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ABSTRACT
Development of a Fast Error Aware Model for Arithmetic and Logic Circuits
By
Samy Zaynoun
University of California, Irvine, 2012

Low power consumption is a key design feature in today's integrated circuits. Various
design techniques are used to address this problem, one of which is adaptive voltage scaling.
Supply voltage reductions along with effects of process variation have drastically reduced the
error free margin for dynamic voltage scaling. This work aims at designing a fast error aware
model for arithmetic and logic circuits that accurately and rapidly estimates the propagation
delays of the output bits in a digital block operating under voltage scaling to identify circuit-level
failures (timing violations) within the block. Consequently, these failure models are then used to
examine how circuit-level failures affect system-level reliability. A case study for a CORDIC
DSP unit employing the proposed model provides tradeoffs between power, performance and
reliability.
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CHAPTER I: Overview
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I. Introduction
Power consumption is an ever-increasing concern in integrated circuit and embedded
systems design. Handheld consumer devices and electronics such as smart phones are expected
to have long lasting battery lives. Alongside that, smart phones have recently been expected to
perform operations, which were previously exclusive to personal computers, such as gaming, 3D
graphics, audio, video and Internet access. Performing this variety of operations requires a large
dynamic range of processing power. For example, video playback on a smart phone requires
more processing power than MP3 playback. It would be inefficient to use the same processing
power for playing video to play mp3 songs. The broad range of activities that is handled by
devices nowadays requires that they support multi mode operations: modes where the device
puts out only as much processing power as it needs to for completing the operation on hand,
which ultimately results in saving power consumption.
Recently, power consumption has become an issue even for desktop computers and other
non-battery powered devices because of high operating temperatures, which require elaborate
cooling systems and expensive packaging overhead. To address these issues, adaptive power
management techniques have been developed to control the devices mode of operation based on
the tasks that it is handling, whether it is talk, text, Internet surfing or gaming in order to reduce
the overall power consumption [1].
II. Process Variation
As transistor sizes shrink into the nanoscale, process variations become more apparent
and the process of manufacturing identical chips and identical transistors has become more and
more difficult to control [2]. In production, where millions of chips are manufactured, variations
in the process are bound to occur from one chip to another in transistors’ physical parameters
2

such as gate lengths, oxide thicknesses, dopant concentrations and numerous other physical
parameters. This is referred to as die-to-die or inter-die variation. On a multimillion-gate chip,
variations between transistors in such parameters are also inevitable. This is referred to as
within-die or intra-die variations [3]. These physical variations cause the transistors to endure
variable electrical characteristics. This, in turn, will affect the performance and behavior of the
circuits that are manufactured using these transistors. This variability in the circuit performance
gives rise to some undesirable effects, which need to be taken into consideration during the
design process. Transistor threshold voltage variation is one of the main issues rising from
variation in physical parameters. Such variation greatly affects a transistor speed and its drive
strength. This increases the circuit sensitivity to supply voltage changes. Voltage variations can
occur in the power grid as sub-blocks within the chip are switched on and off [1]. The increasing
number of metal layers and the decreasing thickness of the wires lead to higher current densities
through the interconnect, and larger voltage drops across the power grids which give rise to
power supply noise. This can reduce the supply voltage to some gates, which will increase their
propagation delays [4]. The decreasing separation between wires introduces crosstalk noise,
which can cause glitches and can greatly affect the performance of logic circuits [2]. The
increasing high current densities through wires also cause on chip temperature variations, which
can affect the resistances of the wires and consequently the speed of the transistors [5]. In
accounting for voltage supply margins to maintain high production yield, conservative operating
voltages have to be chosen at design time using statistical models, which account for the process,
voltage and temperature (PVT) variation margins for a high percentage of chips. Those margins
tend to be over pessimistic as there is a very low probability, or in some cases zero probability,
that all the worse case scenarios in each of the PVT variations occur together [1]. The practice of
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excessive margining to protect against process variations has made it difficult for design
engineers to gain full advantage of process scaling, since excessive margining leads to over
designed systems that are inefficient as described by the International Technology Roadmap for
Semiconductors (ITRS) [6]. Excessive margining comes at the cost of lower speed of operation
and bigger die area than what could be potentially achieved. Due to the ongoing quest for higher
and higher performance in integrated circuits (ICs), design engineers are resorting to parallel
design instead of serial design. Parallel design makes use of parallel hardware (circuits) to
process data using a low frequency of operation (compared to serial processing). Serial design
processes data through a single set of hardware using a higher operating frequency (compared
with parallel design to achieve the same throughput). Parallel design comes at the cost of more
die area since extra hardware is needed to perform parallel processing and therefore more power
consumption on the chip. These issues are contradictory to the goals of today’s ICs; low power
and small die area. The challenge is for the design engineers to balance these tradeoffs [3][7].
III. Dynamic Voltage and Frequency Scaling (DVFS)
Dynamic voltage and frequency scaling (DVFS) is one of the widely used techniques to
reduce power consumption [8][9]. Dynamic power consumption is quadratically proportional to
the supply voltage and is linearly proportional to the operating frequency. Reducing the supply
voltage and the operating frequency can therefore reduce power consumption. When the system
is not being fully utilized, the supply voltage can be adaptively reduced to the minimum required
voltage that would allow for reliable operation of the processor. This is known as the critical
voltage. Alongside the voltage scaling, the frequency of operation will decrease to the minimum
required frequency that the processor can attain for its current activity. For efficient
implementation of DVFS the system needs to be fully characterized to guarantee correct
4

operation when the voltage and frequency are dropped. This is to ensure that the critical voltage
is high enough to guarantee correct system operation under different PVT variations [10]-[12].
IV. Adaptive Optimization Techniques
Numerous techniques have been developed to find the critical voltage individually for
every chip, which drastically reduces the voltage needed for correct operation as compared to the
critical voltage that is picked at design time [13]-[16]. One way of doing so is by including
inverter chains on different parts of the chip. While this technique will help gauge how fast or
slow this particular chip is, it runs into a problem where the propagation delays through the
inverter chain do not necessarily scale with voltage as propagation delay in other logic circuits
would [1]. This is because logic is usually comprised of complex gates. These logic gates will
have pull up and pull down networks whose resistive and capacitive characteristics may differ
from that of a simple inverter. Logic gates can also be built using pass transistor logic families,
which again would have different delay characteristics compared to an inverter. Using inverter
chains, therefore, necessitates including extra safety margins to accommodate these differences.
This section describes three techniques that attempt to optimize the implementation of the
DVFS process to further reduce the unnecessary voltage and timing safety margins, namely,
Razor, Timing Error Avoidance (TEAtime) and CRitical path ISolation for Timing Adaptiveness
(CRISTA).
A. Razor
Razor is one of the techniques that further improve voltage scaling by reducing
unnecessary margins in the critical voltage. This is because of its ability to monitor and fix for
circuit level failures using some additional circuitry. The razor approach reduces the supply
voltage while monitoring the system for errors (timing violations) under normal operation.
5

