloclepod.

An important conclusion can be drawn from this seioh: a single H-tree like that
is not appropriate if we want small clock skew valt@sa global clock distribution
network. Additional methods like deskew circuits eedbacks are necessary to obtain
low skew clock distribution networks in modern teclogpés.
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Relation between clock skew

and clock period [%]
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Figure 4.12: Clock skew vs. Clock period.
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5. Conclusions

In this work several aspects about the clock skevhiwitn synchronous digital
system have been considered. Nowadays, clock skawosgathe main parameters that
imposes restrictions in a digital system perforneaacd reliability. It is actually one of
the issues that requires more time of study.

At first, the role of a clock distribution networktwin a synchronous digital system
was presented. A hierarchical clock distributionwwek, starting with the global part
and finishing with the local clocking, was decidesithe best option to implement a
clock scheme since it allows the partition of thetegn in different functional sub-
blocks. The advantages and disadvantages of tfexatif strategies and topologies to

implement a clock distribution network were discussed

Secondly, an extensive analysis of the clock skew peaormed. The theoretical
background was described and their main sources presented. One of the main
goals of this work was to look for the existing made estimate the clock skew in a
clock distribution network. Three different modedsatistical models according process
and circuit variations) were studied and their eigmatwere presented (models 1, 2 and
3).

The third part of this work was probably the most amtpnt. An extensive analysis
of the models was realised thanks to different fatlmns in a generic H-tree (with
optimized buffers and wires). They are usuallyized in the global part of a
hierarchical clock distribution network. A java prag, ‘equations.jav§ was
specifically developed to calculate the clock slestimations according to each model
equations. Clock skew prediction for future techgas were made in a H-tree.

Concerning the models, model 1, which gives uspgeubound for the clock skew,
and model 3, which gives an estimation that tak&s account the correlation between
clock paths, were compared in a H-tree with interaiedbuffers. The main conclusion
that could be drawn is that model 1 gave us a toservative estimation compared to
model 3. However, the validity of the simulationglependent upon the accuracy of the
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process and circuit variation parameters, which wadbagbly the greatest difficulty

found during the elaboration of the work. Model 2 ahhis applied to a tapered H-tree
with widened wires, gave estimations smaller tHandther two models. The reason is
that a tapered H-tree has less clock skew sourbese(tare not buffers at the split

points).

If models are applied to an H-tree for futures tedbgies, an important conclusion
was drawn. Since clock skew increases rapidly favengechnologies due to the RC
constant of buffers and wires increases considgrabdingle H-tree is not appropriated
for a low skew global clock distribution network. Atddnal techniques, like deskew

circuits, are necessary to keep a low skew valuamftie system.

To finish, we can say that main goals of the workewvachieved, but with the
uncertainty of knowing if the clock skew value islistic or not due to the difficulties
of finding parameter values. The qualitative bebawof the models has been described

and checked.
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Appendix 1

Clock Skew Model 1

Steven D. Kugelmass, Kenneth Steiglitz [KUG-88]

1. Introduction

The accumulation of clock skew, the differencesrnival times of signal in digital
systems with a central clock, is one of the factbas limit the speed in these systems.

These authors present a probabilistic model forat@imulation of clock skew in
synchronous systems. Using this model, it's possibleestimate upper bounds for
expected clock skew between processing elements [moeessor array, and it's
variance, in tree distribution systems withh synchronously clocked processing

elements.
These results can be applied to two specific maidelslock distributions:

e The first, metric-freemodel, the skew is in a buffer stage is Gaussiah @it
variance independent of wire length. In this cabke, upper bound on skew

3/2

grows as?(In”< N) for a system witiN processing elements.

e The secondmetric model, is intended to reflect VLSI constraints: tteck

skew in a stage is Gaussian with a variance propaitio wire length. In this

case the upper bound on expected ske\w(igNln N) for a system withN

processors.
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Thus the probabilistic model is more optimistic rihie deterministic summation
model of Fisher and Kung [FIS-85], which predictlack skew®(N) in this case, and

is also consistent with their lower bound @(Jﬁ) for planar embeddings. Fisher and

Kung’s model ignore a fundamental property of cle&lew: its origins in the random
variations of propagation time through buffers ancs.

2. General model of signal distribution

A global signal, such as clock, is distributed tlgbout a processing system by a
signal distribution system. This, is composed atienber buffers (amplifiers) and wires
which may be organized in a number of different wayso common structures are a

bus and a tree.

A clock distribution system can be represented bgraph. It has a single
distinguished vertex called tlseurce This is the origin of the global signal, and itf'e
only input to the distribution system. This distiion system can have multiple
destinations, but for practical reasons, therexé#y one path from the source to each
destination, that we are going to galbcessing elemen{®PE). PEs may have their own
internal signal distribution system. This internajstems can be modelled in a similar
manner to the global signal distribution system.

Each buffer and wire in the clock distribution gyt propagates and delays its
incoming signal. Therefore, it's natural to assteciavery delay element in the signal
distribution system, either a buffer or a wire,lwé random variable,.dThe value of
the random variable gives the delay contributiothat element. The delay at any point
is a real random variable, which is the sum of ladl tandom variables along the path

from the source to that point.

These definitions constitute de essence of the mdtiey make it very simple. But
extremely general, and allow one to model any cltiskibution system. Geometry can
be incorporated into the model by attaching an @te probability density function

to wire delays. There is also the freedom to anaazenuch or as little as desired by
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creating simplified models, in which buffer delags wire delays can be ignored

entirely.

The primary interest is the skew, the distributidnaarival times of a particular
clock pulse to al PEs that communicate. Becausbeomodel is probabilistic, it's not
possible to give an expression for the worst casaskut we derive an expression for
the expected maximum skew by assuming that all BEsmunicate.

We haven't made any mention of any particular pbdltg density function. The
total delay through the distribution system is $en of a number of random variables.
In many cases, it quickly converges to a normalribigtion, by the Central Limit
Theorem. That's why, in the case of the skew contjuts, the actual distributions

attached to buffers and wires are usually relagiveimportant.

The arrival times of a signal to ti¢ PEs constitute a random sample of dize
From this sample, find the difference between thgelst of them,Anax and the
smallest,Amin. The random variabl®= Anax- Anin is calledrange of the sample. The

range is equivalent to the skew in the signal distron system.

3. Analysis and upper bounds

There is a lot of literature that describe techagto compute the expected range of
a set of independent identically distributed (irdndom variables. However, little is
described about the case when variables are demerate they are in a clock tree.
Fortunately, it is possible to the statistics of viariables to predict an upper bound on
the statistics of the dependent variables. Thetioelship is given by the following

theorem:

Theorem 1. “The expected range of a set of random variablekjchv are
dependent because they are sums of overlappin@gblas, is no greater than the
expected range of the corresponding set of indegren@ndom variables”.
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We definey;,, i=1,2,...,Nas iid real random variables, wiN¥kn, andg;, j=1,2,..,n
asn disjoint subsets of differery, each of cardinalit)k. Now, we definer; similarly,
with k distinct elements each, except that they are aoéssarily disjoint. Define the

corresponding sums of tlyg by:

5=V t=>y

yeo Yer;

The theorem 1 demonstrates thahe expected range of thes dominates the
expected range of the;, and so any upper bound for the first also hatdgHhe second.

It's demonstrated using the following lemmas.

Lemma 1 “If F o(x) and Fg(X) are the probability distribution function foandom
variables A and B, and we suppose thaixFand Fs(x) are differentiable and A and B
have finite means and variances. Then{k}> Fg(x) for all, then E(AX E(B)".

Lemma 2 “For any o and g, without any restriction in them, and any continsiou
probability density P:P(y<ea|y< )= P( y<a). This lemma expresses that i,

then y<a”.

Now that we have demonstrated this theorem, anyddar iid variables is an

upper bound for the variables that arises in thekctlistribution system model.

At this point we are going to assume that the attivmes are Gaussian, motivated
by the Central Limit Theorem. Although no closednfioexpression is known for the
expected value and the variance of the range oidNsaussian distributed random
variables, it is possible to obtain asymptotic eggions. This is shown by the following

theorem.

Theorem 2 “Let %, i=1,2,...N be random samples from anu,af) normal
distribution, and let R = xax- Xmin be the difference of the largest and smallesten

the expected value of R is asymptotically:
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E[R]=0'

4InN-InInN-=1In4r+ 2C 1
+ (1)

(2InN)" logN

where C= 0.5772 is Euler constant. The variance of R igigilby:

o’ n? 1
Var[R]=——2_ .
ar[R INN 6 +O{I092N} @

Equation (1) is therefore asymptotic upper boundrenexpected skew in a clock
distribution tree with N leaves.

4. Examples

The model is applied to two different global sigrdistribution systems. The
examples represent what it's considered to be camrmypical clock distribution
systems, but they are not intended to represeritlirgcope of all possibilities.

