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Abstract

Energy harvesting devices (EHDs) are replacing battery-powered Internet of Things (IoT) de-
vices and are increasingly gaining prominence because they have a nearly infinite lifespan and
extremely low power consumption. The coming decade will see the pervasiveness of EHDs as
they are being deployed in a wide variety of applications ranging from smart homes to environ-
mental and structural health monitoring in hazardous and difficult-to-reach remote locations.
Although ambient energy is abundant, using EHDs is challenging due to the intermittent and
unpredictable nature of the ambient sources. Therefore, in order to effectively use EHDs, it
is important to characterize and then optimize their architecture and functioning. Then, one
must focus on both hardware and software aspects in order to address the shortcomings of these
devices. We systematically look at the limitations of these devices and provide architectural

solutions in this thesis.

Due to fluctuations in the incoming ambient energy, an EHD may turn off while in use, losing
its state. As a result, checkpointing approaches are the subject of extensive research in order
to preserve the run-time state of EHDs. We survey and characterize the literature on exist-
ing checkpointing techniques. We discovered that despite the extensive study in this field, the
checkpointing problem lacks a formal definition that would let new researchers fully compre-
hend the issue and obtain a theoretically optimal solution. Thus, we formulate the checkpoint-
ing problem as a quadratically constrained linear program (QCLP). Then, extending this work,
we provide a SW+HW checkpointing approach wherein the checkpointing decisions are made
based on forecasts of incoming ambient energy. Our approach could achieve a performance
that is within 3-5% of the optimal solution and with a miniscule area overhead accounted for
by our hardware predictor (0.006 mm?). During our survey, we also observed that there is no
single checkpointing approach that works for all devices and ambient sources; rather, the right
checkpointing method should be selected based on the characteristics of the ambient source and
device. So, we perform comprehensive experimental analysis and provide a recommendation
system to assist novice researchers in choosing the best checkpointing approach as per their

requirements.



The limited memory and computational capability are other significant limitations of an EHD.
Additionally, EHD applications frequently have to deal with enormous amounts of streaming
data. An EHD typically comes with 2-8 KB of SRAM and 64 KB of FRAM. It is not practical to
increase the amount of memory as the price of the nonvolatile memory component dominates.
Moreover, even if memory is expanded, memory will still be a valuable resource because as
technology develops, so do the applications that operate on these devices. Furthermore, many
applications are being deployed on these devices, each of which has its own memory require-
ments. Therefore, it is imperative to find methods for effectively exploiting the memory that
is present in these devices. Additionally, with efficient memory utilization, we may create de-
vices with reduced memory sizes, which will lower the price of the devices. We propose two
solutions in this direction. Our first solution is based on the fact that a lot of EHD applica-
tions can tolerate a slight amount of inaccuracy. We propose an approximate computing-based
method to provide quick answers with significantly lower memory consumption. We propose
to use sketching algorithms and present a generic hardware architecture that can be instantiated
with several sketching implementations that can outperform state-of-the-art software imple-
mentations in terms of energy (4-10x) and time (10x). In contrast to the first solution, our
second solution preserves data in a lossless yet compressed form. We propose to use compact
data structures that could reduce applications’ memory-footprint by up to 3.5x without sig-
nificantly increasing the energy or time overheads. Additionally, we propose a novel hardware
template that can be used to realize a wide range of data structures frequently employed in EHD

applications.

These devices are typically used in distributed settings. We consider a representative scenario
in which each node periodically senses its surroundings and relays the corresponding data to a
distant sink node, which then computes some spatiotemporal statistics on the acquired system
snapshot. Sadly, messages from different nodes do not reach the sink at the same time due to
network congestion and different node-distances from the sink. Furthermore, it is difficult to
synchronize all the nodes because they have different duty cycles owing to variable ambient
energy. So, to get an effective snapshot at the sink, we propose a hybrid (centralized and
distributed) algorithm wherein the nodes adapt their sensing periods in accordance to their

physical positions, ambient energy profiles, and network dynamics.

In this thesis, we propose a systematic and holistic approach to address the drawbacks of EHDs
operating in standalone and distributed modes. We provide a combination of hardware and
software solutions that help create a fast, energy-efficient, memory-efficient, and reliable EHD

system.
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