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Abstract

The effect of noise on circuit operation and reliability has become an important
issue in the design of high performance integrated circuits. The main effect of noise
is the degradation of signal integrity causing uncertainty in the signal delay. The
uncertainty of the propagation delay of a signal can cause a catastrophic violation
of the timing constraints within a system.

One way to improve the tolerance of a system to delay uncertainty is by relax-
ing the timing constraints of the critical paths. A methodology that implements
this concept by applying non-zero clock skew scheduling is described. Further-
more, a variation of this methodology is presented that reduces the power dissi-
pated in the fast data paths of a system.

One of the most critical signals in a synchronous digital circuit is the clock
signal. It is important to reduce the uncertainty of the clock signal delay, par-
ticularly of the clock signals driving the registers belonging to the most critical
data paths. A methodology that controls the topology of the clock tree so as to
improve the tolerance of the clock signal to delay uncertainty is described. The
primary target of that methodology is to reduce the non-common portion of the
clock tree among the clock paths that drive the registers of the most critical data
paths. An algorithm that implements this methodology and extracts the clock

tree topology is presented. The application of the algorithm to a set of bench-
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mark circuits demonstrates a significant reduction in the delay uncertainty of the
clock signal in the most critical data paths.

Furthermore the effect of layout design elements on the delay uncertainty of
the clock signal is considered. The delay uncertainty introduced by device param-
eter variations and interconnect crosstalk is investigated. It is demonstrated that
increasing the size of the clock buffers reduces the effects that introduce delay
uncertainty, albeit with increasing the power dissipation on the clock tree. The
dependence of delay uncertainty upon physical characteristics is leveraged in the
development of a methodology for clock tree physical layout design. The devel-
oped methodology utilizes buffer insertion and layout enhancement techniques to
reduce the delay uncertainty of the clock signal to the registers of the most critical
data paths. The primary tradeoff in the application of the proposed techniques is

between the power dissipation and total area of a clock distribution network.
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Chapter 1

Introduction

The microprocessor is commonly used in a broad spectrum of human activ-
ities varying from the sciences and engineering to arts and entertainment. The
capability of the microprocessor to process and transfer large amounts of data and
information that were inconceivable in the past has made possible a number of
important breakthroughs. Furthermore, everyday life has radically been changed,
affecting the way people access news, information, and knowledge, as well as the
way people communicate with each other. All of these achievements have changed
our lives forever and are based on the microprocessor. Within thirty years, the
microprocessor has become the life support system of the modern world [1].

The first commercial integrated microprocessor was the 4004, launched by Intel
Corporation in 1971. The 4004 offered approximately the same performance as the
ENIAC with 18000 vacuum tubes did in 1946. The low cost (approximately $200)
and tiny size (12 mm?) of the 4004 enabled engineers to create new categories of
society changing products. At the same time, however, skeptics predicted that the
market for a single integrated circuit computer would be tiny. Soon afterwards,
these predictions were proved wrong. The computer-on-a-chip has become one of

the largest markets in the world and a fundamental factor in the world economy.



2

Since 1971, the development of the microprocessor has continued, steadily
following Gordon Moore’s prediction in the 1960’s. Moore predicted that the
density of integrated circuits (IC) would double every eighteen months. This
statement is widely known as Moore’s law [2]. The increase in circuit density
is accompanied by a decrease in the on-chip feature size [3], enabling system
designers to enhance the functionality of an IC by adding more components. The
trend characterizing the reduction in the on-chip feature size (i.e., the channel
length) together with a significant increase in circuit density since 1971 are shown
in Fig. 1.1(a). In addition, circuits with smaller device sizes can operate faster,
permitting the operating clock frequency to be increased. This increasing trend
in operating clock frequencies is shown in Fig. 1.1(b)

During the evolution of the microprocessor, the circuit design process has faced
several serious challenges and obstacles. Providing solutions to overcome these
challenges has permitted IC design and manufacturing technologies to mature
and move forward into new eras where more challenging problems would be faced.
In the 1970’s, the primary design constraint was die area. Small wafer area and
the high density of defects per die area degraded manufacturing yield and made
the fabrication of large ICs extremely costly and non-profitable. Solutions were
provided by the development of scaling techniques [3] which reduced the miﬁimum
feature size and die area. In addition, manufacturing process technologies have
improved, dramatically reducing defect densities while improving manufacturing
yield.

Scaling the feature size, in addition to relaxing area constraints, has also in-
creased the functionality of the ICs, since more system components could be

integrated onto a single die. In addition, circuits with smaller channel lengths are



108

Channel
10t \ Tength
- \K
£ o
g z
a [«
3 1 B
g S|
o =
= o
g g
17
g . g
—_ I
3 w0 g
g m68000s. | g
E » .
&

iB0d6e

104

1970 1975 1980 1985 1990 1995 2000 2005
(a) Reduction of channel length and increase of circuit density

1010

]
=

B Bratium,

§ | }PowerPC
g |

o

&
=
A

[53
S
O
1970 1975 1980 1985 1990 1995 2000 2003

(b) Increase in operating speed

Fig. 1.1: Evolution of the microprocessor since the 1970’s



4

able to operate faster, boosting the operating frequency of the microprocessor, as
shown in Fig. 1.1(b). The quest for improved functionality, faster circuit speed,
and lower power dissipation has shifted the manufacturing process from PMOS
to NMOS and finally to CMOS, introducing the era of VLSI circuits, where the
term VLSI stands for Very Large Scale Integration.

As the number of transistor devices on an IC and the operating frequency have
both been increasing, on-chip power dissipation has become a challenging issue.
Several power reduction techniques and strategies have been developed to reduce
the on-chip power dissipation. One of the most effective techniques is scaling the
power supply voltage [4]. This approach exploits the quadratic dependence of
power dissipation on supply voltage. The scaling of the supply voltage, however,
reduces the noise margins of a circuit [5], thereby increasing the sensitivity of a
system to noise.

The effect of noise on circuit operation and reliability has recently become an
extremely important issue in the design of high performance integrated circuits.
Presently, the leading integrated circuit manufacturers have the technological ca-
pability to mass produce VLSI circuits with a feature size of less than a hundred
nanometers [6]. These technologies are identified with the term very deep sub-
micrometer (VDSM), since the minimum feature size is well below the one micro-
meter mark. At these very small geometries, the deleterious effects caused by
noise are aggravated. The challenges faced today in the design of VDSM circuits
are greater than ever.

The main effect of noise is the degradation of signal integrity and an increased
uncertainty in the signal delay. The research presented in this dissertation is

specifically concerned with the effects of delay uncertainty in high performance
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CMOS integrated circuits. The results of this research focus on improving the
tolerance of a system to delay uncertainty.

The variation of process and environmental parameters is the primary source
of noise that introduces uncertainty in the delay of the signals propagating within
a circuit. At the transistor device level, the variation of geometric and electrical
parameters such as the effective channel length and threshold voltage are some of
the important effects that introduce delay uncertainty. In addition, a significant
effect on the signal delay is caused by the coupling of signals [7] due to capacitive
[8] and inductive [9] coupling among the wires. The variations of the geometric
parameters of the interconnects due to limitations of the manufacturing process
[10-12] also cause uncertainty in the delay of a signal propagating through an
interconnect line. At the system level, variations in the power supply voltage [13],
temperature variations [14], and electromagnetic effects [15] can affect the signal
delay. These effects that introduce delay uncertainty are summarized in Chapter
2.

The uncertainty of the propagation delay of a signal can cause a catastrophic
violation of the timing constraints within a system. With increasing clock fre-
quencies, these constraints have become tighter and the sensitivity of a system to
delay uncertainty has increased. One way to improve the tolerance of a system
to delay uncertainty is by relaxing the timing constraints of the critical paths. In
Chapter 3, a methodology that implements this concept through the application
of non-zero clock skew scheduling is described. A variation of this methodology
is applied to reduce the power dissipated in the fast data paths of a system. This
problem is discussed and the application of the proposed solution to an industrial

circuit is described in Chapter 3.
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One of the most critical signals in a synchronous digital circuit is the clock
signal. It is important to reduce the uncertainty of the clock signal delay, partic-
ularly the clock signals driving the registers belonging to the most critical data
paths. In Chapter 4, a methodology is described that controls the topology of
the clock tree so as to improve the tolerance of the clock signal to delay uncer-
tainty. An algorithm that implements this methodology and extracts the clock
tree topology is also presented in Chapter 4. The application of the algorithm
to a set of benchmark circuits demonstrates a significant reduction in the delay
uncertainty of the clock signal in the most critical data paths.

The delay of the clock signal propagating along a clock distribution network
can be controlled by inserting clock buffers within the signal path. The variation
of the device parameters, however, can change the current flow through that
buffer, thereby introducing uncertainty in the buffer delay. The dependence of
the uncertainty in the buffer delay upon the size of a buffer is investigated in
Chapter 5. It is shown that the uncertainty in the buffer delay can be reduced
by increasing the buffer size. Furthermore, it is demonstrated that increasing
the buffer size reduces the delay uncertainty caused by crosstalk coupling among
interconnect lines. The primary drawback of increasing the clock buffer size is the
increase in power dissipation. The tradeoff between reducing the delay uncertainty
and increasing the power dissipation is considered by introducing the Power-Delay-
uncertainty-Product (PDyP).

The delay uncertainty of a clock signal is strongly dependent upon the ge-
ometric characteristics and the spatial location of the clock lines and registers.
Therefore, in order to estimate and reduce delay uncertainty, physical layout in-

formation should be incorporated into the clock distribution network design pro-
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cess. Two different strategies are described in Chapter 6 for synthesizing the clock
tree layout. Both strategies reduce the delay uncertainty of the clock signals ar-
riving at the registers of the most critical data paths. Clock buffer insertion and
sizing is utilized in one approach, exploiting the reduction in delay uncertainty
with increasing buffer size. In the second approach, the clock signal is distributed
to the registers of the critical paths by a dedicated portion of the clock tree,
which increases the common path among the clock signals. A tradeoff between
power dissipation and wire length is demonstrated by the application of these two
strategies to the synthesis of a clock layout for a set of benchmark circuits.
Conclusions of this dissertation are offered in Chapter 7. Finally, ideas for
future research that will enhance and incorporate the presented methodologies
into a unified system level design methodology to control the effects that introduce

delay uncertainty are presented in Chapter 8.



Chapter 2

Delay Uncertainty in High Speed
CMOS Circuits

The primary characteristic of the microelectronics revolution, as discussed in
Chapter 1, is the rapid decrease in device size, producing phenomenal increases in
circuit density, functionality, and operational clock frequencies [6,16]. Scaling of
the device geometries supports the system-on-a-chip integration of multiple sub-
systems [17, 18], greatly increasing the number of on-chip clocked elements. These
effects have resulted in hundreds of thousands of elementary operations being ex-
ecuted in sequences specified by application-specific algorithms and controlled by
a clock signal, operating within time periods much less than a nanosecond [19].
These constraints demonstrate the tight timing control of the arrival times of the
clock signal at the many registers distributed throughout an integrated circuit.
Deviations of the clock signal from the target delay can cause incorrect data to
be latched within a register, resulting in a system malfunctioning.

The variation of the signal propagation delay is described by the term delay un-
certainty. The effects that introduce uncertainty in the signal delay can generally
be referred to as noise. Examples of effects that produce noise are the variations of

process, environmental, and system parameters and interconnect signal coupling.
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One common characteristic of these phenomena is that these effects are highly un-
predictable. It is therefore extremely difficult to estimate and adequately model
these effects. In addition, most of those parameters whose variation introduces
delay uncertainty cannot be controlled within the circuit design process. For ex-
ample, the difference in the arrival time of the clock signal between two paths due
to different wire lengths in a clock distribution network can be estimated based
on the impedance characteristics of a line. That difference in delay can also be
compensated by certain design techniques, such as decreasing the length of the
longer path, or inserting buffers of an appropriate size {20]. However, there is
variation in the signal delay of these paths due to the non-uniformity of the in-
terconnect lines caused by imperfections during the etching and metal deposition
processes. Additional variations in delay are caused by the interaction between
the clock signal and data signals on neighboring lines. These variations in delay
are extremely difficult to predict and to compensate, creating delay uncertainty.
An approach to manage these delay uncertainties is to develop design method-
ologies that tolerate the parameter variations rather than compensate for these
variations. A statistical analysis can be used to model those parameter variations,
providing quantitative estimates of the delay uncertainty. These models are used
to develop design methodologies‘ that account for the effects that introduce delay
uncertainty and produce systems capable of tolerating delay variations. The issue
of delay uncertainty, however, remains a crucial one since the race for smaller
devices and faster operational frequencies aggravates the effects that cause delay
variations. Designing a system tolerant to delay uncertainty is a highly challeng-
ing task that involves precise balancing between design tradeoffs and operational

specifications.
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The effects that introduce delay uncertainty in different circuit elements are
discussed in this chapter. Design methodologies and techniques that tolerate
delay uncertainty are presented in the following chapters. The effects that cause
uncertainty in the delay of a signal propagating through a CMOS device are
presented in section 2.1. Geometric parameter variations of interconnect lines
and the effect of these variations on delay are discussed in section 2.2. The effect
of signal transition noise on interconnects is described in section 2.3. In section
2.4, the effects of system level parameter variations are discussed. Finally, some

conclusions are presented in section 2.5.

2.1 Variations of CMOS device parameters

As device sizes are decreased, the effect of device parameter variations is aggra-
vated. Assuming that the magnitude of the variation of an MOS device parameter
remains constant, the per cent variation of this parameter increases inversely pro-
portional with the scaling of the device. In this section, the variation of several
device parameters and the effects on the signal propagation delay through a CMOS
circuit are discussed. The variation of the effective channel length is discussed in
subsection 2.1.1. Variations in carrier mobility are presented in subsection 2.1.2.
Gate oxide thickness variation is described in subsection 2.1.3, while variations in

threshold voltage are presented in subsection 2.1.4.

2.1.1 Effective channel length variation

The basic steps of the semiconductor manufacturing process that creates the

source and drain of an NMOS transistor are shown in Fig. 2.1 (the process that
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Fig. 2.1: Basic steps of the transistor source and drain creation process

creates a PMOS device is similar with only minor modifications). Initially, the
silicon substrate is covered with a thick layer of SiO,. Afterwards, the Si0O, layer
is etched in the area where a transistor will be created. This area is covered with a

layer of thin oxide, followed by a layer of polysilicon, as shown in Fig 2.1(a). After
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deposition, the polysilicon layer is patterned and etched to form the interconnects
and the MOS transistor gate. The thin oxide layer not covered by polysilicon is
also etched away, exposing the bare silicon substrate on which the source and drain
regions are formed [see Fig. 2.1(b)]. The length of the polysilicon and the thin
oxide layers that remain on the silicon substrate define the gate and the channel
length of the transistor. The exposed silicon surface is then doped with a high
concentration of donors, either through diffusion or ion implantation. As shown
in Fig 2.1(c), the donors penetrate the exposed areas of the silicon substrate,
creating two n-type regions. Note that the polysilicon gate, which is patterned
before doping, actually defines the location of the channel region as well as the
locations of the source and drain regions. Since this process allows the direct
positioning of the two regions relative to the gate, this process is also called a
self-aligned process [21].

Ideally, the edge of the source and drain regions should be aligned with the
edge of the gate oxide layer. Practically, however, both the source and drain
regions tend to extend below the oxide by an amount x4, the lateral diffusion, as
shown in Fig. 2.1(c). The effective channel L.s; of a transistor therefore becomes
shorter than the drawn gate length L by a factor of Ay, = 2z4;. As shown in
[22], the lateral diffusion factor for a 0.25 um CMOS technology is approximately
Ay = 0.08 pm. As a rule of thumb, the lateral diffusion factor is about 30% of
the drawn transistor gate [6].

There are several effects that can cause variations in the effective channel
length of a transistor. These variations can be either global (i.e., variations of the
effective channel length among transistors at different areas within a die), or local

(i.e., variation of the effective channel length within a single transistor).
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One of the effects that can cause variations of the effective channel length is a
change in the lateral diffusion of the source and drain areas below the transistor
gate. The lateral diffusion z4 is proportional to the donor doping density at
the source and drain areas. Therefore, a non-uniform doping density is possible
which will create non-uniform lateral diffusion areas and variations in the effective
channel length. Usually, a non-uniform doping density has a global profile across a
die, therefore, variations in the effective channel length due to non-uniform doping
densities occur between transistors at distant areas on an IC. Other effects such as
misalignment or misplacement of the photoresist masks and resolution limitations
of the photolithography process also contribute to global variations in the effective
channel length.

Alternatively, etching imperfections of the gate oxide and polysilicon layers
that define the transistor gate may create local variations in the effective channel
length within a single transistor. These imperfections may occur randomly along
a transistor. However, the wider a transistor gate, the higher the probability that
these imperfections will occur. Therefore, this effect is greater in the case of wide

transistors.

2.1.2 Variations in carrier mobility

When an electric field is applied across a semiconductor, the charge carriers
within the semiconductor lattice are accelerated. This carrier motion is described
as driff. As the carriers move within the crystal, the carriers collide with ion-
ized impurity atoms and thermally agitated lattice atoms. These collisions are

described with the term carrier scattering. The mobility of the carriers charac-
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terizes the “ease of carrier motion” within the semiconductor lattice, as described
by Pierret in [23]. The higher the carrier mobility, the greater the current flow
through a semiconductor. Carrier mobility is, therefore, an important parameter
that greatly affects the performance of an MOS device.

