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ABSTRACT
The clock distribution network and the generation circuitry are critical
components of current synchronous digital systems and are known to consume more than
a quarter of the power budget of existing microprocessors. A high-level clock energy
model that captures both the dynamic and leakage power components is formulated. The
validation results show an average deviation within 5% of circuit-level simulations.
Furthermore, Phased Locked Loops (PLLs), which have been generally used in
clock generation, are also crucial for the implementation of Dynamic Voltage Scaling
(DVS) mechanisms employed in emerging power conscious processor designs. In order
to devise architectural and compiler driven optimizations that exploit the dynamic
frequency/voltage scaling features, accurate models that capture the performance and
power characteristics of the PLL are essential. In addition, many emerging System-on-aChip (SOC) designs use multiple PLLs on the same die making it important to estimate
the contribution of the PLL to the overall system power. A PLL energy and timing model
that accurately estimates the power consumption during both lock and lock-acquisition
states is also formulated. The applicability of PLLs as voltage regulators in support of
leakage reduction by supply gating is briefly discussed.
The complete clock energy model is incorporated into a cycle-accurate energy
simulator for an embedded architecture. This framework is used to study and quantify the
influence on clock energy of several architectural-level decisions and their relative
impact on the overall system power. These design choices include various cache
architectures and clock gating at different levels (top-level distribution network,
functional unit and gate level). From the software perspective, the influence on clock
energy of power-aware memory-oriented compiler optimizations is assessed.
Finally, the model is used to predict the role that the clock will have in the total
power budget of future designs while carefully capturing the impact of technology
scaling. It is shown that as long as leakage power is kept under control, clock power will
remain a significant contributor to the total system power.
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Chapter 1

INTRODUCTION .

It has become clear for architects and designers that performance, cost, testability,
reliability and time-to-market must be accompanied by low power consumption as the
main constraints that govern the design of integrated circuits. The way these constraints
are balanced depends on the ultimate purpose that the device is aimed for, but low power
remains important for the entire spectrum from high performance to embedded and
mobile devices.

1.1 The importance of designing for low power consumption
Low energy dissipation is not only of interest for portable devices, where battery
life is crucial for the success of a product, but also for non-mobile systems and
supercomputers, where chip-level issues like power delivery and packaging, and systemlevel issues like integration, cooling and case design are important.
The implementation of the power delivery grid is becoming a very complex task
due to the effects of technology scaling and the increasing complexity (i.e., increasing
number of transistors per unit of area) of recent designs. In particular, the parasitic
inductance and capacitance associated with the distribution wiring grids of the supply
rails will form a resonant LC circuit, which, due to the pulsating nature of the current
being drawn by the logic circuitry, would eventually oscillate. The effect is worsened by
the continuing increase of the supply current needed by latest high-performance systems
and also by the small series resistance required by the delivery grid to avoid an excessive
voltage drop across it. This clearly becomes detrimental to reliability, noise immunity and
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performance. The issue can be expressed as follows: there is no point in having the most
advanced microprocessor design in the world if there is no way to reliably deliver power
to the entire chip. So, from this perspective, if would really help the power delivery
design team if low power design rules are followed during the design stage.
As the amount of energy dissipated as heat is proportional to the current
requirements of the circuit, the larger the power consumed, the more efficient the
packaging must be to remove the generated heat. Normally, the latter implies a more
expensive package. This is key in a competitive business where vendors buy in high
volumes and a $10 price difference per unit (due to a costlier package) would add to
several millions difference in a single shipment.
The above aspects come in conjunction with system level issues like integration,
the cooling system and case design. The more power hungry a unit is, the more
demanding its integration considerations are, the more expensive its cooling mechanisms
need to be and the more sophisticated the case design is. As an example of how important
these aspects are, consider the case of temperature-control mechanisms. Initially, contact
with air was enough to take the heat away from the die. In recent years, the use of large
heat metal dissipators was needed in order to provide a larger radiating area. When this
was not enough, forced air was used by means of small fans attached to the die to cool
down the device. The obvious question is, what is next? Will it get to the point where
home computers feature water-based cooling mechanisms such as the ones used in Cray
supercomputers? This is an alternative that the semiconductor industry is not likely to be
attracted to. Additionally, the growing interest for environment-friendly devices is
pushing even harder for the development of low power designs, as the discussion for
energy conservation has been in the spotlight for several years now. Besides the above
concerns that apply to all designs, portable and mobile systems bring into the picture the
issue of maximizing battery life. It is clear that the lower the power consumption of a
device is, the longer the battery will last.
So, it can be seen that reducing or keeping power consumption to a reasonable
levels is vital as if this does not happen, all other design objectives (performance, cost
and robustness) become harder to attain. Figure 1–1 clearly shows that performance has
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been the predominant objective pursued by the microprocessor industry. Clock
frequency is not a direct measure of performance but is a good indicator. This, however,
has a very negative impact on power consumption, as Figure 1–2 shows. Even though
technology scaling implies supply voltage and switching capacitance reduction from one
generation to the next, the increase in frequency and design complexity (die size and
number of transistors) translates in even larger power consumption. The valleys in the
power graph represent the transition of the same architecture from one technology
generation to the following.

Figure 1–1: Evolution of the operating frequency for various microprocessor families.
Data taken from [1].

Figure 1–3 shows the power density of various high performance microprocessors
already fabricated. It can be observed that all current designs have surpassed the power
density of that of a kitchen hot plate’s heating coil (which is rated at 0.1W/mm2) and their
power densities have been following an almost exponential trend. The excessive heat
associated with such large power densities could cause silicon failure and hurt system
reliability. Thus, the need for techniques that provide ways for power reduction is now
clear and justified.
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Figure 1–2: Evolution of the typical power consumption for various microprocessor
families. Data taken from [1].

Figure 1–3: Power density of commercial microprocessor families. Data taken from [1].

1.2 The sources of power consumption in VLSI silicon circuits
Now that the importance of designing for low power has been presented, the
causes of power consumption in silicon circuits can be introduced. As shown in Figure
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1–4, there are four main sources of power dissipation, that when added, define the total
power consumption of a digital gate as expressed in Eq. 1.1 [2].

Is-c

Ileak Is-c Ileak
Idyn

Idyn

Figure 1–4: The sources of power consumption.

Pavg = Pdynamic + Pshort −circuit + Pleakage + Pstatic

[

]

Pavg = [α 0→1 ⋅ C L ⋅ V ⋅ Vdd ⋅ f clk ] + [I sc ⋅ Vdd ] + I leakage ⋅ Vdd + [I static ⋅ Vdd ]

(1.1)

Traditionally, as CMOS technology started to be widely accepted (until recently
when the minimum feature size reached the deep sub-micron regime), power
consumption evaluation was limited to the estimation of the dynamic power (Pdynamic).
For technologies like pure NMOS, where there is a constant current between the power
supply and ground, the static component (Pstatic) of the total power is not negligible, but
for the CMOS design style, Pstatic is basically zero. The total power consumption in
CMOS technology has indeed been dominated by the dynamic component (normally
90% to 95% of the total power) which is basically the energy required to charge the
transistor and interconnect parasitic capacitances as the signal value switches from low to
high. In Eq. 1.1, α0-1 is the activity factor that represents the average fraction of nodes
that make a power consuming transition in one period, CL is the total capacitive load and
V is the voltage swing.
Short-circuit power (Pshort-circuit), which occurs when both the PMOS and the
NMOS devices are ON during switching, has been responsible for the remaining 5% to
9% of the total power. This is due to the fact that the short-circuit time is usually very
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small (and becomes even smaller as the new technologies push the operating frequency
into the GHz realm) and the rise and fall times are typically comparable.

Figure 1–5: The increase in subthreshold leakage current as Vth decreases.

The leakage component (Pleakage) has been normally less than 1% of the total
system power and was obviously disregarded. The two most significant sources of
leakage power are diode junction leakage and sub-threshold conduction. The diode
junction (or pn reverse bias) leakage occurs when a transistor is turned off and another
device charges or discharges the drain with respect to the former bulk potential. It is
independent of the reverse voltage and directly dependent on the reverse saturation
current and it has been shown to contribute very slightly to the total leakage power [3].
The effects of sub-threshold currents, however, have been amplified by the continuous
reduction of the supply voltage (required to reduce the effective dynamic power
consumption and the power density in sub-micron technologies), which in turn calls for
reduction of the transistor threshold voltage to maintain performance [2], [4]. As Figure
1–5 shows, the drain source current behavior around the threshold voltage (Vth) is clearly
not ideal and as the absolute value of Vth reduces, conduction at Vgs = 0 becomes more
significant. This will accentuate the absolute influence of the leakage component, which
will require designing not only for dynamic, but also leakage power reduction as well.
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The equations given before can be re-written so that only the components of interest, for
the target technology (CMOS), are captured as given below.

Pdynamic = α 0→1 ⋅ C L ⋅ Vdd2 ⋅ f clk = C eff ⋅ Vdd2 ⋅ f clk
Pleakage = I off / device ⋅ N transistors ⋅ Vdd ⋅ (1 − α 0→1 )

(1.2)

Pshort −circuit = I sc / worst _ case ⋅ t sc ⋅ f clk ⋅ Vdd ⋅ α 0→1

1.3 Power consumption estimation methodologies
The proliferation of microprocessors operating at high clock frequencies and the
wide acceptance of energy-constrained mobile devices has forced low power dissipation
to be a goal in the design of VLSI systems. Efficient and accurate power estimation
techniques are vital for identifying the causes of excessive power dissipation and also for
evaluating optimizations to address them. Consequently, many power estimation
techniques have been proposed at all levels of the design process (i.e., transistor, logic
architectural and behavioral levels [63]). With some practical limits being already
reached at the lower abstraction levels, the responsibility of achieving power savings has
shifted to the system architect. To accomplish this, the appropriate tools must be
available so that, early in the design process, it can be determined whether a new design,
or an optimization on an already existing design, achieves the expected savings. In order
to develop these tools, models need to be formulated such that the power consumption of
a given design can be estimated without having to fabricate it, or perhaps, even without
any layout steps.
Transistor and logic level power estimation techniques provide the best accuracy
(within 5 to 15% of silicon) but pay for good accuracy with very long run-times, hence
they lack the capacity for analyzing large designs. Behavioral methodologies are very fast
but their accuracy is typically within 50-100% of silicon, while architectural level
techniques trade off accuracy (20-25% of silicon) for speed. Thus, architectural level
methods (RT techniques) provide a good balance between speed and accuracy and also a
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way to find if the design will meet the expected power and performance goals relatively
early in the design process. In consequence, the development of models that can be used
at this level is very important.
It is clear that power estimation techniques at higher levels of abstraction are
needed, as there are more opportunities and flexibility in tuning the design at the early
stages. Understanding this, various high-level estimation techniques have been proposed
[57, 58, 59, 60, 61, 62, 64]. These techniques can be broadly classified as top-down or
bottom-up according to the availability of structural information. The existing high-level
estimation techniques can also be classified as input statistics oriented or primary input
oriented. The latter characterizes power consumption caused by all possible input
transitions, storing the information in a table indexed by the current and previous input.
The primary input oriented estimation approach is preferred when the prediction of input
statistics is difficult [61]. The number of entries required for accurately capturing the
power consumption increases exponentially with an increase in the number of inputs to
the circuit. Clustering mechanisms to overcome this have been proposed [60, 61].
Following the abundance of various power estimation techniques, various
research groups have developed frameworks [26, 25] for making architectural-level
decisions about the total power budget. The work presented in this thesis for accurately
estimating clock generation and distribution power was incorporated into the cycleaccurate datapath and memory energy simulator described in [25]. This was a crucial
extension as it allowed the influence of the clock network on the overall system energy to
be accounted for.

1.4 The role of the clock-subsystem and related work
The focus of the work presented here is on the clock subsystem as it is a critical
component of synchronous digital systems, and is also known to consume up to 40% of
the total power budget of current high performance microprocessors [6, 5]. Figure 1–6
shows the approximate power breakdown of a high performance CPU [5] and that of an
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embedded processor [51]. It is clear that, even though the percentages vary, in both
cases the clock sub-system remains one of the units that deserve to be carefully studied
and designed if power savings are to be obtained.

Figure 1–6: Reported power consumption breakdown for two processor types.

Initially, most of the interest in clock distribution networks was focused on the
necessity of reducing clock skew, which was motivated by the objective of improving
performance. This was pursued at multiple levels [7] that included circuit and layout
techniques, automated synthesis tools, and the modeling of the timing characteristics of
clock networks. The whole task reduced to fulfilling the architectural and functional
performance specifications by defining the optimal timing behavior of the clock
distribution network to be designed. From this perspective, many researchers have
focused on proposing techniques and methods that allow the generation of virtually skewfree clock sub-systems. Reducing power consumption is now becoming another
important design directive as well.
As the clock network delay is dominated by interconnect, it is clear that the
network topology has a profound impact on its performance. The most common
approaches that can be found in successful microprocessor designs are grids, trees and
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serpentines [8], each having particular advantages and drawbacks. Choosing one
topology over the other is determined partially by the skew requirements to be met, and
by other factors such as interconnect size and routing and buffer design and placement.
Once the topology has been chosen, the remaining factors, namely interconnect and
buffers, are considered. For the particular case of clock trees, many systematic methods
have been proposed for synthesizing the placement of the clock distribution network from
a clock skew schedule derived from the circuit timing information [9, 10, 11]. Other
approaches have added constraints to the clock network routing problem, such as
minimizing the wire length [12] and reducing power consumption by buffer insertion [13]
or by switching activity reduction [14]. In a slightly different direction, some have
relaxed the zero-skew requirement to a bounded-skew condition and enhanced the
approach to account for semiconductor process-related factors such as parasitics and
obstacle-avoidance clock routing [15]. And, as the designs complexity increases, others
have presented ways to perform hierarchical clock network design [16]. Additionally,
previous efforts have also been directed at proposing the use of phase-locked loops (PLL)
for dynamic compensation of manufacturing and environmental variations such that selfcalibrating networks are possible [17]. For the buffer placement problem, most of the
previous research has focused on the distributed driver scheme (using a clock tree
topology) as it provides a better power figure than the single driver scheme [18].
Although the buffer design conditions required to meet timing constraints are well known
[19], many have proposed techniques to reduce the driver power [20, 21]. Similarly,
others have addressed the problem of buffer placement [22].
With this quick review of clock network design techniques, one can see that a lot
of effort has been devoted to designing the optimum clock network, both in terms of
skew and, more recently power (the latter expected due to the big influence that it has in
the total system power budget). But, the clock network has been taken as an independent
unit without considering the influence that other units or even the application software
has on it. Many other techniques have been proposed to reduce clock power consumption
(including circuit-level methods [7, 14] and the derivation of clock distribution energy
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dissipation models [18, 24]) but these figures will be more meaningful if their impact
is evaluated for the system as a whole.

1.5 Contributions of this thesis
The first step in the formulation of a detailed and accurate energy dissipation
model is the study of all the components present in a clock network. The complexity of
this task is increased by the presence of many possible network implementations, as it
was discussed in the previous section. This implies that the model should be flexible such
that it can be used for evaluation within different architectures. Once the basic network
components have been identified, the modeling stage can proceed and the resulting
power/energy expressions can be validated by comparing them against the power
readings of a circuit level simulator like SPICE.
The formulated clock model provides estimates for both dynamic and leakage
(sub-threshold) power consumption. The short-circuit power contribution is disregarded
since it is expected to decrease relatively with respect to the dynamic and leakage
components as technology is scaled down. The calculation of dynamic power basically
requires the determination of the total effective switching capacitance (which depends on
the switching activity factor and the total circuit capacitance). On the other hand, leakage
power estimation requires knowledge about the total leakage current, which is expressed
by Eq. 1.2 and is a function of both the switching activity factor and the total number of
devices/gates in the circuit. These are the unknowns that must be determined by the
model.
Dynamic Voltage Scaling (DVS) has been shown to provide significant dynamic
energy savings by adaptively reducing voltage and frequency [39] and has been already
used in commercial designs, [37, 38]. To implement such a technique, devices that
provide support for frequency and power supply scaling are required. Phase-Locked
Loops (PLLs) are an example of such devices and while they have usually been
considered only for the frequency adjustment task, they can also be used as voltage
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regulators [40]. Thus, in order to exploit the DVS scheme at a higher level of
abstraction, it becomes crucial to develop a model that effectively estimates the total PLL
power and the incurred overhead, both in terms of delay and energy, when the PLL
frequency is adjusted.
In summary, the basic contribution of this work can be stated as the definition of a
clock power model that can be used at design time for evaluation of architectural tradeoffs (i.e., evaluating the relative influence of each component’s particular implementation
and the effects of technology on the clock sub-system as an isolated unit) or that can be
embedded into an architectural-level simulation tool so that the savings obtained after
applying a particular clocking strategy (within the context of a real and complete clock
network) can be accurately estimated. Further, a flexible and accurate PLL power
consumption model would be vital to perform experiments involving DVS and to
precisely analyze the overheads. Also, as many emerging SOCs employ multiple PLLs,
the proposed PLL energy model will be useful in this domain as well as the contribution
of the PLL to the total power budget grows.

1.6 Organization of the thesis
The remainder of the thesis is organized as follows. Chapter 2 presents the
formulation and the validation of the power model for the distribution network and all
related loads while Chapter 3 focuses on the clock generation circuitry. Chapter 4
justifies the helpfulness of the model by presenting various design scenarios in which
valuable insights could have not been obtained without using the model. Chapter 5
discusses the expected impact of technology scaling on the power behavior of the clock
subsystem while Chapter 6 presents some conclusions and formulates some issues for
possible future research. Additionally, the appendices provide a set of additional
information relevant to the main concepts as well as interesting results and situations that
originated while performing the research presented here.
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Chapter 2

AN ENERGY MODEL FOR THE CLOCK DISTRIBUTION NETWORK .