4.1 Metric-free tree

The first example is a metric-free tree. This tygfetopology could be used to
implement a large-scale distribution system, wiictuld provide a clock to chips on a
board or to boards in a system. It doesn’'t constthe circuit to be planar, so it's
possible to equalize the lengths of all the wirethe tree. Therefore, every wire has the
same probability distribution for delay, which cbhe lumped with the delay of the
buffer that follows it. This results in a modelafree of buffers without wires.

The root of the tree (nodk) is the source of the signal, the PEs are platdatea
leaves (noded/-Z), and the intervening levels consist of buffersl anres. Figure 1
represents the tree:
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Figure 1: Clock distribution tree.

In Figure 1, internal nodes are buffers, whichamesmit the clock signal. The leaf
nodes of the tree are the PEs that communicatesgathem. Lines connecting nodes of

the clock tree represent wires that conduct thekcdignal to all the PEs.

The delay through a buffer of the clock distributivee can be modelled as a real
random variabled, The arrival time of the clock signal to any PEthe sum of the
delays along the path from the root of the trethéoPE. The buffers in this metric-free
model cause all the delays. The effect of a wirakisorbed by the line effect of the

buffer that follows it. The arrival time at leaf4;, is therefore the random variable:

A =>"d. , where the die on the path from the root to the leaf i.

In order to apply theorem 2, we must estimate tigedying distribution of thé\.

Assuming that there afé PEs, eacld is the sum ofog;N d’'s and that eacl; has
meanu, and variancesy’. By our Gaussian assumption, tAehave the distribution
n(uslogoN oplogzN). Applying theorem 2 with distribution, we find thete expected

skew is:

E[Ske/= o, log, 4InN—InInN—In47z+2C+C€ 1 ]

(2InN)" logN

4In"2 N
= o, ———— +lower order terms 3

> J2In2
_(In’2 N)
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The variance of the skew is:

2
Var[Skevy:sz%+C% 1 } (4)

log” N
which is a constant wheyhi— oo.

The following simulations corroborate the asymmtakew results. Figure 2 shows
the asymptotic curve d&[Skew],with dashed line. The solid line represents theltes
of the Monte Carlo simulation after 100 trialsshows that the bound is relatively tight,
despite the fact that dependence between variablagnored in the equation of
E[Skew] The gap between the asymptote and simulatioritsedecreases steadily from
about 20% foN=2° to about 10% foN=2"".

30~ o
| o
,«’f/ |
o -
20 Tt
Expected ) i *:,-f*/ |
Range s '
10 i
| o
J -
. |
fist T T T —
1] 104 100 L0
Sample Size

M

Figure 2: Metric-free simulations.

Even for trees of small depth, the expected rangaoth cases is nearly identical.
This is due to the rapid convergence of the sumsanflom variables to a normal
distribution.

The explicit inclusion of wire delays into the méd®ot to include wire delays with
buffer delays) does not significantly modify thesults. Wires can be considered to
contribute an additional random delay at each |®fethe tree. Assuming that wire

delays are distributed similarly to the buffer geslathe effect is to increase the variance
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of the variance of the distribution of arrival timBy a constant factor. This doesn't alter

the asymptotic behaviour of skew.

4.2 Metric tree

The second example ismaetric tree. This is the type of system that is typichl o
systems described for VLSI. The central assumpifdhis topology is that circuit must
be embedded in the plane. If the embedding is tarba efficient, then the wires that
connect buffers cannot be the same length everywhEne delay through a wire
therefore depends its location in he tree, and aabhe lumped with a buffer delay. A

common tree of this type is the H-tree (Figure 3).

Clock
Generator

Figure 3: H-tree clock distribution system.

There are two distinct views of the effects of eaging system size (number of
PEs) under the metric assumption. The first isgsuee that a tree with an arbitrary
number of leaves can be embedded in the fixed afdle integrated circuit. The
alternative to this view sets a lower limit on giee of the smallest feature: in this case
the size of a wire at the tree’s leaves. Each pliagelevel is progressively larger (to
avoid reflections in the wires) and the area ofghtre clock tree grows with increasing
system size. This view ignores the effects of #mip feature size but its compatible
with increases in this chip die size. We are gomgdopt this second point of view.
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Now we assume that buffer delad, is N(up,on2). For this analysis we will also
assume that wire delayy, is Gaussian distributed with a mean value an@raance
proportional to its length. The linear relationslige the variance can be justified by
considering a long wire to be equivalent to tworskowires placed end to end. The
propagation delay of the long wire is equal to sben of the propagation delays of the
two shorter wires. The expected values add, abaledriances because the delays of he

short wires are independent.

The wire delay at leaves of the treenigw,o,”) distributed. Because wire length
doubles at each higher level of the tree, theilision ofw; can be written as function

of the depthd, of the wire. We find thatv, is n[# N (NJZJ, wherel <d <logN and
2d

W2d’ w

i andey,? are the starting wire (lowest level) time delay mead variance.

The total delayA, is the sum ofog;N buffers delay and the sum delays from each
level of the tree. In a H-tree, the root to leavgtahce, starting with a unit length at

leaves, follows geometric serif N Jﬁjz BN - The total delayA,

§+l+2+2+4+4+...+— +—
2 2

therefore has the distributiorh'(ﬂb log, N+ 11,2(VN~-1), o log N+O’i( AV N- :))j

As N — «, the linear (wire) term dominates. The expectedvsikeherefore:

E[SkevyaWZ(\/_l\kl)[mannln N-In4r+ 2C+ Cé 1 j]

(2In N)% In N
= aw%(\/ﬁ—l)\/ln N + lower order terms (5)
=0(VNInN)

and the variance is given by:

Var[Skev]':MEE—Z}rC% ! } (6)

InN 6 log N
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Next Figure 4 shows the comparison of the H-tree asytic bound (dashed line)
an Monte Carlo simulations (solid line) after 1@@ls. In this case, the bound is not as
tight as in the metric-free case, because the dhaagables, representing deviation
from the independence assumption, are near theofdbe tree, where the wire lengths

are longer.

10K - 7
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L;;{::cd e
-1 Py (18 -
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Figure 2: Metric simulations.

4.3 Mistake probability

It's possible to give an estimate on the probapbtlitat the sample value of the skew
iS outside a certain range. Assume tKat a random variable with real meamnd
variances®. Then, using the one-sided Chebyshev inequalitycavepredict un upper
bound on the probability of exceeding the mean dkgwan amoung:

2
(o2

c’+a

POX>(uta)s—— (1)

Now leta=au, wherea is the fractional deviation from the expected eatd skew.
Then, using the estimate, in both the metric andrica#ee case, we can have an

estimate of an upper boundMs— «:

2
T

P(X> (u+d)s—y—B (8)
%+8a2InZN
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5. Calculation

Now, we are going to show how to calculate the paraseieressaries to apply de

model.
5.1 Metric-free tree

In this model, | need the parametsgf, that is the delay variance through a buffer of
the clock distribution tree (effect of the wire Issarbed by effect of the buffer).

Using Sakurai’'s model for interconnection delayg, dielay of a stage composed of

a wire interconnecting two buffers (inverters) is:

TDeIayzl'ORint C|nt+ ZBQ I:20 Q+ R) Q‘n—i_ R]t (t;) (9)

whereR; and Gy are the total resistance and capacitance of tleecomnecting wire,
Ry is the on-resistance of the driving transistod &g is the input capacitance of the

driving inverter.

L. /W P e W
~—  C=C. W o R= , = ——ot (10)
k /UC()X(VDD_VT) 0 > - B W, e b f To k

Here,Lin: is the length of the wire at the last stage oftiheee.

We are going to consider the following variablesadculateT geay;

- Vi threshold voltage.

- tox gate oxide thickness.

- Leg transistors effective length.

- Vpp: power supply voltage.

- Twp: interlevel dielectric thickness.
- Wiy wire width variation.

- tne wire thickness variation.



Luis Manuel Santana Gallego 82
Investigation and simulation of the clock skew indarn integrated circuits

We also consider them independent. Thereforeanee of Tgeiay (6,2 can be
determined in terms of variances of these indepan@mdom variables.