Carrier scattering can be characterized by two separate effects. The first effect
is the collision of carriers with thermally agitated lattice atoms, described as lattice
scattering. The second effect is the collision of carriers with ionized impurity
atoms, called ionized impurity scattering. Both effects decrease carrier mobility.
For impurity atom concentrations below 10 /cm?, the effect of ionized impurity
scattering on mobility can be neglected. However, if the impurity concentration is
well above 10'°/cm?, the ionized impurity scattering cannot be neglected and the
mobility of carriers are dependent on the doping concentration. The dependency

on doping is described by

— Fo
U“Nmznl_*_ (N/Nref)a,

(2.1)

where p is the carrier mobility (u, for electrons and p, for holes) and N is the
doping concentration (Np for donors and N, for acceptors). The parameters
Pimins Ho, Nres, and « are empirical parameters. Typical values of these empirical

parameters for electron and hole carriers (at 300° K) are listed in Table 2.1 [23].

Table 2.1: Parameter values for electron and hole carriers at 300° K

Parameter Electrons Holes
fmin (cm? [V sec) 92 54.3
o (em?/V sec) 1268 406.9

Nyey (em™%) | 1.3-10"7 [ 2.35 - 10V
a 0.91 0.88
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In addition to doping concentration, carrier mobility also strongly depends
upon temperature. The temperature controls the agitation of the atoms within the
semiconductor lattice. An increase in temperature increases the thermal agitation
of these atoms and the probability of the carriers colliding with the atoms. The
mobility, therefore, decreases with increasing temperature. For impurity doping
concentrations below 10'*/cm3, temperature variations are the primary cause of
mobility variations. For doping concentrations greater than 10 /cm?, the carrier
mobility decreases with increasing temperature, but this effect is less severe due

to the dominant effect of ionized impurity scattering.

2.1.3 Variations in the gate oxide thickness

Another device parameter that is susceptible to imperfections of the manufac-
turing process is the gate oxide thickness (t,;). The oxide layer at the gate of a
transistor is extremely thin, with a nominal value well below 100 angstroms (45 A
for a 0.25 um CMOS process [22]). The slightest imperfections of the deposition
process can create significant variations in £,,. The gate oxide thickness deter-
mines the input capacitance of a transistor gate, as well as the characteristics of
the channel inversion and carrier concentration within the channel. Therefore,
variations in £,, can introduce uncertainty both in the input signal that drives the
gate of a transistor and in the output signal of a transistor that depends upon the
current flow in the channel. These effects are discussed in greater detail below.

The delay of a signal driving a transistor depends upon the total input capac-
itive load seen at the transistor gate. A portion of this load is the gate parasitic

capacitance Cj,
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C,=C,

W e W
o = 7 (2.2)

toz

In (2.2), C,; is the gate oxide capacitance per unit area and equals i—jf, where
€o¢ 18 the dielectric constant of silicon dioxide. W and L represent the gate
width and drawn length (L = L.s; + 2z4), respectively. As shown in (2.2), 2,
determines the input capacitance of a transistor gate and therefore the delay of
the input signal driving the transistor.

The delay of the output signal depends upon the amount of current flowing
through the gate of the transistor. A first order approximation of this current is

given by the Shockley model [24] for each region of operation of a transistor.

0 . (Vas < Vi)
Ip =94 p&=¥ {(Vas — Vin)Vps — $VBs} : (Vas > Vin)&(Vps < Vpsar)  (2:3)
suee= W (Vas — Vin)? : (Vas 2 Vin)&(Vps > Vpsar)-

As shown in (2.3), the current flow through an on transistor is inversely propor-
tional to the gate oxide thickness. Therefore, variations in t,, may cause changes

in the current flow and introduce delay uncertainty at the output of a transistor.

2.1.4 Threshold voltage variation

Equation (2.3) also demonstrates the effect of another device parameter on
the current flow, that is the threshold voltage (V3;). Threshold voltage is one of
the most important parameters that characterize the operation and behavior of
a CMOS circuit. As shown in (2.3), V};, determines the current flow through a

transistor and, consequently, the signal delay. In addition, V};, determines the noise
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margins of a digital gate [5] that define the tolerance of a system to signal noise.

The discussion that follows about V;, dependencies and variations is in terms of

an N-channel device but the results are applicable, with minor modifications, to

P-channel devices as well.

There are four physical components of the threshold voltage [21] that should

be considered for almost all practical purposes. These are:

i.

il.

iiL.

1v.

The work function difference ®gc between the gate and the channel of a

transistor. ®gc represents the built-in potential drop in a MOS system.

The change of the surface potential (i.e., the voltage that is applied to

achieve surface inversion) —2¢r, where ¢ is the Fermi potential for silicon,

¢F:7IDND.

(2.4)

In (2.4), k denotes the Boltzmann constant, g is the electron charge, T is
the temperature, Np represents the substrate doping density, and n; is the

intrinsic carrier concentration.

The potential (i.e., the voltage drop across the gate oxide) that offsets the
depletion region charge go—‘z, where C,; is described in (2.2) and Qp is the

depletion region charge density,

Qs = —/2gNpesi| — 2¢r + Vsal, (2.5)

where cg; is the dielectric constant of silicon, and Vspg is the source-to-
substrate voltage.

The voltage component to offset the fixed positive charge density Q,; at
the interface between the gate oxide and the silicon substrate. This voltage

3 _Qoz
component 18 i
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Therefore, the threshold voltage Vy, can be analytically expressed by the sum-

mation of these four components:

Vi = ®ao — 2¢F — 23 - gom. (2.6)

In this one-dimensional model, the variation in the threshold voltage dV;, arises
from four independent sources. These sources are: the substrate bias Vsg (e.g.,
body effect), the gate oxide thickness t,,, the substrate doping density Np, and the
effective channel length Lss. The effect of each of these factors on the variation
of the threshold voltage is discussed below.

The dependence of the threshold voltage on the substrate bias Vgp is described
by (2.5) and (2.6). Qualitatively, the width of the depletion region formed under
the channel increases when a negative back-bias voltage (Vsp) is applied at the
substrate with respect to the source. The increased depletion region requires addi-
tional charge in order to maintain a constant channel conductivity [21]. Therefore,
the voltage Vgg applied at the gate is increased which corresponds to an increase
in the threshold voltage V;;,. Alternatively, if the substrate potential with respect
to the source increases, the depletion region below the channel is decreased and
the threshold voltage decreases.

Variations of the Vsp voltage are very common in those cases where the source
of the transistor is floating. An example of a floating source is the NMOS stack
structure of a 3-input NAND gate, shown in Fig. 2.2 [25].

The effect of the gate oxide thickness on threshold voltage is described by the
two components of Viy: —%’—O; and ——%if. The variation of gate oxide thickness
therefore affects the charge at the depletion region in the channel as well as the

charge density at the oxide-substrate interface. The importance of variations in



19

Vou
s

Foa
n5
2 %
_|i
AT = 15d4

Vs, B = 34mo
]

]
1
1
]
1
1
!
1
:
]
L}
1
]
]
]
[l
1
)
1
t
]
i
]
t
1)
]
]
4
1
]
i
]
]
5
]
1
1
]
-
1

£ o=
i} §
R
_|i
A = Ty

Vo5 = 14mv
__________ SN PRS2 Sl S
Dy -
NMOS; 2
&
Vipg =0V Gs [ .”d
=
3
<

F—
1

Fig. 2.2: Vsp variations due to floating sources along the N-channel tree portion

of a three input NAND gate

the gate oxide thickness increases as the on-chip feature size is reduced into the
deep submicrometer range. As shown in [26], the effect of ¢,, variations on Vj is
four times more significant in a 0.1 pum device as compared with a 1.0 pum sized
transistor.

Experimental measurements of the standard deviations of V;, as a function of
the gate oxide thickness are shown in Fig. 2.3. The closed and open circles show
the experimental data for L.sy=0.5 pm and 0.3 pm CMOS technology respectively
[27].

In addition to the effect of the gate oxide thickness, the effect of the effective
channel length on the standard deviation of Vj;, is shown in Fig. 2.3. The data
illustrated in Fig. 2.3 is another indication that as the on-chip feature size is de-
creased, variations in the device parameters becomes increasingly important. The

nominal value of V;;,, however, is found to monotonically decrease with decreasing
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Fig. 2.3: Standard deviation of V};, as a function of t,,

channel length. Qualitatively, a reduction in threshold voltage can be explained
as follows [23]. In order to form an inversion layer, or channel, beneath the gate,
the subgate region must first be depleted. In a short-channel device, the pn junc-
tions formed between the source/drain regions and the silicon substrate assist in
depleting the region under the gate. Thus, less charge is required at the gate to
reach the state of channel inversion, therefore V};, decreases. As the L.y becomes
smaller, the source and drain pn junctions assist in depleting a greater percentage
of charge under the gate, further reducing Vj;.

Another process parameter that affects the threshold voltage is the substrate
doping density Np. As shown in (2.4) and (2.5), the substrate doping density
contributes both to the surface potential (¢r) and the charge density of the de-
pletion region (@Qp). The substrate doping density is the controlling parameter
of the threshold voltage in low power applications such as dual-threshold voltage

systems that reduce standby dissipation caused by subthreshold leakage currents
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[28]. Experimental results determined from varying the threshold voltage with
respect to the substrate doping density are presented in [27]. The standard devia-
tion of threshold voltage oV}, as a function of the average channel doping density
is shown in Fig. 2.4 for two different channel lengths. As shown in Fig. 2.4,
the change in oV}, with respect to the doping density is relatively small. This

behavior explains the use of doping density to control the threshold voltage [27].

40 P Tor = 11lnm

10 @
T /4./ /.'/
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Fig. 2.4: Standard deviation of V};, as a function of doping concentration
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2.2 Variations in interconnect parameters

As the on-chip feature size is reduced concurrently with increasing chip dimen-
sions, the on-chip interconnect delay has become more significant than the gate
delay. By decreasing the on-chip feature size, the geometric parameters of the in-
terconnect lines have also been decreased. Reducing the interconnect wire width
and the distance between the lines increases the per unit length wire resistance
and interline capacitance. In addition, increasing die dimensions have resulted
in interconnect lines running over longer distances across an IC. The intercon-
nect component of the on-chip signal delay has, therefore, become increasingly
significant.

The basic geometric parameters of the interconnect lines are shown in Fig.
2.5. The symbols w, h, d, L, and t;.,p are the line width, the metal thickness,
the distance between two lines of the same metal level, the length of the line, and
the thickness of the interlevel dielectric oxide, respectively. The variation of these
parameters due to manufacturing process imperfections produces variations in the

parasitic resistance and capacitance of a line. These impedances determine the

=

hi g

previous metal lag)e

Fig. 2.5: Geometric parameters of the interconnect lines
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signal propagation delay within a line. Variations in the geometric parameters,
therefore, create delay uncertainty. The dominant role of interconnect on the
total on-chip delay demonstrates the importance of delay uncertainty. The effects
that create variation in each one of the interconnect geometric parameters are
discussed below [25].

Line width and interline spacing. Line width variation arises primarily due
to photolithography and etching imperfections. At smaller dimensions (i.e., lower
metal levels), line width variations occur due to proximity and lithographic effects.
Etching effects which depend on the line width and local layout can also create
non-uniformities of the deposited metal. The variation of the line width has a
direct impact on the resistance of a line as well as on the capacitance between
overlapping lines on different metal layers. In addition, line width variations also
result in differences in interline spacing between lines of the same metal layer.
These spacing variations can affect the line-to-line capacitance, thereby affecting
the crosstalk and signal integrity.

Metal thickness. The deposition of metal wires and barriers is well controlled
in an aluminum metal interconnect process. Small variations in metal thickness
can occur on different dies across a wafer or among different wafers. However, in
damascene (e.g., copper) processes, the metal thickness of the patterned lines can
vary significantly due to dishing and erosion effects, as shown in Fig. 2.6. The
losses of line thickness depend upon the particular line patterns and are within
the range of 10% to 20% [12].

Dielectric thickness. The thickness of deposited and polished dielectric oxide
layers over metal layers can also vary significantly. The variation of the dielectric

oxide thickness across a wafer is within the range of 5%. However, greater varia-
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(a) Different patterns of copper interconnect lines
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-

(b) Dishing and erosion effects after the polishing process
Fig. 2.6: Copper line thickness losses due to dishing and erosion effects

tions can occur due to pattern dependencies of the dielectric deposition process.
For example, in high-density plasma (HDP) processes the dielectric thickness de-
pends strongly upon the size and/or width of a deposited feature. Furthermore,
in chemical mechanical polishing (CMP) processes the dielectric oxide thickness
can vary significantly depending upon the effective density of the underlying in-

terconnect lines, as shown in Fig. 2.7.
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(a) Dielectric oxide deposition over aluminum lines
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(b) Dielectric oxide thickness variation

Fig. 2.7: Variation in ILD thickness due to different pattern density of interconnect

lines
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Contact and via size. Variations in the etching process and the dielectric thick-
ness can affect the size of a contact or via. The etching depth can vary significantly
depending upon the location of the contact or via, resulting in variations in the
lateral opening size. These variations can significantly change the resistance of a

contact or via.

2.3 Interconnect noise

The trend in next generation integrated circuit technology is towards smaller
on-chip feature sizes and higher operating speeds. The density of the on-chip
interconnect lines has increased together with the switching rate of the signals
propagating through these lines, resulting in increased on-chip interconnect noise.
Interconnect noise is primarily introduced by electromagnetic effects such as ca-
pacitive and inductive crosstalk between/among interconnects. The contribution
of these effects to signal delay uncertainty along interconnect lines is discussed in

this section.

2.3.1 Capacitive interconnect coupling

With the transition to deep submicrometer technologies, shrinking geome-
tries have led to a reduction in the self-capacitance of interconnect lines, while
coupling capacitances between the lines have increased as the lines are placed
physically closer. In current processes, the coupling capacitance can be as high
as the capacitance-to-ground [8]. Furthermore, trends indicate that the role of

coupling capacitances will become more dominant as the feature size continues
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to shrink [29]. The capacitive components between three parallel lines on two

different metal levels are shown in Fig. 2.8.

Overlap and
fringing field
capacitance

Fringing field
capacitance

Parallel plate
capacitance

Interwire
capacitance

Fig. 2.8: Capacitive coupling among different interconnect layers

One of the important effects of coupling capacitances is unwanted voltage
spikes in neighboring nets. A net (or wire) on which a switching event is generated
is termed an aggressor, while a net (wire) on which that switching event produces
a noise spike is referred to as a wvictim. This effect of coupling unwanted signals
is known as crosstalk. Crosstalk can affect the behavior of circuits in one of two

ways:

e Introducing unwanted noise on a quiescent line.

e Altering the delay of a switching transition.

In both of these cases, the switching of a line in a capacitively coupled net alters
the effective capacitance of all of the other coupled lines.
Consider, for example, the simple capacitively coupled net shown in Fig. 2.9.

The effective load capacitance driven by each of the CMOS inverters depends upon
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Fig. 2.9: Capacitively coupled net

the lines switching (i) in phase, (ii) out of phase, and (iii) one being active and the
other remaining quiescent [7]. The uncertainty of the effective load capacitance
due to the signal activity introduces uncertainty on the signal propagation delay
within a coupled net. Further delay uncertainty is introduced by the coupling
capacitance between two adjacent nets. This capacitance is proportional to the
length along which the nets run close to each other [30]. Modeling and estimating
the delay uncertainty due to crosstalk effects in large nets has therefore become a

complicated and challenging process.

2.3.2 Inductance effects

Another effect that increases the deviation of the signal propagation delay
from traditional interconnect models is inductance. While on-chip inductance has
been relatively ignored in the past, with faster on-chip signal transition times and
longer wire lengths, on-chip inductance has become increasingly important. Wide

wires are frequently encountered in clock distribution networks and in upper metal
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layers. These wires are low resistance lines that can exhibit significant inductance
effects. More accurate RLC models are therefore required for these global inter-
connect lines [9]. Furthermore, as performance requirements are accelerating the
introduction of new materials (copper) for low resistive interconnect, inductance
effects have become important for an increasing portion of on-chip lines.

Three different factors determine the inductance effects on an RLC line [9,
31]. These are (i) the signal impedance characteristics across the line, (ii) the
transition time of the signal at the near end, and (iii) the time of flight of the
signal propagating along the line. Based on these factors, the effect of inductance

on the signal propagation delay increases as

e The attenuation of the signal along the line decreases (wider wires have less

resistivity per unit length).
e The transition of the signal is faster (smaller driver resistance).
e The signal time of flight increases (longer wires).

The factors described above have been combined into a two-sided inequality
[31] that determines the range of interconnect length for which inductance effects

are important. This range is

t 2 /L
L <1< ==, 2.7
2/LC ~ T RVC (2.7)

where R, L, and C are the resistance, inductance, and capacitance of the line,
respectively, [ is the length of the line, and #, is the transition time of the signal.
This inequality is graphically illustrated in Fig. 2.10 [31].