The formulation of models for all the components in the clock distribution
network is now presented. It is possible to differentiate three different contributing forces
to the total clock load: the top-level interconnect wiring that distributes the clock signal to
all areas of the chip, the buffers that amplify the clock signal locally and the actual loads
that are being driven by these buffers and are composed of a mix of interconnect and
active devices. There are two main factors that define the total capacitance of any of the
mentioned components: design (structural) and technology-defined parameters. The first
factor is evaluated on a case-by-case basis, but the technology dependence is only
validated once since the formulated equations can then be used for all other cases.

Figure 2–1: Basic loads present in the clock distribution network.
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Figure 2–1 shows the usual loads present in the clock network of a modern
processor (some other classic loads are not shown, such as the Translation Lookaside
Buffers and the control section). As mentioned before, the estimation of dynamic power
reduces to assess the total effective capacitance of the circuit, as voltage and frequency
are process constants. If the estimated power is multiplied by the execution time, the
energy is obtained, which is given by Eq. 2.1.

E = Cclock *Vdd2

(2.1)

It is assumed that all components use static CMOS gates and a single phase
clocking strategy for all the flip-flops and registers. The memory structures use the
classic 6-transistor cell and a single PMOS transistor per bit line to provide the precharge
voltage. Implicitly, the dynamic component of the total power is assumed to be the
dominant one and the remaining short-circuit and leakage power contributions are
disregarded, for now. Then, the task is to determine the term Cclock, as expressed by Eq.
2.2 where the corresponding gating factors are not shown.

CI −cache + CD−cache + CI −TLB + CD−TLB + CRgFile 
Cclock = 

+ CPipeRegisters + CPLL + CDrivers + CWire + CControl

(2.2)

2.1 Buffers
Buffers in the terminal points of the distribution network are usually built as a
chain of variable size inverters and optimized for speed, as shown in Figure 2–2 [19]. If x
is the ratio of the output to the input capacitance in the chain (i.e., x = Cout/Cin), the
required number of inverters can be written as in Eq. 2.3.
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N=

ln( x)
ln(u )

(2.3)

This implies that there are N inverters in the chain or N+1, if N happens to be odd
and an extra minimum-size device is added. For this model, dynamic and static power
models are presented next.

Cin

Cout
1

u2

u

uN-2

uN-1

uN

Figure 2–2: An inverter-chain based buffer.

2.1.1 Dynamic Power Model
The first inverter on the chain is built using minimum-size devices (u0 =1) while
the last one, of size uN-1, drives a capacitance (Cout) equivalent to that of an inverter of
size uN. For every transition in the input, only half of the inverters are actually demanding
current from the power supply, while the other half are discharging to ground. But since
in every clock cycle there are both rising and falling edges, each inverter in the chain
charges its associated capacitive load once per cycle. Eq. 2.4 gives the estimation of the
average sizing factor, which accounts for the situation described, while Eq. 2.5 gives the
capacitance for a single driver.

u ave =

∑ui

i∈ even

+
rising edge

N −1

∑ui

i ∈ odd

= ∑ui
falling edge

i =0

(2.4)
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N −1

Cdriver = Cinv u ave = 4 * Ctech ∑ u i

(2.5)

i =0

Since cascaded inverters are the basic building blocks, Ctech is calculated in Eq.
2.6, where Wn and Wp are the normalized widths of the N and P devices in the inverter
and Llocal is an estimate of the average length of the wire attached to a particular node.
The latter increases as the width of the inverter increases and more parallel transistors are
connected.

C tech = (W n + W p )C gate + W n C drain _ n + W p C drain _ p + C int ⋅ Llocal

(2.6)

By considering the gate (Cgate), drain (diffusion) (Cdrain) and interconnect
capacitance (Cint or Cwire), the effect of technology scaling is captured. The first
component is estimated in Eq. 2.7 [32], where w and Leff are the width and effective
length of the minimum-size transistor, εox is the dielectric constant of the oxide and tox is
the oxide thickness.

C gate =

ε ox A ε ox ( w ⋅ Leff )
=
t ox
t ox

(2.7)

Similarly, Cdrain is calculated as in Eq. 2.8 [19], where Ls is the diffusion zone
length, Cj is the junction capacitance and Cjsw is the sidewall junction capacitance. The
interconnect capacitance per unit length (Cint) is calculated using the area (Carea), fringe
(Cfringe) and interwire (Cintw) components, such that Cint=Carea.Widthwire +Cfringe+2Cintw.
Details about the calculation of Cint are given in section 2.4. Figure 2–3 shows how the
components of Ctech vary.

C drain = C diff = C j LS w + C jsw [2 LS + w]

(2.8)
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Figure 2–3: Variation of parasitic capacitances across technology generations. Data taken
from SPICE technology files after estimating the effect of coupling capacitance.

Various buffers of different lengths were implemented using Berkeley’s MAGIC
CAD tool and simulated with SPICE. Table 2–1 lists the technologies used for evaluation
and the corresponding fabrication parameters.

Table 2–1: Parameters of the technologies used.
Tech.(um)
0.18
0.25
0.35
0.5
0.8

tox (nm)
4.08
5.80
7.70
9.70
17.0

Cgate (fF)
0.41
0.55
0.82
1.33
1.95

Cdrain (fF)
0.14
0.43
0.47
0.59
0.97

Vth (n/p)
0.41/-0.43
0.43/-0.61
0.50/-0.68
0.65/-0.84
0.67/-0.84

Vdd (V)
1.8
2.2
2.5
3.3
3.3

For the validation of the model, the number of stages (N) and the technology used
(Ctech) are the factors whose influence is verified. For the simulations, u was fixed to 3
and the results are presented in Figure 2–4 (the curves of estimated values are so close
that they are not shown for the sake of neatness). It was found that the average error
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across all technologies and design options (i.e., all values of N) was 5.29%. Table 2–2
lists the average and maximum values for each case.

Figure 2–4: Simulated buffer capacitance as function of buffer depth.

Table 2–2: Buffer power deviation with respect to simulated values.
Tech. (um)
Average Error
Maximum Error

0.18
2.53
4.71

0.25
9.48
10.68

0.35
3.61
9.86

0.5
5.63
9.25

0.8
5.22
9.90

There are two aspects present during technology scaling that deserve to be
mentioned. First, the continuous reduction of threshold voltage (Vth) influences the
transistor’s current driving capabilities, since its magnitude is a function of the difference
(Vdd-Vth). The classic dependence on the square of this difference holds for long channel
devices [19], but as the feature size shrinks below 1.0um, velocity saturation (vmax) effects
under high electric fields begin to dominate. This situation forces the current to be a
linear function of the voltage, which can be expressed as written in Eq. 2.9 [19].

I cell = k (Vds ) wC ox vsat (Vgs − VTn )

(2.9)
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In the above expression, the increment in Cox and the decrease in w combine with
the variations in (Vdd-Vth), such that, if the appropriate scaling is applied, the magnitude
remains basically constant. Otherwise, the average gate current increases, which should
be accounted for when estimating power consumption. The second aspect is the behavior
of the short-circuit current, which can be estimated as in Eq. 2.10 [2], where τ and Tclk are
the rise/fall time of the signal and its period (average time between transitions),
respectively.

Pshort −circuit / inverter =

k
(Vdd − 2Vth )3 τ
Tclk
12

(2.10)

In a perfect scaling scenario where the supply and threshold voltage difference
also scales down, and both τ and Tclk decrease as the operating frequency increases, it can
be stated that short-circuit power also reduces, or in the worst case, remains
proportionally constant. Appendix B discusses cases where some of the above conditions
were found or introduced, which resulted in an increased contribution of short-circuit
power to the total power consumption. Now, by matching the rise/fall times of the input
and output signals, the power dissipation of short circuit currents is minimized and
confined to be within 10% of the switching power dissipation [19]. For the particular case
of the buffers, Eq. 2.11 presents an estimate of the rise/fall time for the nth inverter in the
buffer chain.

t rise / fall _ stage( n ) =

Cinv ( n +1)Vdd
I inv ( n )

=

u n +1Cinv _ minVdd
n

u I inv _ min

=u

Cinv _ minVdd
I inv _ min

(2.11)

In Eq. 2.11, Cinv_min and Iinv_min are the input capacitance and drive current of a
minimum-size inverter, respectively. Since the above expression is independent of n, the
input rise/fall times are identical to the output ones at all points in the chain, as long as
the PMOS transistors are sized appropriately to compensate for their lower mobility.
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Thus, by maintaining the sizing factor (u) across the chain, the short-circuit current
contribution to the dynamic power is bound and could account for the error in Table 2–2.

2.1.2 Static Power Model
The buffers are expected to have the largest influence on the network’s leakage
due to their large width and absence of stacked devices in the inverter chain. Since it has
been shown that the effects of sub-threshold currents dominate the diode junction (or PN
reverse bias) leakage contribution [3], only the influence of the former is considered.
Following a similar reasoning to that presented for the derivation of the buffer’s dynamic
power, Eq. 2.12 shows the leakage current modeled as a function of the number of stages
in the buffer.
 I off −n + I off − p
I buff −leak = 
2


 N −1 n
 w∑ u
 n =0

(2.12)

In Eq. 2.12, the first factor is the average sub-threshold current (Ioff) for N and P
devices (in A/um). When the input is high there is leakage through certain P and N
devices, while when the input is low, the situation is reversed. As before, w is the width
of a minimum-size transistor and the sum gives an average across all stages. Eq. 2.12
simply needs to be multiplied by the supply voltage to obtain the leakage power.
Figure 2–5 shows the data obtained from SPICE for three different technologies.
As expected, leakage increases with decreasing feature size and the data follows the trend
predicted using the model for a variable number of stages (the curves of estimated values
are so close that they are not shown for the sake of neatness). The average error was 2%
for 0.25um, 6% for 0.35um and 9% for 0.8um. This decreasing error for decreasing
feature size can be explained by the fact that the magnitude of the leakage current
increases and is then easier to differentiate from noise and transient fluctuations. These
results justify the formulation of a technique for minimizing buffer leakage power.
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Figure 2–5: Buffer power leakage reported by SPICE as function of buffer depth.

2.2 Memory structures
Memory structures include data and instruction caches, data and instruction
translation lookaside buffers (TLBs), register files, branch history tables in the branch
predictor, instruction issue windows, the load/store queue and other similar constructs.
Given the complexity of formulating a model for each particular case, a general model is
presented which can be tailored to the particular features of a given construct.

2.2.1 A general memory structure precharge model
Figure 2–6 shows the schematic of the generic memory design, which can also be
seen as a classic cache design [27]. Since only Static RAM (SRAM) is assumed to be
present on-chip, the classic 6-transistor cell is used for all estimates, assuming a single
PMOS transistor per bit line to provide the precharge voltage, unless stated otherwise.
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Figure 2–6: Schematic of an m-way set associative memory structure

Assuming an address with t bits of tag, s bits for the set index and b bits for the
word index, the following observations result:
•

2s line-tag pairs per way, so there are Nic = 2s rows.

•

2b words constitute the line (block) size and assuming a word size of w bits, the
number of columns per way is then nic = [(2bw) + t].

Wcell

Memory
Cell

Hcell

Figure 2–7: A detailed schematic for the bitline load capacitance extraction.
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The gate capacitance of the precharge transistor is assumed to be proportional to
the bit line capacitance but scaled down by a factor β. This factor is normally chosen to
be around 30, as circuit-level simulation shows that a bitline of 32 cells can be driven
effectively with a minimum size PMOS transistor. Note that during precharge, there is no
rail-to-rail swing as bitline isolation is assumed (and also widely used to reduce cache
power consumption). For faster memory structures, like register files, this β factor can be
in the range of 15 to 20. The bit line capacitance per way is then given by Eq. 2.13, based
on the structure shown in Figure 2–7.

Cbl / way = N ic [Cwire H cell + CdrainWtr ]

(2.13)

In Eq. 2.13, the first term represents the interconnect capacitance (Hcell = cell
height and Cwire expressing the wire capacitance per unit length) and the second
represents the capacitance due to the pass transistor (where Wtr is the size factor and Cdrain
is the drain diffusion capacitance). The total precharge capacitance per way is given by
Eq. 2.14, where the first term represents interconnect capacitance (Wcell = cell width) and
the second captures the gate capacitance of the precharge transistors (one per bit line, for
a total of 2).


 Cbl / way
C prech / way = nic C wireWcell + 2
 β






(2.14)

For the whole array, Eq. 2.15 gives the total capacitance, where the k factor
accounts for the additional power overhead if intermediate buffers are included between
ways, which are required if a technique like sub-banking is implemented. The last term is
considered only if these buffers are present (Wway is the width of a bank or “way”, as
shown in Figure 2–8).
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m[C prech / way ](1 + k ) + C I $ − status (1 + k ) + 
C prech = 

( m − 1)C wireWway


(2.15)

Wway
Clk
Buffers

Memory
Bank
(way)

Figure 2–8: Details of the parameters associated when buffers are inserted between ways.

According to the rules presented in the previous section, if the buffer is sized to be
u times smaller than the Cprech/way load it is driving, then k = u-1. Thus, for the nominal
case of u = 3, then k= 0.33. The second term in the equation above is the additional load
due to the storage required for the status bits that support the replacement policy, if any.
The effective capacitance per memory read can simply be expressed as the factor Cprech, if
the influence of the control logic is discarded given that the size of the memory is large,
which applies to current cache designs. Since a write usually requires a read to verify data
status (only the tag might actually be read, but the whole array might be precharged), the
model can also be used in this case. The models can be easily tailored to the specific
cases of caches, register files and TLBs as discussed in the next section.
Figure 2–9 shows both the estimated and simulated bitline capacitances (Cbl/way),
for the indicated number of rows. The estimated values were calculated using Eq. 2.13
for Cbl/way, taking Wtr equal to 1, Cdrain as given in Table 2–1, Cwire as determined for a
0.35µm process and Hcell as measured from the actual layout. The simulated values were
obtained using SPICE. The average (maximum) deviation is 5%(12%) with respect to the
simulated values. The error decreases as the number of rows increases (1.31% for 32
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rows and 0.96% in the case of 64 rows). For the other dimension of the memory array,
a similar equation was obtained (Cprech/way) and the validation results provided an
accuracy similar to that reported above for the bitline capacitance.

Figure 2–9: Estimated and simulated bitline capacitance.

Regarding leakage power, the only active device present (besides the buffers,
which were already addressed) is the precharge transistor. In general, this device does not
have a large width, but there are many of them. They are, however, part of the actual
memory and not of the clock network, as only its capacitive load is of interest. Then, the
leakage contribution due to the memory structures load is assumed to be negligible.

2.2.2 Adapting the Model
The caches, TLB’s and register file are the structures initially considered for study
as they are the most common constructs present in single-issue general purpose and
embedded processors but any other similar unit can be modeled in an analogous way.

C rf − bl = N rf [C wire H cell + C drain Wtr ]

(2.16)
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The register file can be considered a fully associative cache, distributed as a
square array of 6-transistor cells, with nrf columns and Nrf rows. The presence of X readports and Y write-ports is assumed. Using the same assumptions made for the memory
read energy consumption estimation, Eq. 2.16 gives the bit line capacitance, where all the
terms were described earlier. The total precharge capacitance per read access, per port, is
given by Eq. 2.17, where, now an α factor is used instead of β, as the register file might
be expected to be faster than the caches. It should be noted that the multiplicative factor
of 2 is dropped, as it is common to use only one bit line per read port [28].

 C rf −bl
C rf − prech = nrf C wireWcell + 
 α






(2.17)

The total effective capacitance for a register file read is given by Eq. 2.18, where
the capacitance due to the control logic might not be negligible, as the size of the register
file is usually small compared to the size of the cache. In the case of a write, it can be
assumed that Crf/write is approximately equal to Crf-control. An estimate of the Crf-control is
difficult to obtain as various circuit implementations are possible, but it must be noted
that this term captures the load that the control circuitry produces on the clock network,
and not the power consumed by the switching of the control circuitry itself.

C rf / read = X ⋅ C rf − prech + Crf −control

(2.18)

For the TLB analysis, an m-way set associative design is assumed, following a
similar structure to the one used for the general case analysis [29]. Now, an address has tb
bits of tag and sb bits for the set index, which results in:
•

2Sb data-tag pairs per way, so there are Nit = 2Sb rows

•

There is only one data word (one physical address) per line (block) size and assuming
a word size of wb bits, the number of columns per way is nit = [wb + tb].
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From previous analysis, and after renaming the scale-down factor to γ, so that a
different value can be defined for the TLB design, the total precharge capacitance per
way is given by Eq. 2.19. For the whole array, assuming that no distributed buffers are
used, Eq. 2.20 gives the total TLB precharge capacitive load.


 N [C H + CdrainWtr ] 
C prech / way = nit CwireWcell + 2 it wire cell

γ




(2.19)

CTLB− prech = m ⋅ C prech/ way + CTLB−status

(2.20)

The second term is the additional load due to storage required for the status bits
and is essentially equal to Cprech/way but with nit replaced by stb (the number of status bits
per line).

2.3 Dynamic and sequential Circuitry
The pipeline registers capture the sequential aspect of the base design, as the basic
assumption is that all logic is built using static CMOS. However, this does not hold true
for recent high performance systems, which use dynamic logic aggressively. The impact
of pipeline registers is first discussed and the impact of other sequential loads is
addressed later.

2.3.1 Pipeline registers
Assuming that there are Mn flip-flops for register n and a total of Np registers, the
effective capacitance per register is given by Eq. 2.21, where Cff is the flip-flop clock
input capacitance and Hff is the average height of the flip-flop (which is used to determine
the interconnect capacitance).
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C reg − n = M n (C ff + C wire H ff )

(2.21)

In general, the flip-flop clock load is calculated as Cff = Nt_clkCgate, where Nt_clk is
the number of clock-driven transistors per flip-flop and also accounts for any transistor
sizing. There is one buffer per register, such that gating functionality is provided. Eq.
2.22 gives the effective capacitance for all registers in the pipeline.
Np

C pipe− registers = ∑[C reg − n (1 + k )Gn + C wireW pipe− stage− n ]
n =1

(2.22)

Where k represents the additional power consumed by the buffers, Gn is the gating
factor (i.e., the fraction of flip-flops being gated, 0 = all, 1 = none) and Wpipe-stage-n
accounts for the width of stage n, so that the interconnect capacitance is also included, as
shown in Figure 2–10.

