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Abstract. In this paper we present the effect of process variations on the design
of clocked storage elements. This work proposes to use the Energy-Delay space
analysis for a true representation of the design trade-offs. Consequently, this
work also shows a comparison of clocked storage elements under a specific set
of system constraints for typical corner design and high yield corner design. Fi-
nally, we show that designing for high yield can affect the choice of topology
in order to achieve energy efficiency.

1 Introduction

The impact of process variations on Clocked Storage Elements’ (CSEs) energy and
delay is dependent on the sizing of the individual transistors [12]. Hence, evaluating
the effect of process variations to a specific CSE topology requires a complete analy-
sis in ED (Energy-Delay) space [15]. This analysis is then extended across a set of
topologies for purpose of comparison. Several methods have been used to compare
CSEs in terms of performance and/or energy [1][2][7]. The transistor tuning optimiza-
tion is usually done for a given objective function or metric such as EDP (Energy-
Delay Product) or Power Delay Product [1][7], and, more recently, generalized with
cost function approaches [2]. However, in these cases, results are shown as a single
optimum design solution and the quality of the designs is quantified using a single
metric. This approach can be misleading as it fails to show all performance versus
energy tradeoffs that a particular topology offers. Typically, the process of designing
CSEs in mainstream high performance and low power processors starts with the
choice of a topology accordingly to a rough performance and power requirements
estimates. Only then, when the choice is made, transistor sizing can help meeting the
energy or delay target and finally process corner variations are taken in account. In
this work, the objective is to show that taking process corner variations in account can
change the topology selection. This analysis reveals the impact of high yield design
on an envelope of high-performance and low-power CSEs in their best energy effi-
cient configurations.
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2 Efficient Energy-Delay Approach
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Fig. 1. Energy efficient designs for a single CSE topology through transistor sizing with fixed
input/output load at the typical process corner

For a specific CSE topology, there is only one combination of transistor sizes that
yields minimum energy for a given delay. As the entire design space is explored, a
subset of combinations remains that represents the configurations that yield the small-
est energy for each achievable delay. This subset is referred to as the energy efficient
characteristic for a CSE [2]. Fig. 1 shows such characteristic where the D-to-Q delay
represents the minimum achievable delay which occurs at the optimum setup time and
the average energy is calculated for 25% data activity with a Ins clock period. As
shown in Fig. 1, from this characteristic, a wide range of ED points are possible. For
the low energy sizing solutions, the delay has a high sensitivity to the transistor siz-
ing, and for the high speed sizing solutions, the energy has a high sensitivity to the
transistor sizing. Fig. 1 shows that the minimum EDP, typically used as an ad-hoc
energy-performance tradeoff metric, is achieved for a range of possible configura-
tions. Restricting the design space to EDP solutions would discard all the other poten-
tial design solutions and be misleading on the energy or delay achievable by the
topology. In general case, however, the optimum design point depends on the parame-
ters of the environment of the CSE such as the energy-efficient characteristic of the
logic block used in the pipeline and target clock frequency [15]. Hence, depending on
the surrounding logic the CSE design chosen may be in the high energy sensitivity
region or the high delay sensitivity region (Fig. 1). In our analysis, we compare entire
energy efficient characteristics of the CSEs, rather than a single energy-delay metrics.
In this way, the entire space of possible designs is explored and the impact of process
variations onto a topology and between topologies can be fully evaluated.
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3 CSE Simulation Methodology

3.1 Circuit Setup
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Fig. 2. Simulation setup for single ended CSEs, Wck is sized to achieve an FO2 slope for the
clock input, a) High Performance setup, b) Low Power setup

For this process corner evaluation and topology comparison we chose to limit our
analysis to single ended flip-flops and master-slave latches. In this work we propose
two distinct setups:

e High performance (Fig. 2a) where one output is loaded, either Q or Qb , which-
ever comes first in terms of delay and a load of 14x min. sized inverters which
is considered representative of a typical moderate to high capacitive load of a
CSE in a critical path [1].

e Low power (Fig. 2b) where both outputs are loaded with 7x min. sized invert-
ers. The worst case delay (D-to-Q vs. D-to-Qb) is reported for this setup.

In both setups shown in Fig. 2, the input capacitance of the CSE under test is limited
to a maximum equivalent capacitance of 4 minimum sized inverters and is driven by a
minimum sized inverter. These limitations restrict the scope of this comparison since
load and gain have a significant impact on the ED behavior of each CSE topology.
Independently, for low power designs, the simulation setup requires further restric-
tions on the CSE topology itself: the input must be buffered (i.e. no passgate inputs
are allowed), and the output must be buffered as well (i.e. no state element on the
output). Our setup requires that the slope of the clock driving the CSE must remain
constant. As the configuration under test changes, the load of the clock changes as
well. In order to accommodate for this variation, the size of the clock driver (Wck in
Figure 2) is chosen to keep the FO2 slope characteristic.