Inequality (2.7) demonstrates that for long wire lengths, the RC time con-

stant is sufficient due to high signal attenuation along the line. At intermediate



29

10.00
1. Inductance is not :
important because of I > -2——\/7;——’—5
high attenuation 1&2
) 1.00 l
::/ Inductance is | < %\/:g
=) important
g
2
3 0.10 2. Inductance is not important
) because of the large transition time
of the input signal
0.01 ! L

0.01 0.10 1.00 10.00
Signal transition time (ns)

Fig. 2.10: Transition time (¢,) versus the length of the interconnect line (/). The

shaded area denotes the region where inductance is important

wire lengths the ratio of the signal transition time over the signal time of flight
determines the inductive behavior of a line. Lines with intermediate length are
typical on many on-chip busses where the signal delay is affected by the mutual
inductance among the lines. It is therefore important to accurately characterize
the inductive behavior of these lines. For short wire lengths, inductance becomes

important only for very fast signal transition times.
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2.4 Variations in system parameters

In addition to the noise introduced by crosstalk and inductance effects, there
are many other sources of delay uncertainty and noise originating at the system
level or the surrounding environment of an IC. Such sources of uncertainty are
power supply fluctuations (/R drops), electromagnetic interference (EMI), and
system temperature. In this section, the effects of these noise sources on high

performance digital circuits are discussed.

2.4.1 Power supply fluctuations - IR drops

One issue that has become an important source of delay uncertainty is the
fluctuation of the power supply Vpp due to the resistance of the power distri-
bution system, also known as IR drops. IR drops increase with larger currents
flowing through the power grid. With narrow metal lines common in deep sub-
micrometer (DSM) circuits, interconnect resistance has become a major factor in
power distribution systems. Although wider lines are often used in power busses
to reduce resistance, high operating frequencies require large buffers which draw
large currents. When these currents flow from the power supply to the drivers,
any resistance encountered in the power busses can cause the voltage to drop.
This effect is shown in Fig. 2.11 [13]. The far end inverter shown in Fig 2.11
experiences a lower supply voltage than the initial inverter due to the IR drop
along the supply line.

Since the power distribution network is composed of long interconnect hnes
running across a die, IR drops have a global effect within a die. The on-chip

global structure that is primarily affected by IR drops is the clock distribution
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Fig. 2.11: Voltage drop due to the resistance within the power distribution network

network. Since IR drops effectively reduce the supply voltage, the clock buffers
connected to the power grid provide less current, increasing the propagation delay
of the clock signal.

Furthermore, voltage variations due to IR drops change transiently at each
buffer as the clock signal changes. The current delivered to the buffers varies
depending upon the instantaneous level of the IR drops. This transient fluctuation
of the supply voltage causes variations in the clock delay, clock skew, and signal
slew rates. As shown in [13], an IR drop can be translated directly into delay
uncertainty. For example, a 10% voltage drop of the power supply can cause at
most a 10% increase in delay. More accurately, a 10% IR drop increases the delay
by 5% to 10%. The experimental results described in [13] demonstrate that an
N% IR drop causes a delay change between N/2% to N%. This relation serves as
a useful rule of thumb for quantifying the impact of IR drops on delay uncertainty.

In order to mitigate potential IR drops, wide metal lines are used in the top-
most metal layers to reduce the interconnect resistance. In addition, the routing

of these lines is often changed to reduce the transient IR drops. Other methods
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include the use of decoupling capacitors and ball-grid arrays. Key drawbacks of
these advanced design techniques are the increased cost and complexity of the

verification process for both the power and clock distribution networks.

2.4.2 Electromagnetic Interference (EMI) effects

With increasing operating frequencies and circuit densities, electromagnetic
interference is becoming a crucial issue in the design of modern electronic sys-
tems. In particular, EMI has two distinct effects on digital devices [15]. The first
effect is false switching or static failure, which occurs when the amplitude of the
interference is sufficient to cause a change in the state of a static signal. The
second effect is that of EMI-induced delays. It is shown in [15] that significant
variations in the propagation delay of a device occur at much lower amplitudes of
EMI than those that cause false switching. These variations lead to a violation
of the critical timing constraints such as the minimum set-up and hold time of
a flip flop. The violation of these constraints may cause dynamic failures which,
unlike static failures, are dependent on the phase of the EMI with respect to the
transition of a logic state [32].

When EMI is injected into a digital circuit, variations in the signal propagation
delay are produced. This behavior is a result of EMI changing the time at which
a logic transition crosses the switching threshold. The amount of EMI-induced
delay can be positive or negative depending upon the phase of the EMI relative to
the logic transition, as shown in Fig. 2.12 [15]. Note in Fig. 2.12 that at 0° and
180° of phase the effect of EMI is zero; therefore, no change in the propagation

delay occurs. Also, for an EMI phase between 0° and 180°, the induced delay is
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negative, resulting in a decrease of the signal propagation delay. However, for an
EMI phase between 180° and 360°, the induced delay is positive and the signal

propagation delay increases.
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Fig. 2.12: EMI-induced delay versus EMI phase differences for a logic transition

Increased system immunity to EMI-induced delay uncertainty is achieved by
increasing the delay margins within a system. The delay margins are defined
in [15] as “the maximum allowable change in the timing of a signal transition
for which a circuit will continue to operate reliably.” The delay margins for a
synchronous circuit depend upon the set-up (positive delay margin) and hold
time (negative delay margin) constraints. As shown in [15], a larger delay margin
leads to a greater immunity to EMI effects and for a given clock frequency, the
immunity is maximized when both the positive and negative delay margins are

equal.
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2.4.3 Temperature variations

Temperature (7') variation is another factor that affects the performance of
a circuit. Temperature variations have two primary components, the change in
temperature due to the heat generated by the power dissipated on-chip and any
changes in the ambient temperature. With increasing circuit densities and greater
on-chip power dissipation, the temperature variations due to the heat generated
on-chip has become significant. As the die size becomes larger, differences in the
temperature occur across an IC. The effects of temperature on performance are
therefore non-uniform across a die.

There are three primary circuit parameters that vary with temperature and
introduce delay uncertainty [33]. These are the resistivity of the interconnect
p(T'), the threshold voltage V;,(T'), and the carrier mobility u(7T). Temperature
variations across an IC result in different buffer speeds and wire resistances, di-
rectly affecting the signal propagation delay. A simulation of the clock skew due
to temperature variation is presented in [14]. The clock skew is based on an H-tree
assuming a circular temperature gradient from the center of the IC to the edges.
For a temperature variation of AT = 30 K, an average increase in clock skew of

20% is demonstrated for a 0.25 ym CMOS technology.

2.5 Conclusions

The effects that introduce uncertainty in the signal propagation delay are pre-
sented in this chapter. The main sources of delay uncertainty within a CMOS
device are variations in the effective channel length, gate oxide thickness, and

threshold voltage. The uncertainty of the interconnect delay is caused by varia-
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tions in the geometric parameters of a line due to imperfections in the manufactur-
ing process. Noise from signal transitions produce crosstalk among interconnect
lines which contributes to the delay uncertainty of the signals propagating along
an interconnect line. Finally, variations in system level parameters introduce delay
uncertainty to signals at different locations within a die. The effects of variations
in the power supply voltage due to the resistance of the interconnect, electromag-

netic interference, and temperature variations are specifically discussed.
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Chapter 3

Performance Enhancements
Through Clock Skew Scheduling

The effects that introduce delay uncertainty in various circuit elements are
described in Chapter 2. As the device size is scaled and clock frequencies push
deeper into the multi-gigahertz frequency levels, timing constraints have become
much tighter and delay uncertainty has become increasingly significant. Devia-
tions of the clock and data signals from the target delay can cause incorrect data
to be latched within a register resulting in the system malfunctioning. The sen-
sitivity of the circuit elements to these effects has therefore become an issue of
fundamental importance to the problem of designing high speed digital integrated
circuits.

Increasing the chip size and density adds to the on-chip power dissipation.
High power dissipation penalizes the overall system since more advanced packaging
and heat removal technology are necessary. Additionally, wider on-chip and off-
chip power busses, larger on-chip decoupling capacitors, and more complicated
power supplies are required. These factors increase the system size and cost.

Furthermore, with the revolution of portable electronic devices, power dissipation
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has become a system performance metric, since the operation of these devices is
limited by the battery life.

Design techniques and strategies that relax the tight timing constraints and
reduce the on-chip power dissipation have been demonstrated on an industrial
circuit and are presented in this chapter. To improve the timing margins of the
data paths and the circuit speed, non-zero clock skew scheduling has been applied
to specific circuit blocks of a high performance microprocessor. The application
of this methodology is presented in section 3.1. In order to reduce the power
dissipation, a technique that increases the delay of the non-critical data paths
to exploit power savings has also been applied to this circuit and is discussed in

section 3.2. Finally, some conclussions are reviewed in Section 6.3.

3.1 Improving the Timing Constraints and Speed

In this section, the effectiveness of the application of non-zero clock skew
scheduling to improve performance and minimize the likelihood of race condi-
tions is demonstrated. Background information about clock skew scheduling is
presented in subsection 3.1.1. An algorithm to implement a non-zero clock skew
schedule is discussed in subsection 3.1.2. Finally, the demonstration of the ap-
plication of this technique on certain blocks of an industrial high performance

microprocessor is presented in subsection 3.1.3.

3.1.1 Background on clock skew scheduling

A synchronous digital circuit is composed of a network of functional logic ele-

ments and globally clocked registers. Two registers, ; and I;, in a synchronous
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Fig. 3.1: A local data path.

digital circuit are considered sequentially-adjacent if there exists at least one se-
quence of logic elements and/or interconnect connecting the output of the initial
register R; to the input of the final register R;. A pair of sequentially-adjacent
registers together with a logic block and/or interconnect make up a local data
path. A data path consisting of one or more local data paths is called a global
data path. A local data path composed of two registers, R; and R;, driven by the
clock signals, C; and Cj, respectively, is shown in Fig. 3.1.

The difference in clock signal arrival times between two sequentially-adjacent
registers is called local clock skew [1]. More specifically, given two sequentially-
adjacent registers, R; and R;, the clock skew between these two registers is defined
as

Tskew = Tep, — Tep;, (3.1)
where Tep, and Tep, are the clock delays from the clock source to the registers, R;
and R;, respectively. If the clock delay to the initial register Tcp, is greater than
the clock delay to the final register T¢p,, the clock skew is described as positive.
Similarly, if the clock delay to the initial register Tzp, is less than the clock delay
to the final register Top,, the clock skew is described as negative. Waveforms
exemplifying positive and negative clock skew for the local data path shown in

Fig. 3.1 are illustrated in Fig. 3.2 [34].
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The strategy of minimizing clock skew has been a central design technique for
decades in synchronous digital circuit design methodologies. This technique is
called zero skew clock scheduling and can be implemented in many different ways
such as inserting distributed buffers within the clock tree [35], using symmetric
distribution networks, such as H-tree structures [36] to minimize the clock skew,
and applying zero skew clock routing algorithms {37, 38] to automatically layout
high speed clock distribution networks. Zero (or minimum) clock skew scheduling
techniques that require the clock delay from the clock source to each register of
the system to be approximately equal, have been used in many high performance
circuits. Intel Corporation applies a minimum clock skew methodology with local-
ized tuning in the design of their latest microprocessors, including the Itanium”M?,
the first processor in the Intel’s IA-64 microarchitecture family [39, 40].

Further optimization of the circuit performance and reliability can be achieved
by the application of non-zero clock skew scheduling in some (or all) of the local
data paths, as described by Fishburn in [41]. The individual clock skew for each
local data path is determined by satisfying specific timing relationships and con-

ditions in order to minimize the system-wide clock period while avoiding all race

™™

"Ttanium™™ is a registered trademark of Intel Corporation



40

conditions. For the local data path from register R; to register R;, shown in

Fig. 3.1, these timing relationships are listed below.

Ter 2 Tskew + TPDs (3.2)
Tpppin 2 Lskew + Thotds (3.3)
TpDmee = To-0i + Trogicimaz) + Tint + Tset—ups (3.4)
Tpppin = To-qi + Trogictminy + Tint + Tset—ups (3.5)

In the inequalities listed above, Tygey is the clock skew between registers R;
and R;, as defined in (3.1). Tpp,... (TPp,,,) is the maximum (minimum) propa-
gation delay between registers, R; and R;, shown in (3.4) and (3.5), respectively.
Trogicimaz) (TLogic(miny) is the maximum (minimum) propagation delay of the logic
block between the registers R; and R;. Theq is the time that the input data sig-
nal must be stable at register R; once the clock signal changes state. Tieqp 18
the time required for the data signal to successfully propagate to and be latched
within the register R;. Tc_g, is the time required for the data signal to leave R;
once the register is enabled by the clock pulse C;. T;,; represents the temporal
effect of the interconnect impedance on the path delay between the registers, R;
and R; [42,43]. Tep is the minimum clock period.

From the timing inequalities, (3.2) guarantees that the data signal released
from R; is latched into R; before the next clock pulse arrives at I;, preventing
zero clocking [41]. Also, (3.3) prevents latching an incorrect data signal into R; by
the clock pulse that latched the same data signal into R;, or double clocking [41].
This race condition is created when the clock skew is negative and greater in
magnitude than the path delay. If the clock skew is negative but smaller than the

path delay, this effect can be used to improve circuit performance. This method
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Fig. 3.3: Preventing timing hazards in synchronous digital systems.

of improving performance is called clock skew scheduling [19,34,41,44]. Timing
relationships that prevent zero and double clocking are shown in Figs. 3.3(a)
and 3.3(b), respectively.

For a given clock period Tgp, (3.2) and (3.3) determine a range within which
each local clock skew Ty, can vary. This tolerance range is described here as
the permissible clock skew range [43,45] between the minimum permissible clock
skew Tikew(min) and the maximum permissible clock skew Tipe(mac), a8 shown in

Fig. 3.4. The permissible clock skew range varies for different data paths since
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Tpp,,, and Tpp, .. depend on the delay characteristics of each local data path.
Tskew(mas) 18 zero for those critical local data paths that limit the minimum clock
period T p of the entire system. If a positive clock skew is applied to those paths
the circuit speed is reduced.

The inequalities (3.2) and (3.3) are sufficient conditions to determine an op-
timal clock skew schedule, the associated minimum clock path delays, and the
permissible range of the clock skew for each local data path. In this way, the
minimum clock period is determined such that the overall circuit performance is

maximized while eliminating any race conditions.

3.1.2 Optimal clock skew schedule algorithm implementa-
tion

The optimal clock scheduling problem has been described in [41] as a set of
linear inequalities which can be solved with standard linear programming tech-
niques. An algorithm for determining the minimum clock period based on the
overlapping of permissible ranges of the clock skew between different data paths
has been described in [43,45] and is shown in Fig. 3.5. These concepts have
been further enhanced, implemented as an algorithm, integrated into a software
tool [19,44, 46}, and applied to a functional unit within a high performance mi-

croprocessor to determine an optimal clock skew schedule.
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Fig. 3.5: The minimum clock period extraction algorithm

The development of a software tool to implement this optimum clock skew
scheduling algorithm is described in [19,43-45]. The input data to this tool
are the minimum and maximum delays of each of the local data paths of the
circuit. With this information, the software tool specifies an optimal clock skew
schedule for the circuit; specifically, the minimum clock period that maximizes
circuit performance and the associated clock path delays from the clock source to
the individual registers that satisfy the target clock skew schedule. The steps of

the implemented algorithm are as follows:

Step 1. A graph model of the circuit is produced that describes the input circuit
C. Each vertex of the graph represents a register within C. Each arch of

the graph connecting two vertices represents a local data path in C. There



Step 2.

Step 3.

Step 4.

Step 5.
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are two weights on each arch representing the maximum and minimum

delays of the corresponding data paths.

A current clock period for the circuit C -is determined. The current clock
period is the arithmetic mean of two bounding values. The upper bound is
initially set equal to the maximum delay of all of the data paths belonging
to C. The lower bound is initially set equal to the greatest difference
between the maximum and minimum propagation delay of each local data

path within C.

Using the clock period specified from step 2, the permissible clock skew
range is calculated from (3.2) and (3.3) for each pair of sequentially-

adjacent registers in C.

The permissible range of the clock skew of the global data paths is speci-
fied by the intersections of the permissible ranges of the local data paths
calculated in the previous step. If the intersection is empty, no feasible

clock skew schedule exists for the clock period specified in step 2.

If a feasible clock skew schedule results from step 4, the algorithm iterates
to step 2, and the current clock period specified in the previous iteration
becomes the upper bound and is marked as a possible optimum solution.
If a non-feasible clock skew schedule results from step 4, the algorithm
iterates again to step 2 and the previously specified current clock period

becomes the lower bound.

Iterations of the algorithm between steps 2 and 5 continue until the difference

between the upper and lower bounds of the clock period is less than a specified
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positive number €. The last clock period marked as a possible optimum solution is
the minimum achievable clock period for the circuit C. The steps 2 to 5 implement
the minimum clock period extraction algorithm shown in Fig. 3.5. Based on this
clock period, (3.2), and (3.3) the clock skew between each pair of sequentially-

adjacent registers within C' is computed.

Step 6. The final step of the algorithm assigns the clock path delay to each of the
registers within C. For each global data path, the individual clock delays
from the clock source to the registers are calculated by first assigning the
delay to the registers of the local data path with the largest clock skew
value. The delays to the other registers are assigned by using the relative
clock skew values among the remaining registers within the global data

path.

The optimality of the solution depends solely upon the value of the constant ¢
that controls the number of approximating iterations executed by the algorithm.
Reducing the value of ¢ reduces the distance between the minimum clock period
determined by the algorithm and the minimum clock period set by (3.2) and (3.3).
The choice of ¢ is a tradeoff between performance and the computational run time

of the algorithm.