Figure 2–10: Schematic of the pipeline registers.

The validation is performed for the case of Np = 1. The estimated effective
capacitance (as predicted by Eq. 2.22) and the simulated effective capacitance (as
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inferred from SPICE power readings) are shown in Figure 2–11, for a non-buffered
implementation (k = 0). The variable is the size of the register (Mn), with Cff estimated as
2 times the technology-defined capacitance (Ctech) and the height of the flip-flop (in
lambdas) taken from the layout. The maximum deviation from the measured values was
2.21% with an average error of 1.21%, which is reasonable due to the regular structure of
the register. The influence of the driver, can be estimated in a similar way to that
presented earlier, where k = u-1, u being the buffer scaling factor.

Figure 2–11: The estimated and simulated pipeline register capacitance.

In terms of leakage, a similar situation to that present with the memory structures
occurs, as the clock inputs of the flip-flops in the registers are used to estimate the load,
but the flip-flops themselves are not really part of the clock network, thus no leakage can
be calculated.

2.3.2 Dynamic logic and other sequential circuitry
If there are dynamic gates on the design, the associated load on the clock network
can be estimated simply as the number of transistors being clocked times the technology
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capacitance (Ctech) given in Eq. 2.6.

The number of transistors clocked can be

estimated as the number of dynamic gates times the average number of clocked
transistors per gate. As gates are grouped depending on which functional unit they are
part of, the calculation of the associated buffers would be only an approximation as this
type of information might not be available in the early design stages.

Figure 2–12: Schematic and clock load of a StrongArm flip-flop.

Figure 2–13: Schematic and clock load of a TSPC flip-flop.
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For additional sequential components, besides the pipeline registers, the basic
requirement is the determination of the number of clocked devices per flip-flop (Nt_clk),
such that Cff =Nt_clkCgate, as stated earlier. This is obviously dependent on the type of flipflop used. Figure 2–12 and Figure 2–13 show the designs of two widely used flip-flops
and the estimated load that each design present to the clock network.

2.4 Distribution network
As mentioned earlier, there are various topologies that can be used to implement a
clock distribution network. The H-tree topology employs a fractal-like style, where at
each subsequent level, the H-tree shape is replicated until the load driven at the
terminating points of the network meets the target. The grid approach attempts to make
the clock available at every point in the die, regardless of whether it is needed or not. The
serpentines-based topology represents the opposite of the grid approach since, in this
case, each load is driven by a single point-to-point wire and lengths are matched (for
skew equalization) using a serpentine structure as shown in Figure 2–14.

Figure 2–14: Schematic of a length-matched serpentine-based clock distribution network.
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For a uniform load distribution, trees provide low power consumption and skew
while grids minimize delay at the expense of a larger capacitive load. Serpentines also
provide low skew but they incur larger power consumption. An interesting comparison
between these three topologies can be found in [8]. In some recent designs, trees and
grids have been used simultaneously in order to combine the advantages of each
technique and produce clock signals with very low skew, minimum delay and high
tolerance to process variations [23].
The effective capacitive load produced by the interconnect network is an
important factor and expressions to estimate it are discussed next. Given that it is
impossible to determine the layout of a serpentine distribution scheme before the actual
implementation, only trees and grids are considered.

2.4.1 Grids
For this analysis, it will be assumed that Cpp defines the wire parallel-plate
capacitance per unit length, which includes both the area and the fringe components
while Cintw defines the interwire or coupling capacitance. From [65], Cpp and Cintw can be
estimated using the equations below.

[

C pp = ε ox C area (Wwire ) + C fringe

]


W
= ε ox 1.15 wire
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(2.23)


 ( F / um)



(2.24)

In the above equations, Wwire is the wire width, Wsp is the separation between
adjacent lines and Tfox and Twire are the field oxide and wire thickness, respectively. If an
interconnect line is surrounded by two lines, then the total wire capacitance per unit
length is Cwire = Cpp + 2Cintw. This, however, is not the general case.
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For the estimation of the total Cpp for the grid, the contribution of all lines is
added while neglecting the impact of the intersecting points and assuming that the same
wire width is used for all lines. For the general case of a rectangular grid, the total Cpp is
given by Eq. 2.25.

[

C pp _ grid (∆L) = C pp (n y + 1)n x ∆Lx + (n x + 1)n y ∆L y

]

(2.25)

Figure 2–15: Schematic of a grid-based clock distribution network.

Where ∆Lv is the side length of the minimum-size square and nv represents the
number of squares along the v (= x or y) dimension, as shown in Figure 2–15. If the grid
is symmetric in both dimensions (ny = nx and ∆Lx = ∆Ly) and given that nx = Dx/∆Lx, the
total parallel plate capacitance for a grid can be simplified to the expression below.
 D
 
C pp _ grid (∆L) = 2C pp [(n x + 1)n x ∆Lx ] = 2C pp 
+ 1 D 
 ∆L  

(2.26)
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For the interwire component, it is clear that Wsp could be equal to ∆Lx or ∆Ly.
Under the same assumption that the grid is symmetric and after considering that the four
lines on the boundary only present coupling to one other line each, the interwire
capacitance for the grid is given by Eq. 2.27, where Cintw is calculated for Wsp= ∆L.

C cp _ grid ( ∆L ) = C int w

 D2 
4 n ∆L = C int w  4

 ∆L 

[

2
x

]

(2.27)

2.4.2 Trees

Figure 2–16: Schematic of a tree-based clock distribution network.

The estimation of the parallel plate capacitance for a tree (shown in Figure 2–16)
requires the addition of the contributions from all branches. It is assumed that the tree has
p levels and the wire width of the top level is 2p times the minimum wire width, while
the lowest level uses the minimum width. Because of this change in width from one level
to the next, the determination of the area and fringe components of the parallel plate
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capacitance must be done independently. For the area capacitance, the sum of all
contributions is given by Eq 2.28.
C area _ tree ( p ) = 3

p
p
Dx
D
D
C area ∑ 2 ( p +1− 2 j ) 4 j −1 = 3 x C area ∑ 2 p −1 = 3 ⋅ C area x 2 p −1 p (2.28)
2
2
2
j =1
j =1

A similar analysis with the fringe component yields the expression below.
C fringe _ tree ( p) = 3 ⋅ C fringe

(

)

Dx p
2 −1
2

(2.29)

For the interwire component, the analysis complexity increases significantly. It
was found that for trees with more than 2 levels, which is the usual case, an iterative
formula can be established. The interwire capacitance of the tree can be approximated to
that of the lowest level only, as its branches have an average separation of half that of the
previous level. Under this assumption and after a lot of algebraic manipulation, the
coupling capacitance for a p-level tree is estimated by Eq. 2.30.

3 
 1
 3 p −1
p +1
p
Cint w ( Dx / 2 ) ⋅  2 p + 2 p + 2  + Cint w ( Dx / 2 ) ⋅  2 p + 2 p + 3  +





Cint w ( p) = Dx 4 p −1 
(2.30)
1
p
1
−


C ( D / 2 p −1 ) ⋅ 
+ p+3 
p +1
 int w x
2 
2

The equations derived for the distribution network are not validated given that the
base expressions (Eqs. 2.23 and 2.24) have already been verified and are similar to those
used by circuit-level simulators for gate-level interconnect capacitance estimation. Thus,
the above equations will be used for future experiments under the assumption that they
were correctly derived. Since the top-level distribution network has been reported to
contribute less than 10% of the to the total clock power, the accuracy of the above
expressions is important but not crucial.
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Chapter 3

PHASE-LOCKED LOOP POWER MODELING .

3.1 The PLL dynamic behavior
The dynamic behavior of the PLL has been widely studied [43, 46], and only the
most relevant equations are repeated here. Initial PLL implementations omitted the
charge pump circuit, but most recent designs use it because of two main reasons: the PLL
capture (pull-in) range is now limited only by the VCO frequency and the static phase
error is practically zero. The latter is crucial for clock distribution because it means that
the output frequency follows the input without phase difference, independent of the
frequency value. Figure 3–1 shows the schematic of the base PLL design.

Figure 3–1: Schematic of a phase-pocked loop.

Assuming that the VCO has a gain KV (Hz/V), the charging/discharging current in
the charge pump is ICH and the low pass filter is defined by a resistance (R) and a
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capacitance (C), the output frequency (which is referred to as fo or fvco) as function of
the input frequency (called either fi or fext) is expressed in the S domain by Eq. 3.1 [44].
H (s) =

Fo ( s )
1 + 2( ξ / ω n ) s
=N
Fi ( s )
1 + 2( ξ / ω n ) s + ( s / ω n ) 2

(3.1)

It is clear that the PLL can be described as a 2nd order continuous-time system,
including the well known factors, ξ (damping factor) and ωn (natural frequency). These
two parameters, given by Eq. 3.2, are important because the first one determines the
amount of overshoot in the response when a step is applied to the input, while the second
dictates the stability limits of the PLL.

ξ=

R 1
  K V I CH C
2 N

ωn =

K V I CH
CN

(3.2)

It must be noted that, in reality, charge-pump PLLs are discrete-time systems
[45]. It has been shown [46], however, that when the PLL complies with the classic
stability requirement (i.e., ωn is approximately ten times smaller than the minimum
frequency at which the PLL operates), the continuous-domain frequency response given
above accurately describes the PLL behavior. If there is an instantaneous change (a step
of magnitude Astep) in the input frequency, the time response of the output frequency is
given by Eq. 3.3 while Eq. 3.4 defines some parameters used in the former.
f o (t ) = Astep N [1 − (1 / ωd )e − bt cos( ωd t + ϕ)]

b = ξωn

;

ωd = ωn 1 − ξ 2

;

ϕ = sin −1 (b)

(3.3)
(3.4)

If ξ is too large, the response is slow while if ξ is too small, the overshot and
oscillation become significant. The optimum value has usually been taken to be 0.707.
Using both the time and frequency responses of the PLL, it is possible to define a
set of parameters that accurately describe the PLL dynamic behavior. These include the
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hold, lock, pull-in (capture) and pull-out range and the reader is referred to specialized
literature for further details [47]. Depending on the application the PLL is intended for,
some or all of the above factors must be considered during the design stage. For the
particular case considered here, the lock range is the parameter of greatest interest since it
defines the maximum instantaneous input change that will not cause the PLL to lose lock.
An approximation of the lock range is given by Eq. 3.5.

∆ωlock ≈ 4πξωn

(3.5)

Similarly, time-domain equivalents of these parameters have been defined, the
lock and capture times being the most useful ones. Here, the focus is on time-domain
parameters as they are needed in order to estimate the energy spent by the lock and
capture process transients. These timing issues are covered in Section 3.3.

3.2 Design parameters: definition and validation
The expressions introduced in the previous section are all dependent on four
parameters: KV, ICH, R and C. Thus, it is important that these parameters are accurately
calculated from the technology and implementation dependent factors, which is
performed next. For an example of how the parameters are defined, refer to the design
example given in Appendix C.
The parameter considered first is the VCO gain. Most VCO designs are based on
the widely used ring oscillator implementation that employs current-starved inverters.
The stages on the ring oscillator can be either differential or non-differential, with the
former having a better noise immunity. For low power, the number of stages (n) should
be small but at least four stages are recommended [31]. As will be shown later, this limit
also applies for stability purposes. Figure 3–2 shows the non-differential cell while
Figure 3–3 shows the differential basic cell. Note how the load of the differential cell is
built as the parallel connection of two devices (this is called a symmetric load): one
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biased in the resistive region and the other in saturation. This helps to obtain a more
linear V vs. I load characteristic [41] and a more stable voltage swing across all
frequencies.

Vdd
Vcp
In

Out

Vc
gnd
Figure 3–2: A single-ended VCO cell.

Vdd
Vcp
Out
In
Vc
gnd

Figure 3–3: A differential VCO cell.

The oscillation frequency for an n-stage (i.e., n-cell) VCO is given by Eq. 3.6,
where Vsw is the voltage excursion at each cell (normally close to Vdd), Ccell is the
capacitive load of a cell and Icell is the current that charges/discharges this load.
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f vco =

I cell
1
=
2nt d 2nV sw C cell

(3.6)

The cell current is varied such that the frequency can be controlled accordingly
and it follows the relationship for the transistor’s drain-source current. As mentioned in
the previous chapter, the effects of velocity saturation and mobility degradation, which
are inherent to deep sub-micron technologies (i.e., 0.35um and smaller technologies),
must be considered. Eq. 3.7 is repeated here for convenience where w is the transistor
width, vsat is the saturation velocity and k(VDS) is given by Eq. 3.8.

I cell = k (Vds ) wC ox v sat (Vgs − Vth )
k (Vds ) =

1
1
=
1 + ( E / E sat ) 1 + V /( LE sat )

(3.7)
(3.8)

To determine KV, the expression dfvco/dVC must be calculated, resulting in Eq. 3.9
after replacing Vgs with VC. Various versions of differential and single-ended VCOs for
different values of n were implemented using Berkeley’s MAGIC CAD Tool in a 0.35um
technology with a 2.5V supply voltage. The number of stages is kept small so that high
VCO operating frequencies can be reached. Figure 3–4 shows the resulting frequency vs.
voltage characteristic for non-differential VCOs. A similar plot was also obtained for
differential designs.

KV =

df vco k (Vds ) wC ox v sat
=
dVC
2nVsw C cell

(3.9)

Figure 3–4 clearly shows the nonlinear behavior of the VCO frequency versus the
control voltage. It is possible to calculate two values for KV: one for VC below the limit
value of VCL and other for VC above VCL. In this way, straight-line approximations can be
made for the curve segments present in each of the two regions mentioned. This threshold
can be estimated by calculating the control voltage that causes the bias circuitry (a current
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mirror) to leave the saturation regime and move into the resistive region, condition
given by Eq. 3.10.

Figure 3–4: Frequency dependence with respect to Vc for non- differential VCOs with
various number of stages.

VC = Vtn +

(Vdd − Vtp )
1 + (Kn / K p )

(3.10)

After plugging in all numbers, VCL equals 1.5V. However, an improved design of
the bias circuitry can effectively increase the value of VCL, making it feasible to work
with only one average value of KV for the whole dynamic range of operation. Under this
assumption, Figure 3–5 shows the average simulated (i.e., obtained from SPICE
simulations) and calculated KV values, using the equation above. It must be highlighted
that, even in the case where VCL remains around a value of 1.5V, an average for the
region of VC >VCL can be derived from the calculated KV by dividing it by a factor. On
non-differential VCOs this factor is 5.5 and for differential VCOs, it is 4. An average
value across both regions can also be obtained by dividing the calculated KV by 2, for
both single-ended and differential. The average error of the estimated KV with respect to
the data obtained from SPICE simulations was 2.2% and 3.2% for non-differential and
differential implementations, respectively. This error drops to 0.9% and 1.1% if the
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implementations for n = 3 (non-differential) and for n = 5 (differential) are not
considered, assuming that they operate beyond the limits of frequency stability, which
results in unreasonable jitter performance.

Figure 3–5: Simulated and calculated VCO gain.

The characterization of the resistor is performed next. The resistor was not built as
a diffusion strip, but a transmission gate with both devices always enabled was used
instead. The key assumptions here are that: (1) the drop across the resistor is small and
(2) the voltage conditions that force the devices to work in the resistive region exist. For
example, for the N device, VG is equal to Vdd and VD (which is also the voltage across the
filter capacitor) is normally in the range below 2V, which is the expected normal
operating range of the VCO and satisfies the condition VDG < Vth. Similar analysis can be
done for the P device. The transistor current in the resistive region is given by Eq. 3.11
[19] while Eq. 3.12 gives the expression for the resistance after assuming that VDS is
small and VGS is on average equal to Vdd/2.
W
I D = k (V DS )µ n C ox 
L

2
 V DS


(
)
V
−
V
V
−
  GS
th
DS
 2
 






(3.11)
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RT =

VDS
2
L
=
 
I D k (VDS )µ nCox (Vdd − 2VT )  W 

(3.12)

Figure 3–6: Simulated and calculated resistance value (P device).

Figure 3–7: Simulated and calculated resistance value (N device).

Although Eq. 3.12 is still not a constant due to its dependence on k(VDS), an
average value for this parameter was calculated. Figure 3–7 shows both the simulated
and calculated values of R for the P device while Figure 3–6 shows the same curves for
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the N device. The average deviation with respect to the simulated values was 3.77%
and 3.2%, for N and P devices respectively. It must be noted that very large resistors can
be built in a very small area using this technique.
The two remaining components, ICH and C, are accurately described by equations
already available. In particular, ICH can be calculated with Eq. 3.7. On the other hand,
since C is built via the gate capacitance of transistors with both source and drain
grounded, then the total capacitance is calculated by multiplying Cox times the total area
of the gate.

