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Abstract

The continuous increase in chip integration and the associated power consumption
concerns with moving towards portability made low energy design one of the main
challenges facing VLSI systems. As low energy design has low power with high
operating frequency. Power/Energy management has various strategies at all design
process levels. That includes energy optimization at technology, circuit, logic,
architecture and system levels of abstraction. In this thesis, we present two low energy
designs. A low energy design at circuit level of abstraction is proposed for combined
binary/decimal multipliers. And a low energy design at architecture level of abstraction
is proposed for main memory data compression.

As combined binary/decimal arithmetic is optimal in supporting binary and
decimal high speed and low power applications. A low energy clock-gated pipelined
dual base binary/decimal fixed-point multiplier is suggested extending a previously
proposed non-pipelined design. A thorough study conducted on both the pipelined and
non-pipelined designs versus other architectures in literature proves tremendous
reductions in energy consumption. The pipeline stages are chosen to achieve energy
reductions with acceptable latency. In addition, clock gating the pipelined multiplier
design is introduced to provide a total of 43% energy reduction for the pipelined design
if compared to the lowest energy design in the literature.

In addition, a new low energy lossless compression/decompression approach is
suggested for the data of main memory. The proposed approach depends on the delta
coding and the observation that, for many applications, the lines of the main memory
pages are mostly similar. The target is to achieve a simple low energy compression
design for exact storage of memory data. The proposed design lowers energy
consumption by up to 66% when compared to previous designs. This is due to its
simplicity and low latency. Furthermore, the frequency of operation is increased from
300 MHz to 800 MHz. The new design also allows the main memory to store up to
30% more data according to PARSEC and PERFECT benchmarks applications data.
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Chapter 1 Introduction

In predicting the future of integrated electronics, Gordon Moore predicted in 1965
that the number of components per chip will double every year in the period till 1975
[1] reaching 65,000 components on a single quarter-inch semiconductor. In 1975,
Moore reduced the rate to a doubling every two years due to integrating more
microprocessors which are in general less dense in electronic circuits [2]. In 1995,
Moore's stated that his projection is not going to stop soon [3]. In fact, Moore's rule was
considered one of the driving forces of electronics industry. It challenged technologists
to deliver annual breakthrough in manufacturing Integrated Circuits (ICs) to comply
with Moore's law. In 2014, a die was able to hold over seven billion transistors. Moore's
law worked perfectly and was continuously fulfilled and has caused many of the most
important changes in the electronics manufacturing technology.

Since 1970s, The most dominant electronics manufacturing technologies used were
bipolar and nMQOS transistors [4]. Nevertheless, these consume non-negligible power
even in static (non-switching) state. Consequently, by 1980s, the power consumption of
bipolar designs and its cooling solution costs were considered too high to be
sustainable. This caused an expected switch to a slower, but lower-power
Complementary Metal Oxide Semiconductor (CMOS) technology. At that time, CMOS
transistors consumed lower power largely because static (leakage) power was
negligible if compared to dynamic (switching) power. Along with fulfilling Moore's
law, the aim is always to increase processing power of electronic circuits. This is
achieved by scaling down the technology, increasing the number of components per
chip, and increasing the frequency of operation. In the late 2004 with scaling down the
CMOS fabrication technology to 45-nm and downwards, we encountered a high
increase in leakage power to the extent that it is comparable to dynamic power and can
even dominate the overall power dissipation. Also, with integrating more and more
components, the power increases dramatically, and causes a challenge regarding
excessive thermal dissipation. Thus, another paradigm shift in computing electronics
was inevitable. The shift to multi-core computing was in the aim to increase
performance while keeping the hardware simple, retain acceptable power consumption
and transfer complexity to higher levels of the system design abstraction, including
software level. [4]. Approximate computing (AC) is one of the energy efficient
computing paradigms that use the inaccuracy tolerance inherited in applications for
significant performance improvements [5][6]. It leads to another tradeoff, energy and
performance versus computing quality. Where, slightly losing computing quality can
improve energy and/or density.

1.1. Power vs Energy

Both terms energy and power are ex-changeably used although energy is different
from power. For example, a specific task needs a specified amount of energy E to
complete over time T'. Its power consumption P is the rate at which energy is consumed
(E/T). The time needed to complete the task can be increased by reducing the
frequency of operation for example. Whereas, the same amount of energy is still needed



to complete the task. Thus, the power consumption is reduced; however the energy
consumption (area under the graph) is still the same as shown in Figure 1.1.

power
A
P
energy
E
= ~ time
power
A
P/2
energy
E
2T - time

Figure 1.1 Energy versus power [7]

While energy measures the total quantity of work done, it doesn’t say how fast the
work done. As a loaded semi-trailer can be moved across the country with a
lawnmower engine if time is not essential. If other things being equal, the tiny engine
would do the same amount of energy and burn the same amount of fuel as the truck’s
big one. But the bigger engine has more power, so it can get the job done faster.

The question now, in computer architecture design, which is more important power
or energy?. Desktop computers or wired digital devices are permanently connected to a
power supply. Power supply feeds the design components with power (P =V.I),
whereas these design’s components consume this power. That makes energy efficiency
here a bonus compared to a functional necessity. However, laptop computers or
portable devices have limited battery life time (E = P.T), before get rid of the battery
or recharge it.

1.2. Power/Energy Measurement in Digital Design

An IC's energy consumption is defined as its power consumption by the operating
frequency (E = P/f) while power consumption is mainly composed of static power
and dynamic power.

Piotar = denamic + Pstatic (1.1)

Dynamic power consumption is frequency-dependent and results from one of the
following three sources: Switching power, short circuit power and glitching power [11].
The dominant part of the dynamic power is the switching power which is consumed



during the charging and discharging of capacitive nodes, Figure 1.2. It can be
represented with the following equation;

denamic = a.(;. Vc%d'f (1.2)

Where « is the switching activity of the circuit; C; is the effective capacitance of the
circuit; V44 is the supply voltage; and f is the operating frequency.

Short circuit power occurs during the momentary current flow that occurs when two
complementary transistors conduct during a logic transition, which arises from long rise
or fall times of input signals, Figure 1.3. Moreover, glitching power occasionally arises
due to the finite delay of the logic gates that cause spurious transitions at different
nodes in the circuit, Figure 1.4.

Vdd

el

Yin Vout

_IE_I,. T

Figure 1.2 Switching power

Vdd

Yout

Figure 1.3 Short circuit power
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Figure 1.4 Example of how glitches occur

Static power typically comes from leakage current and dc current sources. Static
power consumption has many components and has many paths, Figure 1.5. The most
important contributor to static power in CMOS is the subthreshold leakage which is
exponentially dependent on (V5 — V), where V is the gate to source voltage and Vr is
the threshold voltage. Another part of leakage is caused by reduced gate oxide
thickness t,, which increases gate oxide tunneling current. All parts of leakage current
are increased excessively due to scaling down of technology which requires reducing
Vr and t,, to keep up with higher processing requirements.

Vil |~ Vout
>

|
!

Figure 1.5 Leakage Power

1.3. Low Power/Energy Digital Design

Low power/energy design methodologies can be applied at all design levels of
abstraction including system, algorithm, architecture, logic, circuit, device and
technology levels. Low energy design can be defined as a design that has low power at
high operating frequency. However, some of the low energy techniques reduce energy
in exchange of reduced performance. Eventually, one has to reach a compromise
between energy, power, performance, and cost to satisfy overall design requirements.
Nevertheless, improvement at a higher level design abstraction will definitely affect all
subsequent design abstraction levels to comply with the changes at that higher level. At

4