3.1.3 Experimental results from application of optimum

clock skew scheduling

In a joint research project between the University of Rochester and Intel Cor-
poration, the process of enhancing the speed and power dissipation [47] of an

industrial circuit through the application of non-zero clock skew scheduling has
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Fig. 3.6: Circuit graph of Itanium” FUB with normalized data path delays.

been investigated. Specifically, the application of clock skew scheduling to cer-
tain (highly tuned) functional blocks within a high performance microprocessor
has been evaluated. It is shown here that the application of non-zero clock skew
scheduling to these circuits yields a speed (or timing margin) improvement of up
to 18% within the data paths of certain functional unit blocks (FUBs).

The clock scheduling tool described in Section 3.1.2 [19,44] has been applied
to specific FUBs within a high performance microprocessor. A circuit diagram of
one of these FUBs is shown in Fig. 3.6 with normalized maximum and minimum
local data path delays. All of the timing information in the following analysis is
described in terms of these normalized path delays.

The initial clock period for the FUB shown in Fig. 3.6 is 35 tu (time units).
By exploiting the differences in the maximum delays between data path A and
the three parallel data paths, B, C, and D, the clock period can be reduced from

35 tu to 28 tu. This 20% performance improvement can be achieved through
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application of a negative clock skew of -7 tu to data path A by adding 7 tu to
the clock path delay from the clock source to register Ry. In this case, the time
available for the data signal to propagate along data path A is Top + Tskew =
28 + 7 = 35 tu. The time available for a data signal to propagate along the
longest of the data paths between registers Ry and Rs (data path B) is 28 - 7 =
21 tu. Note that data paths F' and G can also be synchronized by a clock period
of 28 tu without violating any timing constraints. Thus, an approximately 20%
improvement in circuit performance can be achieved by applying a non-zero clock
skew schedule to this specific FUB.

Alternatively, the delay of 7 tu can be added to the clock signal arriving at
register R, without reducing the clock period of the circuit. In this case the
tight timing constraints of the critical data path A is relaxed significantly since
additional 7 tu is available before the clock signal arrives at register Ry. The cost
of this improvement is the reduction of the timing margins of the data paths B,
C, and D by 7 tu. For the longest of these data paths (path B) the new timing
margin is 7 tu which is long enough to compensate for a great amount of delay
uncertainty.

The added delay to the path from the clock source to register R, is achieved
by decreasing the size of the clock buffer (clk; shown in Fig. 3.6) that sources
the clock signal that drives the register. This delay change is accomplished by
replacing the clock buffer with a slower buffer from a predesigned cell library. In
this way, the clock signal delay can be increased without requiring the redesign of
the original clock buffer. Several different sizes of predesigned clock buffers that
drive register R, have been evaluated. The variation of the clock signal delay to

different clock buffer sizes is shown in Fig. 3.7
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Buffer | Normalized | Normalized clock
Number | buffer size | signal delay (tu)

1 1.00 24.93

2 1.43 20.14

3 1.71 17.79

4 2.05 16.27

5 6.07 10.90

6 10.47 0.67
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Fig. 3.7: Variation of clock signal delay to different clock buffer sizes.

As illustrated in Fig. 3.7, the clock delay from the clock source to a register
is inversely proportional to the size of the clock buffer. This behavior is due to
the increased output resistance of the smaller sized buffers, resulting in reduced
current flow which introduces additional delay to the clock signal [48]. The clk,
buffer that is initially used in the specific FUB (see Fig 3.6) is buffer No. 6 with a

delay of 9.67 tu (see Fig 3.7). In order to produce an additional clock delay of 7 tu
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to drive register Ry, buffer No. 4 is used. The signal delay is 16.27 — 9.67 = 6.60
tu, only a 5.7% error from the target value of 7 tu. The minimum clock signal
period that is achieved with this clock skew schedule is 28.4 tu, producing an
18.8% improvement in speed.

Decreasing the size of the clock buffer in order to increase the delay of the
clock line has an additional beneficial effect on the power dissipation, since the
current flowing through the buffer is reduced. For the target circuit that contains
the slower clock buffers, the power saving is approximately 1% of the total power

consumed by this block.

3.2 Reducing Power in Non-Critical Data Paths

Two of the most popular techniques that are used to reduce power dissipation
are supply voltage (Vy4) scaling and clock gating [49,50]. V4 reduction is an
effective way for reducing power, since power dissipation is proportional to the

square of Vy; as shown in (3.6).
den = CLoadV:izdfa (36)

The disadvantages of supply voltage scaling are effects such as sub-threshold and
gate oxide leakage and increased sensitivity to noise [4]. Clock gating reduces
the capacitance being switched by the clock distribution network [50]. The major
disadvantages of clock gating are the increased complexity of the timing analysis
and the increased transient currents when large blocks of logic are switched on
and off.

Another technique to reduce the dissipated power is the use of smaller size

circuit elements from predesigned cell libraries in order to achieve significant power
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savings. The smaller sized elements introduce smaller load capacitances albeit
with a small delay penalty [49]. When this technique is applied to non-critical data
paths, the delay penalty has no impact on the overall performance of the system.
A demonstration of the application of this technique to an industrial circuit is
presented here. It is shown that significant improvements in power dissipation
can be achieved. Additionally, a methodology to expand this technique to slower
(more critical) data paths is also discussed in this section.

The concept of the technique, the delay constraints, and the limitations in
power savings are presented in subsection 3.2.1. The necessary conditions to apply
this technique to slower data paths are described in subsection 3.2.2. Simulation
results that demonstrate the power savings achieved on an industrial circuit are

presented in subsection 3.2.3.

3.2.1 The general technique and related delay constraints

In a large high performance synchronous digital system, such as a microproces-
sor, the number of critical data paths is small as compared with the total number
of data paths in the system. For example, in a specific system described in [19],

less than 5% of the total data paths are within 20% of the maximum path delay

618 , Maximum Path Delay (fs)

] : I
3 . |
|
i

Number of Paths {#)

0% 7416120 % 14832240 fs

Fig. 3.8: Path delay distribution with zero clock skew scheduling
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while more than 65% of the total data paths have path delays less than half of
the maximum path delay. Alternatively, more than 65% of the local data paths
are at least twice as fast as compared with the slowest local data paths. This
distribution of data path delays is shown in Fig. 3.8. A similar distribution of
path delays is common in the majority of high complexity circuits.

The fast data paths of a system are synchronized by the same clock signal that
synchronizes the critical long data paths. Therefore, idle time (T;r) exists in these

short data paths since the data signal arrives at the final register well before the
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Fig. 3.9: Increasing the delay of the fast data paths by downsizing the local latches

that drive these paths.
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clock signal arrives at the same register, as shown in Fig. 3.9(a). This idle time
can be exploited to slow down these short data paths in order to save power. One
way to accomplish this technique is by downsizing (i.e., decreasing the geometric
width) of the latch R; that drives the data path as shown in Fig. 3.9(b), using
smaller sized circuits from a predesigned cell library. By downsizing the latch the
effective capacitance of the latch is decreased and the power required to drive the
latch is reduced. Also, the geometric width of the output driver within the latch is
decreased, thereby reducing the output current of the latch [48] and increasing the
path delay. Therefore, this procedure results in a decrease in power consumption,
albeit with an increase in the data path delay.

There are constraints, however, that limit the minimum size of an output
driver and thereby the additional delay that can be introduced. One constraint is
that the additional delay should not exceed the maximum permissible path delay
constraint as shown in Fig. 3.10. The summation of the initial data path delay
Tinitial, the additional delay T,q44, and the safety time budget Ty, should be less

(or in the limit, equal) to the clock period Tep.

Tep 2 Tipitiat + Tada + Tsage (3.7)
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Fig. 3.10: The added delay of the fast data path should not violate the long path

timing constraint.
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Another constraint is that the introduction of smaller sized output drivers
should not degrade the signal rise and fall times below some target level. Due
to the reduced size of the output driver, the output signal transition time of the
latch is slower, increasing the short-circuit power dissipation on the gates that
are driven by the latch. The short-circuit power dissipation is due to the current
that flows directly from the power supply to the ground of a CMOS gate when
the input voltage is within the range Vi, and V4 + Vi, (when both the PMOS
and NMOS transistors are on). When the transition time of the input voltage is
longer, the time during which both transistors are on is also longer, increasing the
short-circuit power dissipation. A close approximation of the short-circuit power

dissipation is given by [51]

1
PSC = ’Q"Ipeaktbasev;idfa (38)

where I,..; depends on the size of the transistors of the driven gate, ty. is the
input signal transition time, and f is the switching frequency of the input signal.

As shown by (3.8), as the size of the output buffer of the latch is decreased,
the input signal transition time ty,, increases, increasing the short-circuit power
dissipated in the load gates. Therefore, there is a lower limit on decreasing the

size of the output driver to achieve less power.

3.2.2 Application to critical data paths

The concept of slowing down fast data paths in order to save power can be
further applied to slower, more critical data paths with the aid of non-zero clock
skew scheduling [19,41]. By applying negative clock skew to the slower, more

critical data paths, the idle time in these data paths can be increased, permitting
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tween the long and short delay data paths. (a) Initial timing of the data paths.

(b) Timing of the data paths after the application of local clock skew

these paths to be slowed down further. However, there is one condition that
must be satisfied for this concept to be feasible. This condition is that the data
path that follows the slow data path should be sufficiently fast to satisfy the zero
clocking timing constraint.

An example of the application of this concept to long data path delays is shown
in Fig. 3.11. As shown in Fig. 3.11(a), data path A has a long delay of T4 = 10 tu
and data path B has a short delay of T = 6 tu. The clock period of the system is
Tep = 12 tu. Because the delay of data path B is short as compared to the clock
period, the clock signal that controls the latching operation of the register located
between data paths A and B can be delayed by 2 tu, as shown in Fig. 3.11(b).
This strategy delays the data signal propagating into data path B without creating
any timing hazards, satisfying Topp = Top — Tskew = T8 + Trrpr. Alternatively,
delaying the arrival of the clock signal at the register delays the latching of the
data signal that propagates into data path A, adding more idle time to data path

A. Therefore, both data paths have sufficient idle time, permitting the drivers to
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be downsized so as to reduce the power dissipation of the overall circuit. If the
slow data path A is not further slowed down, the application of negative clock
skew can increase the safety margin of data path A which can be used to relax the
strict timing constraints and make the circuit less sensitive to process parameter
variations [45].

The approach presented above and illustrated in Figs. 3.11(a) and 3.11(b)
provides an additional technique for saving power through the application of neg-
ative clock skew. The negative clock skew across data path A can be produced
either by inserting a delay element along the clock signal path that distributes the
clock signal to the final register of data path A, or by decreasing the transistor
size of the clock buffer that drives this clock line. In the latter case, decreasing the
size of the clock buffer results in less output current, which provides an additional

savings in power.

3.2.3 Results on a demonstration circuit

The efficiency of this technique to decrease the power dissipation of non-critical
data paths by changing the timing of these paths has been demonstrated on certain
FUBs of a high performance industrial microprocessor. One of these FUBs is
illustrated in Fig. 3.6.

The technique has been applied to the fast data paths, B, C, and D, of the
FUB shown in Fig. 3.6. Each of these data paths is slowed down by downsizing
the driving latch Ry by using a different latch selected from a circuit library. The

maximum and minimum delay of these data paths prior to and after decreasing
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Table 3.1: Comparison between the original and the increased delay of data paths

B, C, and D within the FUB illustrated in Fig. 3.6

Original max/min

Data path | data path delay (tu)

Increased max/min | Increased

data path delay (tu) | Delay (%)

B (21/19) (25/21) 14.7
C (20/16) (25/20) 22.5
D (19/17) (25/21) 27.5

Average Increase in Delay (%) 21.6

the size of the data path driver is listed in Table 3.1. It is shown in Table 3.1 that

the delay of these data paths is increased on average by 21.6%.

The effect of downsizing the local latches that drive the data paths is to sub-

stantially reduce the power dissipated within the circuit block that contains these

latches. As shown in Table 3.2, the total power dissipation of the circuit block is

reduced by 82% by downsizing a total of 69 latches.

The remaining data paths within the FUB are unchanged. The effect of chang-

ing the latch on the data signal rise and fall times in data paths B, C, and D is

Table 3.2: Normalized power dissipation within the circuit block containing the

latches

No optimization

Downsize latches

w/o clock scheduling

Downsize latches w.

clock scheduling

100

18

17.3
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negligible. Also, no maximum data path delay constraint is violated since the
larger maximum delay of the affected data paths (25 tu) is less than the maxi-
mum delay of the most critical data path (35 tu). Since the difference between the
delay of data path A and the delays of the data paths, B, C, and D, is significant,
the circuit performance can be improved with the application of non-zero clock
skew scheduling, as described in Section 3.1. In this case, the clock period can be
reduced to Top = 25+ §§§2§ = 30 tu. The performance of the circuit can therefore
be further enhanced by approximately 14%. Furthermore, the application of neg-
ative clock skew to downsize clock buffers results in an additional 4% decrease of
the power dissipation as shown in Table 3.2. This decrease is due to the reduced

capacitance of the clock buffer that drives the downsized latches.

3.3 Conclusions

Simulations of specific FUBs within a high performance commercial micropro-
cessor demonstrate that improvements in the timing margin of the data paths
can be achieved by applying non-zero clock skew. It is shown that in specific
circuit blocks the timing margins can be increased by up to 18% by exploiting
the differences in propagation delays between sequentially-adjacent data paths.
The required clock delays from the clock source to the individual registers can be
achieved by replacing the clock buffers that drive these registers with buffer cells
from a predesigned cell library.

A non-zero clock skew scheduling software tool has also been developed [19,
46]. This tool has been evaluated on numerous industrial circuits [19], demon-
strating the general utility of clock skew scheduling to improve the timing char-

acteristics of a synchronous digital system.
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A strategy for decreasing the power dissipation by reducing the size of the
driving latches and increasing the delay of the non-critical data paths has also
been demonstrated. The constraints, advantages, and disadvantages have been
discussed. The application of non-zero clock skew scheduling to increase the idle
time of the slower data paths has also been presented. Simulations on specific
functional unit blocks within a high performance industrial microprocessor demon-
strate that a substantial local power reduction of greater than 80% can be achieved

by applying this strategy.
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Chapter 4

Clock Tree Topological
Enhancements to Reduce Delay
Uncertainty

The effects that introduce uncertainty to the delay of a signal propagating
within various circuit elements are described in Chapter 2. Chapter 3 discusses
the application of non-zero clock skew scheduling to relax the timing constraints
of the data paths and improve the system performance [19]. By relaxing the tim-
ing constraints of the data paths, the overall tolerance of a system to the delay
uncertainty of the data signals is enhanced. Furthermore, the application of non-
zero clock skew scheduling requires very accurate timing of the clock registers in
a chip, therefore, the sensitivity of a system to the delay uncertainty of the clock
signals increases. The delay of the clock signal from the clock source to a register
should agree precisely with the target delay as specified by the non-zero clock skew
schedule. Deviations of the clock signal from the target delay can cause incorrect
data to be latched within a register, resulting in the system malfunctioning. Un-
certainty of the clock signal delay is introduced by a number of factors that affect

the clock distribution network, examples of which include process and environ-
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mental parameter variations [52,53] and interconnect noise [54]. The sensitivity
of a clock distribution network to these effects has therefore become an issue of
fundamental importance to the synchronous design problem [34, 55, 56].

In this chapter, a polynomial time algorithm that improves the tolerance of
a clock distribution network to delay uncertainty is presented. The algorithm
focuses on the topological design of a clock distribution network and the manner
in which the topology affects the sensitivity of the network to delay uncertainty.
The algorithm extracts the clock tree topology based on the temporal criticality
of the data paths. The concept of the algorithm is summarized in Section 4.1.
The operation of the algorithm is described in Section 4.2. Incorporating non-
zero clock skew scheduling within the topology extraction algorithm is discussed
in Section 4.3. Experimental results for applying the algorithm to benchmark
circuits that demonstrate topological enhancements are reviewed in Section 4.4.

Finally, some conclusions are presented in Section 4.5.

4.1 Concept of the Algorithm

The most crucial effect of the uncertainty introduced in clock signal delays is
the increased delay uncertainty between the arrival times of different clock signals
that drive sequentially-adjacent registers connected by a combinational path. The
more strict the setup and hold time constraints of a combinational data path, the
more sensitive a data path is to delay uncertainty. A small difference in the
clock signal delay can violate these constraints and cause a circuit to malfunction.
Intuitively, the effects of process and environmental parameter variations (PEPV)

on the common portion of the clock tree introduce identical delays to those clock
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signals driving sequentially-adjacent registers [19]. Alternatively, along the non-
common portion of the clock tree, PEPV may introduce different clock delays and
thereby cause a violation of the strict timing constraints of the critical data paths.

This concept is illustrated in Fig. 4.1.

Register A i Register B

Co

| log

mbi

Non-common part
of the clock tree.
PEPV introduce
different delays to the
clock signal for each one
of the registers A and B

Common part of
the clock tree.
PEPV introduce the

same delay to the clock

signal for both registers

Clock signal A and B

source

Fig. 4.1: Introduction of different clock signal delays to the non-common portions

of the clock tree.