3.3 PLL timing characterization
After validating a mechanism for extracting the PLL key parameters, the focus is
now on modeling the PLL’s performance behavior, which is determined by the time
required by the PLL to re-acquire lock. If the input frequency is changed abruptly but its
final value is within the lock range (see Eq. 3.5), then the time it takes the PLL to acquire
lock again is given by Eq. 3.13 [47]. The PLL is in locked condition when no phase
difference exists between input and output frequencies.
t lock ≈

kf

ξω n

(3.13)

It was found that to reduce jitter to tolerable levels, the value of the constant kf
should be around 5, following the classic assumption that 99% of the final value of an
RC-like system, is reached after a time equal to 5τ (i.e., five times the system’s time
constant) has passed. If the frequency step takes the input frequency beyond the lock
range, then a capture (pull-in) process takes place first. The time required to bring the
VCO frequency within the vicinity of the new input is given by Eq. 3.14 [44], where
fvco(0) is the VCO frequency at the start of the process (fvco(0)=Nold.fext).
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t capture = f vco (t capture ) − f vco (0)

2C
K V I CH

(3.14)

For charge-pump PLLs, the capture process is linear, which contrasts with the
nonlinear nature of the same process in classic realizations [47]. This holds as long as the
parameters in the expression above do not change drastically during run-time. The
frequency at the boundary of the capture and lock ranges is given by Eq. 3.15.
f (t capture ) = N new f ext −

∆f lock
4πξ f n
= N new f ext −
2
2

(3.15)

By using the stability condition (i.e., ωn ≤ ωext /10) in Eq. 3.14 and by replacing
f(tcapture) as given in Eq. 3.15, the following expression is obtained.
 2 f ( N − N old ) − 4πξ ( f ext / 10)  100

t capture =  ext new
 (2π ) 2
N new f ext2



(3.16)

After some manipulation and assuming that ξ is around the optimum value such
that 4πξ/10 ≅ 1, the total acquisition time is given in Eq. 3.17. In this equation, kc and kl
are constants that perform a correction on the calculated times due to the discrete-time
nature of the charge-pump PLL [45] which makes the times calculated without this
correction slightly smaller than they actually are.
10 k f
 2( N new − N old ) − 1  100

t acq = t capture + t lock ≈ k c 
+ kl
2
N new
2πξf ext

 ( 2π ) f ext

(3.17)

In particular, the values of kc and kl used were 1.7 and 2.7, respectively. Although,
it was not possible to analytically derive these factors, it seems that they are mainly
affected by the technology used as the values above worked well for all the design cases
considered. If the PLL is initially off (i.e., not switching), the equation can also be used
by simply making Nold = 0.
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Figure 3–8: Simulated and estimated PLL response time for varying N (non-differential).

Figure 3–9: Simulated and estimated PLL response time for varying n (non-differential).

In order to verify these trends, a set of experiments was conducted for various
PLL designs on a 0.35um technology, where the cases studied included varying N and Kv
(by changing the number of stages, n). The obtained results are shown in Figure 3–8 and
Figure 3–9 for the single-ended implementation and in Figure 3–10 and Figure 3–11 for
the differential designs. For both cases, Nold = 0 and Nnew is set to the value indicated (in
the variable N case) while for the Kv varying case, Nnew is always 4. Notice that the
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acquisition time increases with the multiplicative factor (i.e., external frequency
decreases while VCO frequency remains constant) and decreases inversely with the VCO
frequency (which depends on n). Effective ways to reduce the acquisition time are
increasing fext and decreasing N (optimally, N =1), but as will be discussed later,
performance improvements will have a negative effect on power consumption.

Table 3–1: Average and maximum error of estimated PLL response times.
Varying….
Multiplication Factor
VCO Number of Stages

Error (%)
Maximum
Average
Maximum
Average

Single-Ended VCOs
13.35
4.55
9.22
3.98

Differential VCOs
7.55
3.61
11.15
4.93

Table 3–1 summarizes the accuracy of the proposed equations. The error slightly
increases for the cases where the PLL operates at higher frequencies or the input
frequency increases, possibly caused by unexpected transients or glitching events. These
appear when the device is forced to operate at a frequency where the linear behavior
under which the above equations were formulated, no longer applies.

Figure 3–10: Simulated and estimated PLL response time for varying N (differential).
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Figure 3–11: Simulated and estimated PLL response time for varying n (differential).

3.4 PLL power modeling
For the modeling of the PLL power consumption, the task has been divided in
two. The power consumption of the PLL during lock is considered first and the power
utilized during capture and lock-in processes are analyzed later.

3.4.1 PLL power consumption during lock
The locked condition can be considered a stable state. There are no drastic
changes and most of the variables (Vc, fvco, etc.) can be assumed constant. Then, the total
power consumed can be estimated as the sum of the power required by each of the main
elements. Expressions that define the effective capacitance of each PLL component
(VCO, PFD, FDIV and charge pump) are presented briefly. The VCO is considered first.
For a differential implementation, independent of the input values, there is always a
branch that conducts current from the supply rail to ground while for a non-differential
implementation, at any given time, just one cell is switching providing an excursion equal
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to the supply voltage. For n cells, the average current in each case is given by Eq. 3.18,
where Vsw is the voltage swing that causes switching in the next cell (normally, Vsw =
kVdd, with k between 0 and 1), Ccell is the input capacitance of the next stage and td is the
delay per cell.

V C 
I avg _ diff = nI cell = n  sw cell 
 td 

;

V C 
I avg _ nodiff = I cell =  dd cell 
 td 

(3.18)

Since the oscillation frequency is given by fvco=(2n.td)-1, and after some
manipulation, the effective capacitances for each case are given in Eq. 3.19 and 3.20,
where Wp and Wn, are the width of the N and P devices, respectively and Cgate and Cdrain
are the gate and diffusion capacitances of a minimum size transistor.

[

Cvco−diff = 2n 2 kCcell = 2n 2 k Wn (C gate + C drain _ n ) + 2W p C drain _ p

[

]

]

( 3.20)

Current

(A)

C vco − nodiff = 2nC cell = W n (C gate + C drain _ n ) + W p (C gate + C drain _ p )

( 3.19)

Time (ns)

Figure 3–12: Supply current as function of the control voltage for a single-ended VCO.

Since initial validation attempts yielded relatively large error margins by
operating the devices outside their dynamic linear range, the validation presented here
ensures that the control voltage remains in the valid linear region, which is shown in
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Figure 3–12 for the single-ended case. This region is narrower in differential designs
due to their higher gain. This condition is also important for stable operation of the PLL.
Figure 3–13 shows average supply current readings given by SPICE, for different values
of the control voltage. It can be seen that, for both cases, the measured supply currents
follow the expected trends. In particular, the average (maximum) error was below
2%(5%) with respect to the constant behavior for the single-ended VCOs and below
0.10%(0.25%) with respect to the linear behavior of differential VCOs. The other
remaining factor that influences the total effective capacitance is the technology impact,
which was addressed earlier.

Figure 3–13: Supply current as function of the number of stages (n) for both VCO types
and various values of the control voltage.

The widely popular Phase/Frequency Detector (PFD) design used [42, 30] is
shown in Figure 3–14. The outputs (UP and DOWN) do not change if both input signals
are in perfect phase and frequency synchronization. But if the VCO input is ahead of the
REF input, either in phase or frequency, the DOWN signal switches at a rate proportional
to the slowest input signal (REF in this case) and with a duty cycle proportional to the
phase difference. The UP signal switches if the scenario reverses. After carefully
analyzing the behavior of the circuit under all possible input combinations, it was found
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that all nodes in the design switch at a rate determined by the slowest input signal. This
analysis permitted an estimation of the effective capacitance per transition of the
reference input during both lock and acquisition as given by Eq. 3.21.

Figure 3–14: Schematic of the PFD used.

C pfd _ locked = 108C gate + 22Cdrain _ n + 42Cdrain _ p
C pfd _ acq = 122C gate + 30Cdrain _ n + 64Cdrain _ p

(3.21)

By calculating an activity factor Gpfd as the ratio of Cpfd-locked to the total
capacitance calculated as the product of the total number of minimum-size transistors in
the design (Ntpfd), and Ctech (i.e., Gpfd = Cpfd-locked / Ntpfd.Ctech), the effective capacitance can
be expressed in a simpler way by Eq. 3.22. Ctech is the same expression given in Eq. 2.6,
with the only exception that Llocal is made equal to 10λ, since connections are only to
neighboring cells, which makes the interconnect contribution virtually negligible for the
technologies considered.

C eff − pfd = N tpfd G pfd C tech

(3.22)
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The calculations described above yielded Gpfd_locked = 0.74, Gpfd_acq = 0.83 and
Ntpfd = 146. The average error of the estimated values with respect to SPICE data is
presented in Table 3–2.

Table 3–2: PFD effective capacitance average error with respect to simulated values.
Tech. (um)
PFD
FDIV
Average

0.18
8.11
7.62
7.86

0.25
15.89
0.99
8.44

0.35
7.20
10.69
8.94

0.5
3.97
3.60
3.78

0.8
4.43
5.40
4.19

Average
7.92
5.66
6.79

The frequency divider (FDIV) is basically a ripple counter, built using four
cascaded TSPC flip-flops [19] connected in toggle configuration plus a transmissiongate-based multiplexer and a few inverters. Since each of the successive flip-flops is
running at half the frequency of the preceding one, the FDIV effective capacitance can be
estimated using Eq. 3.23, where N is the multiplication factor that determines the
switching activity of the output inverters.
2C inv
 1 1 1
C eff − fdiv = 1 + + +  C ff +
= 1.875C ff + 2C tech
N
 2 4 8

(3.23)

After assuming that Cinv= 4Ctech, the flip-flop effective capacitance is given
below, where the ½ factor captures the fact that this total capacitance is only charged
once every two input frequency cycles, which was determined after carefully analyzing
the flip-flop behavior.
C ff =

1

2

[20C

gate

+ 6C drain _ n + 21C drain _ p

]

(3.24)

Following a similar analysis to the one presented for the PFD, a value of Gfdiv
equal to 0.78 was estimated after setting Ntfdiv = 104, such that the effective capacitance
can simply be expressed as given below.
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C eff − fdiv = N tfdiv G fdiv C tech

(3.25)

The average error across technologies is presented in Table 3–2. Since the
influence of the design style is difficult to generalize, it must be considered on case-bycase basis. It was a priority, however, to be as general as possible by modeling designs
that are widely used. Signal glitching will also affect power estimates, particularly in
deep-submicron technologies.
The last component is the charge pump, which is implemented as a single-ended
switch-in-source design [49]. As long as the PLL is in locked condition, the outputs of
the PFD do not change and no current flows to the filter capacitor. But the overhead of
the bias circuitry present in the charge pump and VCO must be considered, so that the
total PLL power can be expressed by Eq. 3.26. For the contribution of the bias circuitry,
the only requirement is an estimate of the total current (Ibias), which in this case is
proportional to ICH.

[

PPLL = (C PFD + CVCO + C FDIV )Vdd2 f vco + Pbias

]

PPLL = N tpfd G pfd + N (2n(6) + N tfdiv G fdiv ) C techVdd2 f ext + I biasVdd

(3.26)

Figure 3–15: Simulated and calculated PLL power under locked state for both PLL types.
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Preliminary experiments were performed and Figure 3–15 shows the calculated
and simulated total PLL power values of the base PLL design (which included a 5-stage
non-differential VCO) running at various frequencies. Additional simulations were
performed with a design that employed a 6-stage differential VCO and the obtained
values are also captured by Figure 3–15. The average (maximum) deviation from the
simulated results was 3.5% (4.8%) and 3.4% (4%) for the single-ended and differential
cases, respectively.

Figure 3–16: Calculated PLL power breakdown for a non-differential PLL.

Figure 3–16 and Figure 3–17 show the power breakdown across all PLL
components for single-ended and differential implementations, respectively. While the
contribution of the VCO, the FDIV and the bias circuits increase with the operating
frequency, the PFD share remains constant. When comparing the power breakdown, the
VCO contribution becomes dominant for differential implementations (given the
quadratic dependence on the number of stages), while for the non-differential case all
components (except the PFD) take comparable shares of the total power budget. This also
implies larger power consumption for the same operating frequency, which is the price
that must be paid for better noise immunity in differential designs. However, this does not
restrict non-differential VCOs from being used in commercial products [42].
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Figure 3–17: Calculated PLL power breakdown for a differential PLL.

Further experiments were performed under two clearly distinct circumstances:
first, the multiplication factor was varied (i.e., possible values were 2, 4, 8 and 16) and
second, the number of VCO stages was modified from 3 to 9 and 5 to 11 (in steps of 2)
for single-ended and differential PLLs, respectively. These operating parameters are
identical to those employed in the experiments in Section 3.3. Figure 3–18 and Figure 3–
19 show the simulated and calculated data for the two cases mentioned above, while
Table 3–3 summarizes the results.

Table 3–3: Average and maximum error of estimated PLL lock power with respect to
values obtained from simulation.
Varying….
Multiplication Factor
VCO Number of Stages

Error (%)
Maximum
Average
Maximum
Average

Single-ended VCOs
8.53
4.25
6.98
4.29

Differential VCOs
6.41
4.56
9.40
4.93

From Figure 3–18 and Figure 3–19, it is observed that a differential PLL
consumes 35.7% more power (on average) than its single-ended counterpart for the same
operating frequency (an adjustment was made to compensate for the slightly higher
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operating frequency of the differential design). This difference relies completely on the
type of VCO, as all other components remain unchanged from one design to the other.

Figure 3–18: Simulated and calculated total power under locked condition for nondifferential and differential PLLs for varying N.

Figure 3–19: Simulated and calculated total power under locked condition for nondifferential and differential PLLs for varying n.

Figure 3–18 also shows an expected trend in power as N increases, which is
caused by a reduction in the PFD power. For the non-differential implementations, a

57
multiplicative factor of 4 reduces the total power by 17.3% with respect to the case
when N = 2 (for N equal to 8 and 16, the reductions are 24.6% and 29.8%, respectively).
For the differential implementations, the reductions with respect to N = 2 are 13.8%,
18.2% and 21.6% for N equal to 4, 8 and 16, respectively. The price to pay, however, is a
sluggish response time as discussed in the previous section. Note the contradictory trend
observed between the two types of PLLs when the number of stages in the VCO
increases, as shown in Figure 3–19. This is caused by the quadratic dependence of the
differential VCO power with respect to the number of stages (as formulated earlier),
which dominates the linear reduction associated with the change in the operating
frequency. For the single-ended case, the frequency decline dominates the increase in the
VCO effective capacitance and it also affects all other PLL components.
Now, the leakage power behavior of the PLL is discussed. The VCO is not
expected to contribute strongly to the total PLL leakage, as the number of transistors on it
is usually small. Simulations for the 0.25um case revealed that leakage power is more
than 1000 times smaller than the dynamic power measurements. For the FDIV and the
PFD, although their transistor counts are larger, the relative difference is even greater
than the order of magnitude given above. A closer examination of the designs reveals a
lot of stacking present, which reduces leakage by a factor close to 10. This phenomenon
is called the “stacking effect”. For now, all leakage contributions to the PLL total power
will be disregarded, at least for the technologies considered.

3.4.2 PLL Power consumption during acquisition
For the estimation of power in this case, the equations that describe the PLL
dynamic behavior must be used. As mentioned earlier, when an instantaneous change of
the input frequency (or the dividing factor) occurs, it is possible that in addition to a lock
process, a capture process also occurs if the frequency step is beyond the lock range.
From Section 3.3, the time required for the PLL to lock to the new frequency can be
expressed as tacq = tcapture + tlock. The length of the capture time is such that the final
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voltage brings the VCO frequency within the lock range and a linear lock process can
then take place. Here, linear refers to the behavior that can be described by the equations
in Section 3.1. For the estimation of the power consumption during the capture process, it
is assumed that the VCO frequency follows the variation on the control voltage and that
the PFD switching activity increases with respect to the locked condition but remains
independent of the VCO frequency variation. Eq. 3.27 gives the expression for the
average PLL power consumption during capture, where for the frequency dependent
components, an average frequency (fcapture_ave) is used which is basically the mean value
of the start and stop frequencies during the capture process.
PPLL _ capture = (C PFD + CVCO + C FDIV )Vdd2 f capture _ ave + Pbias + Pch _ pump

(3.27)

Since there is a portion of the bias current that increases with frequency (i.e., the
VCO portion of the bias circuitry), its effective load is also adjusted by calculating an
average current, which is the mean value of the starting and the ending currents, as given
by Eq. 3.28.

I bias _ ave =

I start + I start
=k
2

 f start

 K V

  f

 − VT  +  stop

  K V
2



 − VT 



(3.28)

For the charge pump, both the energy delivered to the capacitor and the energy
dissipated in the resistor are considered. These are estimated as a function of the total
variation of the capacitor voltage (∆V) during the capture process (i.e., the total energy
delivered) as in Eq. 3.29.
2

PCH −PUMP

 ∆V 2C   ∆V ⋅ C 
 2

+
 R =  ∆V ⋅ I CH  +  I CH ⋅ R 
=


t
 t

2

  4 
 capture   capture 

(3.29)

Now, after the VCO frequency has been brought within the lock range, or in the
case that the instantaneous change is not beyond the lock range, the PLL initiates a lock
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process and the power consumed is estimated as in Eq. 3.30, where the average
frequency was estimated using the definition of average value in Eq. 3.31.
PPLL _ lock = (C PFD + CVCO + C FDIV )Vdd2 f lock _ ave + Pbias + Pch _ pump
f lock _ ave =

1
tlock

tlock

∫f

o

0



1
(t )dt = Astep N 1 −
e −btlock sin(ω d tlock )
 ω d tlock


(3.30)
(3.31)

Eq. 3.31 can also be obtained by calculating the RMS value while disregarding
second order exponential terms (which are very small) and then applying the
approximation given by Eq. 3.32.
1 − x ≈ 1 − ( x / 2)

for small x

(3.32)

It was found, however, that without applying the above approximation, the values
obtained using each equation were within 1% of each other. The calculated average was
within 1% of the final target frequency, which means that all components, besides the
PFD and the charge pump, contribute similarly as they do while the PLL is locked to that
final frequency. The PFD switching activity is assumed to be Gpfd_acq. To determine the
charge pump contribution, the time intervals shown in Figure 3–20, when energy is
actually being delivered to the filter (i.e., by charging the filter capacitor), must be found.
During the intervals in which the voltage decreases, no power is drawn from the power
supply as the charge is removed from the capacitor and given a path to ground.
In order to determine these times, the derivative of fo(t) is calculated and then
equaled to zero. These times, as given by Eq. 3.33, represent the points where the
function reaches either its maximum or minimum values, for n = 1,2,3, etc.

tn =


1  −1  − 2ωd b 
 + nπ 
 tan  2
2 
ωd 
 ωd − b 


(3.33)
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Figure 3–20: Definition of the capacitor charging intervals.