3.2 Delay and Energy Quantification

The primary goal is to extract an accurate energy efficient characteristic of sizing
configurations for each Flip-Flop and Master-Slave latch. These energy efficient
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curves must include layout and wire parasitic capacitance estimates, which are re-
evaluated for each combination of transistor sizes tried. The set of H-SPICE simula-
tions are done with a nominal 130nm process and the granularity for the transistor
width is set to 0.32um, which is the minimum transistor width in this technology. The
FO4 delay for this technology is 45ps. In order to accurately quantify delay for each
transistor size combination and for each topology, the setup time optimization must be
completed as well [1]. Nedovic et al. [6] show, in the same technology, a minimum
D-Q delay zone flat for at least 10ps of D to clock variation for all CSEs presented.
The granularity chosen for the simulations performed in this work was set to 5 ps,
which yields a negligible D-to-Q delay error vs. setup time. The energy is measured
by integrating the current necessary for the operation of the CSE, the clock driver and
the data driver(s) at the nominal voltage of operation as shown by the gray elements
in Fig. 2. This energy is quantified for each type of state transition (00, 0>1, 120,
and 1->1) over a Ins clock period and combined to obtain the total energy for any
desired activity factor [8]. For this technology node and the clock period we use, the
offset in energy due to leakage is negligible.

3.3 Simulated Topologies

In this work, we examine most of the conventional single-ended topologies of the
CSEs used in the industry. The CSEs are divided in two classes: High Performance
and Low Power CSEs. High performance topologies consists of the Semi-Dynamic

Fig. 3. Clocked Storage Elements: a) IPP: Implicitly Pulsed Flip-Flop with half-push-pull latch,
b) USPARC: Sun UltraSPARC III Semi-Dynamic Flip-Flop, ¢) STFF-SE: Single Ended Skew
Tolerant Flip Flop, d) TGPL: Transmission Gate Pulsed Latch, e) Modified C>MOS Master
Slave Latch, f) TGMS: Transmission Gate Master-Slave latch, g) WPMS: Write Port Master
Slave latch.
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Flip-Flop [9] used in the Sun UltraSPARC-III (USPARC, Fig. 3b), The Single Ended
Skew Tolerant Flip-Flop (STFF-SE, Fig. 3d)[6], the Implicitly Pulsed Flip-Flop with
half-push-pull latch (IPP, Figure 3a) [8] and the Transmission Gate Pulsed-Latch
(TGPL, Figure 3c) [7]. STFFSE and IPP are based on the SDFF dynamic structure,
however STFFSE significantly improves the speed of the first stage and IPP improves
energy by increasing driving capability of the second stage. The original TGPL had to
be modified to fit in this comparison by adding the inverter from the input D to the
pass gate in order to achieve sufficient input and output driving capability, otherwise
impossible with our setup.

CSE:s targeted for low power operation designs are typically static structures since
they require robustness of operation under all process and system variations. The
common static structures are: the Master-Slave (MS) latch used in the PowerPC 603
(TGMS, Fig. 3f)[10] and commonly referred as a low power CSE [1, 3, 8]. We also
included the Modified C*MOS Master-Slave latch (C*MOS, Fig. 3e) [1] and the Write
Port Master-Slave latch (WPMS, Fig. 3g) [13].

3.4 Design Space Assumptions

As can be seen in Fig. 3, the number of transistors of a single topology varies from 18
to 32 transistors. However, a good part of these transistors are non-critical for the
delay and must remain minimum size (shown as * in Fig. 3) for minimum energy
consumption. Hence, the number of transistors that actually matter for the purpose of
the extraction of the ED curve as shown in Fig. 1 is limited, often in the order of 5 to
10 transistors. Furthermore, transistor width variations are discrete and increments of
the minimum size grid, which is sufficient in term of accuracy for our purpose. On top
of this limitation, the lower bound for some transistors is not the technology minimum
width for functionality reasons and the upper bounds are limited by the size of the
output load of the CSE. Consequently, the number of possible transistor sizing com-
binations is in the order of a few thousands depending on the topology. Modern desk-
top computers and scripting languages combined with Hspice can easily handle such
task in a few hours. By keeping the design solutions that achieve the lowest energy
for a given delay, the extraction of a complete set of ED efficient curves per topology
is possible as shown in Fig. 1.

4 Energy-Delay Curves Under Process Variations

From a practical stand point, the Energy-Delay results given by the ED curves simu-
lated in the typical corner as shown in Fig. 1 can be misleading since they do not
account for process variations. Dao et al. [14] show process corner variations and the
corresponding worst cases for a single sizing solution per topology. This work ex-
tends the analysis in [14] to each design point of the ED curve, as shown in Fig. 1.
The worst case delay and the worst case energy are necessary for high yield CSE
design. Fast paths hazards should also be considered during implementations and we
assume padding tools guarantee to cover hold times and clocking uncertainties at
the same yield. In this work we assume no variability between the transistors of a
single design. If transistor-to-transistor variations are taken in account, the optimiza-
tion method as proposed by Patil et al. [12] has to be included as well. Effectively,
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Fig. 4. Energy-Delay curves under process variations: a) Behavior of a single point for a 99.7%
yield limit, b) Behavior of the energy efficient characteristic for a 99.7% yield limit