Voltage scaling increases the propagation delay through the circuits. Errors occur when flipflops
fail to latch on the incoming data because the data propagation delay is longer than the clock
period. Razor introduces an adaptive voltage scaling technique, which can find the optimum
operating voltage that is unique to every system based on its architecture and the data it has to
process. The propagation delay through logic is highly dependent on the input data. Only a small
fraction of the input-vectors will usually exercise the longest path of the logic. Most other inputvectors will take a considerably shorter time to propagate. When aggressive voltage scaling is
applied, errors only start occurring with some input-vectors, and the remaining ones will
continue to propagate correctly through the logic. The errors gradually increase as the voltage is
dropped. Razor takes advantage of the data dependence of the propagation delays to set the
supply voltage such that a very small amount of errors occur. These errors are then corrected
using the error correction circuitry in the Razor implementation.
This technique takes adaptation to the data level, where the voltage can be scaled based
on the amount of time that the instruction being processed will take. The error fixing mechanism
that Razor uses guarantees to avoid catastrophic failures. There is a tradeoff that needs to be
balanced, however. The error correction mechanism takes its own toll on power consumption.
Lowering the supply voltage on the functional circuitry means the dynamic power consumption
will decrease, but this means that the system will incur more errors (timing violations). This will
increase the switching activity in the error correction circuitry in order to fix for these timing
failures. This, in turn, will increase the power consumption in the error correction circuits, which
will defeat the purpose of this implementation. It was shown that, if a low error rate is
maintained, the overhead of correcting this small amount of errors will be negligible compared to
the gain in power reduction from scaling down the supply voltage on the whole system [1].
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Error detection mechanism:
As shown in Figure 1, Errors are detected by adding a "shadow latch" next to a "delaycritical" flipflop. A delay-critical flipflop is one that is thought to fail under aggressive voltage
scaling. Both flipflops sample the same data with the difference that the shadow latch is clocked
with a delayed version of the original clock, and therefore has an effective longer clock period to
sample the data. Under normal supply voltage both flipflops, shadow and regular, sample the
data correctly. With operating voltage just under the critical voltage, the propagation delay
becomes longer than the original clock period and the original latch fails to correctly sample the
data. The propagation delay, however, will be shorter than the effective clock period of the
shadow latch such that the shadow latch samples the data correctly. With further sub-critical
voltage scaling, the supply voltage will be low enough that both latches fail to sample the data
correctly. The last situation described is not useful and is undesirable. It is avoided by limiting
the voltage scaling to the voltage that guarantees correct operation in the shadow latch. Error
detection is achieved by comparing the results from the original latch and the shadow latch.
Given that the sampled data at the shadow latch is always correct, it is used to correct any errors
that occur in the original latch [1].
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Figure 1. Razor error detection mechanism.
Razor technique allows for errors to occur and fixes them as opposed to always-correct
DVFS techniques (discussed later). The key advantage of Razor is that it can drastically reduce
the unnecessary voltage margins in the design since it monitors error directly in the system. This
comes at the cost of higher complexity of implementation since error correction circuitry need to
be added to the design after characterization, which ultimately means more die area. Error
correction can affect the system performance. Simple error correction can be used such as clock
gating, where the system clock is stalled in the presence of a timing violation to give more time
for the instruction to complete. In more complex error correction techniques, if an error occurs in
the processor, the entire pipeline needs to be flushed and the instruction need to be re-executed
with a higher operating voltage which ultimately affects the overall performance of the
processor.
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B. Timing Error Avoidance (TEAtime)
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Figure 2. TEAtime frequency control mechanism.
Timing Error Avoidance (TEAtime) is another technique for self DVFS. TEAtime is very
similar to the inverter chain method mentioned earlier for gauging how fast the die is. Its aim is
to find the maximum frequency of correct operation possible under different environmental
variations. The difference is that it uses an actual replica of the worst-case logic path in the
system instead of inverter chains as seen in Figure 2. It also has a feedback control mechanism,
which sets the operating frequency to the optimum one. Two flipflops, a “toggler” flipflop and a
“timing checker” flipflop, are added with a replica of the worst-case logic path in between. A
small safety margin is added to the logic path. The logic has one bit as an input, which comes
from the toggler flipflop and one bit for output. The logic is also non-inverting. The input and
output of the logic are XORed together, and the output of this operation is latched by the timing
checker flipflop and is used for error detection. The circuit works by toggling the input to the
logic every clock cycle. The input to and output of the logic, therefore, have the same value.
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XORing them should always yield a logic 0. Under correct operation, the clock period is longer
than the propagation delay of the logic cloud (i.e. critical path replica). Therefore, the input bit
has enough time to propagate through the logic and to set the output of the XOR gate to zero
before the output of the XOR gate is latched. A latched zero means that the system is in correct
operation, which is a queue for the feedback loop to increase the operating frequency using the
up/down converter along with the digital to analog converter (DAC) and the voltage controlled
oscillator (VCO). The circuit detects an error when the clock period becomes shorter than the
propagation delay, which would yield a logic 1 at the timing checker flipflop. At this point, the
control mechanism will switch to the last frequency used that achieved correct operation in the
TEAtime circuitry [13]. It is important to note here that the use of a safety margin in the critical
path replica ensures that when a timing violation occurs, it only happens in the additional error
detection circuit and not in the main system. This allows for always-correct operation in the
system and eliminates the need for error correction circuitry.
This method aims at improving the performance of a chip for a given set of
environmental variabilities as opposed to reducing its energy consumption. TEAtime is relatively
simpler than Razor in implementation since it does not require extra circuitry for error
correction. It, however, cannot aggressively reduce the excessive voltage margins (the ones
picked at design time) as Razor does. The fact that “replica circuits” are used to monitor errors
raises an issue where these replica circuits do not necessarily incur the same PVT variation
effects as each other or the main critical path they are representing because of within-die
variations. This necessitates the use of extra margins to ensure that the actual circuit will not fail
when the TEAtime error detection circuitry detects a failure. Extra margins also need to be added
to cover local effects such as crosstalk noise. TEAtime is therefore less efficient than Razor in
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reducing the voltage margins but it is easier to implement. It also does not introduce errors in the
main circuitry, which means that the processor can operate without having to pause to correct for
any possible errors.
C. CRitical path ISolation for Timing Adaptiveness (CRISTA)
CRitical path ISolation for Timing Adaptiveness (CRISTA) takes advantage of the datadependency of propagation delays through logic. Usually, the worst-case path is only exercised
by a few input-vectors, while the remaining input-vectors require a relatively short time to
complete. CRISTA is a design methodology that isolates critical input-vectors from the rest.
Propagation delays of these input-vectors under voltage scaling are likely to violate circuit
timing. CRISTA avoids these timing violations by processing these critical input-vectors in two
clock cycles instead of one, or it can attempt to avoid them altogether. In the characterization
process the critical input-vectors are predicted and identified. Doing so can allow for very
aggressive voltage scaling that would not be possible under normal operation, which offers
power savings and drastically reduced margins. A pipelined methodology is developed where the
circuit operates on a fixed low supply voltage after isolation of critical input-vectors. Critical
input-vector handling is done by stalling the pipeline using clock gates [16]. This method is
similar to Razor in as it also stalls the pipeline so that critical instructions complete correctly but
it is different as it uses a different approach compared to Razor’s error detection. CRISTA
provides a characterization method where the critical input-vectors of the system are identified.
Clock gating is implemented based on these critical input vectors. This means that there is no
error detection mechanism, but there are input-vector detection circuitry that will stall the
pipeline every time one of the critical input vectors is processed. This technique, again,
eliminates the need for error detection and correction circuitry since it does not allow for errors
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to occur in the first place. However, it needs a very detailed characterization of the system,
which can be straight forward for arithmetic blocks like an adder, but can be much more
complex for random logic.
V. Timing Analysis
Timing analysis tools are used in the pre-tapeout phase of the design process to ensure
that all timing within the chip is met. After place and route, effects such as wire delays and
capacitances are taken into account. Then all propagation delays through the logic clouds on the
chip are checked to ensure that they are less than the required clock period. Checking timing for
a multimillion-gate chip is not a trivial task. Timing analysis tools have been developed to tackle
this problem. There are two main categories of tools, static timing analysis (STA), and dynamic
timing analysis (DTA). These techniques are discussed in this section along with statistical static
timing analysis (SSTA) which is an extension of STA.
A. Static Timing Analysis (STA)
Static timing analysis (STA) is one of the widely used tools in the industry for timing
closure. It is used in design optimization by calculating the propagation delays in all logic paths
to ensure that no setup or hold time violations occur. Standard cells’ propagation delays are
stored in corner files that cover different process variations. Timing through a logic path is
calculated using the worst-case and best-case delay of all the individual gates in the path to
ensure that the setup and hold times of the clocking registers are not violated. As mentioned
before, it is very unlikely that all worst-case or best-case delays occur in the same circuit. This
leads to an overestimate of the worst-case delay and an underestimate of the best-case delay,
which further leads to conservative margins that guarantee correct operation. STA is
advantageous in that it scales linearly with the system. STA can close timing for tens of millions
12