The changes in the capacitor voltage are estimated as in Eq. 3.34, where n = 1,3,5,
etc., and the frequency at t0 (fo(t0)) is the frequency at the start of the lock process. Using
Eq. 3.34, the charge-pump power is given by Eq. 3.35.
∆Vn =

1
[ f o (tn ) − f o (tn−1 )]
KV

(3.34)
2

PCH − PUMPn

 ∆Vn2 C   ∆Vn ⋅ C 
 + 
 R
= 
 t n − t n−1   t n − t n−1 

(3.35)

Since the lock time is the reference time frame for these calculations, then the
total charge pump power is rewritten and now estimated using Eq. 3.36.
PCH − PUMP =

1
t lock

∑ (∆V
n =1

2
n

C + (∆Vn ⋅ C ) 2 R

)

(3.36)

Considering both capture and lock processes, the total PLL power consumption
during lock acquisition is given below.

PPLL _ acq =

1
t acq

(P

t

PLL _ lock −in lock

+ PPLL _ capturet capture )

(3.37)
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Figure 3–21: Simulated and calculated PLL power during acquisition for a nondifferential PLL.

Figure 3–21 presents initial results, including estimates using the equations
derived above, for three frequency steps (i.e., changes in N) applied to the base nondifferential design. The average (maximum) deviation with respect to SPICE readings
was 1.7% (2.8%). Additional experiments with the differential design resulted in an
average (maximum) error margin of 0.7% (1.11%). The fact that power is larger for the
transition from 160 to 320MHz than for that of 80 to 320MHz can be misleading. But, the
energy readings, however, are consistent and show a higher value for the larger step.

Table 3–4: Average and maximum error of estimated PLL acquisition power with respect
to SPICE simulation values.
Varying….
Multiplication Factor
VCO Number of Stages

%
Maximum
Average
Maximum
Average

Single-Ended VCOs
4.53
1.89
4.21
2.11

Differential VCOs
4.36
2.39
8.32
3.41

Further experiments considered the two cases presented in the previous section
(i.e., varying the multiplication factor and varying the number of VCO stages). The
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simulation framework remains unchanged. Figure 3–22 and Figure 3–23 show the
simulated and calculated data while Table 3–4 presents average and maximum deviation
for all cases.

Figure 3–22: Simulated and calculated total power during lock acquisition for nondifferential and differential PLLs for varying N.

As expected, differential PLLs present a larger lock-acquisition power than
single-ended designs, averaging an increase of 35.7%, which is very similar to the
difference found in the locked state case. Figure 3–22 also shows the already noted trend
of reduced power as N increases and the percentage reductions are also close to those
calculated earlier for the locked state of the PLL. What becomes important now is to
calculate how the lock-acquisition power and power consumed during lock (at the target
frequency) compare to each other. Note that for all non-differential designs, the power
during acquisition is larger than the power consumed under lock, by 2%, on average. For
non-differential designs, the situation reverses, as now the lock power is larger than the
acquisition power by a margin of 2.1%, on average. This may be caused by the dominant
contribution of the differential VCO to the total PLL power. Note that for these
experiments, the PLL starts from a non-switching condition (Nold = 0), but for those
presented in Figure 3–21, Nold is always different from zero. In those cases, acquisition
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power is larger than lock power by average margins of 2.1% and 2.53%, for nondifferential and differential designs, respectively.

Figure 3–23: Simulated and calculated total power during lock acquisition for nondifferential and differential PLLs for varying n.

In Figure 3–23 the contradictory trend between the two types of PLLs when the
number of stages in the VCO increases is observed again. But, when comparing
acquisition and lock power, it was found that, for both implementations, the power during
lock is larger (1.78% and 4.09% for single-ended and differential implementations,
respectively) than the acquisition power. This seems to be a consequence of the fact that
the PFD contribution to total power is now constant since N remains unchanged.
Appendix D discusses additional PLL design issues and the applicability of the PLL as
voltage regulator.
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Chapter 4

CLOCK ENERGY OPTIMIZATIONS .

Once it has been shown that the model is reasonably accurate, it can be used to
evaluate the impact of the different loads present in the clock network as their
organization or architecture is changed. In other words, since the model is
parameterizable, various configurations can be studied and assessed, so that the total
clock power is minimized. Also, the model can be a very useful tool in showing
behaviors that might not be, in general, easy to detect. To illustrate this, two main cases
are considered next: the impact of design-time choices and run-time optimizations. For
the latter, not only techniques that reduce clock energy are considered but also those that
reduce energy of other system components that are tightly coupled to the clock subsystem.

4.1 Design-time optimizations
The first experiment is set to determine where the energy hotspots in the clock
sub-system are, and to do this, three different architectures were considered: a superscalar
RISC processor, a DSP (which is basically a VLIW machine) and a Network Processor
(NP). The relevant architectural parameters of each design, given in Table 4–1, were
substituted in the model, so that the clock capacitance of each component is determined.
Figure 4–1 captures how the different loads contribute across the three designs. It was
assumed that all designs were implemented in a 0.18um technology and used an H-tree
topology. Structures particular to each design, such as branch history tables, issue
windows, L2 caches and similar structures, are not captured.
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Table 4–1: Three processor configurations.
Feature
Address Bus Width
Data Bus Width
GP Registers (GPRs)
FP Registers (FPRs)
Number of Pipelines
- Number of stages
L1 D-Cache (I-Cache)
- Mapping (D / I)
- Block size - bytes
D-TLB (I-TLB) - entries
- Mapping
- Virtual address bits

RISC
32
64
32
32
5
5
32 KB
8-way
32
128
2-way
52

DSP
21
32
64
NO
8
6
16 KB
2-w /dir
32
NO
---

NP
40
64
32
32
6
10
32KB
4-way
32
64
Fully
40

Figure 4–1: Total clock capacitance breakdown for three processor configurations.

There are many interesting insights given by this very simple experiment. The
first thing to notice is that in all cases, although the configurations are different, the main
contributors to the clock power budget are the buffers, the caches and the pipeline
registers, with the percentages varying from one architecture to the other. All other loads
are almost negligible (except for the TLB in the RISC and the register file in the DSP)
with respect to these main contributors, but it is important to keep in mind that the wiring
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component (i.e., the distribution network) can play a major role, especially for grid
implementations in more aggressive technologies. This experiment helps in focusing
attention on the loads that are causing the largest power consumption, so that powerreduction strategies and optimizations that provide the most significant savings can be
developed. Possible optimizations in the memory structures’ load and also in the buffer
design style are considered next.

Figure 4–2: Influence of cache size on the cache clock load.

First, the effects on the cache precharge component for different cache sizes are
presented in Figure 4–2. As expected, the load on the clock network per cache access
increases almost linearly with size. It is important to recognize that this increase might be
worthwhile in exchange for a reduction of the cache’s miss ratio, but this must be
evaluated at runtime (i.e., using an architectural-level simulation tool). The impact on the
cache precharge component for different cache associativities follows the assumption that
the direct-mapped case provides the least load per access. When compared to the directmapped case, the precharge load per access increases by just 1%, 2% and 4% for 2-way,
4-way and 8-way implementations, respectively. This is caused by the decrease in the
number of rows affected by the scaling factor of the precharge transistor and the
increment in the tag size. This behavior, however, would give some freedom to the
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architect, as now he/she can basically select the associativity of the cache based on the
cache’s own power consumption and system performance requirements.

Figure 4–3: Influence of (β) beta factor on cache clock load and on cache performance.

Now, the effect of the β factor on memory-dependent clock energy will be
considered and it will be shown how the model provides a means to evaluate what the
real performance-power trade-offs incurred by choosing a given sizing factor are. Figure
4–3 shows the percentage decrease in delay with respect to a base implementation using
β equal to 60, as measured from SPICE signal traces. Clearly, a smaller β means a
reduction in the precharge time at the expense of increased clock load as calculated using
the model (see line plot). However, the actual variation in β, which is presented by the
light bars, can be used to estimate the changes in delay with respect to the case β = 60
(i.e., if β = 30, there is a reduction of 50%). The plot shows that the β factors ratio
provides a good estimate of the performance change since the maximum error of this
metric with respect to the actual delay measurements is 2.5%.
As another example of the usefulness of the model, Figure 4–4 shows the impact
of different values of the sizing factor on the buffer power. In this experiment, the
number of inverters in the chain must be changed as u changes, as illustrated in the same
figure, such that the clock signal is delivered to the load without incurring a very high

68
performance penalty. Note that two conflicting trends contribute to the uncharacteristic
behavior of the buffer dynamic power. As u increases, which implies larger devices for
any given stage, the number of stages decreases, which means that a lower number of
contributions are added, although they are actually larger. One would expect a parabolic
behavior of the dynamic power curve, which can actually be observed between the values
obtained for u = 2.33 and 3.66. Beyond these two extremes, the trend changes as the
variation in the number of stages is no longer linear. This is reasonable given that the
number of required stages is calculated using the ratio of two non-linear expressions (see
Eq. 2.3).

Figure 4–4: Buffer dynamic power and required number of stages as function of the
scaling factor (u).

The interesting result about this simple experiment is that, although a value
between 2.66 and 3 provides the optimum behavior in terms of timing (which is expected
and was confirmed by SPICE simulations, as shown by Figure 4–5), the optimum value
for power consumption is found at a different value of u. In particular, from Figure 4–4,
it can be seen that the least power is consumed for values of 2.33 and 3.66. The increase
in delay incurred by using u = 3.66 is 14.8% with respect to the case where u is 3, which
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is an acceptable overhead for a reduction of 49% in buffer power. For the case of u =
2.33, a smaller penalty is incurred but the savings are also proportionally less.

Figure 4–5: Short-circuit power estimates and delay numbers as function of the scaling
factor (u).

The figure also shows an estimate of the behavior of the short-circuit power,
which was discussed in Section 2.1.1. The short-circuit power variation across the
possible values of u is confined within the percentage variation of the u factor (about
6%). Since this translates into less than 1% of the overall dynamic energy, the model
estimates are virtually unaffected. A decision on whether a different value of u should be
used depends heavily on the influence that this change would have on the timing
characteristics of the driver. One possibility is to use u = 3.66 in drivers that control
sections where larger clock skews are allowed.
Now, besides architecture and spatial distribution, process technology is another
important factor that affects the clock energy behavior. As interconnect capacitance will
increase significantly for deep submicron technologies, it is worthwhile to be aware of
the implications that this will bring to the complete clock energy picture. Figure 4–6
shows the expected clock energy distribution when the single-issue, five-stage datapath
design of the power simulator described in [25] is scaled down from 0.35um to a 0.18um
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technology. The first thing to notice is the increase in the relative contributions of the
precharge load, the wiring and the main driver. A significant portion of these components
is basically interconnect capacitance, which increases for smaller technologies mostly
due to the reduction of distance between wires. The datapath (pipeline registers) presents
a mixed load of transistors and interconnect capacitance and at the end, its contribution
remains almost constant. The power from buffers reduces since they are basically
transistors, which scale down with technology.

Figure 4–6: Technology dependence of the clock energy distribution.

4.2 Run-time clock power reduction schemes
In order to perform the experiments presented here, the clock model was
incorporated into an existing cycle-accurate datapath and memory energy simulator [25].
This is an important extension as the influence of the clock network on the overall system
energy can now be accounted for. The architecture used in [25] is a single-issue 5-stage
pipeline datapath, which describes one of the most common architectures used in
embedded processors and runs the integer subset of SimpleScalar’s instruction set
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architecture [35]. The estimates from this simulator were shown to be within a 10%
error margin from circuit-level simulation.
Figure 4–7 shows a schematic of the clock network of the target architecture. It
must be noted that all circuitry on the design is built using static CMOS devices (no
dynamic circuits are used), so that the clock is only needed in those places shown in the
figure. This is the trend in embedded systems where the focus is on power and a similar
argument applies to SOC designs, where the complexity of the system limits power
consumption. It can be seen in the figure that the impact of gating, at different levels and
for different units, has been modeled. The gating of the caches precharge load during a
cache miss is mandatory, especially for a low power system (mid-level gating). The
datapath gating is not shown, but it is clear that the system cannot proceed until the cache
fill requests have been serviced.

Figure 4–7: The energy simulator clock network topology.

Two additional gating levels were added. First, additional clock power savings are
sought through selective gating of the pipeline registers, which is called low-level gating
since it is implemented at the lowest end of the distribution network. In this scheme,
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selective portions of a register are disabled depending on whether the information they
hold is required by the next stage. This, however, should not be confused with the
datapath gating mentioned earlier. The overhead incurred by implementing this technique
is minimal [36] and since the impact on datapath energy of such a scheme has already
been evaluated, the influence of such finer grain gating on clock load is now assessed.
Secondly, support for gating of the whole distribution network was added at the
main driver (high-level gating). This eliminates unnecessary switching of the main driver
and the top-level clock wiring during cache misses. Note that this will work only for an
architecture like the one used here, where a cache miss translates into a complete stall of
the pipeline. This level of gating may incur some overhead in a single-processor
embedded system, but in SOCs, support for this may already be available, especially if
each processor core is turned ON/OFF in response to processing requirements. Shutting
down the PLL would be costly in terms of performance due to the time required to regain
its locked condition, so this is not done. Thus, by simply enabling the gating signal at the
main driver, the processor core is allowed to restart instantly.
Table 4–2: The details of the benchmarks used.
Benchmark
adi
apsi
bmcm
btrix
eflux
mxm
tomcat
tsf
vpenta
wss

Source
Livermore
Perfect Club
Perfect Club
Spec95
Perfect Club
Spec95
Spec95
Perfect Club
Spec95
Perfect Club

Input Size (KB)
241
1,605
126
4,312
297
120
119
204
114
125

Execution Cycles
8,251,639
53,472,741
108,042,830
54,197,641
18,354,453
61,982,751
7,029,092
21,168,771
3,329,809
107,193,410

To perform the experiments presented next, the array-dominated benchmarks
listed in Table 4–2 were executed in the energy simulator. Note that many applications in
video and signal processing domains are array-dominated and both embedded and SOC
designs have been widely used in portable communication devices that execute
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frequently this type of code. The base configuration (architecture) had 8KB, 2-way set
associative instruction and data caches with a latency Lc for every cache access miss. The
mentioned mid-level gating is also implemented in the base system.

4.2.1 Cache architecture impact on clock energy
A considerable portion of the clock energy is expended in the memory subsystem.
Thus, it is important to evaluate the impact that different memory architectures have on
the energy consumed by the clock network. If static evaluation is performed using the
model, a trend of increased cache load with increasing associativity is observed. It was
also found that the effect of cache size on the capacitance per access follows the intuitive
linear relationship (i.e., the cache precharge load doubles as the size doubles). However,
these static calculations cannot be assumed to correlate completely with the behavior
during runtime. Thus, it is necessary to assess the effect of cache performance on the
clock energy’s dynamic behavior. Figure 4–8 shows the clock energy variation while
Figure 4–9 presents the clock energy consumed per cycle (EPC) for each benchmark,
with respect to changes in cache associativity.

Figure 4–8: Clock energy as function of cache associativity for the benchmarks used.
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The tradeoffs in clock energy with varying associativity (cache size is always
8KB) are the increase in precharge load per access, as mentioned before, and the
reduction in the total number of clock cycles due to the potential improvement in cache
hit rates with the increased associativity. Some benchmarks follow the trend presented by
the static evaluation but others exhibit lower energy consumption for 2-way or 4-way
than for the direct-mapped case. This clearly brings cache performance into the clock
energy picture, as indicated before. The energy consumption for the 8-way case is much
higher than the others, which leads to the conclusion that, in this case, the combination of
an increased precharge load and a poor hit ratio seriously harms the clock energy
behavior.

Figure 4–9: Clock EPC as function of cache associativity for the benchmarks used.

This behavior contrasts appreciably with the trend observed in the cache energy,
where the cache energy increases monotonically with increasing associativity, for all
benchmarks. This is expected since the number of accesses to the cache is constant,
independent of its size. Thus, by observing the clock energy behavior, the cache’s miss
performance can be assessed.
The results in Table 4–3 show that the on-chip savings are driven by clock energy
optimization, with the maximum average savings being reached with a 2-way
configuration. The maximum savings on cache energy occur with the direct mapped case
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but they are not enough to overcome the increase on clock energy due to the
unnecessary clock cycles caused by a larger miss rate. The energy per cycle (EPC)
increases with associativity for all cases but with the actual percentage variation being a
function of each benchmark. It must be recalled that the caches are responsible for up to
60% of the total power consumed in an embedded system. In SOCs, where the number of
processing cores is large, more dramatic savings can be obtained at the chip level.
Table 4–3: Average energy change calculated with respect to the 2-way case.
Variation (%)
Clock
Caches
Total On-Chip

Direct
0.74
-0.10
0.24

4-Way
1.52
0.50
0.45

8-Way
33.49
1.42
5.10

Figure 4–10: Clock energy as function of cache size for the benchmarks used.

Now, the effects of variations in cache size are evaluated, while fixing the
associativity to 2-way. Figure 4–10 shows that only when the cache storage is large
enough (i.e., 16KB and above), a linear increase in clock energy is observed. For smaller
caches, miss performance becomes dominant. There are benchmarks like btrix or tomcat,
for instance, where a 4KB cache consumes as much clock energy as a 16KB cache. This
contrasts again with the measured behavior of the cache energy, which increases when
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size increases (i.e., doubling the cache size doubles the cache energy). A comparison,
including total on-chip energy is presented in Table 4–4. In contrast to the energy figure,
the EPC metric in Figure 4–11 shows a behavior that is dominated by the impact of the
array size instead of the miss performance. The linear increase with size can be observed
except for the 4KB implementation.