The clock tree topology (CTT) that specifies the hierarchy of the branch nodes
within the clock tree can greatly affect the delay uncertainty introduced along
the clock paths [43]. In particular, as the common portion of two paths in a
clock tree increases, the delay uncertainty between the leaves of these paths is
likely to decrease. The common portion of the two paths can be increased by
separating these paths from a branch node deeper within the clock tree (closer to
the leaf registers). The algorithm presented in this paper relies on this principle
to generate a clock tree topology with improved tolerance to PEPV. The objective
of the algorithm is to minimize the delay uncertainty of the sensitive data paths
within a circuit. In this way, the overall tolerance of a circuit to delay uncertainty

can be improved.
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A synchronous digital circuit is represented in the algorithm as an edge-
weighted graph G, which is called an uncertainty graph. An example of an un-
certainty graph representation is shown in Fig. 4.2. Each node v in the graph G
denotes a register in the circuit. Each edge u — v in G denotes a combinational
path between the registers corresponding to u and v in the original circuit. The
weight w(u,v) of each edge represents the tolerance of the corresponding data
path to PEPV which imposes a constraint on the delay uncertainty of the clock
signals driving the registers u and v. In particular, for the circuit to function
correctly, this uncertainty must not exceed w(u,v). For example, the path corre-
sponding to the edge 3—4 is critical, since the path can tolerate zero uncertainty
in the clock delays from the clock source to the bounding registers. Alternatively,
path 4—5 can tolerate up to 3 tu (time units) of delay uncertainty. Integer-valued
time units are used in this example and in the rest of this chapter to improve the
clarity of the presentation. In the implementation of the algorithm, the tolerance

of the data paths to delay uncertainty is represented using real numbers.

Fig. 4.2: Uncertainty graph representation of a circuit.

The algorithm relies on a topological delay uncertainty metric to generate
clock trees that satisfy targeted uncertainty constraints. Specifically, given two
paths, the delay uncertainty between the clock signals at the corresponding leaf

nodes is assumed to be equal to the number of internal nodes within the tree (or
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branch nodes) in the non-common portions of the paths. The basic assumption
underlying this metric is that as the number of non-common tree nodes between
two paths increases, these paths share a smaller portion of the clock tree and the
delay uncertainty between these paths therefore increases.

A clock tree topology that satisfies the delay uncertainty constraints of the
graph shown in Fig. 4.2 is illustrated in Fig. 4.3. Consider, for example, the
critical data path 3—4. This path can tolerate zero delay uncertainty between
the clock signals arriving at the registers 3 and 4. The clock paths driving these
registers split at the internal node 7 and arrive at registers 3 and 4. There are no
non-common branch nodes between these two clock signal paths, therefore, these
paths share the greatest portion of the clock tree. For data path 2—4, the clock
paths split at the internal node 8. The number of non-common branch nodes of
the two paths is one (node 7) which is equal to the delay uncertainty constraints
for this data path. For data path 4—6, the paths from the clock source split at
node 9, and the number of non-common branch nodes is two (nodes 7 and 8)

which is also equal to the edge weight w(4,6).

Clock Signal
Source

Fig. 4.3: Clock tree topology for the circuit shown in Fig. 4.2.
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4.2 Description of the Algorithm

The algorithm presented in this section extracts the clock tree topology (CTT)
by determining the hierarchy of the branch nodes of the tree such that the clocked
elements of the most critical data paths share the greatest portion of the clock
tree. The extracted topology can be further applied in the process of clock tree
synthesis to generate a clock distribution network with improved tolerance to
PEPV. Based on the information characterizing the topology of a clock tree, a
physical layout can be developed which includes the interconnect, the placement
of the branch nodes, and the location of the inserted clock buffers [34].

The algorithm starts by iteratively selecting from the uncertainty graph the
registers of the data paths with the minimum tolerance to PEPV. These paths
correspond to the edges with the minimum edge weight. In each iteration, a new
branch node is introduced, and the clock signals are distributed from that node
to the selected registers. These branch nodes replace the selected register nodes
in the graph. The edges entering or leaving the replaced nodes are redirected to
the introduced branch node, and the edge weights are adjusted to reflect the new
tolerance of these edges. The algorithm continues until only one node remains in
the graph. The clock tree topology that satisfies all of the uncertainty constraints
is obtained by unfolding the computation to establish the connections among the
hierarchically introduced branch nodes.

The execution of the proposed algorithm on the uncertainty graph shown in
Fig. 4.2 is illustrated in Fig. 4.4. The algorithm starts with the graph shown in
Fig. 4.4(a). The minimum-weight edge in this graph is between nodes 3 and 4.

The clock signal is therefore distributed to these nodes from the new branch node



(a) 1st Iteration: The clock signal is
distributed to the registers of the most
critical data path (3—4) from branch
point 7.

(c¢) 2nd Iteration: The clock signal is

distributed to the registers of the most
critical data path (1—7),(2—7) from
branch point 8.

(b) Branch point 7 replaces the nodes
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Fig. 4.4: Iterations of the algorithm to reduce the input graph to a single node.

7. Node 7 is inserted in the uncertainty graph as shown in Fig. 4.4(b), replacing

the selected nodes 3 and 4. The edges leaving or entering nodes 3 and 4 are

redirected to node 7. The weights of these edges are reduced by 1 tu, the amount

of uncertainty introduced by the branch node 7. The iterative application of this
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basic procedure continues until only one node remains in the graph (node 10) as
shown in Figs. 4.4(c) through 4.4(g). At this point, the algorithm extracts the
final clock tree topology, which is shown in Fig. 4.3. Note that nodes 3 and 4
(corresponding to the most critical data path with zero tolerance to PEPV) share
the greatest portion of the clock tree from the clock signal source to branch node
7. In the case of a less critical data path such as the path between nodes 4 and
6, the clock paths to the registers have in common a smaller portion of the clock
tree.

The correctness of the CTT generation algorithm can be proved by an induc-
tive argument showing that after each iteration, the portion of the clock tree that
has been generated satisfies all relevant uncertainty constraints. The algorithm
has polynomial complexity, terminating in O(n?) steps, where n is the number of
nodes in the uncertainty graph. The number of iterations is n, and within each

iteration, the number of updates is proportional to n.

4.3 Incorporating non-zero clock skew schedul-
ing

The ability to accurately control the clock signal delay from the clock source to
the registers permits further improvements in the circuit performance and reliabil-
ity. These improvements can be accomplished by the application of non-zero clock
skew scheduling as described in [19, 41,46, 57]. In non-zero clock skew scheduling,
different arrival times of the clock signal at the registers are purposefully intro-
duced, providing more time for the data signals to propagate along the slower

data paths in a system. The differences in the arrival times are achieved by in-
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serting delay elements (e.g., active clock buffers) along the clock paths that drive
the registers of sequentially-adjacent data paths. Several algorithms have been
developed that generate an optimal clock skew schedule [19,41,43,57]. The out-
put of these algorithms is the value of the clock delay from the clock source to
each of the registers which minimizes the clock period of a system or maximizes
the timing margins of the most critical data paths.

The clock tree topology extraction algorithm presented in Section 4.2 has
been enhanced to incorporate non-zero clock skew scheduling. Given the clock
delays to each of the registers, the algorithm extracts the clock tree topology for
the circuit, including the assignment of the clock buffers to the branches of a
clock tree. These clock buffers provide the specific clock signal delay in order to
implement the target non-zero clock skew schedule. The synthesized clock tree
topology enhances the overall tolerance of the clock distribution network to PEPV.
The number of inserted clock delay buffers for this topology is also minimized.

The clock buffer insertion process is performed simultaneously with the con-
struction of the clock tree topology, based on the uncertainty graph of the circuit.
In this case, information that specifies the clock signal delay from the clock source
to each of the registers is included in the uncertainty graph as shown in Fig. 4.5(a).
The clock delay to each register is described by the numbers located above each
graph node.

During the execution of the algorithm, each of the newly created branch nodes
is assigned a clock signal delay equal to the minimum delay of the nodes that
are replaced within the graph. An additional, higher than minimum delay is
generated by assigning the appropriate number of buffers along the clock lines

that drive these nodes. Therefore, the minimum delay of all of the branches
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Source

(b) Clock tree topology including clock delay buffers

Fig. 4.5: Incorporating non-zero clock skew scheduling within the CTT algorithm

leaving a branch node is generated by a single buffer located prior to the branch
node. In this way, the number of buffers required to implement a non-zero clock
skew schedule is minimized. Additionally, the tolerance of a clock distribution
network to PEPV is improved since the effects of PEPV on the common clock
buffers prior to a branch node are the same for all of the branches following the
branch node.

An example of an extracted clock tree topology with clock buffers is shown in
Fig. 4.5(b). The number, written in bold next to each buffer, represents the
amount of clock delay that is introduced by the buffer on the corresponding

branch. Note in Fig. 4.5(b) that branch node 7 has a delay of 3 tu, the minimum
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clock delay from the clock source to nodes 3 and 4. Branch node 8, moreover,
has a delay of 1 tu, the minimum clock delay from the clock source to nodes 1, 2,
and 7. An additional clock delay of 2 tu from node 8 to node 7 is generated by
assigning an appropriate delay buffer on the branch connecting these two nodes.
An additional delay of 1 tu between node 8 and leaf node 1 is generated in a

similar way.

4.4 Experimental results

The process in which the proposed algorithm reduces the non-common portion
of the clock tree that drives the critical data paths of a circuit is illustrated in
Fig. 4.6. The topology generated by the proposed algorithm is compared with a
binary tree topology under the assumption that the delay uncertainty between the
clock signals immediately following a branch node is constant and equal to « tu.
In this case, as in the example shown in Fig. 4.6(a), the clock delay uncertainty for
the data path 1—3 is 2a: due to the branch nodes 7 and 8. In a binary clock tree
as shown in Fig. 4.6(b), the corresponding delay uncertainty of the data path 1—3
is 3a: due to the branch nodes 7, 8, and 10. A 33% reduction in delay uncertainty
is therefore introduced to the clock signals that drive the data path 1—3. In the
same way, the delay uncertainty for the data paths 2—4 and 4—6 is reduced by
33% and 25%, respectively. Therefore, the timing margins for those data paths
in the circuit shown in Fig. 4.6(a) can be less strict than for the circuit shown
in Fig. 4.6(b). In this example, the clock period is not decreased since the delay
uncertainty for the most critical data path 3—4 is the same for both clock tree

topologies.
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Clock Signal Source

(a) Algorithmically extracted clock tree topology for an arbitrary circuit

11 Clock Signal Source

(b) Clock tree topology for the same circuit assuming a binary tree

Fig. 4.6: Comparison between the algorithmically extracted CTT and a binary

tree.

The proposed algorithm has been tested on a number of benchmark circuits
(see Table 4.1). In these tests, the average and worst case reduction in the range of
delay uncertainty for a set of critical data paths has been determined. By reducing
the delay uncertainty of these critical data paths, the overall timing constraints
can be relaxed, thereby reducing the clock period and improving the overall circuit
performance.

In evaluating the benchmark circuits it is assumed that the original clock tree

topology is a balanced tree. The reduction in delay uncertainty is determined
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Table 4.1: Reduction in delay uncertainty of the most critical data paths. BF

describes the branching factor of the original binary tree.

Number Avg. reduction (%) of delay uncertainty Delay uncertainty reduction (%) for
Benchmark of for a set of critical data paths the most critical data path
Files Registers BF=2|BF:4|BF=8|BF=16 BF=2|BF=4IBF=8|BF=16
S27cp 20 33.3% 25% 0% 0% 66.6% 50% 0% 0%
5386 20 39.5% 18.7% 12.5% 0% 31.2% 12.5% 12.5% 0%
mmda 23 72.9% 50% 37.5% 0% 72.9% 50% 37.5% 0%
$1196 46 83.3% 66.7% 50% 50% 83.3% 66.7% 50% 50%
51238 46 60% 30% 0% 0% 58.3% 25% 0% 0%
multl6b 48 83% 66.7% 50% 50% 83.3% 66.7% 50% 50%
mult32a 66 84.5% 71.1% 58.9% 50% 85.7% 5% 66.7% 50%
5838.1 67 58.9% 35.7% 13.2% 5.9% 70.8% 50% 25% 0%
5953 68 66.4% 45.2% 23.8% 21.4% 66.7% 50% 0% 0%
5641 77 84.8% 71.8% 60.4% 50% 83.3% 66.7% 50% 50%
sbe 120 84.3% 70.2% 57.1% 50% 83.3% 66.7% 50% 50%
59234 209 82% 66.3% 52.1% 44.6% 82.4% 65.6% 52% 43.7%
55378 246 84.2% 70.3% 58.1% 48.8% 85.7% 75% 66.7% 50%
$38584.1 446 90% 80% 75% 66.7% 90% 79.9% 5% 66.7%
diffeq 454 87.7% 77.6% 65.6% 60.6% 88.8% 80% 66.7% 66.7%
dsip 644 88.7% 79.4% 66.7% 64.8% 88.7% 79.4% 66.7% 64.9%
bigkey 683 88.7% 79.4% 66.7% 64.8% 88.9% 80% 66.7% 66.7%

for four different branching factors (BF) of the balanced tree. The branching

factor of a tree is the number of branches leaving from a branch node within

the tree. The results of these experiments are listed in Table 4.1. It is shown

that the delay uncertainty of the critical data paths can be reduced by up to

90%. Note in Table 4.1 that the smaller the branching factor of the original

clock tree topology, the greater the reduction in delay uncertainty. This behavior

is caused by the increased depth of the clock tree when the branching factor is
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small. As a tree becomes deeper, the clock paths that drive the leaf registers
have a smaller common portion of the clock tree and therefore an increasing delay
uncertainty. When the branching factor increases, the depth of the clock tree is
reduced, permitting the clock paths to share a greater common portion of the
clock tree.

As shown in Table 4.1, in certain smaller circuits the reduction in delay uncer-
tainty is zero when the branching factor is high. In these specific cases, the clock
paths driving the registers of the critical paths already share the greatest common
portion of the clock tree, therefore a decrease in delay uncertainty is not possible.
Alternatively, the larger circuits have a deep clock tree even in those cases where
the branching factor is high. A significant reduction in delay uncertainty in these

circuits is shown for all of the branching factors.

4.5 Conclusions

A methodology for generating a clock distribution network with high tolerance
to process and environmental variations is presented. An algorithm that extracts
a clock tree topology in order to minimize the delay uncertainty of the clock
signals that drive the most critical data paths is presented. The hierarchy of the
branch nodes of the clock tree is determined such that the clocked elements of the
most critical data paths share the greatest portion of the clock tree. Algorithmic
enhancements that incorporate non-zero clock skew scheduling are also presented.
Experimental results from the application of the algorithm to benchmark circuits
demonstrate significant improvements in the tolerance of a circuit to process and

environmental variations.
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Chapter 5

Buffer Sizing for Reduced Delay

Uncertainty

Delay uncertainty can have a critical effect on the operation of high speed
synchronous circuits. Uncertainty in the propagation delay of the clock signal can
cause violations in the set-up and hold time constraints of the data path registers
[19]. In addition, delay uncertainty of the data signals can also cause similar vi-
olations. To prevent these violations, either the tight timing constraints should
be relaxed, or the uncertainty in the signal delay should be reduced. Relaxing
the timing constraints, particularly the most critical paths of a circuit, increases
the clock period, reducing the circuit performance. Alternatively, reducing delay
uncertainty can prevent the violations of these timing constraints, thereby im-
proving the robustness of a circuit and enhancing circuit performance. In order
to develop design methodologies that reduce delay uncertainty, those effects that
cause uncertainty in the signal propagation delay should be investigated. A brief

review of these effects is presented below.
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Delay uncertainty is introduced by a number of factors that affect the signal
propagation delay, such as process and environmental parameter variations [12, 33,
52] and interconnect noise [54, 58]. Effects such as the non-uniformity of the gate
oxide thickness [27] and imperfections in the polysilicon etching process [26] can
cause variations of the current flow within a transistor, thereby introducing delay
uncertainty. Environmentally induced parameter variations caused by changes
in the ambient temperature [14] and external radiation [15] also introduce delay
uncertainty. On-chip noise due to interconnect crosstalk [7] introduces additional
delay uncertainty as the interconnect length increases and the wire-to-wire spacing
becomes shorter.

Significant research effort has therefore focused on characterizing and reducing
delay uncertainty [59]. A primary research target is the statistical characteriza-
tion [60] of process parameter variations and delay uncertainty in order to specify
a minimum time for synchronizing high speed circuits [61]. In addition, design
methodologies for clock distribution networks {55] have been developed to reduce
uncertainty in the clock signal delay [19,45,62]. A wire sizing strategy that re-
duces the sensitivity of the clock signal delay to interconnect parameter variations
has been introduced in [63]. A methodology that extracts the topology of a clock
distribution network to reduce the delay uncertainty of the clock signal at the most
critical data paths is presented in [64]. Additionally, noise effects due to crosstalk
among interconnect lines have been investigated [65,66]. The focus of the research
described in [65,66], however, is primarily on the effect of noise as voltage and
current level variations rather than uncertainty in the signal propagation delay.