GSZGTZ — % 05+ aTDeIay Gt§+ aTDelay GLZ
e av ! atox g a Leff °

(11)
+ aTDeIay 02 + aTDeIay 02 + aTDeIay 02 + aTDeIay 02
avDD Yoo aTILD Tio a Wnt o a Int Im
where:
T, oT,
Delay — Delay aR) — 2 ch + .nt) I%
aVT aR) aVr VDD - \4
T, oT, oT
Delay — Delay aR) + DelayaCD = 2 ch + mt)i—i_ qu R)+ Rﬂ)5
atOX aR) a tOX a Q) a tOX tOX tOX
oT, oT, oT
Delay — Delay aR) + Delay aCo :2 ch + |m) R) + 2@(%4‘ Rm)&
aLeff aR) aL\a-ff aCD a Leff Leff Leff
oT, oT,
Delay — Delay aR) _ 2 ch + .nt) I% (12)
aVDD aR) aVJD \éD - \(
aT, oT,
ooy _ ooy O _ (1 R + 2.30R) S
aTILD a(:lm a-ITLD TLD

oT, oT
Delay _ Delay al%nt + Delayaqm _ (1 Ox;mt +23C ) Rn (1 Omnt + 2. 30%) |nt
W, 5Rm oW, 0G, oW W Wi

0T,

Delay — aTDeIay aRm

atint al%nt a 1%nt

~ (1.0, + 2.3, )

int

5.2 Metric tree

In the second model, we need the paramgfethat is the delay variance through a
wire of the clock distribution tree. Buffer dela/not necessary to be taken into account
because, in this model, the wire effect dominates.

Using Sakurai’'s model for interconnection delay® delay of a stage composed of
a wire interconnecting two buffers (inverters) is:



Luis Manuel Santana Gallego 83
Investigation and simulation of the clock skew indarn integrated circuits

Delay_l Ommt |nt+ 2 BQ R) Q+ R) q1\ﬁt+ R]t Q) (13)

whereRn; and Gy are the total resistance and capacitance of tleecomnecting wire,
Ry is the on-resistance of the driving transistod &g is the input capacitance of the

driven inverter.

L /W
HCoy (VDD - VT)

b G=—— k (14)

J Co:Cox'W' ff 1 = 2
o R Wi b TLD

R, ~

Here,Lin: is the length of the wire at the last stage oftihzee.

We are going to consider the following variableslfOthe variables that affect to

Rint andCin, because we only consider the wire’s delay) toutateTelay:

- Tup: interlevel dielectric thickness.
- W wire width variation.

- tne wire thickness variation.

We also consider them independent. Thereforeanegi ofTqeiay Can be determined

in terms of variances of these independent randanalies.

2 2
oot [Tt o[ Tem| o o[ T o7 a9
SN oW, ot

where:

OTouey 0T,
ey _ ooy O _ (1 R+ 23RS
aTILD oC a-IILD TLD

int
o1 o (10
Delay _ Delay aRm n Delayaqnt _(1 OZ;mt + 2.3@C ) R\t ( 1'ORnt+ 23%)&
oW, am oW, G O W, W
aTDeIay Delay aRm — (1 0x . + 2. 3@0) I%nt
o, aRm ot " i
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6. Conclusions

e« The model is probabilistic.

e It give us an estimation of upper bounds for expectlock skew in tree
distribution systems withN synchronously clocked processing elements.

e Three basic assumptions in our model:

- The paths from the clock source to the processmigents are identical, in
the sense that the paths are equal of length, iodhi&same number of wires
and buffer stages, and equally loaded.

- The clock arrival times are random variables, amdthe sums of uncertain
independent delays through many wires and bufigysthe Central Limit
Theorem, the arrival time of clock signals at psswgs can be modelled

asymptotically as a Gaussian random variable.

- For the purpose of arriving at an upper bound atlkclskew that is
independent of topology, we make the additionalulseggion that any
processor can communicate with any other.

e Results are applied to two different cases:

- Metric-free model: Total delay in each buffer stageGaussian with a
variance independent of stage number. Upper botowlsgas?(log N).

- Metric model: Clock delay in a stage is Gaussiarthwa variance

proportional to wire length. H-tree case. Uppermbgrowse)(w/\/ﬁlog N).

e To apply the model it’s necessary to know:
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E[Skev]':(ab log, N+o-W2(«/7N—1))

- Metric-free model
- N: Number of processing elements.
- ap% Delay variance through a buffer of the clock rilisttion tree (effect
of the wire is absorbed by effect of the buffer).

- Metric model
- N: Number of processing elements.

- oy Delay variance through a wire (effect of the budfis not taken into
account).

We can calculate an upper bound of the clock skew a H-tree clock
distribution network taking into account the buffefelay. It is very
recommendable, because the model doesn’t considealacase, where to
increase the number of levels doesn’t imply that the size increases. To
increase the number of levels supposes thatalbtanches are shorter, so their
delay is reduced. It makes no sense the metricsispposition that wheN —

w0, the wire term dominates.

In this case, including buffer delays, the uppeurb clock skew expression
would be:

(17)

4InN—InInN—In4r:+2C+ é l]
(2InN)’ InN

Now, to calculates,’, we have to calculate the variance Tfiay as function of
buffer parameter variationd/4, tox, Le, andVpp). To compute this variations,
we do in the same way that in the metric-free méelglations 12).

Parameters we need to know:
- Interconnection resistancRi:

- Interconnection capacitanc@i

- On-resistance of the driving transistBs:
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- Input capacitance of the driving invert€l;
- Threshold voltage of invertersr
- Power supply voltagé/pp

- Threshold voltage deviation (in Y@+

- Power supply voltage deviation (in %)ipp

- Gate oxide thickness deviation (in %x

- Effective channel length deviation (in %)<
- ILD thickness deviation (in %}mip

- Wire width deviation (in %)&wint

- Wire thickness deviation (in %diint

- Number of processing elemenks:
- Lowest level branch lengtlh;y
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Appendix 2

Clock Skew Model 2

Payman Zarkesh-Ha, Tony Mule’, James D. Meindl [ZAR98]

1. Introduction

Performance of high-speed synchronous digital aystis reduced significantly by
clock skew of the clock distribution network. Thencept of zero clock skew balanced
networks has been proposed, however clock skewtettehy process parameter
variations is still unavoidable. It is, therefom@perative to characterize the clock skew

components due to process parameter variations.

These authors describe a compact model to enableofder estimation for on-chip
clock skew as a function of device, interconneatl @gstem parameter variations.
Unlike previous models that describe qualitativleewaour of clock skew components,
the new model provides a closed form expressiordah clock skew component. This
model provides a statistical expression (in functiof both, process and design
parameters, % of variation) for the clock skew ibadanced clock network (H-Tree),
but this expression can be easily modified andiagpb any clock network.

2. Clock skew components

Clock skew appears principally from unequal clo@dthplengths from the clock
source to the clocked registers. To equalize Bmgths, and thus reduce the clock skew,
a common practice is the use of a balanced clotkank. In this way the nominal
value of skew becomes zero and clock skew redwctsetvariations of the clock path
from the clock generator to the registers.
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These variations are originated by process anditiparameter tolerances. We can
distinguish the following parameter variations:

¢ Device Parameter Variations

In the IC fabrication process, all device paranete subject to deviations from
their nominal values. Statistical models have beéewveloped for transistor parameters
such ashreshold voltage (4Vy), gate oxide thicknesg(4t,y), and effective channel
length (ALeg).

e Interconnect Parameter Variations

Interconnect width (AWin) andthickness(4tin;) andinterlevel dielectric thickness
(4T\.p) variations are the main parameters of interest.téchnology advances, the
number of interconnect layers increases, and tig@connect lines become more non-
uniform. This non-uniformity, which is caused by miéacturing processes, produces

large variations of interconnect parameter values.

Chemical mechanical polishing (CMP) is the manuwfanyg process for
planarization of metal and ILD layers that greatigluces the ILD non-uniformity in
multilayer structures. However, the CMP procesh dtesn’'t eliminate interconnect

parameter variations completely.

e System Parameter Variations

Besides process parameter variations, which aralynidie tolerances of device and
interconnect physical parameters, system leveltdat@ons may create clock skew.

Power supply voltage fluctuation (4Vpp), temperature variations (47), and non-

uniform distribution of clocked registers (AC.) are considered as system level

parameter variations.
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3. Clock skew components

The goal of the derivation of a clock skew modetasunderstand the impact of
process and system variations in an ideally zeswsilock network distribution. The
most common strategy to ensure zero nominal cld&ekvs which is often used for
distributing high frequency clock signals in digitsystems, is a symmetric H-tree

structure.

Although a model is derived here especially for $genmetric H-tree structure, the
model can be easily modified for any balanced ckoe& network.

3.1 Assumptions

Although the growing importance of on-chip transsios line effects has been
predicted, the difficulty of modelling and simuladi them, non-uniform transmission
lines using existing CAD tools has prevented casition of these effects in most
cases. There are some methods, however, to retdacenductance effects in actual
design.

For example, there are clock distribution netwodescribed, in which ground
return path wiring has been implemented on the nvetal levels above and below the
clock wire to reduce inductance effects. To simyptiie derivation of a clock skew
model, good return path wiring has been assumedrtound the clock wiring network.
Therefore, in this simplified studire inductance effect is ignoredMoreover, without
lose of generality, it is assumed thidie clock network is a balanced H-tree
structure. This model, however, can be easily modified fay dalanced clock tree

network.