of gates in a short amount of time. One of the issues with this tool, however, is that it is overly
conservative. While STA accounts for die-to-die variation, it completely neglects within-die
variation, which is becoming more pronounced with technology scaling. Alongside that,
situations can occur where STA flags a critical timing path for a series of logic gates where the
critical path through this logic is not being exercised, and hence a false timing path is reported.
Moreover, some logic paths in the system maybe intentionally designed and clocked so that data
propagates through in more than one clock period. These are referred to as multicycle paths, and
they should not be accounted for under the normal timing constraint of one clock period. False
timing paths and multicycle paths need to be identified beforehand in order to be excluded from
the analysis. Failing to do so will result in timing violation is logic paths that are not real (not
being exercised) or paths that are design to operate on a divided clock [2].
B. Statistical Static Timing Analysis (SSTA)
A statistical STA approach was developed in order to address some of the shortcomings
of the deterministic STA. The main difference between SSTA and STA is that SSTA takes into
account the local or intra-die process variation. It uses probability density functions to represent
propagation delay variations of circuits due to PVT variations, as opposed to STA, which gives a
single propagation delay per gate per corner file. SSTA, therefore, provides a distribution of
propagation delay at the output of a logic block. SSTA also takes into account the spatial
correlation of some of the process variations, which affect the propagation delay distributions
greatly [2].
SSTA is divided into two categories, block based and path based. Path based is where the
tool would add the cell and wire delays of certain paths, usually the critical ones, to acquire the
worst-case timing. This requires characterization of the system beforehand and requires careful
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selection of the path in order not to miss important ones. Block based approach is where timing
of all logic circuits between clocked storage elements are calculated. This method is more
complete, but like STA, false paths and multicycle paths have to be identified beforehand to
avoid unrealistic timing flags [2].
C. Dynamic Timing Analysis (DTA)
The main difference between dynamic timing analysis (DTA) and STA is that DTA
calculates timing through the block using input-vectors. As mentioned before, propagation
delays are highly dependent on the input-vectors to the logic circuit. Calculating false paths and
multicycle paths is not an issue because of the dynamic nature of this method. After
characterization of critical input-vectors, DTA can give a more accurate and less conservative
timing analysis than STA. The problem with DTA, however, is that the timing data acquired is
only as good as the input-vectors that are chosen to generate it [17]. To fully characterize a
system, a large number of input-vectors need to be simulated. While this would yield more
accurate results, it is more costly in terms of processing overhead than STA. Also, great care
need to be taken in choosing input-vectors that would cover all the critical paths. Missing one of
the critical input-vectors would result in incorrect characterization of the system. It is important
to note that DTA and STA (or SSTA) are not alternatives to each other. The accuracy and scope
of coverage of those two categories of tools are vastly different. STA or SSTA are usually used
for multimillion gate chips in order to close timing. This is because they provide only worse or
best case timing results (STA) or statistical timing results (SSTA) for all logic paths in the chip
but in a reasonable amount of processing time. DTA, on the other hand, is more accurate and
precise but requires much more processing overhead and is therefore only used to characterize
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relatively small digital blocks. It would be very inefficient to use DTA for timing closure
purposes of an entire chip [18].
VI. Stochastic Computing
Voltage over scaling (VOS), defined as extending the voltage scaling range beyond the
typical error free regions, has been adopted as an effective means of reducing energy
consumption in advanced CMOS technology. Emerging work in many domain fields such as
wireless and multimedia, addresses utilizing the dimension of system fault tolerance to tradeoff
hardware reliability versus power efficiency. Several algorithms and techniques investigate
relaxing some of the margins on circuits while maintaining the required quality of service [19][21]. Furthermore, stochastic and error resilient computation have been adopted as means to
achieve robust and energy efficient systems. Stochastic computing takes advantage of the
statistical nature of deep submicron circuits and application data to allow handling some error on
the circuit level while providing acceptable performance on the system and application level.
This requires characterization of system and its applications to understand how circuit level
failures affect them [19].
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One method that makes use of stochastic computation is Algorithmic Noise Tolerance
(ANT) [22]. The concept of ANT is depicted in Figure 3. An estimator block is added to the
main system block. The estimator block is a less accurate representation of the main block, and is
therefore smaller, faster and more energy efficient. When voltage overscaling is introduced on
the system, errors (timing violations) start occurring within the main block. The outputs of both
blocks are then compared for accuracy. Note that the output of the estimator block is always
correct since it is much faster than the main block. Also note that the output of the estimator is
based on previous correct values from the main block. An error is detected when the difference
between the output of the main block and the output of the estimator block are larger than a
predefined threshold. In such event, the output of the estimator block will be chosen instead of
the output of the main block. For this system to work efficiently, i.e. to maintain a low bit error
rate (BER) throughout the system, a low error rate need to be maintained in the main block since
the output of the estimator block is based on past history of correct results from the main block.
Concerning power consumption, the power savings in the main block due to VOS outweighs the
extra power consumption that the estimator block requires in order to fix for the newly added
errors.
This is another method that takes advantage of the data (input-vector) dependent
propagation delays through the logic. It also needs additional circuitry for estimation and
detection of errors. Similar to Razor, ANT goes beyond the error free margins of voltage scaling
to completely eliminate the unnecessary margins in voltage and timing. Unlike Razor, however,
this method relies on the error tolerant nature of the system since it does not completely fix
errors that occur. This system will always incur errors at the output with voltage overscaling
since this technique aims at minimizing them as opposed to completely eliminating them. This
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means that such a technique cannot be used for systems that need always-correct operation but
would be useful in error tolerant systems and applications such as communication systems and
multimedia applications.
VII. Motivation and Contribution
Motivation:
Recently, the failure mechanisms of embedded memories under VOS were studied in
[23]. Due to Random Dopant Fluctuations (RDF), memory cells exhibit spatially random and
independent errors (access time violations). Unlike memory, the propagation delays (

