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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 agstem parameter variations.
Unlike previous models that describe qualitativeayour 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 redwuctsetvariations 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 paransete subject to deviations from
their nominal values. Statistical models have beéeveloped for transistor parameters
such ashreshold voltage (4V+), 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 tigecionnect lines become more non-
uniform. This non-uniformity, which is caused by maéacturing processes, produces

large variations of interconnect parameter values.

Chemical mechanical polishing (CMP) is the manufang process for
planarization of metal and ILD layers that greatguces the ILD non-uniformity in
multilayer structures. However, the CMP procesl dbesn’'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 (4C.) 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 zeswsglock network distribution. The
most common strategy to ensure zero nominal cl&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 senmetric H-tree structure, the
model can be easily modified for any balanced cloek network.

3.1 Assumptions

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

For example, there are clock distribution netwodescribed, in which ground
return path wiring has been implemented on thernvetal 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 studie 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 distribativith n=4 levels of H-tree
branches. At the end of the 4th level, driversiam@emented 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 buffethee 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 bebtkoas 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 timdfelience between the maximum

and minimum delays as illustrated in Figure 2.
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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.
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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 gredi@n the transistor input capacitance
of a sub-block clock driver, then the interconngelay expression for a distributed RC
line using Sakurai's modeb(% 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— sul)' d2 +§‘ l B 04£t p 8r }D_J’_@ 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:

1 ’ \E 1
TDeIaszHtree+Tdriver:O'4'£ P& } DZL:I.—_D/} + r. D[l—?j
2/? 2

tint 'TILD G

[ L /W ]
+0.7- -CL
1-Coy- (VDD - VT)

(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 ’ Cmt)' 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
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IR drop v Y
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)=0.7R,- C [9— 2
g CSK L VDD —VI_ T
Internal Clock >
D e D
skew TCSK(SUD =0.4 (E\t— subbt— sub)'? + \/C: ) on/2

Table 1: Clock skew components.

3.3.Clock Skew for Temperature Variation

The clock skew due to temperature gradient on jp, ehigeneral, is more complex
since there are three main parameters that varjp vamperature: resistivity of

interconnectp(2), threshold voltagev/r (77), and mobility x(Z7). Assuming that the

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

then the clock skew due to temperature differeagaven by:

aTDeIay . %

AT (8
oV, oT ®)

Tesk (T) = ATDelay(T) =

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

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

(9)

oT,
2 _0.7.R,-C -
aVT VDD_VI'

Also the second expressianVr/ 07, is:

E
M _1 2_ Q | p— (10)
oT T 2C, 0, 2q

0ox
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where Qg is the depletion-region charg€,y is the gate oxide capacitancg,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 tert asVi=~ps-Qg/Cox. Moreover
assuming that the substrate doping concentratioelaively high, then the surface
potential of MOSFET transistor is given byi= ¢r= 2(Ey/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 éh)d (11) give:
(12)

MJ.E

TDeIay(T) =0.7. Rtr' 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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Figure 4: Clock distribution wiring structure.

Equation (1) is, therefore, valid for interconnpcbpagation delay withi,Cin=115
ps/cnd, 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
Vris 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 bufferRy
- 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 coefficientsT@fiee, 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