3.2.The Complete Clock Skew Model

Figure 1 shows a symmetric H-tree clock distribatioith n=4 levels of H-tree
branches. At the end of the 4th level, driversiamglemented to feed the clock signal to
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all registers in the sub-blocks. It's importantuaderline that, in this model, the H-tree
clock distribution system doesn’t have any buffethe split points where the i-level
branch is divided in two (i+1)-level branches. Téfere, the wires width has to be
designed so that i-level branch width has to beébtoas wide as (i+1)-level branch. It's
necessary to avoid signal reflections in the gaints.

Figure 1: Symmetric H-tree structure.

The total clock skew, by definition, is the timdfeience between the maximum

and minimum delays as illustrated in Figure 2.

. Skew
ICLK2
- {
|cLka > i
| Clock Source
> {

Figure 2: Clock skew between the points CLK1 and CK2 (Fig 1).

Any H-tree circuit (Figure 1) can be simplified tine following equivalent circuit

shown in Figure 3.

Clock
H-Tree Network Driver Sub-block routing

CLK1 Fint” Cint CLK?

[’ITI

CBIOCI:

Fint” Cint c

+

Figure 3: Equivalent circuit of clock H-tree network.
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Using the equivalent circuit, the delay of the enttlock network of Figure 1 is
divided into three parts:

e Interconnect delay from the clock source located at the centre of the chip
through the H-tree to the driver

Assuming that the H-tree network is driven by agkndriver and the line
capacitance of the H-tree network is much gredtan the transistor input capacitance
of a sub-block clock driver, then the interconngelay expression for a distributed RC
line using Sakurai's modeb0% of time delay) is:

T, e = 0.4 (r,,C

int ~int

)H%-l (1)

wherel is the length of the H-tree networl,; andci,; are the distributed resistance and
capacitance of the lineg; is the relative dielectric constant of the ILD nmr&tk andc, is
the speed of light in free space.

Because of the wires in clock distributions arewfinuch wider than the minimum
wire width, the fringing capacitance is negligitdempared to parallel plate wiring
capacitance. Using the expression for the lengtheH-tree versus die siz@, and the

number of H-tree levels, then (1) becomes:

it *Cint = P& ) |=D-£l—iy} =
. 22

2
T =04 25 |.D?| - 1 +£-D- 1L 2)
L 2/2 G 2%

whereti, is interconnect thicknesd;.p is interlevel dielectric thickness, ampdis the

line resistivity.
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e Transstor delay of the sub-block clock driver
The clocked registers within sub-blocks are assuitnete randomly placed and

routed, therefore the delay expression for the tiglay of the sub-block drivers is very
simple (50% of time delay in Sakurai's Model):

Tdriver =0.7- R) ’ CL (3)

where Ry is the average inverter resistance &hdis the capacitive load. Using the

expression for the output resistance of an inventsaturation, expression (3) becomes:

Tyner =0.7 Lor /W C (4)
e RV Cox (VDD - VT) )

where,Ler andW are transistor channel length and width respegtiyeis the mobility,
Cox Is the gate oxide capacitance, avish and Vr are supply and transistor threshold

voltage respectively.

e Internal wire routing delay within the sub-block from the clock driver to
registers

The wiring delay inside the sub-block is computed isimilar way from (1) except
that the length of wird, is the distance from centre to the corner ofstineg-block ¢ =
D/2"?).

2
T = 04 (r}nt— suE;lnt— sub)' dz +§‘ l B 04£t . 8r }D_J’_ﬁ D (5)

Sub- Bk — n "oni2
0 int—sub'TILI}sub 2 G 2

Because of, in general, the placement of clockgiters is not uniform, the routing
length inside the sub-block is not the same alwkgs.example, in Figure 1 the clock
signal at the point CLK2 arrives later than CLK1.isTdelay, which is often called

internal clock skew, in the worst case is given by (5):
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The overall delay of the entire clock distributinaetwork, from the clock source to
the clocked registers, Boelay = TH-tree + Toriver + Tsub-sik Since the sub-block size is
often much less than the chip size, the wiring yel#hin the sub-blockTsup-sk can be

ignored. Therefore the total delay is given by:

2
P& 1
TDeIay ~ TH—tree+ Tdriver: 0.4 [t T } D2 . [ 1- %}
int ILD

[ L /W ]
+0.7- -C_
m-Coy- (VDD - VT)

G 22 (6)

Equation (6) contains all device, interconnect aydtem parameters described
previously. Assuming that these parameters havdl sragaations compared to their
nominal values, the clock skeWgsk, can be evaluated by:

TDeIay

Tesk(¥) =A Toeray™ AX (7)

whereTpelay IS the complete delay function of (6), axds any variation of clock skew

components such ab/r, Atox, ALest , AHint, 4ATip, AVpp, 47 andAC,. Table 1 shows

the closed form equations for each individual clskkw component by using (7):

Physical parameter| Clock skew component
and derivation used
Threshold
voltage Tesk(V7) =0.7"R- CLLV Vr V. ] A\>/T
fluctuation oo T T
Gate oxide At
thickness Tesc(t) =0.7-Ry- € ¢ >
tolerance >
Transistor AL,
channel length Tesk(Ler) =0.7-R,- C,-
tolerance eff
Wire thickness 1 2 At
variation TCSK(Ent) = 04(r|nt ’ Clnt)' D®- [1__9/} i
2 2 tint
ILD thickness 1 2 AT
variation Tesk(Tio) = 0.4-(1. - Gy )- Dz(l——y} —1D.
22 ILD




Luis Manuel Santana Gallego 94
Investigation and simulation of the clock skew indarn integrated circuits

IR drop v AV
T V = 07 . . DD . DD
CSK( DD) R) CL [VDD —VT] VDD
Non uniform AC
register T(C)=0.7-R-C- c L
distribution L
Temperature E /qtV.) AT
radient T.(T)=0.7-R,- C [9— 2
g CSK L VDD —VI_ T
Internal Clock >
D e D
skew TCSK(SUD =0.4 (Fn— sublht— sub)'? + \/C: ) on/2

Table 1: Clock skew components.

3.3.Clock Skew for Temperature Variation

The clock skew due to temperature gradient on a, @migeneral, is more complex
since there are three main parameters that varijp wamperature: resistivity of

interconnectp(2), threshold voltagevVr (77), and mobility x(27). Assuming that the

variation of threshold voltage is greater than tbRtmobility and resistivity of lines,

then the clock skew due to temperature differengevisn by:

aTDeIay . %

AT (8
oV, oT ®)

Tesk (T) = ATDelay(T) =

where A7 is temperature difference of two points in thepchThe first expression,

OTpelay/ OV, is computed from (6) as:

(9)

oT,
—bely _ 7. R-G -
aVT VDD - VT

Also the second expressianVrt/ 07, is:

E
N _L1lon &% |f, 5 (10)
or T |~ 2C0, 2q

0ox




Luis Manuel Santana Gallego 95
Investigation and simulation of the clock skew indarn integrated circuits

where Qg is the depletion-region charg€,y is the gate oxide capacitanag,is the
Fermi level potentialEy is the energy gap of Si, ands the charge of electron. In order
to simplify (10), the threshold voltage can be wnttasVi=~ps-Qg/Cox. Moreover
assuming that the substrate doping concentratiomlgively high, then the surface
potential of MOSFET transistor is given byi= ¢r= 2(Ej/2). Therefore the first order
approximation of (9) is given by:

N, Ela+\5
oT T

(11)

whereEg/q=1.12 Vis the energy gap of Si in volts, afids the temperature in degrees

Kelvin. Equation (8) along with the results of é)d (11) give:
(12)

MJ.E

TDeIay(T) =0.7. er' CL[ V. _V T
DD T

4. Example

In order to illustrate the new clock skew model, sigie example for 0.1&m
technology has been studied using the design p&easnéustrated in Table 2. The H-
tree clock distribution is assumed to be routedhay4th metal level shielded with the
3rd and 5th metal levels as shown in Figure 4. Whishg structure ensures minimal

inductive effect.

Parameters| Values
o 2 Lest 0.18},Lm
g8 Vi | 032V
£8 | Voo 1.8V

= | rinCint [ 115 ps/cm

o | Ro | 12.00
58 [ C. | 6.25pF
8¢ D 2.0cm

1 n 4

Table 2: Process and design parameters.
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Vpp Plane

lumn
L

Clock ¢ h

[
Tpm
¥

GND Plane

Figure 4: Clock distribution wiring structure.