In this chapter, the delay uncertainty of a signal propagating along a CMOS

inverter due to process, environmental, and system parameter variations is inves-
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tigated. In addition, the effects of interconnect crosstalk on delay uncertainty are
discussed. It is shown that increasing the buffer size reduces the uncertainty in
the signal delay of both the buffer and the interconnect. Variations in the current
of an inverter due to device parameter variations are discussed in Section 5.1. It is
shown that increasing the inverter size reduces the delay uncertainty. The effect of
interconnect crosstalk on the delay is presented in Section 5.2. Delay uncertainty
caused by coupling among the lines and can be reduced by increasing the buffer
size. In section 5.3, the effect of increased buffer size on power dissipation is de-
scribed. A new power efficiency metric is introduced in Section 5.3 to characterize
the tradeoff between the reduction in delay uncertainty and the increase in power

dissipation. Finally, some conclusions are presented in Section 6.3.

5.1 Delay uncertainty due to device parameter

variations

The signal propagation delay along two points X and Y in a circuit is the
time interval between the 50% point of the signal transition at point X to the
50% point of the signal transition at point Y [19]. In the case that the points X
and Y correspond to the input and output of a logic gate, the signal delay from
X to Y is the propagation delay of a gate. The signal propagation delay of a
logic gate depends upon the gate size and the magnitude of the current flowing
within the gate. Variations of the device parameters can cause the magnitude of
the current flow to change, introducing delay uncertainty. Therefore, reducing the
effect of the device parameters on the current flow can reduce delay uncertainty.

In particular, the delay uncertainty of the active components of the most critical
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data paths and interconnect lines within a circuit should be reduced to prevent

tight timing constraints from being violated.



77

In the case of a CMOS inverter, a first order relationship between the signal

propagation delay and the current through an inverter is presented in [67] as

1 1—’UT OLVDD
tp=1{~-— t 51
D (2 1+a) Tt e (5:1)
where
Vru
=== 2
vr VDD’ (5 )

and tp is the signal propagation delay, a is the velocity saturation index described
in [67], t7 is the transition time of the signal at the input of the inverter, Vpp
is the supply voltage, and Cp, is the capacitive load at the output of a CMOS
inverter. Vpg is the threshold voltage of the active transistor during a signal
transition and Ipg is the drain current flowing through that transistor (defined
at Vgs = Vps = Vpp). Ipg is often used as an index of the current drive of a

MOSFET transistor and depends upon the transistor size,

W
Lesy

IDO = Pd7 (53)

where W and L.ss represent the width and the effective channel length of a
transistor, respectively, and P, represents the effect of the device parameters on
the current flow.

In order to evaluate the effect of the variation of the device parameters on the

inverter propagation delay, Ipg is substituted from (5.3) into (5.1), yielding

1 1—UT CLVDD
tp=1{=— tr + . 5.4
b (2 1+a> " 2Ry (54)

Differentiating (5.4) with respect to Py,
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According to MOSFET transistor models first proposed by Shockley in [24]
and Sakurai and Newton in [67], the primary factors that affect the drain current
within a transistor are the carrier mobility (u,), the gate oxide capacitance (C,;),
the threshold voltage (Vg ), and the power supply voltage (Vpp). The dependence
of these factors on process, environmental, and system parameters is shown in
Fig. 5.1. These parameters are temperature (Temp), gate oxide thickness (¢,),
substrate doping density (N4), and power supply voltage (Vpp). A variation of
these parameters causes a change in the magnitude of the current flow within a
transistor and, eventually, uncertainty in the propagation delay.

As shown in (5.5), the sensitivity of the delay of an inverter on variations of
the device parameters g%;— is inversely proportional to the inverter size. The delay
uncertainty due to variations in the drain current can be reduced by increasing the
size of the inverter. In addition, as shown in (5.4), the propagation delay of an in-

verter also decreases with increasing inverter size. The reduction in delay is shown

Ipo

Lo Ve Cor  Vbp

Temp Ng  tez Vpp

Fig. 5.1: Dependence of device parameters on process, environmental, and system

parameters
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in Fig. 5.2 where the inverter size is increased by up to five times. The inverter
delay is calculated analytically from (5.1) and simulated using Spectre®simulator*
[68]. The difference between the calculated and simulated delay values is caused
by only Ipg of the active transistor during a signal transition being considered.
The short-circuit current flowing through the inactive transistor is ignored and
therefore the calculated delay is smaller. The delay reduction, however, is similar
in both the calculated and the simulated propagation delay, as shown in Fig. 5.2.

The effect of device parameter variations on the inverter propagation delay is
shown in Fig. 5.3(a) for a high-to-low signal transition. Note that the variation
of different device parameters has a different effect on the delay uncertainty. In-
creasing the buffer size reduces the sensitivity of the delay, as described by (5.5).
As shown in Fig. 5.3(a), the variation of the power supply voltage (Vyq) is the
dominant effect that introduces delay uncertainty, followed by variations in the

gate oxide thickness (t,;) and temperature (ternp). In addition to these parame-

*Spectre®is a registered trademark of Cadence Design Systems Incorporated.
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Fig. 5.2: Reduction in delay with increasing inverter size
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ters, the variation of the channel doping concentration (N4) by £5% has also been
investigated, where the delay uncertainty is shown to be negligible. The case of a
low-to-high signal transition is shown in Fig. 5.3(b), where the delay uncertainty
is introduced for the same variations in device parameters.

As shown in (5.1), the propagation delay of a signal transition also depends
upon the transition time ¢7 of the input signal. The effect of a variation in ir
on the delay uncertainty is illustrated in Fig. 5.4, where the delay uncertainty
due to a variation of V4 of 10% is shown for a variation of ¢ty between 30 ps and
80 ps. Increasing the input signal transition time increases the delay uncertainty;
however, the effect of increasing the inverter size is dominant, and the overall

delay uncertainty is decreased. Similar delay uncertainty trends are shown in

Vdd 10% vaiiation

Delay variation {ps}

60

Input transition
5 30 time (ps)

Fig. 5.4: Delay uncertainty due to 10% Vy, variation for different input transition

times
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Figs. 5.5(a) and 5.5(b) for a 5% variation in ¢,, and a £10° C variation in

temperature, respectively.
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Fig. 5.5: Effect of input signal transition time {7 on delay uncertainty

5.2 Delay uncertainty due to interconnect cross-
talk

On-chip feature size scaling and increased circuit density have aggravated the
importance of crosstalk among interconnect lines [7,66]. Scaling of the on-chip
feature size reduces the routing distance between the interconnect lines. In addi-
tion, the wire aspect ratio increases with each technology generation. These effects
result in a significant increase in the coupling capacitance and crosstalk among
interconnect lines. Increased circuit density and functionality increases the num-
ber of interconnect lines that are closely routed together, thereby increasing the

crosstalk and the design complexity of a coupled interconnect system.
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With increasing interconnect length, both the propagation delay of the inter-
connect and the delay uncertainty of a signal propagating along a global wire
become significant. One of the most critical global signals is the clock signal that
is distributed across the entire die. Due to the global nature of a synchronous
clock distribution network, crosstalk effects from different sources across a die can
introduce significant uncertainty to the clock signal delay. Reducing delay uncer-
tainty in a clock distribution network is therefore a challenging task, particularly
for those clock paths that drive the registers of the most critical data paths. In
order to control the signal delay on these networks, interconnect buffers and signal
repeaters [20] are inserted along the global interconnect structures. In this sec-
tion, the effect of changing the size of these buffers on the interconnect crosstalk
is investigated.

Capacitive coupling among interconnect lines introduces uncertainty in the
effective capacitive load of the buffers driving these lines. The variation in the
effective load creates uncertainty in the signal propagation of the buffers as well
as the interconnect. The delay uncertainty of a buffer due to variations in the
effective capacitive load can be determined by differentiating (5.1) with respect

to CL,

_ Vop
oty = 5220C, (5.6)

As shown in (5.6), increasing the buffer size (i.e., increasing Ipo) reduces the effect
of the capacitive load variation on the signal propagation delay.

An example of a pair of capacitively coupled interconnects is shown in Fig.
5.6. The propagation delay from point A to point C along the victim line shown

in Fig. 5.6 is affected by the switching of the capacitively coupled aggressor line.
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The signal delay on the victim line can be divided into two parts: the buffer delay
from point A to point B as shown in Fig. 5.6, and the interconnect delay between
points B and C. The uncertainty of the signal transition of the aggressor line
introduces delay uncertainty in the signal propagating along the victim line. The
possible switching activities of the aggressor line during a signal switch on the

victim line are
i) switch in-phase (i.e. the same direction) as the victim line,
ii) switch out-of-phase (i.e. the opposite direction) as the victim line,
iii) no switching (i.e. remain at a steady state, either high or low).

In order to evaluate the delay uncertainty of the signal on the victim line, the
coupled interconnect structure as shown in Fig. 5.6 is simulated using Spectre for
any possible switching activity of the aggressor line. The interconnect structure

being evaluated is illustrated in Fig. 5.7. Four different coupling scenarios are

aggressor line

victim line —g

Fig. 5.6: Capacitive coupling between two interconnect lines
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e Metal layer : ml
e Feature size A = 0.09um
— minimum line width W, = 3A = 0.27um
— minimum line spacing Syin = 3A = 0.27um
e Line length L = 400um
e Line resistivity Ry, = 296u8)/um
e Line capacitance:

Coupled
No coupling

0.09fF/,um/
A2 v v v v
0.05fF/um 0.03fF/um 0.03fF/um

Fig. 5.7: Simulation of capacitively coupled interconnect
considered, depending upon the length of the coupling between the interconnect
lines:
1. Low coupling: the lines are coupled along ;11- of the total length,
2. Medium coupling: the lines are coupled along 3 of the total length,
3. High coupling: the lines are coupled along % of the total length,

4. Heavy coupling: the lines are coupled along the entire wire length.

The uncertainty of the propagation delay of the buffer driving the victim line
is shown in Fig. 5.8 for low coupling between the lines and different switching
patterns of the aggressor line. The size of the buffer is the same for both the
victim and aggressor lines. The signal on the victim line switches from high-to-
low and the delay uncertainty due to different switching activities of the aggressor
line is 23.8 ps. In Fig. 5.8, the buffer delay for the case of an uncoupled line is
also shown for comparison.

Increasing the size of the buffer driving the victim line reduces the delay un-

certainty as shown in Fig. 5.9(a). The size of the buffer driving the aggressor
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Fig. 5.8: Uncertainty of the signal delay of the buffer driving the victim line due
to different switching activities of the aggressor line. Low coupling between the
interconnect lines is considered

line equals one while the size of the victim line buffer is increased by up to five
times. As described in (5.6), increasing the buffer size reduces the sensitivity of
the buffer delay to variations in the load capacitance. In addition, as shown in
Fig. 5.9(b), the increased current flowing through the buffer reduces the delay
uncertainty of a signal propagating along the victim line, between points B and
C, as shown in Fig. 5.6.

The effect of reducing the delay uncertainty by increasing the buffer size is
more significant as the coupling between the aggressor and victim line increases.
As shown in Fig. 5.10(a), the uncertainty of the buffer delay increases proportion-
ally with increased capacitive coupling among the lines. The delay uncertainty,
however, decreases exponentially with increasing buffer size. Similar trends in
the uncertainty of the interconnect delay are illustrated in Fig. 5.10(b). The
delay uncertainty increases proportionally with coupling between the lines and is

reduced with increasing buffer size.



87

80 )
dt: 23.8 ps [JNo Coupling
70- {1 Low-High
B High-Low
60+ & Constant High
B Constant Low ——
501 B
I
Q
— 40v
_§ dt: 3.5 ps dt: 2.2 ps dt: 1.8 ps
2 30+
£
=
o 20
10+
0

Victim Line Buffer Size

(a) Reduction in delay uncertainty of a buffer with increasing buffer

size
" [INo Coupling
£ Low-High
g High-Low
6171 dt:2.5ps B Constant High
dt: 1.6 ps @ Constant Low

i~ dt: 1.4 ps .
g P dt: 1.3 ps dt: 1 ps
>
o
©
[m]
B
@
c
=
1]
2
@
£

Victim Line Buffer Size

(b) Reduction in delay uncertainty of an interconnect line with in-
creasing buffer size

Fig. 5.9: Reduction in delay uncertainty along the victim line with increasing
buffer size
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5.3 Power dissipation tradeoffs

Increasing buffer size reduces the delay uncertainty due to variations in the
transistor device parameters and interconnect crosstalk. Increasing the buffer size,
however, also increases the requirements in buffer area and power dissipation.
With increasing die area and scaling of on-chip feature sizes, increased buffer
area is not a primary concern. The increase in power dissipation, however, is
a significant effect that imposes practical constraints on the buffer size. In this
section, design tradeoffs between the power dissipation and delay uncertainty are
discussed.

The effect of the buffer size on the power dissipation characteristics is listed
on Table 5.1. In the second and third columns of Table 5.1, the sizes of the
PMOS and NMOS transistors, respectively, are listed. The power dissipation for
a high-to-low and low-to-high signal transition is listed in columns four and five,
respectively. The dynamic power is dissipated while charging and discharging the
gates of the buffers. Short-circuit power is dissipated due to the current that flows

directly from V4 to ground during a signal transition, when both the PMOS and

Table 5.1: Transistor size and power dissipation components for different buffer

sizes.

PMOS NMOS | Dynamic | Short-circuit | Leakage || Total

Buffer | transistor | transistor power power power | power
Size size size (uW) (uW) (nW) || (pW)

1 0.9 (um) | 2.34 (um) 55.58 12.71 0.58 68.29

2 1.8 (um) | 4.68 (um) || 112.25 26.22 0.94 138.47

3 2.7 (pm) | 7.02 (um) || 165.52 42.78 1.68 208.31

4 3.6 (um) | 9.36 (um) || 220.35 55.02 2.44 275.38

5 4.5 (um) | 11.7 (um) || 266.976 60.37 3.25 327.25
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NMOS transistors are on. The increase in short-circuit and dynamic power with
buffer size is illustrated in Fig. 5.11(a). The leakage power listed in column six
of Table 5.1 represents the power dissipated due to the leakage current flowing

through the buffer transistors while the buffer input is maintained at a steady state
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(a) Short-circuit, dynamic, and total power dissipation with increasing buffer size
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(b) Increase in leakage power with increasing buffer size

Fig. 5.11: Increase in power dissipation with buffer size
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voltage. The increase in leakage power with increasing buffer size is illustrated in
Fig. 5.11(b). The total power dissipation is listed in column seven of Table 5.1
and is illustrated in Fig. 5.11(a).

The tradeoff between the reduction in delay uncertainty and increased power
dissipation with increasing buffer size can be described by the figure of merit,
Power-Delay-uncertainty- Product (PDy P). The PDyP is introduced to describe
a decrease in the rate of delay uncertainty with respect to the increase in the
rate of power dissipation as the buffer size is increased. Decreasing P Dy P with
increasing buffer size indicates that the reduction in delay uncertainty is higher
than the increase in power dissipation. Alternatively, an increase in PDy P with
increasing buffer size demonstrates a greater increase in power dissipation than
the decrease in delay uncertainty.

The PDyP with increasing buffer size is illustrated in Fig. 5.12 for delay
uncertainty introduced by device parameter variations and interconnect coupling.
The total PDy P can be determined by considering the delay uncertainty due to
both of these effects. The PDyP figure of merit can be used to determine the
effectiveness of increasing the buffer size to reduce delay uncertainty. For example,
as shown in Fig. 5.12, increasing the buffer size is a power efficient way to reduce
delay uncertainty due to interconnect coupling. Decreasing P Dy P indicates that
the power dissipation increases more slowly than the delay uncertainty is reduced.
In the case of reducing delay uncertainty due to device parameter variations,
however, increasing P Dy P demonstrates that the increase in power dissipation is
higher than the decrease in delay uncertainty. In this case, increasing buffer size is

a non-efficient way, in terms of power dissipation, for reducing delay uncertainty.
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Fig. 5.12: Power-Delay uncertainty Product (PDyP) for device parameter varia-

tions, interconnect coupling, and the sum of both effects

5.4 Conclusions

The effects of device parameter variations on the delay uncertainty of a signal
propagating through a CMOS inverter are investigated. It is demonstrated that
delay uncertainty is inversely proportional to the transistor current. Increasing the
inverter size, therefore, reduces the delay uncertainty caused by device parameter
variations. In addition, the delay uncertainty due to capacitive coupling among
interconnect lines is examined. It is shown that delay uncertainty increases with
coupling among lines and decreases with larger buffer size. The effect of increasing
the buffer size on the power dissipation characteristics is also investigated. A
power efficiency figure of merit, the Power-Delay-uncertainty-Product (PDyP),
is introduced to quantify the tradeoff between the reduction in delay uncertainty
and the increase in power dissipation. It is shown that increasing buffer size
to reduce delay uncertainty is more power efficient in the case of interconnect

capacitive coupling than in the case of device parameter variations.
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Chapter 6

Clock Tree Buffer Insertion and
Layout Enhancements

The delay uncertainty of a clock signal is strongly dependent upon the geomet-
ric characteristics and spatial location of the clock lines, as described in Chapter 2.
The wire width and thickness of a metal line determine the effect of process vari-
ations on the signal propagation delay [63]. In addition, crosstalk noise depends
upon the interconnect length and the spacing among the lines [65,66]. Further-
more, the spatial location of the registers and the branching nodes within a clock
tree determine the wire length and the impedance of each clock path. Therefore,
in order to estimate and reduce delay uncertainty, physical layout information
should be incorporated within the clock distribution network design process.