) of

arithmetic and logic circuits are highly dependent on the input patterns to the block and its circuit
implementation. Therefore, errors are not spatially random and one cannot find a closed form
failure model for arithmetic and logic circuits. Applying VOS to logic and arithmetic blocks
introduces input-dependent errors (timing violations) at the circuit level. These errors will be
propagated and manipulated through the system blocks and will degrade the system's quality of
service (QoS) and reduce its reliability. The challenge is to be able to quantify the tradeoff
between power savings (achievable via VOS) and system reliability.
To address this challenge, one needs to incorporate circuit-level failures into a systemlevel simulation. While statistical static timing analysis (SSTA) [2] rapidly gives useful statistics
of propagation delays and timing violations of critical paths, it does not give any information
about the specific input-vectors that will cause timing violation errors in those paths. Therefore,
SSTA cannot be used to address this challenge. On the other hand, dynamic timing analysis
(DTA) [17][18] simulates circuits for functionality to acquire propagation delays on a per inputvector basis. Hence, DTA can be used to address the challenge of trading off reliability versus
energy efficiency. In doing so, one can attempt to integrate a circuit simulator (such as Spice)
17

into the system-level simulation to acquire propagation delay results on a per input-vector basis.
This, however, will be very costly in terms of processing overhead and simulation time, since the
quality and accuracy of DTA is directly proportional to the number of input test vectors used.
Simulating a simple digital block for one input-vector in Spice requires runtime in the order of
few hundred milliseconds. This would be very inefficient for processing large amounts of data.
Contribution:
This work aims at developing a novel method, based on a statistical DTA approach, to
rapidly estimate propagation delays of a digital block based on its input-vectors using lookup
tables (LUTs) of the propagation delays generated in a Spice simulation during an initial
characterization phase. The proposed model simultaneously simulates the functionality of a
digital block while providing estimates of the output bits' propagation delays under different
supply voltages, and process variation effects. Timing information derived from the model
allows for detection of timing violation errors, and the functional information allows for
identifying erroneous outputs. The proposed error-aware model enables digital circuit designers
to explore different architectures and obtain fast estimates for output delays. Furthermore, it
enables the designer to evaluate and compare the failure behavior and output error rate for
different architectures under supply VOS to tradeoff reliability versus energy efficiency. The
proposed approach when compared to Spice is more advantageous as it can be easily integrated
in a system-level simulation and it is at least two orders of magnitude faster than Spice.
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CHAPTER II: Timing Model for Logic Circuits
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I. Introduction
Errors due to timing violations in arithmetic blocks are modeled as shown in Figure 4.
For an arithmetic block with inputs a and b operating under nominal supply voltage, the error
free output is O. As VOS is applied, timing violations (errors) at the output will occur, resulting
in an erroneous output Oe. This output can be represented as

where e is the additive error which is a function of the current input states of a and b, the
previous states of a and b, and the circuit architecture (CA). This time dependence is due to
internally charged nodes that are a function of the previous inputs and the architecture. The
proposed model estimates propagation delays of a digital block based on its input-vectors using
propagation delays statistics (mean and standard deviation that is unique to the state of the
inputs) stored in LUTs which are generated via a one-time Spice simulation. LUTs can be
generated for multiple supply voltages to obtain propagation delays of the same circuit under
variable supply voltages, i.e. to model voltage scaling or

a

b

+/-/*

CA

e=f(a,b,CA)
e

O

+
Oe
Figure 4. Error Modeling.
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voltage overscaling. Using these output propagation delays, the model can correctly introduce
timing violation errors onto the output bits.
II. Methodology
A. Abstracting Logic Gate Timing Statistics in Look-Up Tables (LUT’s)
Timing in the proposed model is calculated on a per gate basis. Consider a logic gate Z
with two inputs a and b and output x as shown in Figure 5. To create the necessary timing LUTs
to characterize this gate, the transistor-level circuit representing gate Z is implemented in a Spice
simulation. Within die process variation is introduced on all transistors by modeling the
threshold voltage of each transistor as a normal random variable
standard deviation

and

[24]:
(

where

with mean

)

√

is the threshold voltage in the absence of process variation,

and width of the transistor, and

and

are the length

is a technology dependent constant. A Monte-Carlo simulation

is run on the circuit for each of the possible

input-vectors, where n is the number of input

signals to the gate and an input-vector consists of the previous and current states of the inputs.
The propagation delays statistics and the average power consumption for each input-vector are
measured and stored. Then, the propagation delay distributions of each input-vector are
approximated as normal distributions with means
an LUT, where

and standard deviations

and are stored in

denotes the input-vector index. Figure 6 shows the Probability

Density Functions (PDFs) of the propagation delays of a two input CMOS AND gate simulated
in a 32nm process under nominal supply voltage of 0.9V using predictive transistor models
(PTM) [25]. Two input-vectors, with input state transitions ab = 00→11 and ab = 01→11, are
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used. The PDFs of the measured propagation delays for the two scenarios show a very close
match as compared to the distributions of the proposed normal approximation

. Note

that even though the outputs of the two input-vectors are the same, their propagation delays are
considerably different because of the initial state of the inputs. Hence, propagation delays for all
input-vectors need to be acquired in order to account for this state dependency.

Logic Gate Z
a
b

x=f(a,b)

x

Figure 5. Sample two input logic gate.
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0.2
0.15
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Figure 6. Comparing propagation delay time distribution with Gaussian approximation.
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B. Signal and State Transition Class Definitions
A signal class is created in the model to act as the connection between different entities
(logic gates). A signal class has three elements as shown in Figure 7. Signal z has an initial
logical value denoted by a superscript i as
logical value as

, similarly the delay time denoted as

, and the final

. The transition state represents all possible state transitions: 0→0, 0→1, 1→0

and 1→1. The delay time is the time when the voltage of the signal reaches 50% of the supply
voltage during a state change, and is measured in reference to the edge of the clock cycle. Delay
time is always zero if the final bit value

is equal to initial bit value

.