Equation (1) is, therefore, valid for interconnpobpagation delay withi,Cin=115
ps/cn, assuming that Cu/SiOmaterials are used in wiring network. In this ex&mp
the total number of clocked registers is se2@000 With an input register capacitance
of 5fF, the total capacitance of each sub-block €216 in total), on average, is
computed asC;=6.25 pF A driver with Ry=12.0Q output resistance is selected to

ensure fast rise time for the total sub-block logdtapacitance.

Parameters % of Clock Skew
variation | Component [ps]
V1 5% 0.55
tox 1.2 % 0.64
L eff 5% 2.65
Hint 3% 3.12
Tip 3% 3.12
Vb 10 % 6.40
CL 20 % 10.60
T 8 % 4.08
Internal Clock Skew [ps] 61.7
Total Clock Skew [ps] 92.9

Table 3: Clock Skew Components.

Using the expressions of Table I, the complete $efoxk skew components are
evaluated as shown in Table 3. The second columtaicenpercentage of variations,
which are technology and design dependent. It mgenfllowing: if % of variation of
Vr is 5%, then4Vy is 0.05\.

The tolerances of interconnect and ILD thicknessrogghly 3% for a well-
controlled CMP process. Statistical modelling estied from the measurement data of
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0.1&m technology shows that the fluctuations of threshadttage, MOS effective
channel length, and gate oxide thickness are aif##6% and1.2% respectively. The
tolerance of supply voltage is usually limited #0% of total supply voltage. We are
going to suppose 30°Ctemperature gradient over the entire chip (aghbemal image
of the Alpha microprocessor), which gives a tempeeatariation of abou8%. The
variations of loading capacitance of clock drivarghly depend on the uniformity of
architecture. A specific investigation of a micropessor design shows that ab20%o

variation exists on the sub-block loading capacian

The clock skew components are evaluated basedeoantount of variations in the
third column of Table 3. Figure 5 Iillustrates a mrgal view of clock skew
components. A skew df0.6psis created just by clock driver load mismatch. AlE®
drop, temperature gradient, interconnect and ILDckiess variations, and MOS
channel length tolerance cre&tdps 4.08ps 3.12psand2.65psrespectively.

—
=

10.6

Clock Skew [ps]

6.40

2.65

0.55

0.64
Iy, H, Vr L Ioe Voo € T

Process and System Parameters

Figure 5: Clock skew components.

5. Conclusions

e The model provides a statistical expression forcibek skew in a H-Tree clock

network, where there aren't intermediate bufferhatdplit points.

e lIts easily applicable to any clock network, modifyithe expressions obtained.
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e It's a statistical model because the total clockvsks obtained in function of

both, process and design paramet#rsf variation.

e To ignore the inductance effects between wiresgegystesign have to include a

good return path wiring surrounding the clock-wgrmetwork.

e To apply the model it's necessary to know:

- Process parameters:
- Interconnection parametens;Cint
- Threshold voltage of invertersy
- Power supply voltagé/pp
- Transistors energy gapg

- Design parameters:
- Output resistance of driving bufferR
- Die sizeD
- H-tree levelsn
- Capacitive load of sub-block€;
- Relative dielectric constant of ILD material (onty ¢alculate sub-block

delay):&

- Parameter variations (in %):
- Threshold voltagesyr
- Gate oxide thicknessiox
- Transistor effective channel lengthes
- Wire thicknessuaiint
- ILD thickness:.otip
- Power supply voltagenpp
- Load capacitancesc,

- Temperatures -
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e The model equations can be easily modified to beeraonilar to other models,
where the Sakurai's expressions are used with 90%nud delay. It only
supposes to change the coefficientsTgfiee, Toriver aNd Tsup-sik

= 1.02 {,G, )M@-l

0

- T

H-tree *

04 » 102 = T

H-tree

T

driver *

07 > 23 = T,.=23R-C

gr
T Tawee 04 o 102 = Tgpg= 1.02 i Sub')d2+C£‘|

0
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Appendix 3

Clock Skew Model

Xiaohong Jiang and Susumu Horiguchi [JIA-01]

1. Introduction

The evolution of VLSI chips toward larger die sizesl daster clock speeds makes
clock distribution an increasingly important iss@ock skew modelling is important in
the performance evaluation and prediction of cld&tribution networks, because at
high speeds clock skew becomes a very significaotil@m.

Clock skew may arise mainly from unequal clock patigths to various modules
and process variations that cause clock path delagtions. There are worst-case and
statistical skew models not suitable for modellihg tlock skews of general clock

distribution networks in which clock paths are narnitical.

The worst-case approach (Kung and Fisher model) gamally cause an
unnecessarily long clock period. The statisticaldels handle the problem from the
point of view that all clock paths are assumed to identical and independent.
Kugelmass and Steiglitz model predicts an upperntoaf expected clock skew.
Zarkesh-Ha, Mule’ and Meindl model is too consemafor estimating the clock skew
of a well-balanced clock network that has identiaal $trongly correlated clock paths

(for example, a well-balanced H-tree).

In order to provide a more accurate and more gémseasistical skew model for
general clock (in which clock paths can be not igeat), these authors propose a new
approach to estimate the mean value and varianocgook skew of general clock
distribution networks. Based on the new approaclgsed-form model is also obtained
for well-balanced H-tree clock distribution network$ie paths delay correlation caused
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by the overlapped parts of path lengths is consdai@r the new approach, so the mean
value and the variance of clock is accurately estidah for general clock distribution

networks.

2. Clock skew modelling

For a given CDN (clock distribution network), léfl,, 1) denote the signal
propagation time on the unique path from the clealrcd, to the sink;. The maximal
clock delay¢ and the minimal clock delayof the CDN can be defined as:

E= miax{t(lo 1)) 1)
n= miin{t(lo,li)} (2)

The clock skew between two sinksandl; is the delay differenci(lo, i) - t(lo, I;)]
and clock skew of the CDN is in general defined as the maximumevaltit(lo, |) -
t(lo, I})| over all sink pair$; andl; and in the CDN. Thug, is given by

er?fjlx‘t(%Ji)—t(|ol;)‘=§—77 (3)

Process variations are subject to two sets of facBystematic factors, like power
supply fluctuations, which can be controlled by geotechniques and factors that are
random, and therefore uncontrollable by improvethmgues. Therefore, the random
factors determine the achievable performance afcait We want to model the clock
skew of general CDNs when the random factors ansidered.

When random process variations are consideredati@ars of paths delay are
modelled by normal distributions. To model the &lskewy, random variableg andy
should be first characterized. The model is basethe following two assumptions:

e« Assumption 1. A CDN can in general be represented by a binamy. W¢e assume

that both the maximal clock delay and the minimatk delay in each subtree (and
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also the whole binary tree) of the CDN can be medeby normal distributions

when process variations are considered. The assampiakes it easy to analyze
the correlation that exists between the maximaltaedminimal delay in a subtree.
This correlation analysis is critical in determigithe variance of skew in each
subtree (and also the whole binary tree) of the CDN

e Assumption 2: The delay along a clock path is the sum of the tateindependent
delays of the branches along the given path. Gudioal between the delay of any
two paths is determined only by the overlappedspairtheir length.

The clock paths of a CDN usually have some commandhes over their length,
and these common branches cause correlation anmendefays of these paths. The
above assumption enables a complete analysissokitial of correlation.

In addition to the delay correlation described iss@mption 2, the correlation
among paths delay may also be caused by the dedelatra-die variations of these
parameters involved in that delay (e.g., thresholtiages, resistances, etc.). However,
finding the correlation coefficient of these par&éene is, in practice, quite
uncomfortable and difficult. So authors neglecsthkinds of correlation in as indicated
in Assumption 2. In general, the intra-die proceasameters’ correlation will lead to
the paths delay in the same chip tending to betipesdependent. In this case,
Assumption 2 will guarantee that the expected valelock skew will still be upper
bounded by the corresponding values estimated wsingpproach.

Compared to the old upper bound of expected skeawaéll-balanced CDN where
all the clock paths are assumed completely indeg@ndur estimates are enhanced
significantly, because the paths delay correlatiansed by the common branches of
paths length are completely considered. Furthernbesnew approach is applicable to
general CDNs, whereas the old models is only agblécto the well-balanced CDNSs in
which clock paths are identical.

From (3), the mean value and the variance arfe given by:
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E(x) = E(£) - E®) (4)
D(¥) = D($) +D(n) -2pyD(&)-D(1) (5)

Here,E() andD() represent the mean value and the variance ofdomarvariable,
respectively, ang is the correlation coefficient @f andzy. The parameter&(¢), E(;),
D(¢), E@) andp should be accurately estimated for a CDN to alllwe &ccurate
modelling of clock skew.

3. Parameter estimation

A recursive approach for evaluating the parameiffs E@;), D(S), D(y) andp of
general CDNs is presented here. Based on thisitggrclosed-form expressions of
clock skews and the maximal clock delay of welldmgledH-tree CDNs are also

developed.