Physical layout information is necessary to properly choose the location to
insert a buffer along a clock distribution network. Buffer insertion can reduce
the signal propagation delay. In addition, as shown in Chapter 5, increasing the
size of the interconnect buffers can reduce delay uncertainty. Increasing buffer
size reduces the uncertainty in the buffer delay caused by variations in the device
parameters. Increased current flow also reduces the effect of coupling among

interconnect lines. The effects of buffer insertion and buffer sizing on the delay
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uncertainty of the clock signal and the power dissipation of the clock tree are
discussed in Section 6.1.

As described in Chapter 4, the delay uncertainty of the clock signal arriving
at sequentially-adjacent registers can be decreased by reducing the non-common
portion of the clock tree that drives those registers [64]. A methodology to apply
this concept to the physical layout of a clock tree is described in Section 6.2.
Reducing the non-common portion of the clock paths that drive the registers of
the critical data paths decreases the delay uncertainty and relaxes the tight timing
constraints of these registers. Additionally, both the number and size of the buffers
within a clock tree are reduced, decreasing the overall power dissipated by a clock

distribution network. Some conclusions are presented in Section 6.3.

6.1 Buffer insertion and sizing

The delay of a signal propagating along an interconnect structure depends
upon the interconnect resistance, capacitance, and inductance [9]. In an RC
line, the resistance and capacitance of a line are proportional to the wire length;
therefore, the signal propagation delay increases quadratically with the length of
a line [18]. Inserting buffers along an interconnect line alleviates the quadratic
dependence of delay on the line length, permitting a line to be modeled as a
simple capacitive line rather than an RC line [48]. Buffer insertion can therefore
reduce the delay required for a signal to propagate along an interconnect line
while also reducing the signal transition time. Additionally, in the case of a clock
distribution network, buffer insertion can be used to apply a divide-and-conquer

approach for driving hundreds of thousands of clocked elements [19].
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Buffer insertion along an interconnect line affects the signal propagation de-
lay. Device parameter variations change the current flow within a buffer, thereby
introducing uncertainty in the buffer delay. Additionally, as described in Chap-
ter 5, interconnect crosstalk causes variations in the effective load of a buffer,
thereby changing the buffer delay and introducing additional delay uncertainty.
The overall delay uncertainty of a signal propagating along an interconnect struc-
ture, however, can be controlled by changing the buffer size. As described in
Chapter 5, increasing the size of a buffer reduces the delay uncertainty of both
the buffer and the interconnect, albeit with an increase in power dissipation. The
tradeoff between the reduction in delay uncertainty and the increase in power
dissipation can be described by the Power-Delay-uncertainty-Product (P Dy P).

To investigate the effect of increasing buffer size on the delay uncertainty and
power dissipation of a clock signal, a buffer insertion and sizing tool has been
developed. Buffers are inserted along a clock tree. The location of these buffers
depends upon the combined load of the clocked nodes and the wire capacitance.
The size of the inserted buffers is determined by the delay uncertainty constraints
of the clock signal along the clock paths that drive the most critical data paths
of the circuit. The reduction in delay uncertainty and the resulting increase in
power dissipation are determined for increasing buffer size.

The input to the buffer insertion tool is a minimal rectilinear Steiner tree that
represents the layout of a clock tree. An example of such a tree is shown in Fig.
6.1. The source of the clock signal is located at the center of the tree plane. The
numbered nodes shown in Fig. 6.1 represent the location of the clock registers

within the circuit.
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Fig. 6.1: An example of a minimal rectilinear Steiner clock tree

The first step of this tool is to insert buffers within the clock tree. Clock
buffers are inserted in a bottom-up approach, starting from the tree leaves (i.e.
the clocked elements) at the lowest level and advancing towards the root of the
tree. When an intermediate node in the tree is reached, the total load from that
node to the bottom of the tree is the summation of the capacitive load of the
interconnect lines and the clocked elements. A clock buffer is inserted at a node
when the downstream capacitive load of that node exceeds a particular threshold
value. The magnitude of the downstream load determines the size of the inserted
buffer.

When a buffer is inserted in a clock tree, a subtree is defined as the set of all

tree nodes below the inserted buffer that are driven directly from that buffer. A
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node 7 in a tree is driven directly from a buffer B if no other buffer B’ exists along
the downstream path from buffer B to node n. If a buffer B’ exists along that
path, node n is driven directly from node B’. A buffered clock tree produced for
the example shown in Fig. 6.1 is illustrated in Fig. 6.2. There are three buffers
A, B, and C inserted in this clock tree. The relative size of each dot shown in Fig.
6.2 represents the size of the corresponding buffer. Three subtrees are defined in
the clock tree shown in Fig. 6.2, each one rooted at one of the buffers A, B, and
C.

The second step of the buffer insertion tool is to calculate the delay uncertainty
between the clock signals that drive the sequentially-adjacent registers of the crit-

ical data paths. The delay uncertainty is introduced to the clock signals arriving

L

0 A ¢ source

10

Fig. 6.2: Buffer insertion in the clock tree shown in Fig. 6.1
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at those registers through different, non-common portions of the clock tree. The
uncertainty in the signal delay is calculated for each of the subtrees on the signal
path. In each subtree, the following three components of delay uncertainty are

considered.

i) Interconnect delay uncertainty due to crosstalk. The uncertainty of the in-
terconnect delay due to crosstalk is proportional to the wire length of a clock
path within a subtree. It is inversely proportional to the size of the buffer

driving a subtree.

ii) Buffer delay uncertainty due to crosstalk. Buffer delay uncertainty increases
with line-to-line crosstalk. It is therefore proportional to the total wire
length of a subtree driven by a buffer. It is inversely proportional to the size

of the buffer driving a subtree.

iii) Buffer delay uncertainty due to device parameter variations. It is inversely

proportional to the size of a buffer.

The total delay uncertainty of a signal propagating along a clock path can be
calculated from the above components, given the wire length of a path, the wire
length of the subtrees, and the size of the buffers driving those subtrees. The worst
case delay uncertainty between the signals that drive sequentially-adjacent clock
registers equals the sum of the delay uncertainties in each of the non-common clock
paths [69]. If the resulting delay uncertainty is greater than the delay uncertainty
constraints for the particular clock registers, the size of the buffers located along
the non-common clock paths are increased to reduce the delay uncertainty. The

delay uncertainty between the clock registers is calculated again using the new
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buffer sizes. The size of the inserted buffers is increased iteratively until the delay
uncertainty constraints are satisfied.

In the example shown in Fig. 6.2, the critical registers are located at nodes 5
and 6. The clock paths driving those registers from the tree source are illustrated
in Fig. 6.3. The delay uncertainty between the clock signals arriving at those
nodes depends upon the size of the buffers A, B, and C (see Fig. 6.3). Increasing
the size of these buffers further reduces the delay uncertainty between the clock
signals. The increased sizes of those buffers that satisfy the delay uncertainty
constraints for nodes 5 and 6 are shown in Fig. 6.3.

As demonstrated above, increasing buffer size can reduce the delay uncertainty

of the clock signal while satisfying certain timing constraints. Increasing the size

L

10

Fig. 6.3: Increasing buffer size to reduce delay uncertainty



100

of the buffers, however, increases the power dissipated by those buffers. The
increase in power dissipation with increasing buffer size is listed in Table 6.1 for
different clock distribution networks. The example shown in Figs. 6.1, 6.2, and
6.3 is listed in the second row of Table 6.1 (Circuit # 2). To satisfy the delay
uncertainty constraints between the critical buffers 5 and 6, the size of the buffers
A, B, and C has been increased by six times. The aggregated buffer size therefore
is increased from 3 to 18, as listed in Table 6.1. The increase in the size of the
buffers causes a 40% increase in the power dissipated by the clock tree for this

circuit, as listed in the second row of Table 6.1.

Table 6.1: Increase in power dissipation with increasing buffer size.

Number || Aggregated | Aggregated | Increase || Initial | Final | Increase
Circuit of size of initial size of in buffer || power | power | in power
registers buffers final buffers | size (%) || (W) | (uW) (%)
1 11 4 21 425 361 499 38
2 12 3 18 500 303 425 40
3 17 5 29 480 444 638 43
4 23 6 34 466 536 763 42
5 28 8 30 275 647 825 27
6 36 8 25 212 745 882 18
7 42 8 15 87.5 802 923 15

6.2 Dedicated minimal clock tree driving the crit-

ical path registers

As described in Section 6.1, uncertainty in the delay of the clock signals is
introduced as those signals propagate through different, non-common clock paths.
In addition, it is demonstrated that the longer these non-common clock paths,

the greater the delay uncertainty introduced between the clock signals. A design
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approach for reducing delay uncertainty should therefore aim in reducing the non-
common portion between the clock paths. In particular, the non-common portion
between the clock paths driving the registers of the most critical data paths should
be reduced to relax the tight timing constraints on those registers. This approach
is applied to extract the topology of a clock tree, as described in Chapter 4.
An application of this approach to reduce the delay uncertainty by changing the
layout of the clock tree is presented in this section. The effect of this approach on
the power dissipation and interconnect area of the clock tree is also discussed.

A significant portion of the power dissipated within a clock distribution net-
work is due to the capacitive load of the interconnect. Reducing the wire length
of the clock tree, therefore, decreases the power dissipated by the interconnect. In
addition, less wire length requires smaller routing area. In a minimal wire length
tree, however, the length of the path connecting two arbitrary nodes is not always
minimal. In the case where these nodes are the registers of a critical data path,
the non-common portion of the clock paths driving these registers is not a mini-
mum. The delay uncertainty introduced to the clock signals at those registers is
therefore also not a minimum.

As discussed in Section 6.1, the delay uncertainty can be reduced by increasing
the size of the buffers driving the non-common clock paths, which also increases the
power dissipation. An example of this approach is illustrated in Fig. 6.3, where the
delay uncertainty between registers 5 and 6 is reduced within the required range,
although the non-common clock paths driving those registers are not minimized.
Reducing delay uncertainty is possible by increasing the size of the buffers A, B,
and C shown in Fig. 6.3. The increase in buffer size results in a 40% increase in

the power dissipation, as listed in the second row of Table 6.1.
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An alternative approach utilizes a dedicated minimal clock tree to distribute
the clock signal to the registers of the critical data paths. In this approach, the
delay uncertainty introduced due to the non-common clock paths is decreased.
The delay uncertainty can be further reduced to satisfy the design constraints by
increasing the size of the buffers that drive this dedicated clock tree. Due to the
smaller load of those buffers, the delay uncertainty constraints are satisfied with
a lower increase in the buffer size and power dissipation as compared to the buffer
insertion and sizing approach presented in Section 6.1. Once the delay uncertainty
at the critical nodes is controlled, the clock signal is distributed to the remaining

clock registers through a minimal wire length clock tree.

A
2
11

12

N

10

Fig. 6.4: Dedicated clock tree and buffers to drive the critical registers in the

circuit shown in Fig. 6.1
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An example of a dedicated minimal clock tree driving the critical reéisters of
a circuit is shown in Fig. A.14 for the circuit example illustrated in Fig. 6.1. The
dedicated minimal tree is driven by buffer No. 12. Note that the size of the clock
buffers shown in Fig. A.14 is smaller than the size of the buffers in the circuit
shown in Fig. 6.3. The total area of the clock tree, however, is increased when a
dedicated minimal clock tree for the critical nodes is used.

The proposed approach utilizing a dedicated minimal clock tree for the critical
registers is compared with the buffer insertion and sizing approach described in
Section 6.1. The tradeoff between power dissipation and clock tree area is listed
in Table 6.2. The reduction in power dissipation is due to the reduction of the

aggregate buffer size of each of the clock trees listed in Table 6.3.

Table 6.2: Tradeoff between the reduction in power dissipation and the increase

in clock tree area.

Number Power Dissipation (pW) Clock tree area (pm)
Circuit of Buffer | Dedicated | Reduction Buffer - | Dedicated | Increase

Registers || Insertion Tree (%) Insertion Tree (%)

1 11 499 488 2 3065 3930 28

2 12 425 356 16 2348 2706 15

3 17 638 531 16 3382 4167 23

4 23 763 656 14 3823 5005 31

3 28 825 737 10 4490 5403 20

6 36 882 851 3 4901 5911 20

7 42 923 831 10 4901 5167 5

The clock trees produced by the buffer sizing approach and the dedicated
minimal clock tree approach for each of the circuits listed in Tables 6.1, 6.2, and
6.3 are illustrated in Appendix A. The aggregate buffer size, power dissipation,

and clock tree area for each approach are also listed in Appendix A.
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Table 6.3: Comparison between the reduction in power dissipation and the reduc-

tion in the aggregate buffer size.

Number Power Dissipation (uW) Aggregate Buffer Size
Circuit of Buffer | Dedicated | Reduction Buffer | Dedicated | Reduction
Number | Registers || Insertion Tree (%) Insertion Tree (%)
1 11 499 488 2 21 10 52
2 12 425 356 16 18 5 72
3 17 638 531 16 29 7 75
4 23 763 656 14 34 8 76
5 28 825 737 10 30 9 70
6 36 882 851 3 25 10 60
7 42 923 831 10 15 9 40
6.3 Conclusions

Clock buffer insertion improves the delay and signal transition characteristics

of a clock signal. The effect of buffer insertion and sizing on the delay uncertainty

of a clock signal is investigated in this chapter. It is demonstrated that increasing

the size of a clock buffer reduces the uncertainty of the clock signal delay, albeit

with an increase in power dissipation. An alternative approach changes the layout

of the clock tree and introduces a dedicated minimal tree that only drives the crit-

ical registers in a circuit. The clock delay uncertainty is reduced in the dedicated

tree by changing the size of the clock buffers driving that tree. A smaller increase

in the total power dissipation is demonstrated as compared to the clock buffer

insertion and sizing approach. The total area of the clock distribution network

however increases with a dedicated clock tree.
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Chapter 7

Conclusions

The rapid scaling of on-chip geometric dimensions supports the system-on-a-
chip integration of multiple subsystems, greatly increasing the functionality of an
integrated circuit. This effect has resulted in hundreds of thousands of elementary
operations synchronized by a periodic reference signal, namely the clock signal.
The continuous quest for higher circuit performance has pushed clock frequencies
deep into the gigahertz frequencies range, reducing the period of the clock signal
well below a nanosecond. The resulting constraints demonstrate the requirement
for tight timing control of the arrival times of the clock signal at the many clocked
elements throughout an integrated circuit. Deviations of the clock signal from the
target delay can cause incorrect data to be latched within a register, resulting in
a system malfunctioning. These deviations of a signal delay from a target value
are described as delay uncertainty.

The important task of distributing the clock signal within an integrated cir-
cuit is performed by the clock distribution network. Due to the large number of

clocked elements in a circuit and the tight timing constraints, the design of a clock
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distribution network represents one of the most challenging tasks in the integrated
circuit design process. Reducing uncertainty in the clock signal delay is one of the
primary issues in the design of a high performance clock distribution network.

The uncertainty of the clock signal delay is caused by a number of factors
that affect a clock distribution network, examples of which include process and
environmental parameter variations. As described in Chapter 2, the variation of
different parameters affect different elements in a clock distribution network. For
~ instance, the variation of the device parameters affects the current flow within a
clock buffer and therefore the delay of the clock signal through that buffer. In ad-
dition, variations in the geometric parameters of the interconnect wires introduce
uncertainty in the propagation delay. Furthermore, crosstalk among interconnects
also affects the delay of the clock signal. The sensitivity of a clock distribution
network to these effects has become an issue of fundamental importance to the
design of high performance synchronous systems.

The research effort described in this dissertation has focused on reducing the
effects that introduce uncertainty into the delay of the clock signal, thereby en-
hancing the tolerance of a system to delay uncertainty. One approach to improve
the tolerance to delay uncertainty is by relaxing the timing constraints, particu-
larly the most critical data paths within a circuit. Non-zero clock skew scheduling
can be exploited to change the arrival times of the clock signals at the registers
of these data paths. Delaying the arrival time of a clock signal can provide addi-
tional time for the data to propagate within a data path, arrive and latch into the
final register, thereby relaxing the overall timing constraints. A demonstration
of this approach on an industrial microprocessor is presented in Chapter 3. The

timing constraints of the most critical data paths in this circuit are relaxed by
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up to 18%. Furthermore, the application of non-zero clock skew scheduling to
provide additional time for the non-critical data paths is also discussed, resulting
in a reduction of the power dissipated by these paths.

A methodology to reduce the uncertainty in the delay of the clock signal arriv-
ing at the most critical data paths of a circuit is also developed. The key concept
of this methodology is that no delay uncertainty is introduced among the clock
signals that propagate along common portions of a clock distribution network.
Uncertainty in the delays of these signals is introduced in the non-common por-
tions of the clock paths. Reducing the non-common portions of the clock paths
therefore reduces the delay uncertainty of the signals arriving at sequentially-
adjacent registers. An algorithm that implements this methodology to extract
the topology of a tree structured clock distribution network is presented in Chap-
ter 4. Application of this algorithm to a suite of benchmark circuits demonstrates
a significant reduction in the delay uncertainty of the clock signals arriving at the
registers of the most critical data paths.