Figure 4–11: Clock EPC as function of cache size for the various benchmarks used.

Note that when reducing the cache size to 4KB, the predicted halving in clock
energy by the static model is overcome by the miss rate increase and the clock energy
actually increases by 5.90% (on average), with respect to the base 8KB-cache system. For
caches larger than 8KB, both cache and clock energy increase monotonically but at
different rates. This clearly reaffirms the importance of these types of experiments at the
design stage, so that architectural decisions can be done with the understanding of the
requirements of the application software. From the average clock energy numbers given
in Table 4–4, an 8KB cache constitutes the optimum size for the application framework
used after considering performance as well. It was also observed that the total on-chip
energy increases with increasing cache size, with no exceptions but contradictory
optimum points are found again for clock (8KB) and cache (4KB) energy. Here,
however, the off-chip energy will ultimately determine the optimum choice.
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Table 4–4: Average energy change calculated with respect to the 8KB case.
Variation (%)
Clock
Caches
Total On-Chip

4KB
5.90
-49.45
-32.10

16KB
54.40
98.87
77.35

32KB
193.73
205.83
235.72

Next, two classic memory energy optimizations are evaluated from the clock
energy perspective: sub-banking and block buffering [23]. In sub-banking, the effective
pre-charge capacitance per access reduces by half. This requires a clock gating feature
that avoids the pre-charging of the sub-bank not being utilized, which must be decided
early during the memory access stage. For block buffering, the traditional approach
requires that the entire array be precharged, independent of whether there is a hit on the
buffer, which has the advantage of completely eliminating any performance penalty but
has a negative impact from the clock energy perspective. A modified approach
considered here, requires array pre-charging only if there is no valid information on the
buffer (buffer miss), which in turn causes a performance penalty of an additional cycle on
a buffer miss.

Figure 4–12: Clock energy for cache power optimizing hardware schemes.
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Figure 4–12 shows clearly that both block buffering and sub-banking are
effective ways of reducing clock energy in addition to cache energy. It must be pointed
out that these savings come at no performance cost when using sub-banking, resulting in
a more energy-efficient alternative than block buffering. However, note that the block
buffer scheme would be preferred over sub-banking, if the objective is to minimize EPC
(see Figure 4–13) rather than overall energy. This is due to the smaller load that the block
buffer presents to the clock network rather than the sub-banked cache array on block
buffer hits. The performance penalty due to block buffer misses that results in more
execution cycles also affects the observed EPC trend.

Figure 4–13: Clock EPC for cache power optimizing hardware schemes.

4.2.2 Clock gating at various levels
In the experiments performed so far, only mid-level clock gating has been used
where the cache load is disabled during cache misses. Now, the influence of gating at a
higher and lower level of granularity is evaluated. For the first case, an additional
performance parameter was added: the latency of the off-chip (main) memory. Further
experiments considered three cases, which defined an average speed memory (AM), a
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fast memory (FM) that reduced latency of the previous by half, and the same fast
memory with the addition of a write buffer (FM +WB).

Figure 4–14: Average clock energy savings when implementing mid-level and high-level
gating, as function of associativity.

Figure 4–14 and Figure 4–15 show the resulting clock energy savings for the
three cases above mentioned when high-level clock gating is used. Additionally, to
establish a reference, the energy savings already provided by mid-level gating are
captured. From both figures, it is clear that the larger the main memory latency and/or
the miss ratio are (in particular, see the values of the 4KB configuration), the larger the
improvement on clock energy savings obtained by high-level gating. In general,
independent of the configuration, high-level gating provides further energy savings
beyond those obtained by mid-level gating without performance penalty.
Table 4–5 summarizes the results obtained. Looking at the base case (AM),
significant savings can be obtained (up to 22.11%) by adopting this simple mechanism.
Note that for all three main memory configurations, the maximum savings are obtained
when there is no associativity (direct mapped cache) and the cache size is the smallest,
which represents the cases where the cache miss ratio is maximized. As associativity and
size increase, the energy savings lessen.
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Figure 4–15: Average clock energy savings when implementing mid-level and high-level
gating, as function of cache size.

Table 4–5: Impact of high-level gating on clock energy.
Improvement

Savings (%)

AM

FM

FM+WB

Cache
Associativity
(Size is 8KB)

Average
Max. (Direct)
Min. (8-way)
Average
Max. (4KB)
Min. (32KB)

7.50
9.64
5.41
8.67
22.11
1.17

3.97
5.14
2.83
5.10
13.84
0.59

3.30
4.37
2.31
4.55
12.88
0.44

Cache
Size
(Associativity is 2W)

Now, the effects of low-level gating are evaluated by enabling the selective
pipeline register gating strategy described earlier. Figure 4–16 shows the reported clock
energy with and without low-level gating while Table 4–6 summarizes the average results
across all benchmarks. At this finer level of granularity, clock gating is able to provide
larger average savings on clock energy than those obtained by high-level gating. Since
the reduction in clock load is obtained in every cycle where the system is doing useful
work (which is the dominant case), its contribution to lessening clock (and system)
energy is larger than that obtained through a higher level of gating that only yields
savings during the time that the units are not used (which ideally should be minimal). The
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clock load in this case is smaller than that present at higher levels of the clock
distribution hierarchy, so there is a trade-off between the size of the load and how often it
is gated.

Figure 4–16: Low-level clock gating impact on clock energy.

Table 4–6: Impact of low-level gating on clock energy.
Savings (%)
Datapath
Clock
On-chip

Average
25.45
18.47
6.12

Maximum
31.90
19.52
7.11

4.2.3 Impact of memory-oriented software optimizations
Next, the effect of memory-oriented software optimizations on clock energy is
evaluated in the original base architecture. Such optimizations are particularly useful for
array-dominated media applications. The loop optimizations used in this study include
loop interchange (which permutes the order of two loops in a nest to enable temporal
reuse and/or unit-stride accesses in inner loops), loop tiling (which automatically creates
the blocked version of a nested loop, thereby exploiting temporal locality across multiple,
not necessarily innermost, loops), and unroll-and-jam (which basically creates multiple
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copies of loop bodies by repeating the statements in the loop for different iterations and
reducing the trip count of the enclosing loop). The data transformations employed, on the
other hand, modify the memory layouts of multidimensional arrays to achieve high
spatial locality in cases where loop transformations fail. Although these optimizations
improve data reuse and cache locality [52] (which is a benefit from the overall
memory/cache energy perspective), they also tend to increase the complexity of array
subscript expressions and transformed loop bounds, which in turn, can increase the
arithmetic and branch operations executed by the processor (i.e., an increase in datapath
energy). Their influence is of interest as the cache precharge and associated buffer
energies contribute significantly to the total clock power.
It is of interest to evaluate the impact of: (1) the increase on the number of
datapath operations performed during the execution of the optimized codes and (2) the
improvement on the cache hit rates, which reduces the number of memory stall cycles.
Figure 4–17 shows the changes in clock energy after the optimizations described were
evaluated. It can be observed that for most cases, the increase in execution cycles
dominates any reduction in stall cycles (which waste energy in the PLL, main driver and
distribution tree) as far as clock energy is concerned. Additional increments were found
in the datapath and cache energy.

Figure 4–17: Software optimizations impact on clock energy.
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When the off-chip main memory is also considered, an average energy
reduction of 37.8% was obtained at the system (on- and off-chip) level. Figure 4–18 and
Figure 4–19 compare the energy distribution before and after the compiler optimizations
are applied, while Table 4–7 summarizes the average and maximum variations across all
system components.

Figure 4–18: The total system energy before applying code optimizations.

Figure 4–19: The total system energy after applying code optimizations.

84

Table 4–7: Energy variations across all units after implementing software optimizations.
Variation (%)
Datapath
Clock
I-Cache
D-Cache
On-chip
Off-chip
Total System

Average
26.27
22.41
37.92
50.36
33.99
-57.99
-37.83

Maximum
132.53
113.90
117.05
188.21
129.03
-85.15
-72.46
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Chapter 5

EFFECTS OF TECHNOLOGY SCALING ON CLOCK POWER .

Now that the model has been used for evaluating the impact of various design and
run-time optimizations, the effect of technology scaling can be studied. In this way,
attention is focused on determining whether future hotspots of clock energy are different
from those identified so far.

5.1 Effects of scaling on system power consumption
The first step in predicting the behavior of the clock subsystem as technology
shrinks is to scale the base design such that it will resemble a machine characteristic of a
given future technology, since improvements obtained from technology scaling are
usually tied to architectural enhancements. Eq. 5.1. gives the expression for the systemlevel dynamic power, where Nt is the number of transistors in the design, Cavg is average
capacitive load of a transistor, (taken as that of an average-size device), Vdd is the power
supply, fclock is the operating frequency and Act is the activity factor, which accounts for
the number of devices that are actually switching (drawing current from the power
supply) at a given time.

Pact = N t C avg Vdd2 ( Act ) f clock

(5.1)

The speed at which the circuit operates is determined by the time it takes to
charge the capacitive load that the average device is driving. Thus, the time required to
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raise the capacitor voltage to Vdd, assuming that the charging current is constant, is
given in Eq. 5.2.
Vc =

1
Cload

∫I

dyn

dt =

I dynt gate
Cload

thus

t gate =

Vdd Cload
I dyn

(5.2)

In recent microprocessor designs, pipelining has been aggressively used and, in
such cases, the operating frequency is determined by the slowest pipeline stage of the
design. Thus, Eq. 5.2 can be adjusted so that the cycle time is estimated as given in Eq.
5.3 [53], where Ion is the drive current for an average-size device and LD is the logic depth
(i.e., number of gate delays) of the slowest pipeline stage.
Tcycle =

1
f clock

=

LD CavgVdd
I on

(5.3)

If the expression fclock is replaced in Eq. 5.1, the new expression for dynamic
power is given by Eq, 5.4. LD captures architectural improvements, in which the number
of pipeline stages has been continuously increased in order to improve performance.
Starting with a reference number given in [53] for a 0.6um technology, LD is scaled down
by a constant factor up to the point were deeper pipelining is basically non-feasible, due
to the recovery penalty incurred when such a long pipeline is flushed.

Pact =

N tVdd I on ( Act )
LD

(5.4)

Similarly, the activity factor is scaled up as a way to capture architectural
improvements for enhanced Instruction Level Parallelism (ILP). The assumption used
here is that Act increases by 10% as long as LD decreases, and once LD stalls, Act
increases by 30% assuming dramatic improvements in compilation techniques that
improve hardware utilization. The value given in [66] of Act equal to 0.015 is used here
as the starting point. Figure 5–1 shows how LD and Act change for the technologies
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considered, while Figure 5–2 shows how fclock is expected to change according to the
equation above. The scaling factor of 25% percent for LD was chosen for consistency with
industry data. For instance, for a Pentium processor in a 0.6um technology, LD was in the
order of 50 while for current designs like the Pentium 4 (0.18um), it is below 10.

Figure 5–1: LD and Act changes across technology generations.

Figure 5–2: Projected operating frequency behavior across technology generations.
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Besides LD and Act, all other factors in Eq. 5.4 scale with technology but at a
predictable rate depending on the scaling laws followed. It was shown [53] that industry
was using Quasi-Constant Voltage (QCV) rules up to the end of the last decade, but as
practical limits were found, the scaling rules had to be adjusted, such that scaling is still
feasible well into the deep-submicron regime. Table 5–1 shows some of the basic
parameters for the technologies considered. The scaling models presented in [53] were
used to predict what would happen in future designs and some older and current
technologies were consider in order to compare the estimates against real numbers. A
brief review of the scaling models is given in Appendix E.

Table 5–1: Main parameters for the technologies considered.
Feature \ Tech.
Vdd (V)
Vth@0V (V)
Vth@Vdd (V)
tox (nm)
Min. feature - λ (um)
Trans. Wmin (um)

0.6

0.35

0.25

0.18

0.13

0.1

0.07

0.05

0.035

0.025

5
0.6
0.43
9.8

3.3
0.47
0.34
7.5

2.5
0.41
0.30
6.3

1.8
0.35
0.26
5.4

1.4
0.31
0.23
4.6

1.15
0.27
0.21
4.0

0.85
0.23
0.18
3.4

0.65
0.20
0.15
2.8

0.5
0.17
0.13
2.4

0.4
0.15
0.12
2.0

0.35

0.2

0.15

0.11

0.08

0.06

0.04

0.03

0.02

0.01

1.05

0.61

0.44

0.32

0.23

0.18

0.12

0.09

0.06

0.04

Now, each of the remaining items in Eq. 5.4 will be considered individually. It is
assumed that short-channel effects (SCE) dominate and the drive current (Ion) no longer
can accurately be described in terms of the classic quadratic expression, but in the form
given in Eq. 3.7 which is repeated below for convenience. Eq. 5.6 gives k(Vds), which
provides a measure of the degree of saturation.

I on = k (Vds )WC ox v sat (Vdd − Vth )
  V
ds
k (Vds ) = 1 + 
  Leff E sat
 






(5.5)

−1

(5.6)
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Cox and W are scaled according to the design rules, while vsat is assumed to
remain constant and k(Vds) is evaluated for Vds = Vdd. Vdd and Vth are scaled as shown in
Figure 5–3, which also captures the estimated effect of Drain Induced Barrier Lowering
(DIBL) on the nominal threshold voltage. DIBL is accentuated at shorter channel lengths
and higher drain voltages and it captures the reduction in the potential barrier at the
device’s source terminal due to the proximity of the drain’s depletion region [3].
However, it is important for high performance that Vdd > 3Vth, so that enough current
drive is available.

Figure 5–3: Vdd and Vth scaling across technology generations.

Finally, the number of transistors (Nt) is estimated by dividing the total die area
by the area taken by a minimum-size device with individual contacts and some spare area
around it, that was calculated as 126λ2 (λ is the minimum feature size given in Table 5–
1). This approach attempts to balance the effect of very compact structures like memories
and other structures not so regular. Figure 5–4 shows how the transistor count varies for
two cases: the first case assumes that the die size remains constant at a value of 80mm2
while the second assumes an increase of 14% in die size from one technology to the next
[67]. The first assumption comes from the fact that 0.5um designs from five years ago
and current 0.18um designs exhibit similar die sizes. This could be a practical trend as
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power density, power delivery and clock skew synchronization problems may prevent
the size increase proposed in [67].

Figure 5–4: Transistor count per die as technology scales down.

Eq. 5.7 gives an estimate of the leakage power consumption, where at the system
level, where KL is a factor that accounts for the distribution/sizing of P and N devices, the
stacking effect, the idleness of the devices and the design style used. The expression in
Eq. 5.7 is similar to that given in [54]. In a CMOS-based style, at most half the transistors
are actually leaking while the remaining are ON (resistive region).

Pleak = N tVdd I off K L

(5.7)

Transistor stacking can further reduce leakage but its net effect is hard to
determine as it depends on the actual signal states during execution. The stacking effect is
estimated by Eq. 5.8, where Nstack captures the number transistors present in optimized
leakage stacks while sstack represents the ratio of Istack/Idevice (approximately 0.1 [68])

K stack = 1 −

N stack
(1 − sstack )
Nt

(5.8)
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Conflicting with the savings due to stacking, there is additional leakage in large
non-stacked devices like clock buffers and I/O buffers. Thus, it is possible to define a
factor Kdrivers, which is expressed in a similar fashion to Kstack, with the difference that
Ndrivers captures the equivalent number of minimum-size transistors used as buffers while
sdrivers represents the average increase in width that causes a direct increase in leakage
current. The logic depth factor (LD), that provides a measure of the idleness of a gate, can
be used to estimate the portion of the clock cycle that is actually used by the devices for
state switching. That is, if LD = 5, during one fifth of the cycle period the gate is either
switching high to low or low to high, while during the rest of the cycle, the signals
remain steady at the final intended state. Eq. 5.9 uses LD for the definition of the idle
factor Kidle.
K idle = 1 − L−D1

(5.9)

In [54], experiments showed that Kstyle is around 10 for logic, while for memory
structures it is close to 1. Given that future designs (and even current designs) are equally
dominated by memory structures and logic, then the choice of Kstyle = 5 seems reasonable.
Then, the total KL factor is given by Eq. 5.10.

K L = K sizing K stack K drivers Kidle K style

(5.10)

Subthreshold conduction is not the only leakage mechanism but is by far the most
influential. Other mechanisms include increased leakage caused by DIBL effects, gate
leakage (gate oxide tunneling), Gate Induced Drain Leakage (GIDL), PN reverse bias
current leakage, punchthrough, narrow width effect and hot carrier injection [56]. For this
study, the effect of the first three mechanisms was considered. Figure 5–5 illustrates how
the various leakage mechanisms compare to each other, which reinforces the statement
that subthreshold conduction is the dominant mechanism.
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Figure 5–5: Leakage mechanisms comparison.

Eq. 5.11 was used to estimate subthreshold leakage [69], where µ is the carrier
mobility, φT is the thermal voltage (= KT/q) and Cdep is the capacitance of the channel
depletion region. In the above plot, the subthreshold leakage current per transistor is
calculated for both Vth at Vds = 0 and Vth at Vds = Vdd, with the latter capturing the DIBL
effect of reduced Vth.
I sub =

V −V 
µCoxW
(η − 1)φT2 exp gs th 
Leff
 ηφT 

where

η = 1+

Cdep
Cox

(5.11)

For gate leakage only the effects of direct oxide tunneling are considered, as the
effects of Fowler-Nordheim (FN) tunneling were found to be basically negligible for the
technologies studied. This was expected because FN tunneling normally occurs at higher
field strengths [3] than those present in the cases studied. The direct tunneling current
density was calculated using Eq. 5.12 [70], where Adt is calculated as 6.17uA/V, Bdt is
5.52/nmV½ and φB is the oxide energy barrier (= 3.25V). The impact of GIDL has been
difficult to quantify, but initial estimates indicate its influence as basically insignificant.
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J dt _ tunn =

[

(

)

(

Adt
φ dt exp − Bdt Tox φ dt − φ B exp − Bdt Tox φ B
Tox2

)]

where

φ dt = φ B −

Vox
2

(5.12)

Figure 5–6: Active and leakage on-chip power for constant die size.

