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ABSTRACT

Energy harvesting wireless sensor nodes are sensitive to spatial
and temporal fluctuations in energy availability. This issue is espe-
cially prevalent in batteryless systems, where devices are directly
connected to power sources with little or no buffering. The strong
coupling of energy supply and demand introduces a new dimension
to the problem of designing robust networked sensing systems. We
propose a modeling framework for this class of batteryless systems
with an emphasis on the interactions between energy and function.
The tool models energy harvesters, power management circuitry,
energy storage, microcontrollers, sensors, radio modules, environ-
mental models, and is fully extensible. The microcontroller model
is based on cycle-accurate instruction set simulators from Fused,
with various peripheral extensions to enable board-level function-
ality, such as SPI, DMA, hardware multiplier etc. The tool enables
virtual prototyping of self-powered wireless sensor nodes, but is
especially useful for studying intermittent operation and develop-
ing application specific software, hardware, or combined solutions.
The simulator is capable of executing real workloads under realistic
conditions and this is demonstrated through a case study where
the same compiled binary is executed on a virtual prototype and its
corresponding physical wireless sensor system to yield matching
digital traces and current profiles.
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Figure 1: A typical energy harvesting wireless sensor node.

1 INTRODUCTION

Batteryless energy-harvesting wireless sensor nodes (EH-WSn) is
a promising technology towards achieving the envisioned vast
scale of the Internet of Things (IoT). Powering the tens of billion of
devices in the near future [1] with existing battery technologies is
neither sustainable nor economical; batteryless devices become a
necessity at this scale. Batteryless networked smart sensor systems
are, however, difficult to design and an energy driven paradigm
is required [2]. These systems are directly exposed to temporal
fluctuations in environmental power sources. Further complicating
matters is the significant temporal variation in current draw from
the various active loads, which dynamically affect the efficiency of
the power delivery path.

Existing modeling tools usually assume a stable power supply,
or model variations as fixed voltage traces. However, as shown by
Hester et al., the harvested power depends strongly on the load
[3]. To correctly model batteryless EH-WSns, a comprehensive
approach that captures interactions between energy and execution
is needed.

The authors of Fused postulated that power and performance
must be modelled simultaneously for energy-driven computers [4].
For simulating batteryless EH-WSns, we propose the following
additional criteria:

(1) Fine grained power and functional models of WSn compo-
nents that capture transient energy demands.

(2) Sufficient coverage of WSn components such that no signifi-
cant current sinks are neglected, and interactions between
components are captured.
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(3) Realistic and representative environment models and work-
loads to capture the range of possible operating conditions.

More generally, in anticipation of innumerous WSn use cases, a
practical modeling tool should be flexible and extensible, and also
promote code reuse wherever possible. Another appealing property
is full code congruity (i.e. that the exact same software can run
on the hardware and the virtual prototype of the hardware). This
property is crucial in enabling effective hardware-software co-design,
as well as debugging, of WSn systems, ultimately enabling creative
solutions such as those presented in [5] and [6].

The main contributions of the work reported in this paper are:

(1) A modeling framework for batteryless EH-WSn that ac-
curately capture timing, energy, and functionality of the
HW/SW components, as well as their interactions.

(2) Code contribution to the open source Fused simulator for
models of the various on-chip/off-chip peripherals, power
conditioning analog circuitry, and energy harvesters, as well
as drivers and validation effort to enable virtual prototyping
of complete batteryless EH-WSn.

(3) A case study illustrating the effective and accurate virtual
prototyping of a batteryless EH-WSn executing a realistic
workload consisting of sensing, compute, and radio trans-
mission, which is validated against its physical counterpart.

2 BACKGROUND & RELATED WORKS

In this section, background information on batteryless EH-WSn
and its design is presented. We also make the case for needing
a new framework for batteryless EH-WSn by reviewing existing
simulation tools and critically evaluating their suitability.

2.1 Batteryless Wireless Sensor Nodes

A typical WSn consists of a compute core, sensing elements, a radio,
power management circuitry, and energy storage, as illustrated in
Figure 1. A batteryless WSn minimizes or completely removes the
energy storage element to achieve a smaller footprint, reduce Bill
of Material (BOM) cost, and ease maintenance. As the dominant
battery technologies today are environmentally hazardous, costly
tracking of the entire WSn product life cycle is required, whereas
batteryless WSns enable true deploy and forget scenarios.
Challenges from going Batteryless Due to the lack of a sufficiently
large energy buffer, the system is exposed to temporal variation in
the power source, including unpredictable periods of power outage.
The microcontroller needs to sustain computation across these
power cycles. It will also need to keep track of the state of the many
peripherals and their workloads, both on- and off-chip. Furthermore,
the device loses track of time during periods of complete power
outage. The implication is that most duty-cycling-based schedulers
or networking protocols simply cannot work on batteryless WSns.
Enabling Research Many ingenious solutions addressing the afore-
mentioned issues have been proposed. For example, there are so-
lutions to sustain computing through intermittent power cycles,
e.g. Ratchet [7], Hibernus [8], INK [9], and TotalRecall [10], tracking
peripherals, e.g. Karma [11] and RESTOP [12], timekeeping through
power loss, e.g. [Cus]TARDIS [13] and CHRT/Botoks [14]. However,
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Figure 2: Design flow of batteryless wireless sensor nodes.
The power characteristics, including power supply and con-
sumption, is made explicit in the design repository.

the custom hardware required in some of these work, and the ab-
sence of a common platform, hinders effective collaboration and
comparison.