The delay of the clock signal propagating along a clock distribution network
can be controlled by inserting a clock buffer within the signal path. The variation
of the device parameters, however, can change the current flow through that buffer,
thereby introducing uncertainty in the buffer delay. It is shown in Chapter 5 that
the uncertainty in the buffer delay can be reduced by increasing the buffer size.
Increasing the buffer size reduces the effect of device parameter variations on the
current flowing through a buffer, thereby reducing delay uncertainty. Furthermore,
it is demonstrated that increasing the buffer size reduces the delay uncertainty
caused by crosstalk coupling among interconnect lines. The primary drawback of

increasing the clock buffer size is the increase in power dissipation. The tradeoff
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between reducing the delay uncertainty and increasing the power dissipation is
considered by introducing the Power-Delay-uncertainty-Product (PDyP). It is
shown that increasing the buffer size to reduce delay uncertainty is more power
efficient in the case of interconnect crosstalk than in the case of device parameter
variations.

The delay uncertainty of a clock signal is strongly dependent upon the ge-
ometric characteristics and the spatial location of the clock lines and registers.
Therefore, in order to estimate and reduce delay uncertainty, physical layout infor-
mation should be incorporated into the clock distribution network design process.
Two different strategies are described in Chapter 6 for synthesizing the clock tree
layout. Both strategies reduce the delay uncertainty of the clock signals arriving
at the registers of the most critical data paths. Clock buffer insertion and sizing
is utilized in one approach, exploiting the reduction in delay uncertainty with
increasing buffer size. In the second approach, the clock signal is distributed to
the registers of the critical paths by a dedicated portion of the clock tree, which
increases the common path among the clock signals. To satisfy the delay uncer-
tainty constraints, the size of the clock buffer driving the dedicated portion of the
clock tree is increased. A tradeoff between power dissipation and wire length is
demonstrated by the application of these two strategies to the synthesis of a clock
layout for a set of benchmark circuits.

In summary, the research presented in this dissertation introduces a design
methodology for enhancing the tolerance of a circuit to the uncertainty of the
clock signal delay. This methodology either relaxes the timing constraints at the
registers of the most critical data paths, or reduces the delay uncertainty between

the clock signals that drive those registers. The proposed methodology is applied
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to determine a non-zero clock skew schedule, extract the topology of a clock
tree, and synthesize the clock tree layout. Enhancing the tolerance of a clock
distribution network to delay uncertainty is demonstrated by the application of

the proposed methodologies on a design example presented in Appendix B.
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Chapter 8

Future Research

The effects that introduce delay uncertainty are aggravated with continuous
scaling of the on-chip feature size. In addition, with increasing clock frequencies,
the timing constraints at the registers of a circuit become tighter. The impor-
tance of uncertainty in the signal propagation delay therefore increases in current
and future synchronous intergrated circuits. Significant research effort is already
focused on characterizing and reducing delay uncertainty. Technology trends [6],
however, indicate that greater effort is required to develop a system level design
methodology that will control the effects that introduce delay uncertainty.

Reducing delay uncertainty at the system level requires characterizing early in
the circuit design process those effects that introduce delay uncertainty. Models of
delay uncertainty should therefore be developed at each stage in the circuit design
process. These models would characterize delay uncertainty early in the design
flow, based on the available design information. Techniques for incorporating delay
uncertainty models into the design flow are presented in Section 8.1. In each stage
of the design process, delay uncertainty models can be used to determine the most

critical design parameters. Proceeding into the next stage, new design information
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can be extracted and back annotated into an earlier design stage to optimize the
design and re-evaluate these critical design parameters.

Modeling delay uncertainty early in the circuit design process allows the de-
velopment of techniques that reduce the effects that introduce uncertainty at
each level of the design flow. These techniques leverage the design criteria pro-
vided by the delay uncertainty models, while optimizing the available circuit
resources. Some of those techniques are presented in Section 8.2. The target
of these techniques is to minimize delay uncertainty at the most critical portions
of a circuit.

As technology evolves, new design trends and manufacturing capabilities
emerge, enhancing the function and performance of an integrated circuit. To-
gether with these advantages, however, new design challenges emerge as well.
Some of these new challenges in tolerating delay uncertainty are discussed in Sec-

tion 8.3.

8.1 Incorporating delay uncertainty into the de-

sign flow

At the beginning of the design cycle, many of the design and implementation
details have yet to be determined. There is, therefore, a great amount of design
freedom, providing a broad selection of design choices to determine the optimal
tradeoffs among the many circuit resources in order to satisfy the target circuit
specifications. These design tradeoffs are important in determining the primary

sources of noise and delay uncertainty. It is therefore important to obtain the
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proper information to minimize these effects early in the design cycle. The time-
to-market can thereby be shortened and the reliability of a circuit enhanced.

Incorporating information about the delay uncertainty early in the design pro-
cess requires the development of delay uncertainty models at different levels of
the design flow. During the early stages of a design, little circuit information is
available and the models provide only an approximation of the effects that in-
troduce delay uncertainty. Later in the design flow, however, more design and
implementation details become available, improving the accuracy of the delay un-
certainty models. A process for incorporating these models to estimate the delay
uncertainty at different stages of the circuit design process is illustrated in Fig.
8.1.

As shown in Fig. 8.1, at each stage of the circuit design process, the delay
uncertainty can be back annotated into previous stages of the design process. An
earlier stage can use the resulting information about delay uncertainty, permitting
the final circuit to be more highly optimized. For example, as shown in Fig. 8.1,
the critical data paths of a circuit are determined during the Circuit Design stage.
This information is used in the following stage, Circuit Optimization, to obtain
an optimal clock skew schedule and extract the topology of the clock tree in order
to minimize the delay uncertainty of the most critical data paths. When the clock
tree topology is extracted, however, the criticality of some data paths may change.
It is, therefore, possible that another set of critical data paths can be determined
with a smaller tolerance to delay uncertainty. Information describing the extracted
topology can be back annotated into the Circuit Design stage and, using static
timing analyses, the criticality of the data paths can be determined. Finally, note

in Fig. 8.1 that information about the delay uncertainty, experimentally extracted
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from a test circuit, can be used to validate the models of delay uncertainty at each

stage of the circuit design process.

8.2 Design techniques for reducing delay uncer-

tainty

Using the models derived for incorporating delay uncertainty into the circuit
design flow, design techniques can be developed at each level of abstraction of
the design process to minimize delay uncertainty. The insertion of tapered clock
buffers is described in section 8.2.1. The use of shield lines to reduce crosstalk

among interconnects is discussed in section 8.2.2.

8.2.1 Tapered buffer insertion for delay balancing

In the placement process during the Layout Synthesis stage as shown in Fig.
8.1, the physical locations of the clocked registers in a circuit are determined. In
addition, grouping these registers into clusters as well as determining an appro-
priate clock tree topology are based on information from previous design stages.
The fanout of each branch of a clock tree can be calculated during the placement
process and divided into smaller segments, if necessary, by hierarchically inserting
clock buffers along the tree. The impedance of each of these segments, however,
may be different due to variations in the number of registers within a cluster.
These load variations can cause the clock signal to arrive at each register at differ-
ent times within different tree segments, thereby creating clock skew. To minimize
or control the clock skew, the inserted clock buffers can be sized in proportion to

the load. The current flow through a buffer should be chosen such that the delay
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of the clock signal along different tree segments is either the same, or will satisfy
a target clock skew schedule [35)].

Most synchronous digital systems utilize a non-inverting clock distribution
scheme, where the clock signal has the same phase along the entire clock distribu-
tion network. To achieve a non-inverting clock signal, the clock buffers inserted
along a clock path should have an even number of inverting stages. A common
approach is to insert a two stage tapered buffer as a non-inverting clock buffer.
Each of the inverter stages in these buffers can be sized individually so as to match
the upstream and downstream signal delays among parallel clock paths, as shown
in Fig. 8.2. The inverters of the first stage in buffers B, C, and D, shown in
Fig 8.2, are sized so as to balance the delay D; of the three paths driven by the
upstream buffer A. The inverters in the second stage are sized so as to balance

the delay D, of the clock signal along the segments driven by each of the buffers

B, C, and D.
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Fig. 8.2: Sizing of tapered buffers per stage to match upstream and downstream

delays
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Once the location and size of these buffers are determined, the next step in
the Layout Synthesis process is to route the interconnect wires. The total load of
a tapered buffer, including the load of the interconnects, can be back annotated
into the previous level of the Layout Synthesis process. In the previous level, the
size of the tapered buffers can be determined to achieve a balanced or managed

clock delay.

8.2.2 Shielding of clock lines

Capacitive coupling and mutual inductance among interconnect lines become
more significant as the distance between lines is decreased. In addition, the effects
of on-chip inductance have become more significant with higher signal transition
times and lower resistivity interconnect lines.

One way to reduce delay uncertainty introduced by these effects is through the
application of shielding [70, 71]. Shield lines can be inserted around those intercon-
nects that are more sensitive to delay uncertainty, such as the lines within a critical
path. Inserting a shield around the clock lines can occur within the interconnect
routing step of the layout synthesis process. After routing the interconnect lines is
complete, interconnect crosstalk noise information can be extracted and the most
affected lines can be identified. A shielding technique specifies those sensitive
victim lines and inserts power supply lines, such as V33 and ground lines, among
the sensitive lines, as shown in Fig 8.3. In this way, a more accurate estimate of
the capacitive and inductive impedances of these lines is achieved, permitting the
delay uncertainty of the critical signals to be reduced.

The noise injected on a victim line increases significantly as the signal coupling

occurs farther from the line driver, as shown in Fig. 8.4 [72]. It is assumed that
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Fig. 8.3: Shielding a victim line with power supply lines

a victim line is coupled to an aggressor line along a portion leeupieq 0f the victim
line, as shown in Fig. 8.4(a). As an aggressor line is moved farther from the driver
of the victim line, the peak noise at the receiver of the victim line increases by
up to 40%, as shown in Fig. 8.4(b). It is therefore preferable to introduce shield
lines closer to the line receiver. This shielding strategy increases the efficiency of
the shield line since a greater reduction in noise is achieved with a limited use of

metal resources.
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Fig. 8.4: Peak noise increases as coupling occurs farther from the driver
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8.3 New design trends and challenges

High synchronous performance is the result of reducing the period of the clock
signal, which tightens the timing constraints within a circuit. The tolerance of a
circuit to noise effects that introduce delay uncertainty is thereby reduced. Addi-
tionally, operating in a low power mode reduces the power supply voltage, thereby
decreasing circuit noise margins. Both high speed and low power operation re-
duce the tolerance of a circuit to noise effects and increase the significance of
uncertainty in the signal delay.

Tolerance to noise is therefore a new design criterion, marking the beginning
of a design trend for low power, low noise, and high speed integrated circuits.
Tolerance to noise requires sufficient power supply voltages and relaxed timing
constraints. These requirements introduce a new category of design tradeoffs,
providing the opportunity for the development of novel design techniques and
methodologies, making the design of future integrated circuits more exciting than

ever.
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Appendix A

Clock Tree Layouts

The clock tree layouts for the circuit examples listed in Tables 6.1, 6.2, and 6.3
are illustrated in this appendix. These layouts are produced by the buffer insertion
and sizing approach and the dedicated minimal clock tree approach described in
Sections 6.1 and 6.2 respectively. For each example, the aggregate buffer size,
power dissipation, and clock tree area produced by those approaches are listed
together with the percent change.

The physical locations of the clock buffers are represented by the dots shown
on the clock trees. The relative size of each dot represents the size of the corre-

sponding buffer.



Circuit # 1 Aggregate | Power Dissipation | Clock tree area
Number of registers: 11 buffer size {(uW) (um)
Buffer insertion and sizing 21 499 3065
Dedicated minimal clock tree 10 488 3930
Change (%) -52 % -2% + 28 %
Fig. A.1: Circuit # 1 - buffer insertion and sizing
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Fig. A.2: Circuit # 1 - dedicated minimal clock tree
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Circuit # 2 Aggregate | Power Dissipation | Clock tree area
Number of registers: 12 buffer size (uW) (um,)
Buffer insertion and sizing 18 425 2348
Dedicated minimal clock tree 5 356 2706
Change (%) -72% -16 % +15%

0 I source
9

Fig. A.3: Circuit # 2 - buffer insertion and sizing
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Fig. A.4: Circuit # 2 - dedicated minimal clock tree
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Circuit # 3 Aggregate | Power Dissipation | Clock tree area

Number of registers: 17 buffer size (uW) {pum)

Buffer insertion and sizing 29 638 3382

Dedicated minimal clock tree 7 531 4167

Change (%) -7 % -16 % +23%
8@
&
L .

Fig. A.5: Circuit # 3 - buffer insertion and sizing

12

™

——

10

7

!

Fig. A.6: Circuit # 3 - dedicated minimal clock tree
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Circuit # 4 Aggregate | Power Dissipation | Clock tree area
Number of registers: 23 buffer size (uW) {(pm)
Bufler insertion and sizing 34 763 3823
Dedicated minimal clock tree 8 656 3005
Change (%) -76 % -14 % +31%
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Fig. A.7: Circuit # 4 - buffer insertion and sizing
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Fig. A.8: Circuit # 4 - dedicated minimal clock tree



Circuit # 5 Aggregate | Power Dissipation | Clock tree area
Number of registers: 28 buffer size (uW) (1)
Buffer insertion and sizing 30 825 4490
Dedicated minimal clock tree 9 737 5403
Change (%) -70% -10% + 20 %
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Fig. A.9: Circuit # 5 - buffer insertion and sizing
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Fig. A.10: Circuit # 5 - dedicated minimal clock tree
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Circuit # 6 Aggregate | Power Dissipation | Clock tree area
Number of registers: 36 buffer size (W) (pm)
Buffer insertion and sizing 25 882 4901
Dedicated minimal clock tree 10 851 5911
Change (%) - 60 % -3% + 20 %

Fig. A.11: Circuit # 6 - buffer insertion and sizing
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Fig. A.12: Circuit # 6 - dedicated minimal clock tree



Circuit # 7 Aggregate | Power Dissipation | Clock tree area
Number of registers: 42 buffer size (uW) (pm)
Buffer insertion and sizing 15 923 4901
Dedicated minimal clock tree 9 831 5167
Change (%) -40% -10 % +5%
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A.13: Circuit # 7 - buffer insertion and sizing
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Fig. A.14:

Circuit # 7 - dedicated minimal clock tree
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Appendix B

Design Example

The research presented in this dissertation introduces a design methodology
for enhancing the tolerance of a circuit to the uncertainty of the clock signal
delay. Different design techniques are developed that manage delay uncertainty
at different stages of the circuit design process. The application of these techniques
on different design stages of a simple circuit is demonstrated in this Appendix.

The developed methodology is applied on an example circuit represented by
the circuit graph shown in Fig. B.1. The nodes of the graph represent the clock
registers of the circuit, the arches between the nodes represent the data paths,
and the weight of each arch represents the delay of the corresponding data path.

The design target in this example is to tolerate delay uncertainty of up to

25% of the clock period. This target is achieved by applying the developed design

Fig. B.1: Example of circuit data paths
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Table B.1: Application of different design techniques to manage delay uncertainty.

Method Reduction | Delay uncertainty
oL (%) (% clock period)
Relax timing Time budget
. 25 %
constraints 8.6 %
Clock tree Power Area
. 33 % 16.8 % . .
topology extraction increase | increase
Clock buffer
. . .. 84 % 2.6 % 3% 0%
insertion & sizing
Dedicated tree 69 % 51% 34 %
Dedicated tree & 47 %
. 86 % 2.3 % 54 % ’
buffer sizing

techniques at different stages of the design process to manage and reduce the delay
uncertainty of the clock signal. The resulting reduction in delay uncertainty is
listed in Table B.1 for each of the applied techniques.

Initially, non-zero clock skew scheduling is applied to relax the timing con-
straints of the most critical data paths. A safety time budget of 8.6% of the clock
period is introduced at the most critical data paths without penalizing the circuit
performance. This safety time budget can tolerate clock signal delay uncertainty
of up to 8.6% of the clock period. Therefore, the design target becomes reducing
the delay uncertainty from 25% of the clock period, to less than 8.6%.

The topology of the clock tree is extracted in the next step of the design
process to minimize the non-common portion of the clock signals that drive the
registers of the most critical data paths. The delay uncertainty of the clock signal
is reduced at those data paths by 33%, from 25% of the clock period, to 16.8%,
as listed in Table B.1.

The next step in the circuit design process, following the clock tree topology

extraction, is the synthesis of the clock tree layout. Two different approaches
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are applied to produce a clock tree layout for the circuit illustrated in Fig. B.1.
Applying the buffer insertion and sizing approach reduces the delay uncertainty
of the clock signal by 84%, from 16.8% of the clock period to 2.6%. Note that the
uncertainty of the clock signal delay is below 8.6% of the clock period, thereby the
design target is achieved. However, due to the increased size of the clock buffers
the power dissipation on the clock tree is increased by 73%, as compared to a
minimal rectilinear Steiner tree.

Alternatively, the dedicated minimal clock tree approach can be applied to
synthesize the clock tree layout. Using a dedicated minimal clock tree to drive
only the registers of the most critical data paths reduces the uncertainty of the
clock signal by 69%, from 16.8% of the clock period to 5.1%, as listed in Table
B.1. This approach increases the power dissipation by 34% and the clock tree wire
length by 47%, as compared to a minimal rectilinear Steiner tree. Furthermore,
inserting and sizing clock buffers reduces delay uncertainty by 86%, to 2.3% of the
clock period. In this case, the power dissipation of the clock distribution network

increases by up to 54%.
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