process variations shift the ED curves to higher energy and worse delay than the typi-
cal corner accordingly to the desired yield level in both energy and delay. This con-
cept is shown for a single design in Fig. 4a: All of the designs at the typical corner are
at the top of the distribution in the typical corner. If the process varies towards a faster
corner or higher leakage corner, the energy increases. Similarly, if the process varies
towards a slow corner the delay increases. Eventually, as we hit the desired yield
(99.7% as example in Fig. 4a) in both energy and delay, the worst ED performance
for that yield level is (48fJ ; 132ps) rather than (44fJ ; 105ps) at typical corner. To
achieve the desired yield, the design must satisfy the new constraints based on the
worst case delay and energy. This concept can be applied to all points of the energy
efficient characteristic, thus obtaining the 99.7% yield ED-curves, shown in Fig. 4b.

5 High Yield and Energy Efficient CSE Designs

The purpose of this section is to show the results of an Energy-Delay space analysis
for a set of CSEs under specific system constrains and to see how the results translate
into high yield design space. For a complete ED space analysis, other system con-
straints variations such as output load and supply voltage must also be included in
order to provide sufficient data for a system optimization [15].

5.1 High Performance CSEs

Fig. 5 shows the results of the ED analysis for the high performance CSEs. The re-
sults consist of the composite curve of the best sizings and topologies for the fixed
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Fig. 5. Energy Efficient High Performance CSEs, Initial Comparison of the various topologies
in the typical corner

input and output capacitance (Fig. 5). The results indicate that a subset of the IPP,
TGPL and STFFSE ED characteristics constitute the best solutions, depending on the
target delay. At 2.1FO4 delays and above the IPP achieve best energy efficiency and
below 1.9FO4 the STFFSE achieve best energy efficiency. In between, there is a
narrow section around 2FO4 in which the TGPL provides lowest energy designs.
Although the USPARC flip-flop is close to the IPP and TGPL in wide range of the
delay targets, in no sizing configuration it is the optimum CSE choice. It should be
noted that if a smaller load is chosen in the setup (Fig. 2a), the inverter 16 (Fig. 3d)
may be removed, improving the TGPL design further, and allowing TGPL to occupy
wider range of the composite energy-efficient characteristic.

Fig. 6 shows the energy efficient composite characteristics extracted from Fig. 5 as
well as the energy efficient characteristic for high yield, obtained as described in
section 4. Designing for high yield shifts the ED curves consistently with an average
of a 13% penalty in energy and a 30% penalty in delay for the STFF-SE, IPP and
USPARC topologies. However, the TGPL performs worse than other studied CSE in
terms of delay with a 48% penalty when process variations are taken into account.
The reason for this discrepancy is the principle of operation of the TGPL. This struc-
ture relies on the explicit clock pulse to drive the pass gate (M1&M2 in Fig. 3d). Due
to lower driving capability of the NAND gate N1 in Fig.3d, the pulse generator in
some sizing configurations is not capable to produce full-swing clock pulse height,
which further reduces the speed of the TGPL. In order to generate full-swing pulse,
larger number of inverters in the pulse generator is needed. However, increasing the
width of the pulse has adverse effects on the energy and on the hold time in the fast
process corner.
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5.2 Low-Power CSEs

Static master-slave latches typically used in low power systems behave much differ-
ently than high performance topologies in term of ED performance versus sizing.
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Because the critical path from D to Q (or Qb) is similar to a chain of inverters, the ED
performance is dependent on the gain specification. However, the slope of the energy
efficient characteristic is dependent on the topology. For example, as shown in Fig.
7a, the energy of C’MOS MS latch increases rapidly as we move towards faster de-
signs. This is due to the clocked transistors (M2-M3-M6-M7 in Fig. 3e), which must
be large to maintain drive strength because they are stacked with the data transistors
(M1-M4-M5-MS in Fig. 3e). In the TGMS and the WPMS the “inverter — pass tran-
sistor” combination decouple the datapath inverters from the clock, hence allowing a
more efficient distribution of the gain and yielding lower energy for faster designs
than the CMOS MS Latch. Fig. 7a reveals that the TGMS provides best ED results
versus the WPMS and the C°MOS in all cases for the setup shown in Fig. 2b. The
impact of the process variations is shown in Fig. 7b and represents a consistent 30%
overhead in delay and 10% overhead in energy for all three master-slave designs.

6 Conclusions

This work presents the impact of process variations on the choice and design of the
CSEs.We show how the boundaries in which various CSEs are the most energy effi-
cient topologies change when the yield is taken into account. For single-ended high
performance CSEs, the STFFSE, the TGPL and the IPP perform best at typical corner
and only STFFSE and IPP remain efficient for high yield design. For low power de-
signs the transmission gate master-slave latch performs best in typical corner, and it
remains best for high yield design. This work reveals the impact of the process corner
to the Energy-Delay characteristics for each energy efficient CSE.
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