A simple timing example of the aforementioned logic gate Z is shown in Figure 8. The
delay time of signal b is significantly larger than the delay time of signal a. This can create an
intermediate state (glitch) at output signal x. The propagation delay from when the time signal a
changes to the time when signal x reaches its intermediate state is based on the input-vector
transition

. The delay time of this output transition is then calculated as the addition

of delay time of signal a and the obtained instantaneous propagation delay for this input-vector. A
state transition class, denoted by , is created to combine the attributes relevant to the delay time
calculation. It contains three elements: two sets of inputs which form the input-vector causing an
output change from one state to the next, denoted as

and

respectively, and

delay time at which the input state transition happens. In this example
{

} and

which is the
{

}

. The instantaneous value of the propagation delay is picked from the

Gaussian distribution (characterized by mean

and standard deviation ) that belongs to this state

transition (input-vector), and is denoted from now on as
delay time at this output transition is then calculated as
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. Finally, the total
.

Figure 7. Definition of signal class.

𝕊

𝕊

𝕊

𝕊

𝑡𝑝𝑑 𝒩 𝜇 𝜎 𝕊

𝑡𝑝𝑑2 𝒩 𝜇 𝜎 𝕊

Figure 8. State transition example.

C. Algorithm
Using these LUTs, an algorithm was developed to estimate the propagation delay of a
gate based on its input-vectors. The algorithm is described in Table 1. An example of a general
timing situation for a logic gate with input signals
shown in Figure 9. In this example, signals
times.

, output signal O, and function f is
are already sorted based on their delay

has no state transition. The algorithm is comprised of two main parts, the first part
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defines the output state transitions and the second part estimates the propagation delay to the
output using the intermediate state information from the first part.
Intermediate states can occur at the output when the difference between delay times of
consecutive input signals is larger than the propagation delay from the first signal to the output as
shown between

and

:

. Small differences between input delays will not create

intermediate states at the output as there is not enough time for the output to change as shown
between

and

:

2

. To get the output state information, the algorithm sorts the

input signals in an ascending order based on their delay times. Then it loops through the input
signals to check whether or not the transition in each input signal will create an intermediate state
at the output signal. State transitions

are defined in this process as shown in Figure

9, where is the effective number of state transitions.
The second part of the algorithm estimates the propagation delay from inputs
to output O. It calculates the output logical value of each of the

output states and stores

them into an array. This array will be used in estimating the delay time of the output. The
effective delay time of the output signal is defined as the time when the output signal experiences
its last state change. To get the final delay time at the output for this set of input transitions, the
algorithm traces back this array for a state change. If a state change is detected, the delay time is
calculated based on the state transition, , causing the output change. This is done by adding the
instantaneous propagation delay of this state transition to the its delay time, i.e. if
last state change at the output, the final output delay time will be calculated as

caused the
where

. If no state change is detected, it means that this set of inputs did not cause a
state change at the output which gives an effective delay time of zero since the output signal
never changed from the previous operation.
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This method of calculating the propagation delay ensures that the effect of logical
controlling values is taken into account. A logic controlling value is defined as an input that
would decide the output of the gate irrespective of the values of other inputs. As an example, if
we assume that the function f of this block is an OR function, and that signal

changed from a

logic 0 to a logic 1, it can be deduced that the output will stay at logic 1 after delay time
no matter what the remaining inputs are. In this case, a logic 1 at the input is a controlling value.
The proposed state-based method of estimating the propagation delay inherently accommodates
such a situation. This is because the logical values of the output at each intermediate state are
calculated based on the OR function of the block. This would yield a logic 1 at output state of

𝕊

𝑡𝑝𝑑 𝒩 𝜇 𝜎 𝕊

𝕊𝑗

𝕊

𝕊

𝕊

𝑡𝑝𝑑2 𝒩 𝜇 𝜎 𝕊

𝕊

𝑡𝑝𝑑𝑗 𝒩(𝜇 𝜎 𝕊𝑗 )

Figure 9. General input/output timing example.
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Table 1. Propagation delay estimation algorithm.
1: for each clock cycle do
2:
Sort signals in ascending order based on
3:
{
}
4:
5:
{
}
6:
7:
for
8:
)
if (
9:
10:
11:
12:
13:

;

{

}

{

}

else

14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:

end if
end for
(

);

for
(
end for
while
–
end while
if

else

end if
end for
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);

and every state that comes after it. Tracing back the array will not detect any state changes after
when the input logic 1 was fully propagated to the output. It is therefore guaranteed
that the delay time
outcomes:

. To be more precise, this situation has only two possible
if

is a vector of all logic 0's or

if

contains at least one

logic 1. For simplicity, this example shows the propagation delay estimation for only one output.
A more generalized example would have a block with m output signals. The same procedure can
be utilized to estimate the propagation delay from the input signals to all m output signals.
D. Error Modeling
Error injection is done based on the model in Figure 4 which is illustrated by (1). Based
on the functional and propagation delay information provided by the model, timing violation
errors are injected into output data using the timing results,

, to obtain the additive error e.

This is done by flipping output bits that violate circuit timing. Timing violations happen when
the timing budget in (3) is not met,

where

is user defined,

and

are setup and clock to Q time of the storage element,

respectively.
III. Model Scalability
The proposed model is inherently versatile. It can be scaled to model complex logic gates
under different supply voltages. It also provides estimates of power measurements for each block
based on operating voltage. Ultimately, for a certain combination of logic gates, the model can
be used to provide the timing violation errors under voltage scaling while measuring the total
power savings for the block.
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A. Design
A hierarchical combinatorial logic block can be implemented with different logic gates
interconnected with the defined signal class. Figure 10 shows an example of two cascaded logic
gates Z and Y which are connected together with signal x. The timing estimation algorithm

Logic Gate Z

Logic Gate Y

a
x

x=f(a,b)

b

c

o=g(x,c)

o

Figure 10. Cascaded logic blocks.

Logic Gate Z
a
b

Logic Gate Y
Logic Path 1

x=f(a,b)

y

x
z

o=g(y,z)

o

Logic Path 2
Figure 11. Reconvergent logic paths.
described estimation algorithm described previously ensures that the propagation delay at output
o of logic gate Y will be calculated correctly no matter how much time difference there is
between signal x and signal c and no matter what the logical function g(x,c) of the gate is. This is
because the algorithm treats every block as a separate black box where the output delay time is
calculated based on the initial state, final state, and delay time of the input signals. This
information is contained in the signal class defined earlier, which can be conveniently relayed
from the output of one entity to the input of the next. Using this information, the algorithm will
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calculate all the possible intermediate states based on the function of the block and the
differences between the delay times of the inputs, as described before. Figure 11 shows an
example of reconvergent logic paths, where logic path 1 has more cascaded gates than logic path
2. Timing issues arising from this situation will again be inherently accommodated for in the
state-based delay time estimation. Moreover, the proposed method calculates and propagates
logic values through the blocks for each and every input-vector. Therefore it does not suffer from
calculating delay times of false logic paths because of its dynamic nature.
Given that this method can handle cascaded logic gates and reconvergent logic paths,
more elaborate blocks such as adders or multipliers can be modeled.
B. Supply Voltage
For voltage scalability, LUTs entries (mean and standard deviation of propagation delays)
for each gate are generated at different voltages, in this case 0.7V to 0.9V with increments of
50mV. The relation between voltage and propagation delay is given in [26] as

where

and

are constants and

is equal to 0.49V for the 32nm Spice model used. Curve

fitting is performed to obtain the constants
and standard deviation

and . Then this equation is used to relate the mean

of the propagation delay with the supply voltage for a specific input.