3.1 Algorithm for general CDNs

A CDN can generally be represented by a binary, tseea simplified binary tree
shown in Figure 1 is taken as an example to ilistthe evaluating process of these
parameters. The evaluating process is then appdiegeneral CDNs. All the paths in
Figure 1 are partitioned into independent branshes, $, ... by the branch split points
in the clock tree, wherd; is the actual delay of. The branch split poindi, j) in the
clock tree is associated with a set of random Wée&(, #ij, xi), hered;, n; andy; are
the maximal clock delay, the minimal clock delaydahe clock skew of the subtree
starting from the split point, respectively. Eaehdom variable here is characterized
by both its mean value and its variance.



Luis Manuel Santana Gallego
Investigation and simulation of the clock skew indarn integrated circuits

104

&M 200 oo
e ”. S 1)_ Point(1,2)® (&1, 2, Z12)

(é(n—l)l »7?(,.-1;1=Xm-m) Point(n-1,1)

Pointin US(E 77, %,,)  Point )R (& ..7,,. ¥,..)

sink 1 sink 2 sink 3 sink 4

Figure 1: Binary clock tree.

To illustrate that the parametdt§’), E@;), D), D(r) andp of the simplified binary

clock tree can be evaluated recursively, we begith \the evaluating process of

(Soomoo,x00)- Let branchs also be associated with a set of random variabfes;, pi),

with & being the maximal clock delay amg being the minimal clock delay of the

subtree starting from bransh and being; the correlation coefficient @& andy;. Thus

512511+d1’ 522512+d2

(6)
771:7711+d1, 772 7712+d
_D(&)+D(m) Dl
pr=
D(&)-D(m) o
5, ~D(&)+D(1,)D(x)
2 D(éz)' ( 2)
Then we have:
£ = max(é, &) = % . [£,-¢3
41, ~|m -1 (8)
Moo = MiN{n,,1m,} =— 22 11,

oo =S00— Moo 9)
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Equations (6)—(9) indicate that the results of brasplit point(0, 0) are determined
by and can be evaluated from both the corresporm@isigits (<11, 711, x11) and(&iz, 712,
x12)] of the next lower level split pointd, 1), (1, 2),and the delay of the branches |
ands;] connecting the point to those next lower levdit gints. So once the results of
(&, mij, xi;) are obtained for each lowest-level split point.(itee split point from which
no further branch split points can be found in shbtree starting from that split point —
points(n, 1), (n, 2),...), the process above can be used recursivelyaina@e the mean
values and the variances of clock skew, the maxatogk delay and the minimal clock
delay of a general CDN in a bottom-up manner.

In fact, the results af¢.1, 71, xn1) Of one lowest-level split point in Figure 1 can be
obtained as follows: The mean values and the veemonf,; andz,. can be evaluated
by using their distribution functions, respectivelfhe mean value and the variance of

xn1 @re given by:

E(an) = E(énl_nnl) = E(| dsinkl_ dsink 4)
[ 2 Esinkm 10
_ 2 Bk exp[é[ B } }r 2B I exp{—%tzjdt (10)

\/% 2 ‘\] Dsink \/Z 0
D(an) = D(|dsinkl_ O gine zl) = Ezsirk + Dsirk_|: E(Zn )T (11)
where

Esink = E( dsinkl) - E( dsirkz) (12)
Dsink = D(dsink1)+ D(dsirkz)

Based on the results @fo,7700,00), the parameter& (), E@), D), D) andp of
the whole binary tree are then given by:

E(f): E(§00)+ E( dO)’ E(n): E(77oo)Jr q Q)

D(f) - D(§00)+ D(dO)’ D(n) - D(77oo)Jr D(dO)
_D(£)+D(n)- D (Xwn)

2yD(£)-D(n)

(13)

(14)
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The pseudocode for the parameter estimation afigorns the following:

- Parameter estimation for general CDNs

{
Initialization:
foreachL , € Vdo
{
gb <« db
77b <« db
PP 1
}
Algorithm:
while (V not empty) do
{

foreachL , € Vdo

{

P (X)= P(& < - B&7 <
P (¥)=1- p(m > X p(ns>

(%)= [x ol po (3)
D(2) - J [x- ()] o[ p (3)

—0

()= ] d( - (9)

D(")= [[x-~&(n")]"d( B ()

b gb b_ £b _b b b
o) cof L5487 i

£() = E() - )
D(£7)=D(£)+D(") -2 oz )

Remove G- = (Vv P, E 'P) from G = (v, E)
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§b<_§LP+dLP

In the pseudocode, a CDN is represented by gaph (V, E) with vertex (split
point) set Vand edge (branch) s& The lowest level split pointer of the graph is
associated with random variablég® n-* »'F), as defined aboved® "), are the
random variables associated with the branchesirgjaftom a lowest level splitting
point, with (&1°:°x2%) and (&°72°x2") representing the random variables associated
with the two branches starting froloa, respectively. For a CDN, the initial valuescdf
andz® are just the actual dela of the branches that support sinds’ is the actuall
delay of the branchp connecting to its parent splitting point, a@t = (V'*, E-P) is
the subgraph starting frobp.

Since the algorithm carries out the same amouobwoiputation for each split point,
the following conclusion can be obtained:

Theorem 1: “The parameter estimation algorithm given abowemputes a network
G=(V, E) in O(|V|) time™.

The theorem indicates that the parameter estimagigorithm is computationally
effective in estimating the parametee), E@), D(¢), D(y) andp of a general CDN.
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3.2 Clock skew estimation for H-tree CDNs

The H-tree technique is widely used to reduce tbekcskew. Due to the very
symmetric structure dfl-tree CDNSs, it is possible for us to get a closaunf model for

clock skew and the maximal clock delaytbtree CDNSs.

Before developing the models, thetree itself must first be defined. Without loss
of generality, a well-balancad-tree has hierarchical levels, whene denotes the tree
depth. The leveD branch corresponds to the root branch, and ley@kanches to the
branches that support sinks. A levddranch begins with a level splitpoint and ends

with leveli+1 split point. TheH-tree illustrated in Figure 2 is drawn fo£6, which is

used to distribute the clock signalsg4processors.

Mo
HIE HaTE

I | i | I | i
H H[H P

Figure 2: A well-balancedH-tree clock distribution network for 64 processors

For an level well-balancedH-tree, letd;, i=0, ..., nbe the actual delay of branchf
a clock path. The mean values and the variancéiseofaximal clock delay and the

minimal clock delayy, of theH-tree are then given by following equations:

1

c0-3 e 2337 o) e
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1

E(n)=iE(d) Z\/Z[”Tj - D( ) (16)

0()=0(n)=3 ) -p(a) an)

i=0

Results (15)—(17) and (3) indicate that the exmkaieck skewE(y) and skew
varianceD(y) of then level well-balancedH-tree are given by:

1

c)-£@) e - 23557 o)

D(%)=D(£)+D(7)-2-p-{D(£)-D(n) =
~2(-0) 37 o)

(19)

wherep is the correlation coefficient @fands, andp can be recursively evaluated for a
network as discussed in Section 3.1. The closed-fexpressions (15)—(19) indicate
clearly how the clock skew is accumulated alongdlbek paths and with the increase
of H-tree size. This enables a suitabldree size to be selected for a specified clock
frequency, and also enables minimization of thelclperiod, improving the speed for a
fixed sizeH-tree network.

3.3.Yield of clock skew model

The clock period of a CDN is in general determirgdthe clock skew of the
network. With the estimates of mean values andamags, in hand, it is possible for us
to estimate its yield. Here, the yield of a randeanable means the probability that the
variable is less than a specified value. For gén€i@Ns, ¢ and » are positively
correlated (i.e»>0) normal variables, and clock skevean be modelled by log-normal
distribution as verified by available extensive giation results. The clock skew yield,
i.e., the probability that the actual skew of thetwork, y, is less than a skew
specificationx (P(y<x)), can then be evaluated as:
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2
¢ loge 1( logt — 11,
P(y<X)=|———exp ——| ————=| dt| (20
(7 )'(.;\/272'-51-t p[ 2[ o, (20)

where parameteyg andd; are given by:

1, = log [E(Z)T - (21)
D (x)+[E(z)]

- loge. o P EMD]

5,= [log Ig[ o] } (22)

Once the algorithm developed in Section 3 estimdiesnean value gf of a CDN,

the yield ofy can be approximated by a lognormal distribution.