Figure 5–7: Active and leakage on-chip power for increasing die size.

Now that all the significant contributors have been analyzed, both the active and
leakage power components can be estimated. Figure 5–6 and Figure 5–7 illustrate how

94
dynamic and static (leakage) power vary across the technologies considered. Only the
influence of subthreshold currents has been captured as they are the dominant leakage
mechanism. The impact of DIBL is more significant in increasing leakage power than
active power.
Further, the effect of temperature has also been captured.

It is known that

mobility decreases as temperature increases but this effect is minimized as the doping
density increases [32] which is expected as technology scales [53]. The threshold voltage
is also affected by temperature changes, in particular those on φF, which represents the
voltage difference between the intrinsic energy level and the Fermi level. The total net
impact on φF is difficult to visualize since temperature increases both the intrinsic carrier
concentration (ni) and the thermal voltage (φT) and these changes have opposite effects as
Eq. 5.13 shows [55], where Na represents the doping concentration.
N 
φ F = φT ln a 
 ni 

(5.13)

In general, the net effect is a reduction in φF, which translates into a lower
threshold voltage. The assumption here is that this effect (which increases Ion)
compensates with any possible changes in the mobility, so that no adjustments are
required for the active component of power. This is also justified given that scaling of Tox
is expected to reduce the effect of temperature in Vth [3]. In terms of subthreshold
leakage, besides the decrease in φT, the transistor log(Ids) versus Vg subthreshold slope
(St) increases linearly with temperature. It has been shown [1] that St has not increased
(and is not expected to increase) as technology scales due to scaling of Tox and
improvements in doping profiles. These effects are captured in Eq. 5.11 where φT is
calculated at the new temperature of 1000C (3730K). These effects are captured in Eq.
5.11 where φT is calculated at temperatures of 1000C (3730K) and 1500C (4230K). Note in
Figure 5–6 how the leakage power contribution doubles when the temperature increases
from 1000C to 1500C.
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Figure 5–8: Total power variation for the two die size cases.

Figure 5–9: Power densities for non-scaling die size.

The default case assumes the presence of DIBL effects and an operating
temperature of 1000C, although temperatures of 1500C are already observed in some
current designs and may become standard in the near future, if cooling mechanisms are
not significantly improved. Figure 5–8 shows the total power and Figure 5–9 shows the
power density variation across technologies, which provides a first possible solution to
keep power down to reasonable levels: limit the die size. Efficient temperature-control
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mechanisms, if obtainable, can compensate for the heat incurred with larger die sizes
that may be required in highly integrated systems.
In addition to the above mentioned design constraints (die size and operating
temperature), the process technology will also provide means for limiting power
consumption. In particular, there are two technology enhancements that have a strong
impact in both power and performance and are expected to become standard in
mainstream CMOS products within the next five years [71].

Figure 5–10: Leakage mechanisms comparison after incorporating technology
improvements.

The first improvement requires replacing the material commonly used to build the
gate oxide (SiO2), with materials with a larger dielectric constant (high-K materials). For
the small dimensions of future oxide layers, the thickness of the inversion layer beneath
the oxide makes the apparent electrical thickness (measured by finding Cox) significantly
larger than the actual physical thickness. It has been shown that the electrical thickness
can be from 0.5nm up to 1.0nm greater than the physical thickness [72]. Thus, it seems
very likely that after the 0.13um generation, gate oxides will be fabricated with high-K
materials, which will allow maintaining the physical thickness at an approximately
constant value, while the electrical thickness is reduced. These materials are also
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expected to dramatically reduce gate leakage for the same physical oxide thickness,
due to a higher oxide energy barrier (φB), as shown in Figure 5–10.
Quantum-mechanical models, that consider the effects of the inversion layer, have
been formulated recently [73, 74] and can accurately estimate the electrical thickness
from the Cox measurements (C-V curves) with reported values within 0.1nm of the real
physical thicknesses. These models have also estimated the discrepancy between the
electrical and physical thicknesses to be about 0.3nm, for thin oxides (below 4nm).
Although the model given in [74] cannot be easily tuned to obtain the leakage currents
for the technologies studied, it is important to perform an estimation of the effect on the
apparent thickness of the oxide as technology scales. Thus, based on a maximum
deviation of 0.3nm for a 0.025um technology, rough but small adjustments were
performed on the used tox values (see Table 5.1) to reflect an increase in the gatetunneling currents for technologies that require ultra-thin oxides (0.18um and below).
Figure 5–10 shows how the corrected estimates of gate leakage will still be negligible if
high-K oxides are used, which as mentioned, are expected to become standard in the near
future.

Figure 5–11: Impact of SOI and high-K dielectrics in the leakage system power (constant
die size)
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The second improvement is the replacing of bulk CMOS by SOI (Silicon On
Insulator). It seems likely that a majority of the industry will be using SOI for 0.1um
processes and beyond. SOI has a significant impact on power by virtually eliminating the
diffusion capacitance and allowing for steeper subthreshold slopes. In particular, the
subthreshold slope is given by ST = ln(10)η.φT [3]. For bulk CMOS, η is around 1.4
which, at 100OC, leads to a subthreshold slope of about 100mV/decade. In SOI, η is
close to 1, such that ST becomes 75mV/decade. Figure 5–10 shows how subthreshold
leakage is effectively reduced with the use of SOI. Figure 5–11 captures the impact of the
mentioned improvements on the total system power. It is assumed that dynamic power
remains the same as in the bulk CMOS case, although the operating frequency is higher.
In the optimum case (when DIBL effects are completely minimized by SOI), leakage is
always less than active power for the technologies considered. But as process variations
continue to influence the device parameters, the actual effect is not as ideal but translates
into delaying the surge of leakage power by one technology generation (i.e., for this
study, from 0.035um to 0.025um, as shown in Figure 5–11).
The above discussion of technology impact on leakage is not expected to be
comprehensive but merely informative, so that a more realistic view of the problem can
be taken. The assumption of gate leakage being negligible compared to subthreshold
conduction remains and the impact of SOI will be captured later, when the role and extent
of leakage reduction techniques is discussed.

5.2 Effects of scaling in clock power consumption
Now that models that effectively capture the influence of scaling on power
consumption are available, the proposed clock model can be used to predict how the
contribution of clock power will change in future technologies. The base design used for
this evaluation assumes that the die size does not scale with technology following
observations made earlier. In addition, this eliminates the need to consider more
complicated clocking mechanisms as it has been formulated that if the die size remains
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constant, tree-based clock distribution networks can be used well into the deepsubmicron regime [23]. Since the total clock power depends on the presence or not of
various structures as well as the architectural parameters associated with them, further
assumptions need to be made in order to allow the model to be applied. The architectural
trends for structures like on-chip memory, number of pipelines, etc., are formulated such
that the numbers obtained closely match the characteristics of commercial medium to
high end products fabricated in current (i.e., 0.18 and 0.13um) and older technologies
(0.6, 0.35 and 0.25um). In particular, the LD and Act factors described earlier are used as
indicators of how the architectures are expected to evolve so that estimates of all required
parameters can be determined. The basic assumptions made were:
•

The total chip area was divided according to the type of circuitry implemented on it either logic or memory. The amount of area required by the logic was estimated from
the amount of area required in the preceding generation as given by Eq. 5.14, where
SL is the scaling parameter as defined in Appendix E and the subscripts _p and _c
refer to the previous and current technologies, respectively.
 LD _ p   Actc 
⋅

Alog ic _ c = Alog ic _ p ⋅ S L2 ⋅ 
 L   Act 
D
_
c
p

 


•

(5.14)

The area used for memory structures was assumed to be the remaining available area
(Amem = Adie – Alogic). The total possible on-chip memory storage capacity was
estimated using Eq. 5.15, where Karray is a factor that accounts for additional control
circuitry. Note that this factor considers all on-chip user controlled memory (i.e., L1,
L2 and L3 caches).
 Amem _ c
Sizemem _ c = Sizemem _ c 
A
 mem _ p


 ⋅ K array



(5.15)
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•

The data width was doubled every three generations while the total addressable
memory space was scaled proportional to the scaling of the on-chip memory. In this
way, the address bus width can be estimated. The size of the register file increases
following the increase in Act, such that doubling of the register file occurs every
generation. Once pipelining is exhausted, the number of ports also increases with Act.
Similarly, the TLB size increases with the estimated increment of the L1 caches.

•

The datapath width increased with the data width. The number of pipeline stages
increased proportionally to the decrease of the logic depth (LD), while the number of
pipelines (execution paths) increased proportionally to the change on Act.

•

Additional memory structures such as branch history tables, issue windows, scratch
pad memory, etc, were assumed to be proportional to the on-chip memory estimated
earlier, but considerable smaller. Similarly, in order to consider dynamic logic, Eq.
5.16 provides an estimate of the fraction of transistors that are actually a load to the
clock network. In the equation, Kdyn captures the fraction of the logic that is actually
implementing functional units (not pipeline registers or embedded memory
structures), Kgates represent the number of those devices that are implemented with
dynamic gates while Kdevices gives the fraction of clocked transistors per gate. This
estimate is rough but it is used to provide a more complete picture. For now, it will be
assumed that both high-performance dynamic CMOS and an all-static CMOS
implementations are possible, with the latter incurring no dynamic circuitry load in
the clock network.
L

A 
NTdyn _ c = NT  log ic  K dyn K gates _ p  D _ p  K devices
L 
 Adie 
 D_n 

(5.16)

For all the loads described so far, the size of the required buffers was calculated as
described in Chapter 2 and then used to estimate the total buffer load. For the clock
distribution, an H-tree was assumed for all cases with the number of levels in the tree
increasing if the number of gates within the area of a terminal point doubled. Table 5–2
shows how key architectural parameters change according to the assumptions presented.
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Table 5–2: Behavior of various architectural parameters.
Feature \ Tech.
Arealogic (%)
Memory (kB)
Data Width
Execution Paths
Dyn. Logic (%)
H-tree levels

0.6
80
32
32
4
0.05
6

0.35
77
64
32
5
0.07
7

0.25
61
96
32
6
0.1
7

0.18
48
192
64
7
0.14
8

0.13
38
384
64
8
0.2
8

0.1
33
640
64
9
0.25
9

0.07
23
1280
64
10
0.3
9

0.05
15
2304
128
13
0.36
10

0.035
15
4096
128
17
0.43
10

0.025
16
6656
128
23
0.52
11

As mentioned earlier, a high-performance system with aggressive use of dynamic
logic and an embedded-system-oriented processor that uses only static CMOS are
considered. The first task is to determine the role of the clock in the power budget of
future designs. Figure 5–12 captures the percentages of clock power for the two cases
with respect to both the total chip power and the dynamic component. It can be observed
that in both design cases, clock power will remain a significant portion of the chip power
as long as dynamic power dominates. When leakage power becomes significant (beyond
the 0.1um feature size), the contribution of the clock to the total power begins to decrease
because the clock leakage contribution is less than 1% of the total leakage power.

Figure 5–12: Expected clock power contribution to the total dynamic and on-chip power
without utilization the leakage reduction techniques.
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Figure 5–13: Expected clock power contribution to the total dynamic and on-chip power
with the utilization the leakage reduction techniques.
Figure 5–13 shows that with the application of effective leakage reduction
schemes (both during run-time and at design-time) that result in a projected 25% decrease
on leakage power from one technology to the next, the clock power contribution remains
significant. It should be noted that proposed practices like dual-edge-triggered logic will
certainly help maintain the contribution of clock power in the range of 30% to 50% of the
total power.
Figure 5–14 shows the relative contribution of the various loads to the total clock
load for the embedded case, while the absolute distribution for the high performance case
is shown in Figure 5–15. In general, the relative contributions remain basically constant
across all technologies considered (for the high-performance case, the dynamic logic
maintained a very stable contribution of about 25%). This is reasonable given that, as the
architecture evolves, all the system resources are expected to grow in a way such that
they balance each other. If the architecture is not updated from one technology to the
next, the relative contributions change as the interconnect capacitance increases while the
parasitic capacitance associated with active devices decreases with the feature size. But
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in the case portrayed here, since complexity is captured, the effects tend to
compensate for each other, resulting in the distribution shown in Figure 5–14.

Figure 5–14: Relative clock effective capacitance breakdown for the all-static CMOS
logic case.

Figure 5–15: Absolute clock effective capacitance breakdown for the dynamic CMOS
logic case.
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Figure 5–15 shows that the total clock load increases with technology, providing
a clear picture that the increase in the number of loads overwhelms the potential
reduction achievable by the scaling of the parasitic capacitances. In this way, it is clear
that an almost constant clock load distribution does not mean a constant total clock load.
In general, the impact of interconnect is captured as structures with lots of wires increase
their contribution with respect to those that are dominated by the capacitance of active
devices (i.e., memory structures vs. pipeline registers). Although the buffer capacitance is
basically due to transistors, its contribution remains basically constant since the increase
in the driven loads compensated for the scaling of the feature size.

5.2.1 Scaling of interconnect capacitance
As mentioned earlier, the wire capacitance is expected to increase as technology
scales due to the increase of the interwire capacitance as a consequence of the reduction
of the minimum possible wire separation.

Figure 5–16: Trends of the interconnect capacitance components.
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Figure 5–16 shows how the parallel plate (which includes the both the area and
fringe contributions) and interwire components of the interconnect capacitance vary as
technology scales. It can be seen that although the parallel plate component decreases, the
influence of the interwire component increases the total capacitance. In the worst possible
case, the wire under consideration is surrounded by the two other lines, which are
separated by the minimum possible distance. The figure also shows the coupling
capacitance if only one line is present, which is also considerable.
Figure 5–17 shows the expected relative behavior of the various parasitic
capacitances. The wire capacitance is estimated for both local (length is proportional to
the minimum feature size - λ) and unit-level interconnection (length is set to 1um for
fixed die size). It can be seen that the local interconnect scales with the other parasitics
but becomes more important than the diffusion capacitance after the 0.1um technology.
On the other hand, for the same technology, the 1um-long wire capacitance becomes
larger than the gate capacitance. This clearly illustrates the problems incurred when very
large interconnect networks are required and emphasizes again the importance of using
global interconnects sparingly.

Figure 5–17: Trends of the technology-defined parasitic capacitances.
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Now that the impact of the various contributors of the wire capacitance has been
analyzed, Figure 5–18 shows the expected increase of both the interconnect and
transistor generated clock loads, including the case where the design has only static gates.
It can be seen that for the high-performance design, both components increase in a
similar fashion while maintaining their relative contributions at an almost constant level.
In contrast, for the embedded design, the interconnect component dominates. The
estimates consider the nature of the capacitance that determines the load size rather than
how the actual load is implemented. For instance, in the memory structures, the load due
to precharge transistors is captured as both interconnect and active capacitance because
the transistors’ sizing is determined by wires and diffusion capacitances in the bitline.

Figure 5–18: Sharing of total clock capacitance among interconnect and active device
generate loads.

The only structure whose load is entirely determined by interconnect is the toplevel distribution network. Given the two topologies considered so far (trees and grids), it
is of interest to study whether either of these should be favored when systems are
implemented in the deep submicron regime. It was found that the interwire capacitance
is, for all designs in the various technologies, at least two orders of magnitude less than
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the parallel plate component. This is expected as the separation between the wires at
this level can be measured in tenths of µms, distance enough to yield the interwire
capacitance negligible. Figure 5–19 shows the total distribution network capacitance for
grids and trees. Both topologies behave similarly and trees are only marginally better than
grids for future technologies while the opposite happens in earlier ones.

Figure 5–19: Total network capacitance of two possible topologies.

5.2.2 Scaling of leakage power
Although, leakage will become a major power consumption mechanism in future
designs, very little can be done in the clock network to reduce its total leakage
contribution. The only sources of leakage in the network are the buffers and the clock
generation circuitry. While the drivers are very large devices, it was found that for all
technologies considered, the share of the clock power that is due to leakage is at most
2.5%, which occurs for the 0.025um technology (see Figure 5–20). Furthermore, the
contribution of the clock network to the total leakage power is never larger than 0.4%.
Even in the case when leakage reduction schemes are applied, this contribution is still
less than 2%. Thus, it is clear that as important as leakage will become in the future, it
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will have little impact in the way that the power is consumed on the clock network.
Even though techniques like stack forcing [68] can be used to reduce leakage in buffers
by giving away speed, the focus in reducing leakage should be maintained in the bulk of
the logic and the memory structures. Appendix F presents a brief analysis of the impact
of stack forcing on the design of clock buffers.

Figure 5–20: Relative clock leakage power contribution to the total clock power and onchip leakage power.
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Chapter 6

CONCLUDING REMARKS .

