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Current state of the art general-purpose embedded systems are approximately a cubic centimeter in volume. In this work, we are seeking a 1000x improvement to build a cubic millimeter node. Previous research at this scale has proven a specialized sensor platform to be feasible [1]. It is intractable, however, to build a specialized system for every sensing application. Instead, we seek to create an extensible millimeter-scale platform and hardware / software toolkit and to develop the first system built utilizing it.


There is an extremely wide array of applications requiring smaller and more compact sensors. In [1] researchers built an interocular pressure sensor capable of implantation in a human eye. However, modifying their system to other biological applications would require significant redesign; targeting other applications such as building monitoring would require rebuilding from the ground up. Collaborators from the University of Utah's biology department have made clear the range of requirements in their domain alone. For the first deployment, Utah biologists need a sensor capable of continuously monitoring ambient temperature on rodents (pikas) that burrow through rock. Existing sensors are too large and inhibit the pika's mobility in the confined spaces of its habitat. While the first sensors for this platform seek only to log ambient temperature, future work will require measurements of properties such as oxygen concentration and humidity, or advanced processing such as motion detection. Efficient sensor design does not constantly re-engineer systems from scratch, instead it combines useful components to build novel systems [2]. This work will makes a first attempt at building the hardware and software toolkit to allow for arbitrary system design at the millimeter scale.


Working in the millimeter domain presents an even greater reduction in resources than traditional embedded systems. At millimeter scale a battery is little more than a sliver of lithium, limiting both its storage capacity and drive capability. Resolving storage requires harvesting energy, which [3] indicates is well served by potentially unreliable solar energy. Limited current output restricts any high-power activities; in particular radio transmissions require an array of capacitors to be charged as the battery alone is not capable of supplying enough immediate energy. Total energy considerations tightly bound the available transmit and receive power, and the form factor severely constrains antenna design. The result is a radio chip with a one to ten meter range capable of running the radio only six seconds every hour. Reduction in power and space also necessitate a redesign of the traditional storage paradigm. Completely non-volatile storage is gone. Two competing memories are designed which present a power and space trade-off: retentive and non-retentive. Space efficient non-retentive memory is lost in low-power mode; retentive memory is preserved in sleep but still requires a non-zero power draw.


The thesis of my work is despite drastically reduced system resources, it is possible to generate a hardware / software platform which exposes a usable interface to application developers. My contribution to this work is to guide the design of the hardware to create a useful and extensible system and to build and design the necessary abstractions to create a useful software platform. To accomplish this goal will require a system capable of adapting to each of the major resource constraints: power, storage, and communication.


The hardware design team is composed of world-class researchers David Blauuw, Dennis Sylvester, and David Wentzloff, experts in extreme low-power hardware and radio design. Throughout the hardware design process I served as a consultant on what was necessary to build an extensible system. The result is a series of interchangeable hardware "building blocks" stacked atop one another to build a cubic millimeter system. The first generation will build five blocks: power storage, a radio, an imager, a CPU with retentive memory, and a CPU with non-retentive memory. These blocks define a standard power interface and communicate via I2C.  This allows for an arbitrary number of connected blocks, including interfacing with existing sensors not designed for this system using little to no additional hardware.


In conventional embedded systems, transient power loss leads to small gaps in data but usually not a complete failure of the system. Given the limitations of the available retentive memory system, it is critical that a millimeter system not be allowed to ever experience complete power loss. Not only will collected data be lost, but a node will lose its programming as well. The notion of a power availability oriented back-off of data collection, quality, and processing must be fundamental to the system. To solve this the framework will monitor both immediately available power and build a historical charging profile for expected power. It will then expose two "modes" to application developers - normal and low battery. This decouples awareness of power limitations from the actions developers must take. A private "critical" battery state will force the framework into its lowest power state to prevent the node from losing its programming.


The storage and communication problems are tightly coupled. The availability and frequency of communication defines how often limited retentive storage space can be cleared. Unfortunately, no existing system to our knowledge is so communication constrained as a millimeter-scale system. [6] surveys existing systems and their properties, but none apply to a system with such an extremely limited range and transmission rate. For the initial deployment, pikas are known to visit the highest altitude rock in their territory at least once a day. This permits the simpler, fixed base station model. We expect to be able to trigger on a 'sudden light change event' as the pika emerges from underground to initiate the power-hungry detection of a base station. We recognize this, however, as a limitation of the current system and are exploring existing popular low power wireless mesh technologies such as CTP [5] and its replacement RPL [6] as one potential avenue to resolve this issue. In its current form RPL requires too much per-node state and too frequent of inter-node communication, however we do not believe these to be insurmountable obstacles. For application developers, we can abstract these details. Reduced storage presents a similar problem as low power, requiring developers to to either reduce sampling frequency (reduce fidelity) or compact existing data (reduce precision). The former can leverage the same infrastructure as power, while the latter could utilize on-demand compression.


The development of a millimeter-scale sensor platform enables a new class of sensor networks. Scaling of sensors enables myriad opportunities in the biological domain, tracking properties of individuals and tagging classes of animals previously impossible (e.g. bees); it allows for sensors inside compact industrial processes. Much more importantly, building an extensible, easy-to-use hardware and software millimeter-scale platform allows others to create systems that we could not even imagine.
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