4. Clock skew calculation in function of its componersg

4.1 Calculation

The delay of a branch may then be obtained by gusgahe rise and fall times.
Using Sakurai's model for interconnection delay8 #8 of time delay), the delay of a
stage composed of a wire interconnecting two bsffgverters) is:

TDeIayzl'ORint C|nt+ ZBQ R) Q+ R) Q‘n—i_ R]t Cf) (23)

HereRy is the output resistance of the driving transistbminimum size inverter,
Co is the input capacitance of the driven minimum sireerter, Ci and Ri,; are the
capacitance and resistance of the interconnectenih the branch. Their expressions
are given by:
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Rz, K=l g o fa
K '(VDD _VI') Leg Lo
Co=Co-W- Ly (24)
Rt = L. Line
\Nmt "o
Cint =&p % Lint

ILD

where:
o« WandLe# width and effective length of the transistor.
e Cyx gate unit area capacitance.
e tox gate oxide thickness.
e u: charge carrier mobility.
e Vy: threshold voltage.
e p: metal resistivity.
e &ox OXide dielectric constant.
e ¢p: interlevel dielectric constant.
e Wiy, Lint andtin: width, length and thickness of the interconnetctioe.
e Tip: Interlevel dielectric thickness.

In the Gi; expression, we don’t take into account the coutiam of fringing fields.

The process parameters and their standard desatised here are based on the
0.25 um CMOS technology predicted by the International hiredogy Roadmap for
Semiconductors (ITRS) and the MOSIS parametric testlts of a typica0.25 ym
technology. The mean values and intra-die standaxdations (SD) of these process
parameters are presented in Table 1.

Parameters|Mean| SD
Lett (um) | 0.25 [ 0.007%
Voo (V) 2.5 0
Vn (V) 0.51| 0.02
Vrp (V) |-0.51| 0.02
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tox (A°) 50 | 0.65
un (crf/Vs)| 391 | 7.82
up (cntiV-s)| 122 [ 2.44

tine @m) | 0.1 [0.0013
Tip (wm) | 0.1 | 0.00173

Table 1: 0.25 um Process parameters (mean and standard deviation).

Here,Vpp is not considered as a random variable sincedleepsupply in a system
is globally controlled. Furthermore, the standagdidtion of the width of a transistor is
0.02 um for n-MOS and 0.0%m for p-MOS as estimated from MOSIS. The n-MOS
transistor and p-MOS transistor in the minimum ieeof the technology are assumed
to have the gate width/length @37 xm /0.25um and 1.1um /0.25um, respectively.

As indicated in Assumption 2, the intra-die paraanetorrelations are neglected in
this model. ThusRy, in (24) will be independent fror@,. One approach to calculating
the delay variance of a branch due to the variatiohprocess parameters is to first
express the relations (24) in terms of independantables. The delay variance of the
branch can then be determined in terms of variandethese independent random
variables. For example, the varianeg,, of a random variable that is a function of
independent random variablesf(x,y,...) may be obtained from:

Gf:[ij -Gf-ﬁ-(ij Ot (25)

We are going to consider the following variableséiculate the variance Ofielay:
VT! /ul tOXl I—eff, Wl TILD! Vvint, tint-

Therefore, the variance of the delay in a branchadollowing:

2 2 2 2 5
G-?De\a = (M) 0\2 + (MI] Gj + (aT_Delay] G‘ozx + %y GLze" + ( 0 TDeIa)j 0\,5
y oV; ou ot,, OL g oW (26)

2 2 2
-i{ a-I—Delay ) G‘?"_D + { a-I—Delay) sz\( ‘ + { a-I—Delay) 0;2‘
Mo W, ™ "
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where:

oT oT,
pelay _ ¢ " pelay Ry = 2.30(00 + Cmt) i
oV,  0R 0V Yoo ¥
OToeay _ Toelay IR, _ 2.30(C,+C )&
N, R ou S

aTD(—:‘Iay _ aTDelay aRO + a-I_Delayaco _
&,  OR o, 8G at,
aTD(—:‘Iay _ aTDelay aRO + aTD(—:‘Iay aCO
Olgs  ORy Ok 0C, Ol
aTD(—:‘Iay _ aTDelay aRD + a-I_Delayaco _ 2 3
oW R OW oG oW

int

23qQ+c)§423q%+%J§ (27)

:23qQ+q0{i+23q%+agfi

o(C, +Q”t)%v+ 2.3qR+ Fﬁn)—c\;;v

oT, OTpeiay OC,,,

Delay __

C
=(LOR, + 2.3R)=nt
a-I—ILD ac a-IILD ( t TLD

int
a-I—Delay — aTDeIay aRm + a-I—Delayaqm :(
M, ORy OW, 0G W

0T, oT
Delay _ Delay aRnt — (LOZ:im + 23@0)&

atint al%nt a 1%nt tint

1.02C,

int

+ 2.3@,) 3:{+( 1.0R, + 2.3@)%{

Also we have to consider that every branch hasffarent length. It doubles it
length each two levels.

Once the mean delay value and the delay varianeadasf branch are evaluated for a
network, the theoretical approach developed camsbd to estimate the mean value, the
variance and the yield of the clock skew of thevoek.

4.2. Verification

To verify the new approach, transistor level Mo@arlo simulations are also
conducted. In the simulation, each basic paramaté24) is simulated by a normal
random variable. To agree with the conditions usedhe theoretical approach, the
correlation betweeK andVr, betweery andCy is neglected as discussed above. The
actual delay of a branch is then evaluated from rdnelom values of these basic

parameters using (24). The actual delay of a gatha sum of the actual delays of the
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branches along that path. The actual maximal chbelky, minimal clock delay and
clock skew of the network are then determined Dy(@). For a specified value, the
yield of a parameter (clock skew) is estimated H®y fatio of number of simulations in

which the parameter is less than the specifiedevaduihe total number of simulations.

The first network considered is well known as Hwree approach shown in Fig. 2
(for brevity, inverters are not illustrated in thalowing networks). Due to the very
symmetrical design oH-tree clock networks, all clock paths within thetree are
identical, and the old statistical model can beduseget an upper bound of its expected
clock skew when all the paths are assumed to bepewtent. According to the old
model, an upper bound of expected clock skew of @l-balanced H-tree is

asymptotically given by:

4InN—-InInN—-Ind4rz+ 2C 1
EUPper =0- +0O| —— 28
(%) a{ 2nN)” (IOQNH( )

with the variance of clock skew being given by:

2__2 1
D**(4)=22—+0 29
() 6InN log’ N (29)

where:

0. standard deviation of path delay.
C=~0.5772 Euler’s constant.
N: number of paths (number of processing elements).

O(): higher order term.

In a n-levelH-tree, there are a total @"*-1 branches, and it can be used to
distribute clock signals t&" elements. For two combinations of parameteand Wiy,
in a wide range, and when the numbers of process@s4, 8, 16, 32, and 64, the
theoretical results (obtained using both the old aew models) and simulation results
of clock skews of correspondimdrtrees are summarized in Figure 3.
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* simulation results of clock skew
theoretical results of new model
10001 ...... theoretical results old model

h=10, w=2 pm
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F=100, w=3 um

mean value of clock skew, ps
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number of processors being considered

(a)

e simulation results of clock skew
theoretical results of new model

1404 «+---+ theoretical results old model
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100 \

a0 ’h=/110.w=2um
L
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standard deviation of clock skew, ps

0 10 20 80 40 50 60
number of processors being considered
(b)
Figure 3: Simulation results and theoretical resuls of clock skew oH-tree
networks when different numbers of processors areansidered. (a) Mean value of

clock skew. (b) Standard deviation of clock skew.

The results in Figure 3 show that the new modacmurate in estimating the mean
values and standard deviations of the clock skewd-tfee CDNs, where the delay
correlation determined by the overlapped partsath pengths has been considered as
indicated in Assumption 2. Compared to the oldmestes of expected clock skew
where all the paths in thé-tree are assumed completely independent, the semates
based on Assumption 2 are a significant enhancerkentdifferent sized-trees, the
expected clock skews estimated using the old m¢{2i8l are at least 2.6 times the
expected clock skews estimated using our apprdduhk.is shown in Fig. 3(a). In cases
where clock frequency is limited by skew rathemthyy the minimum time between
two successive events propagated throughHkeee, an unnecessarily long clock

period will result from using the old skew model.
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Based on the above estimated results of the mdaasvand the variances gfthe
yields ofy and can be further estimated as discussed indddctior the six-leveH-
tree shown in Figure 2, the theoretical yield ressahd the simulation yield results of
is summarized in Figure 4. For comparison, we glgsent in Figure 3 the simulation

results of yield of clock skew when all paths assuaned independent.

theoretical results = simulation results
------ simulation results when all clock paths are assumed independent

1.0+
h=10, w=2 um

0.84
h=10, w=2 pm -

0.6+

0.44

0.2 J/ h=100, w=3um  * . hq00, we3 pm
0.0

0 100 200 300 800 1000 1200 1400
required clock skew x, ps

probability that clock skew is less than x

Figure 4: Simulation yield results and theoreticalield results of clock skew of an
H-tree network for two combinations of parametersh and W.