6.1 Summary of contributions
In this work, a complete energy model that covers both the clock distribution and
clock generation circuitry was derived. It includes parametric equations for the most
common types of loads present in the clock network, including memory structures,
registers, buffers and the clock generation device (i.e., a Phase-Locked Loop). The
average error (across all components) with respect to circuit-level simulations was less
than 10%.
Understanding the importance of a more detailed PLL power model for evaluation
of DVS systems and clocking mechanisms on SOC designs, additional research provided
accurate equations for PLL power estimation during both the locked and acquisition
states. The validation was required not only for the models but also for the circuit
parameters like the VCO gain, the filter resistance, among others. The average error
deviation of the calculated values with respect to SPICE simulations was always below
5% for both the parameters and the actual models.
By evaluating the impact on clock energy of design-time choices, the
effectiveness of the model was corroborated. It was shown that when the clock timing
requirements are relaxed (i.e., a slightly smaller memory or a slower buffer are allowed)
significant savings in clock power could be obtained. Additionally, for the evaluation of
the influence of architectural and topology-related design alternatives on clock energy,
the model was incorporated on a cycle-accurate energy simulator such that valuable
observations could be obtained from dynamic (runtime) experiments.
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A detailed framework that predicts the ‘scaling’ of architectural features was
formulated and used in conjunction with already proposed technology scaling parameters.
In this way, the impact of technology scaling on the clock network could be evaluated
after accounting for the changes in architecture design and optimizations in the process
technology.
This work also provides contributions for the development of techniques for
leakage power reduction, which is now a big concern, as discussed in Chapter 5. In
particular, the feasibility of using PLLs in power supply gating strategies is briefly
discussed in Appendix D. Power supply gating schemes can be considered an extension
of clock gating and could be applied in parallel, such that dynamic power savings are
accompanied with leakage power savings. The feasibility of such a scheme remains an
issue of future research.

6.2 Summary of results
The most important results obtained are listed but they could be much more if
further research is performed using this work as basis.
•

The memory subsystem was found to heavily affect clock energy due to two

conflicting aspects caused by variations in the cache size and/or associativity: the clock
load increases directly with size and associativity while the number of clock cycles
decreases due to improved cache hit rates and a consequent reduction in stall cycles.
Optimum cache configurations (2-way), that minimize both clock and on-chip energy,
were found for variable associativity, even when the contributions of other units (i.e.,
caches) were not at their minimum. In contrast, when varying cache size, even though
clock and cache energy could not be optimized simultaneously, the total on-chip savings
are determined by the cache energy behavior.
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•

Low power cache configuration schemes like block buffering and cache sub-

banking were modified to reduce clock energy in addition to the primary goal of reducing
cache energy. The pre-charge circuits of the modified caches were disabled at noperformance cost in the sub-banking case as opposed to a single cycle penalty on a block
buffer miss in the block-buffering optimization. These optimizations result in average
clock energy savings of 14% and 24% for the block buffering and cache sub-banking
schemes, respectively. However, the block-buffering scheme had lower energy per cycle
than the sub-banking scheme. This illustrates the need to apply the optimizations based
on the need of the system such as prolonging battery life or reducing cooling
requirements.
•

Clock gating at a finer granularity was found to yield clock energy savings as

significant as those obtained with higher levels of gating. In particular, for the base
configuration of the architecture, low-level gating energy reductions were 18% on
average, while mid-level and high-level gating clock energy savings were 18% and 5%,
respectively. The trade-off relates load size and activity, such that the savings depend on
the size of the load and how often it is gated.
•

The clock generation and the main distribution network of the clock were found to

consume a smaller portion of the clock power budget, which explains the results obtained
above. This is consistent with data provided by recent publications in the field [23],
providing another proof of the accuracy of the model.
•

Memory-oriented compiler optimizations influenced clock power in two conflicting

ways: the number of executed instructions increased after optimization due to more
complex loop and array indexing functions while the number of memory stall cycles
decreased after optimization due to better cache performance. When gating is applied
during stall cycles, the optimized code usually increased the clock energy as the increased
number of execution cycles dominates the energy consumed during stall cycles. The
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overall on-chip energy increased after optimizations, while off-chip and overall
system power reduced.
•

PLL power during lock acquisition is strongly dependent on the PLL implementation

and the magnitude of the frequency step applied (or caused by changing N), but is within
±5% of the power consumed by the PLL once it reaches lock at the target frequency.
This overhead corresponds basically to the energy delivered to the loop filter by the
charge pump.
•

Although, leakage power will play a major role at some point in the future, it will not

be the dominant contributor to the total clock power. The relative contributions of the
various clock loads will remain constant while the absolute total clock load will increase
with every technology generation.
•

As leakage begins to dominate, the clock role in the total power budget begins to

weaken. But as aggressive leakage reduction techniques and technology improvements
will be incorporated in the near future, the clock power will remain a big contributor to
the total system power.
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Appendix A

ABBREVIATIONS

.

For the sake of convenience, the abbreviations used in this thesis are listed here
although they have been defined throughout the manuscript.

________________________________________________________________________
Abbreviation
Meaning
________________________________________________________________________
CMOS

Complementary Metal-Oxide Semiconductor

DIBL

Drain Induced Barrier Lowering

DVS

Dynamic Voltage Scaling

DSP

Digital Signal Processor/Processing

EPC

Energy Per Cycle

FDIV

Frequency Divider

FP/FPR

Floating Point / Floating Point Registers

GIDL

Gate Induced Drain Leakage

GP/GPR

General Purpose / General Purpose Registers

ILP

Instruction Level Parallelism

L1/L2/L3

Level 1 / Level 2 / Level 3 Cache

NMOS

Negative-channel Metal-Oxide Semiconductor

NP

Network Processor

PFD

Phase-Frequency Detector

PLL

Phase-Locked Loop
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________________________________________________________________________
Abbreviation
Meaning
________________________________________________________________________
PMOS

Positive-channel Metal-Oxide Semiconductor

RISC

Reduced Instruction Set Computer

RT/RTL

Registrar Transfer / Registrar Transfer Level

SCE

Short-Channel Effects

SOC

System On a Chip

SOI

Silicon on Insulator

SPICE

Simulation Program for Integrated Circuits Emphasis

SRAM

Static Random Access Memory

TLB

Translation Look-aside Buffer

TSPC

True Single Phase Clocking

VCO

Voltage Controlled Oscillator

VLIW

Very Long Instruction World
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Appendix B

SCALING OF THE SHORT CIRCUIT POWER

.

The inverter’s short-circuit power was given as Eq 2.10, but is repeated as Eq B.1.
Experiments without considering supply voltage scaling were performed, which,
according to Eq. B.1, should result in an increase in short-circuit power. This equation
was used to estimate short-circuit power for the PFD and FDIV under the condition that
the power supply is always 3.3V for all technologies. The obtained results are shown in
Table B–1. The percentage variation was calculated with respect to the SPICE power
measurements, which include the short-circuit contribution. It appears that the cubic
factor increment on the (Vdd-2Vth) difference dominates over the reduction on τ while
variations on k also contribute to the estimates obtained. This analysis was performed in
response to relatively large error margins found between the model and SPICE power
values and provided an effective error reduction of 8%. To avoid this unnecessary
additional correction, supply voltage scaling must accompany technology scaling.

Pshort −circuit / inverter =

k
(Vdd − 2Vth )3 τ
12
Tclk

(B.1)

Table B–1: Short-circuit power estimates for a constant supply scenario.
Tech. (um)
0.8
0.5
0.35
0.25

P short-circuit (W)
2.02E-05
1.33E-05
1.38E-05
2.18E-05

PFD
% of total Power
12
11
14
22

P short-circuit (W)
2.03E-05
1.33E-05
1.38E-05
2.19E-05

FDIV
% of total Power
11
11
15
23
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Appendix C

PLL DESIGN EXAMPLE

.

In order to better understand the trade-offs involved, the steps followed during the
definition of the base PLL design are presented. First, it is crucial to guarantee the
stability of the loop, which is achieved by guaranteeing the condition given in Eq. C.1.

ωn ≤

ωlowest − operating − frequency
10

(C.1)

Since the design is intended to be a frequency multiplier, the lowest operating
frequency is clearly the input reference, which does not change and is very stable. Any
possible changes occur in the feedback path of the loop when the division factor (N) is
varied to provide a certain output frequency. Changes in N can be expressed as changes
in the input (fext) as given below.

 1
1 

∆f ext = f vco −old 
−
 N old N new 

(C.2)

The input reference frequency is 40MHz and a counter (divider) gives
multiplication factors of 2, 4, 8 and 16. A non-differential 5-stage VCO is used (Kv =
390MHz/V), which provides the desired frequency range. Some of these requirements are
similar to those in the clock design of the DEC SA-110 processor [42]. After replacing ωn
in the stability condition, Eq. C.3 is obtained. Note the dependence with N, which
changes with the desired operating frequency. It is also of interest that C and ICH have a
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linear relationship, which means that a smaller C (less area) will require a smaller ICH
(less power consumption).
C≥

100KV I CH
I
= 6.18 × 10 −7 CH
2
(2π ⋅ 40MHz) N
N

(C.3)

In order to minimize the overshoot, ξ is set to the optimum value (0.707), which,
after some manipulation and using Eq. C.3, results in Eq. C.4.

RICH =

4 N 2ξ 2
= (0.09089) N
(6.2 × 10− 7 ) KV

(C.4)

Where, again, the dependence on N is found. Using N = 2 for Eq. C.3 (worst case
condition) and N = 4 for Eq. C.4, the following vales are obtained (ICH = 50uA).
C = 15 .5 pF

;

R = 7271.20 Ω

Figure C–1: Snapshot of the lock acquisition process.

(C.5)
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To implement these elements, an area of approximately 3483.1um2 is required for
C while the resistor needs the following dimensions for the devices used: for the N
transistor W = 6, L = 5 and for the P transistor W = 24, L = 5. The simulation confirms
the correctness of the design, as shown in Figure C–1. The top plot shows the variation in
the capacitor voltage as the divider factor N is changed first from 2 to 4 and then to 8.
The control voltage is superimposed. It is clear how the damping factor (ξ) decreases
with increasing N. The bottom plot shows details of the acquisition process.
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Appendix D

PLL DESIGN ISSUES AND APPLICATIONS

.

In Chapter 3, it was found that ωn and ξ depend on (1/N) while KV changes
slightly with frequency and R might also do so. Then, it will be of interest to find a way
to try to compensate for these variations so that the above parameters remain unaffected.
One simple way to do this is by adjusting the charge pump current by an amount directly
proportional to the change in the division factor. So, when N is doubled from 2 to 4, ICH
is also doubled to 2ICH and some additional fine-tuning can also be included to
compensate for some of the other non-linearities mentioned. The same control signals
that determine the value of N can be used to change the charge pump bias reference
voltage.

Figure D–1: Power consumption with adaptable ICH.
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Figure D–1 presents the power consumption breakdown if the above
mentioned technique is used with the base design and ICH takes a value of 12.5uA, 25uA
or 50uA, following the frequency increase from 80, to 160 to 320MHz. Again, the price
to pay for a constant acquisition time is a larger power consumption and this technique is
only useful when the frequency change is determined by a change in N.
In addition to the use of the PLL as a frequency synthesizer for DVS systems, it
could also be used for power supply regulation [40] and for leakage reduction by power
supply gating. In this way, one single device can provide all the basic support required to
implement a DVS scheme. The basic idea is to use the capacitor voltage (Vc) as a
reference, as shown in Figure D–2, while a voltage follower provides the current required
by the target load unit for normal operation. Since the VCO frequency tracks the
variations in Vc, it is possible to couple these two variables in a way that, for the
frequency currently being generated, the reference voltage equals the desired supply
voltage for all the units that operate at the mentioned frequency.

Figure D–2: The PLL as a voltage regulator.

Using such a scheme, leakage reduction is possible at various levels of
granularity, as presented by Figure D–3. Consider a System-on-a-Chip (SOC) design in
which many functional units are present. At a higher level, the supply voltage of each
core can be shut down whenever the processing unit is not being used so that leakage can
be minimized. At a lower level of granularity, the technique can also be applied inside a
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processing core so that the PLL remains active, while the individual buffers that
provide power to functional units inside the core are disabled. In this way, additional
leakage power savings are achieved by taking advantage of the idleness of certain
components in the core. No significant power overhead is incurred since the PLL is
shared among all the units and its overhead is calculated at the processing unit level. For
further details, the reader is referred to [50].

Figure D–3: A multi-level power supply gating scheme.
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Appendix E

SCALING PARAMETERS

.

Table E–1 provides a brief summary of the scaling factors used in the experiments
presented in Chapter 5, while Table E–2 lists the key technology parameters calculated
using the scaling factors mentioned. For further details, please refer to [53].

Table E–1: Summary of scaling parameters.
Scaling Parameter

Calculated as

SL

= Leff_p/Leff_c

Stox

= SL

SVdd

= SL0.78

Ssub

= SL1.27

Svto

= SL0.44

Svtdibl

= SL0.52

Seta

= (SVdd* Stox)/(Svtdibl*SL3)

0.71
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Table E–2: Scaling of technology parameters.
Technology Feature

Calculated as

Oxide Thickness

t ox _ c =

Threshold voltage at Vds = 0

Vth _ c =

Bottom junction capacitance
Sidewall junction capacitance
DIBL factor
Equivalent ∆Vth due to DIBL effects
Power supply scaling

t ox _ p
S tox
Vth _ p
S vto

C j _ c = C j _ p S sub
C jsw _ c = C jsw _ p

S sub
SL

η _ c = η j _ p S eta
∆Vth _ c = ∆Vth _ p S vtdibl
Vdd _ c =

Vdd _ p
SVdd
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Appendix F

LEAKAGE-AWARE CLOCK BUFFER DESIGN

.

Techniques like stack forcing [68] can be used to reduce leakage in buffers that
drive clock signals (buffers that drive I/O signals can also be optimized). The idea is to
prevent the input capacitive load from changing while the devices are stacked as shown
in Figure F–1.

Figure F–1: The principle of stack forcing

If symmetric rising and falling times are needed, both P and N devices should be
stacked. This obviously has a negative impact on the timing characteristics of the buffer
and the design equations need to be modified to account for this. By halving the transistor
width, the current driving capability is also halved, which means that the effective
increasing factor per stage reduces from u to (u/2). Being that x is the ratio of the output
to the input capacitance in the chain (i.e., x = Cout/Cin), the required number of inverter
stages changes to Eq. F.1.
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N new =

ln( x)
ln( x)
ln(u )
=
= N old
ln(u / 2) ln(u ) − ln(2)
ln(u ) − ln(2)

(F.1)

Since u will normally be larger than 2, this implies an increase in the number of
stages Nnew, from the case where stack forcing is not used (Nold). For the optimum case of
u=3, stack forcing translates into a 171% increase in N (almost a tripling). This clearly
emphasizes the importance of balancing the possible savings in leakage power with the
incurred overheads in dynamic power.
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Appendix G

COPYRIGHT INFORMATION

.

Some of the material in this thesis has already been partially published, although
in no case, the presented material exactly resembles any of the manuscripts listed below.
In order to comply with the requirements of the publishing entity, a copy of the IEEE
copyright form is included, from which it is clear that the author can freely reuse all or
portions of the published work, but third parties are required to obtain clearance from the
IEEE Copyrights Permissions Office for reprinting, republishing, or other types of re-use.

Publications (or manuscripts expected to be published soon) from which substantial
portions were extracted for use in this thesis are listed next:
•

Duarte D., Vijaykrishnan, N. and Irwin, M.J., “Impact of Technology Scaling in the
Clock System Power”, To appear in the proceedings IEEE Annual Symposium on
VLSI (ISVLSI), April 2002.

•

Duarte D., Vijaykrishnan, N. and Irwin, M.J., "A Complete PLL Power Consumption
Model", To appear in the proceedings of the Conference on Design, Automation and
Test in Europe (DATE), March 2002.

•

Duarte D., Vijaykrishnan, N. and Irwin, M.J., "Power, Energy and Timing
Characterization of VLSI Charge-Pump Phase-Locked Loops", Submitted for
publication in the IEEE Transactions on Circuits and Systems (CAS)– Part I.

•

Duarte D., Tsai, Y, Vijaykrishnan, N. and Irwin, M.J., "Evaluating Run-time
Techniques for Leakage Power Reduction", Proceedings of the 7th ASP-DAC / 15th
International Conference on VLSI Design, pp. 31-38, Jan. 2002.
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•

Duarte D., Vijaykrishnan, N. and Irwin, M.J., "A Clock Power Model to Evaluate
Impact of Architectural and Technology Optimizations", Submitted for publication in
the IEEE Transactions on Very Large Scale Integration (VLSI) Systems.

•

Duarte, D., Vijaykrishnan, N., Irwin, M.J. and Kandemir M., "Evaluating the Impact
of Architectural-level Optimizations on Clock Power", Proceedings of the 14th IEEE
ASIC/SOC Conference, pp.447-451, Sept. 2001.

•

Vijaykrishnan, N., Kandemir, M., Irwin, M.J., Kim, H.S., Ye, W. and Duarte D.,
"Evaluating Integrated Hardware-Software Optimizations using a Unified Energy
Estimation Framework", To appear in the IEEE Transactions on Computers.

•

Duarte, D., Vijaykrishnan, N., Irwin, M.J. and Kandemir M., "Formulation and
Validation of an Energy Dissipation Model for the Clock Generation Circuitry and
Distribution Networks", Proceedings of the 14th International Conference on VLSI
Design, pp. 248-253, January 2001.

•

Duarte, D., Irwin, M.J. and Vijaykrishnan, N., "Modeling Energy of the Clock
Generation and Distribution Circuitry", Proceedings of the 13th Annual IEEE
ASIC/SOC Conference, pp. 261-265, Sept. 2000.

Other published work that is only marginally used and related to this work, includes:
•

Zhang W., Vijaykrishnan, N., Kandemir, M., Irwin, M.J., Duarte, D. and Tsai, Y.,
"Exploiting VLIW Schedule Slacks for Dynamic and Leakage Energy Reduction",
Proceedings of the 34th Annual International Symposium on Microarchitecture
(MICRO’01), December 2001.

•

Hezavei, J., Vijaykrishnan, N., Irwin, M.J., Kandemir, M. and Duarte, D., "Input
Sensitive High-level Power Analysis", Proceedings of the 2001 IEEE Workshop on
Signal Processing Systems (SiPS), pp. 149-156, Sept. 2001.

•

Duarte D., Hezavei, J. and Irwin, M.J., "Power Consumption & Performance
Comparative Study Of Logarithmic-time CMOS Adders", Proceedings of the 2000
IEEE Workshop on Signal Processing Systems (SiPS), pp. 467-476, October 2000.
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