Thus one can analytically find the propagation delay at any intermediate supply voltage. Figure
12 shows a close fit for the mean propagation delays of two input-vectors with the supply
voltage.
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Figure 12. Curve fitting for means of tpd vs. voltage.
C. Power and Other Properties
The average power consumption measured in the LUTs is used to estimate the power
consumption of the each gate based on its operating voltage. The same curve fitting methodology
is applied to find the mean power consumption at an intermediate voltage as shown in Figure 13.
In this case, power is proportional to the square of the supply voltage and a second order
polynomial is used to fit the points. These measurements are then added up for each gate to find
the total power consumption of the entire block.
Curve fitting is applied to other significant properties, i.e. loading, technology node and
temperature, to achieve scalability.
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Figure 13. Curve fitting for power consumption vs. voltage.

IV. Assumptions and Limitations
In order to speed up the model to more than two orders of magnitude compared to Spice,
a few assumptions are made. These assumptions do not take into account some physical
properties in the circuits and therefore can affect the quality of the timing estimation. Below is a
list of the current inaccuracies with the model and they are addressed in section II of chapter V.
Ignoring variations in slew rate of signals:


Variations in signal slew rates depend on driving strengths and loading capacitances of
the gate and they are ignored.



This assumption is valid for low to no variation between the characterized driving
strengths and loading capacitances in the LUT and the ones in the actual circuit.



Timing results presented in section II of chapter 4 show that the data is within reasonable
accuracy of timing results from HSPICE.
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For large variations, the gate(s) need to be re-characterized with new drive strength and
loading capacitance to achieve more accurate results.

Lumped dynamic and leakage power consumption:


Power consumption is calculated as the lumped sum of dynamic and leakage power
consumption.



Dynamic and leakage power scale differently with supply voltage.



Scaling leakage power consumption is ignored in the data shown in this thesis since
leakage power consumption is at least two orders of magnitude less than the dynamic
power consumption for the Spice PTM used.



For other models, where the leakage power is more comparable to the dynamic power,
the leakage power needs to be calculated and scaled separately.
V. Conclusion
The methodology of the model is presented in this chapter. Circuit level errors are

defined as timing violations. Errors, therefore, can only be determined if propagation delay
information is available. A model was proposed to rapidly estimate propagation delays through
logic circuits by the use of lookup tables. This novel method can be used to acquire propagation
delays for an operation given the circuit architecture and the input-vectors driving it. The next
chapter provides a detailed example of how to use this model with a ripple carry adder circuit.
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CHAPTER III: Implementation
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I. Introduction
One of the very basic arithmetic blocks is the full adder (FA) cell. Almost every chip contains one form or
another of an adder or a multiplier. In this chapter, we go through the characterization process of a

mirror FA in detail using the model described in the previous chapter. Characterizing the FA cell
along with other simple logic gates, such as the AND gate, will enable us to further build
elaborate arithmetic and logic blocks like adder chains or multipliers.
II. Mirror Adder
A. Simulation Setup
Figure 14 shows the transistor schematic of a mirror FA. It has three inputs A, B and the
carry in, and two outputs, sum and carry out [27]. To characterize this block, the simulation setup
shown in Figure 15 is implemented in HSPICE. The Full Adder block represents the circuit
shown in Figure 14. In this characterization process, it is assumed that the output sum of the
adder will drive inputs A or B of another adder and that the carry out will drive the carry in of
another adder. The output capacitances in this setup are, therefore, found accordingly by
simulation. To do so, the input node of interest is simulated using different input-vectors to
generate the input voltage and current waveforms. An example is shown in Figure 16. Figure 16a
shows the voltage waveform at input node A. Figure 16b shows the current waveform going into
node A. Figure 16c shows the waveform of the

⁄

relation for this specific input-vector.

The plot shows the effective capacitance seen into this node during the transition time. The same
method was used to find the input capacitances of nodes B and Cin. For the 32nm high
performance PTM, the following capacitances were found:
CA=CB=1.25fF, CCin=0.95fF
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Figure 14. Mirror adder schematic.
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Piecewise Linear
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B
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A

Full Adder

Cin
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Cout
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Figure 15. HSPICE simulation setup for mirror FA.
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(a)

(b)

(c)

Figure 16. Finding input capacitance of adder's input: (a) voltage waveform, (b) input
current waveform and (c) effective input capacitance.
Piecewise linear supply voltage sources are used as inputs to the FA. Figure 17a shows
the output of such source. Linear and sharp transitions between rails as seen in the waveform are
unrealistic. To achieve a more realistic simulation, input buffers (Buffer blocks in Figure 15) are
used to smoothen the output voltage transitions. The buffer consists of two inverters in series and
using them will result in an output waveform as seen in Figure 17b.
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(a)

(b)

Figure 17. Buffer voltage waveforms: (a) Input and (b) output.
Process variation is incorporated in the simulation. Equation (2) is modified for this
model.

for the 32nm PTM is 0.49V and C is 0.002. The length L and width W are both in

µm. After modifying equation (2),

for this simulation will be modeled as and is modeled
(

(

√

) )

individually for each transistor based on its geometry.
B. Creating Lookup Tables
The simulation setup for the mirror adder is now ready; the circuit is simulated to
generate the look up table (LUT) necessary to characterize this gate. For each possible inputvector, a Monte Carlo simulation is run where the propagation delays are measured. Figure 18
shows propagation delay distributions for four input-vectors. For each input-vector, the
propagation delay distribution of the simulated results is shown along with the Gaussian
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approximation as elaborated in the previous chapter. The approximation is shown to be very
close. The distributions for all input-vectors are then approximated and stored in an LUT.
0.18

ABC 001 to 000 - actual
ABC 001 to 000 - approx.
ABC 010 to 000 - actual
ABC 010 to 000 - approx.
ABC 100 to 000 - actual
ABC 100 to 000 - approx.
ABC 111 to 000 - actual
ABC 111 to 000 - approx.
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Figure 18. Propagation delay distribution.
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Table 2. Mirror adder look up table.
Mean of Propagation
Delay
Sum
Carry
0
0
0
1 29.28494
0
2 42.73549
0
3
0
18.20591
4 39.29679
0
5
0
16.81904
6
0
21.63232
7 35.42713 21.27818
8 26.04862
0
9
0
0
10
0
0

STD of Propagation
Delay
Sum
Carry
0
0
0
1 2.375086
0
2 2.832183
0
3
0
1.168716
4 2.808253
0
5
0
1.117114
6
0
1.149655
7 3.254211 1.143641
8 2.369531
0
9
0
0
10
0
0
.
.
.