The results in Figure 4 indicates that the old niededependent assumption leads
to very conservative estimates of clock skew yielflsl-tree CDNs that have identical
but strongly correlated clock paths. The result$-igure 5 also show that when the
mean values and the varianceg aff the H-tree CDNs are accurately estimated by our
approach, the yields of thejris further approximated by log-normal distribution

Due to the assumption that all clock paths aretidaip the old statistical skew
model could not be used to model the clock skewgeokral clock networks with non-
identical paths. The new model developed, howesasr,be used to accurately estimate
the mean values and the variances of clock skethese general CDNs. For a well-
balanced CDN (e.gH-tree clock network), the expected clock skewsested by old
model are very conservative because correlationngnpaths delay are completely
neglected. On the other hand, the expected cloeWwslestimated by the new model are
enhanced significantly. For the well-balandddree network shown in Figure 2, the
results in Figure 3 show that when parameterB00 andWi,.=3 #m, the expected clock
skew estimated by old model is ab&92.5 ps a valueb.8 times larger than the actual
value. For a traditional clocking mode and when 1086 rule of thumb relating the
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skew to the clock period is used, the actual clpekod should be dominated by the
maximal clock delay, and the mean value of clockigoewill be 6.96 ns However,
when the old skew model is used in the skew estimidie clock period should be
determined by the clock skew rather than the malxatogk delay, and the mean value
of clock period will be8.925 ns The old model will thus mislead efforts to reduhke
clock period of the network. For a pipelined cloakimode, the clock periods of well-
balancedH-tree networks will be dominated by the clock skeather than by the
minimum time between two successive events propdg#trough theH-tree, an

unnecessarily long clock period will result fromngsthe old skew model.

5. Conclusions

e The old model (upper bound model) is too consergain estimating the
expected skew of a well-balanced CDN. Also, in geteral enough to model
the clock skew of a non-balanced CDN.

e A closed form model (statistical) of clock skewpiesented for well-balanced
H-tree CDNSs.

e The path delay correlation determined by the oppda parts of path lengths is
completely considered in this approach. Therefihe mean value and variance
of clock skew is accurately estimated for genefaNS.

o Considering process variations in designing a cliskibution network, mean
values and variances of delays for all branchesildhcarefully be estimated,
then the approach presented here will be usefevatuating and predicting the

network’s performance of clock skew.

e Two main assumptions:

- Assumption 1. A CDN can generally be represented by a binary. tvée
assume that both the maximal clock delay and th@nmail clock delay in
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each subtree (and also the whole binary tree)eoCIBN can be modelled by
normal distributions when process variations amsa®red. The assumption
makes it easy to analyze the correlation that €kistween the maximal and
the minimal delay in a subtree. This correlatioralgsis is critical in
determining the variance of skew in each subtrad édso the whole binary
tree) of the CDN.

- Assumption 2: The delay along a clock path is the sum of the uage
independent delays of the branches along the gpath. Correlation
between the delays of any two paths is determindy loy the overlapped
parts of their length.

e To apply the model in a H-tree CDN, it's necessarinow:

- Interconnection resistanc

- Interconnection capacitand@i

- On-resistance of the driving transistBs:

- Input capacitance of the driving invert€l;
- Power supply voltagé/pp

- Threshold voltageVr

- Threshold voltage deviation (in Y@+

- Charge carrier mobility deviation (in %,

- Gate oxide thickness deviation (in %

- Transistor width deviation (in %

- Effective channel length deviation (in %)%
- Wire width deviation (in %)&wint

- Wire thickness deviation (in %iint

- ILD thickness deviation (in %}imp

- Lowest level branch lengthn;

- H-tree levelsn
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Appendix 4

Simulator: equations.java

1. Introduction

An important part of this work is related to thealsis of the three proposed clock
skew models. It was necessary to program a toahdke the simulations required to
check the behaviour of each model. In this appentexoperation of a JAVA program
specifically developed to calculate clock skewraations according to model equations
IS presented.

The programming language chosen is JAVA. The maasaon is the characteristic
of platform independence. It means that this progvaitten in the Java language runs

similarly on diverse hardware.

The operation can be summarized as a program dkas tparameters (technology
parameters) from an input file (with a specificrf@t) or the keyboard and apply over
them the model equations. The results are the ckkelwv estimations, which are

presented in an output file and the computer screen

2. Program operation

This program is executed from the command line.n&ed to have installed in the
computer the Java Runtime Environment or JRE, wisiche software required to run
any application deployed on the Java Platform.

To start the program, we execute it in this way:

C:\Borland\Projects\equations> j ava equati ons
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After this, a menu is showed on the screen:

Introduce what do you want to do:
1. Utilize Kugelmass & Steiglitz Clock-Skew Model

2. Utilize Zarkesh-Ha, Mule & Meindl Clock-Skew Mo del
3. Utilize Jiang & Horiguchi Clock-Skew Model
4. Utilize Kugelmass & Steiglitz Clock-Skew Model (without

optimal lenths)

5. Utilize Jiang & Horiguchi Clock-Skew Model (wit hout optimal
lenths)

Five options are possible. Options 1, 2 and 3 sporad with the three analysed
clock skew model as they were described (bufferenlel with buffers at the split
points and tapered H-tree without intermediatedygjf Options 4 and 5 are the models
1 and 3 respectively adapted to the specific H-pieposed to analyse the models in

this work, where wires are partitioned with buffezoptimize their delay.

Next step is to choose the parameter input. Itheaa file, which name is required to
type through the command line, or the keyboard, resteach parameter has to be

individually introduced through the command line.

Choose input:
1. File
2. Keyboard
3. Get input format file

There is a third option that allows us to get a Wilith the required input file format.
This format is different for each model becauseythensider different parameter
variations to calculate the clock skew. The formaist be correct; otherwise the
programs will show an error message. Next, an pl@of configuration file is shown.
It is the case of the input file that model 3 regsiin the 130 nm technology.
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Input File: Model 3, 130 nm parameters.

R_int=26.27e3
C_int=0.91e-10
R_0=3.94e3
C_0=0.77e-15
V_DD=1.2
V_t=0.19
D=17.32e-3
Dev_V_t=0.042
Dev_u=0.02
Dev_t 0x=0.013
Dev_W=0.05
Dev L eff=0.05
Dev_W int=0.03
Dev _t int=0.03
Dev_T _ild=0.03

Next step in the program execution is to inputrtmber of levels of the H-tree.

Number of levels in the H-tree:

After that, the name of the output file has tortedduced.

Type the name of the output file

After this step, results are displayed on the strédso, they can be read in the

output file.

Total Clock-Skew: 1.6509922986937226E-9

Model 2 has an important particularity. Authorsmwee the equations with 50 % of
time delay in Sakurai expressions, but if we wdmdttclock skew estimations be
comparable with the estimations of models 1 andgBations must be calculated with
90 % of time delay. It is possible since during ®lo2l execution, we have to choose

which time delay we want.

Output example.
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Choose Sakurai's model:
1. 50 % time delay
2. 90 % time delay

To type all the options required for each simulatman be laborious if several
simulations have to be realised. There is an ates way to execute this program by
introducing options and file names as additionabpeters in the command line. It is

shown in the following commands.

java equations <In file> <Qut file> <Mbdel > <No. | evel s> {<del ay>}

java equations in.txt out.txt 1 8
java equations in.txt out.txt 3 8
java equations in.txt out.txt 4 8
java equations in.txt out.txt 5 8
java equations in.txt out.txt 2 8 2

3. Recommendations

When many simulations have to be realised, to drethe program lots of times
can be laborious. It is recommendable to type aronttat helps us to make similar
simulations. An example is when a model is analyeedifferent number of levels.

The required macro is the following.

java equations in.txt out.txt 4 1
java equations in.txt out.txt 4 2
java equations in.txt out.txt 4 3
java equations in.txt out.txt 4 4
java equations in.txt out.txt 4 5
java equations in.txt out.txt 4 6
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Other recommendation that makes our work easytisdmect the output flow from the

screen to a file thanks the parameter to redirett “

Macro > results.txt

In this way, after executing the macro, all theuttisscan be displayed in a single file

facilitating their post-processing.

C:\>java equations in.txt out.txt 4 1
Clock-Skew: 5.418359660062558E-10

C:\>java equations in.txt out.txt 4 2
Clock-Skew: 1.7925917276162354E-9

C:\>java equations in.txt out.txt 4 3
Clock-Skew: 1.9237312208357593E-9

C:\>java equations in.txt out.txt 4 4
Clock-Skew: 3.427741470061498E-9

C:\>java equations in.txt out.txt 4 5
Clock-Skew: 2.774911991533342E-9

C:\>java equations in.txt out.txt 4 6
Clock-Skew: 4.255477662366857E-9

Macro output example.
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