60
0
14.50003
61 34.98418
0
62 28.59286
0
63
0
0

60
0
0.996296
61 2.657763
0
62 2.307168
0
63
0
0

Table 2 shows a section of the LUT which was generated. The entries are all in ps. The 0
propagation delays refer to the input-vectors where the outputs did not change from the initial to
the new state. The row indices of the table are the decimal representation of each 6-bit inputvector. For example, input-vector 001 → 000 can be written as 000001 (af bf cf ai bi ci) which is
equal to a decimal value of 1. It can be shown that for inputs abc = 001, the output sum will
equal 1 and the carry out will be a logic 0. For abc = 000, both the output sum and the carry out
will equal 0. It can be deduced, therefore, that abc = 001 → 000 will only cause a state change at
the output sum, since the logical value changed, and not at the carry out, since the logical value
did not change. This is evident in row number 1 of the LUT, which gives the timing distributions
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for this input vector. The output sum has a finite average for its propagation delay which is
accompanied with a standard deviation, while the carry out’s propagation delay is represented by
a 0 since it doesn’t require time to propagate.
Now that the characterization process is done, the FA block can be used to build an N-bit
ripple carry adder. In the following example, an 8-bit ripple carry adder is built and simulated
using the proposed model. Table 3 shows the first 5 sample input-vectors to the simulation. The
columns represent the bit position, 1 being the least significant bit.

Table 3. Sample input to the 8-bit adder.

1
2
3
4
5

Input A: Initial State
1 2 3 4 5 6 7
0 1 1 1 1 0 1
0 1 0 1 1 0 1
0 0 0 1 1 1 0
1 0 0 1 0 1 0
0 0 0 1 0 0 0

8
1
1
0
0
1

1
2
3
4
5

Input B: Initial State
1 2 3 4 5 6 7
0 0 1 0 1 1 1
1 1 0 1 0 0 1
1 0 0 1 1 0 0
0 1 1 0 0 1 0
0 0 0 0 1 1 0

Input A: Final State
1
2
3
4
5

1
1
0
0
1
0

2
1
0
1
0
1

3
0
0
1
0
0

4
0
0
0
1
0

5
1
1
0
1
0

6
0
1
1
1
1

7
0
1
0
1
0

8
0
1
1
0
1

Input B: Final State
8
0
0
0
1
0

1
2
3
4
5

1
0
1
0
0
1

2
1
1
1
0
1

3
0
0
0
0
0

4
1
1
0
0
1

5
1
0
0
0
1

6
1
0
0
0
0

7
1
1
0
0
1

8
1
1
1
0
1

Using the timing estimation algorithm from the previous chapter, propagation delays are
estimated for every adder in the adder chain based on the initial and final states of the adder.
Table 4 and Table 5 show the output resulting from the sample input-vectors. The tables are 9
bits wide since they include the output carry bit. Table 4 shows the propagation delay each adder
in the chain needed to generate the output. The times recorded are in ps. The occurrence of 0
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delay time means that the output did not change from its initial state. Table 5 shows the logical
values that are expected at the output of the adder for each input-vector.
Table 4. Propagation delays to output of 8-bit adder.

1
2
3
4
5

1
2
3
4
5
6
7
8
9
38.00 48.66 51.47 64.53 74.02 0.00 38.72 0.00 0.00
0.00 51.11 55.90 45.86 70.48 88.49 105.21 32.37 0.00
44.95 0.00 69.87 76.64 44.25 75.80 80.51 0.00 0.00
0.00 43.06 42.47 0.00 35.96 53.71 0.00 88.69 74.95
39.74 0.00 54.45 0.00 0.00 0.00 34.78 51.19 30.76

Table 5. Logical values of 8-bit adder output.
1
1
1
0
1
1

1
2
3
4
5

2
0
1
0
0
0

3
1
0
0
0
1

4
1
1
1
1
1

5
0
1
0
1
1

6
0
1
1
1
1

7
0
0
0
1
1

8
0
0
1
1
1

9
1
1
0
0
0

Table 6. Adder truth table.

A

B

Cin

Cout

S

Carry Status

0

0

0

0

0

Kill

0

0

1

0

1

Kill

0

1

0

0

1

Propagate

0

1

1

1

0

Propagate

1

0

0

0

1

Propagate

1

0

1

1

0

Propagate

1

1

0

1

0

Generate

1

1

1

1

1

Generate
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As seen in Table 4, some adders within the chain take longer than others to generate the
correct output. This example serves as further prove that propagation delay as very strongly
dependent on the input vectors. Long propagation delays happen when the carry has to be
propagated multiple times through the adder chain. Referring to the adder truth table in Table 6,
when carry status for an adder is a kill or a generate, the output carry of an adder within the chain
is independent of the carry-in. Therefore, the carry-out can be generated right away without
waiting for the carry-in to reach its final value. The sum, on the other hand, is always dependent
on the carry-in. Therefore, it has to wait for the carry-in to reach its final value before it can
reach its final value. Depending on the inputs, which define the kill/generate situation, some
outputs can be generated in a short time, while some other might take a long time because of
carry propagations within the adder chain.
This data is then manipulated using scripts to introduce errors in the output. As an
example, the clock period is arbitrarily defined to be 100ps in this case. Referring back to Table
4, particularly at bit number 7 in the second row, it can be seen that this bit needs a propagation
delay of 105ps which is longer than the given clock period. In this case, this bit is assumed to
have violated the timing and will be flipped at the output to represent an erroneous value. To be
more precise, the correct addition for the operation in row number 2 should yield an output of
315 according to the decimal representation shown at the output. An error in bit number 7 would,
in this case, yield an incorrect value of 379 since we have an additive error of 64.
III. Conclusion
A detailed elaboration of the characterization process of a full adder cell is presented in
this chapter. First, the simulation setup is discussed, which is followed by creating the lookup
table which abstracts the statistics of the propagation delays for this circuit. We then use the cell
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model to build an 8-bit ripple carry adder to acquire timing results using the proposed timing
estimation algorithm and use these results in order to correctly introduce errors to the output. In
the next chapter, the timing model is verified for accuracy against various Spice simulations.
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CHAPTER IV: Results
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I. Introduction
Model verification is carried out using three arithmetic blocks: 8-bit ripple-carry adder, 8bit carry-select adder and 4-bit multiplier [27]. For every architecture, a Monte-Carlo Spice
simulation is run. The inputs are chosen to be random and uniform unsigned numbers, i.e. each
input bit has equal probability of being 0 or 1. Process variation is incorporated in the simulation
as elaborated in chapter two. Using the same input-vectors, timing results are obtained using the
proposed model. Two steps are taken to verify the model. First, timing statistics from both
simulations are compared. Second, errors are injected using propagation delays from both
simulations and their patterns are compared.

II. Model Verification
For each circuit, the propagation delays for all output bits from the proposed model and
from the Spice simulation are used to generate PDFs and are compared together as shown in
Figure 19. The peaks at zero time represent the propagation delay of bits that did not have a state
transition.
To compare error patterns, errors are injected using the propagation delay results of the 8bit ripple-carry adder from the Spice simulation and the proposed model. Error injection is done
by flipping output bits that have a propagation delay longer than the user defined clock period,
180 ps in this case. A few input-vectors will cause large propagation delays at the output due to
the long carry ripple through the adder. The outputs from such input-vectors are therefore prone
to timing violations under voltage over scaling. Figure 20a and Figure 20b show histograms of
the output decimal values that were affected by the error injection for the adder. The distribution
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Figure 19. Comparing propagation delay time distribution of proposed model with Spice
simulation for: (a) 8-bit ripple-carry adder, (b) 8-bit carry-select adder, and (c) 4-bit
multiplier.
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has a range of

. The peaks represent the output numbers that could not be calculated in

time and they match closely between the two simulations. As expected, calculations adding up to
255 and 256 are the most error prone since they usually have the longest propagation delays.
Critical input-vectors that cause these timing violation failures can be easily identified and can be
used by the designer to further study and enhance the critical path of the circuit by exercising it
directly.
Figure 20c and Figure 20d show histograms of the error magnitude from both simulations
and are shown to match closely. The two peaks at 128 and -128 show that the second most
significant output bit, i.e. the output sum bit of the most significant adder, has the longest
propagation delay of all bits and is therefore the most error prone bit. Figure 21 compares the
probability of error per bit for the adder from the proposed model and from the Spice simulation
and it confirms that the second most significant output bit has the highest probability of error.
The proposed model is a quantification of the additive error model proposed in (1),
abstracting the timing models into functional models which can be used at higher levels of
representation. A major advantage of the model is its speed. The Monte-Carlo HSPICE
simulations presented in this section are shown in Table 7. The proposed model was
implemented in MATLAB, and its timing results are compared to ones generated in an HSPICE
simulation. Both simulations were run on a Xeon quad core machine (3.0GHz) with 8GB of
RAM. It can be readily seen that the proposed model is a approximately 400 times faster than the
Spice simulation.
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Figure 20. Comparing output failure and error magnitudes of proposed model (a) and (c)
vs. Spice simulation (b) and (d).
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Figure 21. Comparing probability of error per bit from proposed model and from Spice
simulation.
Table 7. Simulation runtime comparison.
Simulation time for 106 runs
8-bit ripple adder 8-bit carry-select adder 4-bit multiplier
63 minutes
60 minutes
Proposed model
35 minutes
454 hours
477 hours
Spice*
215 hours
432x
477x
Speed-up
368x
*Runtime extrapolated based on a 1000 run HSPICE simulation for each circuit
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III. Case Study
In this section we discuss a case study of a COordinate Rotation DIgital Computer
(CORDIC) processor, which is widely used in many digital signal processing applications [28].
We employ the CORDIC to perform rectangular to polar transformation for inputs of 8 bits
precision with 5 CORDIC iterations. We employ the iterative CORDIC architecture presented as
shown in Figure 22 [29]. The goal is to incorporate the proposed model in order to compare three
different implementations of the CORDIC where the tradeoff between the reliability and power
consumption is highlighted. The three implementations have the same hardware architecture
while using three different adder architectures, namely ripple-carry, carry-select and carry-lookahead adders.1
Y

X

Angle Correction

MUX

MUX

MUX
ROM
LUT

>> n >> n
+/+/-

+/-

Register

Register

Register

R

φ

Figure 22. CORDIC architecture.
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To study reliable overclocking, the clock period for each of the three CORDIC
implementations is chosen based on the output timing distribution obtained via the proposed
model such that the output exhibits an error rate, Pe = 10-6. To prevent the storage register from
failure, the effect of supply voltage reduction on the DFF timing [27] (setup-time,
to Q time,

and clk

) has been considered into the clock timing budget as follows,

Figure 23 shows the clock period

versus the supply voltage for the three architectures while

Figure 24 shows the average power consumption at the maximum frequency for that specific
voltage as obtained from Figure 23. Based on these plots, one can conclude that for aggressive
VOS, carry-look-ahead architecture could be the best choice for high performance application
albeit at a slightly higher power consumption.
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Figure 23. Maximum clock frequency versus supply voltage for same error rate at the
output of 10-6.
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Figure 24. Power Consumption for different supply voltage.
IV. Conclusion
The proposed model has been verified to achieve accurate estimates of propagation
delays with a speed-up of at least two orders of magnitude as compared to Spice simulations.
The model is able to abstract timing information and present it as an additive error model,
allowing efficient higher level modeling of variability in a system. A case study employing the
model to analyze reliability and energy efficiency trade-off of different implementations of
CORDIC units was presented.
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CHAPTER V: Conclusion
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I. Summary
The challenge of being able to quantify the tradeoff between power savings (achievable
via VOS) and system reliability was identified. In addressing this challenge, a fast new statistical
dynamic timing analysis model for estimating propagation delay of logic circuits is proposed as
an alternative to Spice. The model, when compared to Spice, trades-off simulation speed versus
accuracy of results.
The methodology and framework of the model were presented. The use of the
characterized propagation delay LUTs along with the defined signal class and the propagation
delay estimation algorithm were also discussed. The model can ultimately provide functional and
timing data for a digital block along with power consumption estimates based on the operating
supply voltage. Timing information allows for detection of timing violation errors, and the
functional information allows for identifying erroneous outputs of the block. Results of three
arithmetic circuits obtained from the model were verified against similar results obtained from
HSPICE and it was shown that the results matched closely. The speedup of using the model
instead of spice was shown to be at least two orders of magnitude. A case study employing the
model to analyze reliability and energy efficiency trade-off of different implementations of
CORDIC units was presented.
The proposed error-aware model enables digital circuit designers to explore different
architectures and obtain fast estimates for output delays and power consumption. It also allows
the designer to understand how circuit level failures of a certain choice of circuit architecture
would affect the overall system level performance and its quality of service. It enables the
designer to evaluate and compare the failure behavior and output error rate for different
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architectures under supply VOS to ultimately have the ability to quantify and tradeoff system
reliability versus energy efficiency.
II. Future Work
Future work includes more elaborate handling of the assumptions listed in section IV of
chapter 2. The main highlights are listed below:


Further characterization of slew rates against loading capacitances.



Model the scaling the LUTs based on the fan-out of the gate.



Total power consumption is broken down into dynamic power and leakage power for more
accurate estimates of power consumption.



Model the scaling of leakage power scaling with supply voltage.



A more elaborate case study needs to be run.


Simulate an entire system (e.g. a communication system).



Include a voltage over-scaled block (e.g. FIR filter of FFT).



Monitor the overall quality of service of the system to show a quantification of the
degradation in quality against the power being saved via VOS.
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