2.2 Model-based Batteryless EH-WSn Design

Batteryless EH-WSns are energy-driven, i.e. their performance
varies with energy availability. This variability requires the WSn
to be adaptive, e.g. scale performance in an energy-aware fashion
and be resilient to loss of power supply. To facilitate effective bat-
teryless EH-WSn design, we propose the systematic flow shown in
Figure 2. Power supply and consumption characteristics are made
explicit as a major component in the design repository, on par with
the application specifications, hardware components, and software
components. Multiple iterations of application mapping, optimiza-
tion, evaluation, validation, and tests can then be carried out in the
modeling framework before building the physical device/prototype.
Ideally, the framework acts as a virtual prototyping platform and
an emulator, allowing the exploration of different architectural,
hardware,and software solutions.

Nonetheless, equally important are the work before and after
the modeling stage. Early on, analytical models like EH-Model [15]
can be used to rapidly explore the design space. Tools like Ekho
[3] and Shepherd [16] aid the designer throughout the design flow
by providing a means for accurate power profiling (research and
survey) and replaying the traces during modeling and/or hardware
validation. Other important tools include EDB [17], which is an
energy-aware debugging utility, and hardware prototyping plat-
forms such as Flicker [18]. Together these tools, with an effecting
virtual prototype framework, enables the effective study and design
of batteryless EH-WSns.

2.3 Short-listed Simulators

A summary of various candidate simulators is given in Table 1. We
next discuss why these tools are ill-suited to be used in our virtual
prototyping framework for batteryless EH-WSn.
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Table 1: Comparison of various simulators for batteryless EH-WSn.

Simulator Timing Accuracy  Energy Model Code Congruity Ext. Peripherals AMS! SW Debug Language
MSPSim-based indiscriminate indiscriminate yes numerous USARTs  no limited support ~ Java
[19] [20] [21] instruction level, no  instruction level, (MSP430 ISA) devices for GDB, cus-
wall-clock time limited to MCU tom CLI
gem5, QEMU [22]  some accurate cycle- events/activity- yes gem5-no, QEMU no yes C/C++, Python
[23] level processor mod- mapped power  (numerous ISAs) used for developing
els in gem5 estimation [24] HW drivers
RTL, eg. NVsim RTL, cycle accurate allows for very accu-  yes no no no HDL
[25] simulation rate power profiling
WSN instruction  level  yesbutlacks models no, uses models of yes yes no MATLAB,
Simulators modeling support  of processors software Python, Sys-
[26][27][28] lacking temC etc.
Fused [4] cycle-accurate event- & state-based  yes no limited GDB, debug C/C++,
execution, loosely active current draw  (ARMv6-m, (extended in this (extended in this lock-step with  SystemC-TLM
timed simulation MSP430) work) work) power trace w/ AMS

! Analog & Mixed-Signal simulation, i.e. capability to properly simulate analog circuits together with digital execution.

MSPsim-based. A popular simulator for WSn is MSPsim [19],
which is a Java-based instruction level emulator of the MSP430
series microprocessor and supports loading of binaries. However,
MSPsim does not have an accurate power modeling framework and
lacks proper simulation interfaces and abstractions, such as an event
queue, a global clock, communication channels etc. While Siren
[21] and MSPsim++ [20] extended MSPSim to include basic energy
simulation capabilities and, in the case of Siren, extensions for
modeling nonvolatile memory, they fall short because they assume
static energy consumption per instruction and only accommodate
very simple energy calculations.

Processor/SoC and RTL Simulators. Another popular simulation
framework is gem5 [22], which provides fast simulation of processor-
memory systems and provides a power consumption estimation
utility through McPAT [24]. However, gem5 mainly targets high-
performance-computing (HPC) systems with deep pipelines, multi-
ple levels of caches, memory management units etc. Another similar
tool is QEMU, which utilizes dynamic instruction set translation
[23]. It is mainly used for hardware-assisted virtualization due to
its speed but cycle-accurate information is lost as a result. These
simulators are immensely powerful but target application-class
processors. Then there are highly targeted and detailed RTL sim-
ulations such as those tailored for nonvolatile processors (NVP),
i.e. processors that can sustain computation through power out-
ages like NVsim [25]. RTL simulation demands too much low-level
details and complexities to be an effective virtual prototyping tool.

Wireless Sensor Network Node Simulators. These are simulators
that target wireless sensor nodes with explicit intent to use these
nodes in a network simulation context. MATLAB is a popular tool
for these simulators [27] [28] but SystemC-based models also exist
[26]. This class of simulators fall short of cycle-accurate modeling
and are therefore unable to meet state-of-the-art batteryless WSn
research needs in areas like intermittent computing.

3 PROPOSED MODELING FRAMEWORK

From our review, Fused is most suitable to be the basis for our bat-
teryless EH-WSn prototyping framework. It is written in C++using
the SystemC-TLM library [29] and the Analog Mixed Signalexten-
sion (SystemC-AMS) [30], i.e. it uses a standardized simulation

interfaces and has options for analog/mixed-signal modeling. Fused
implements a cycle-accurate microcontroller CPU and supports
emulation of the MSP430 and ARMv6-m ISAs, at the time of writ-
ing. For power and functional models of memory and peripherals,
Fused uses a mixture of TLM and discrete event simulation as the
model of computation (MoC).

We extend this framework to include radio modules and other
on- and off-chip peripherals, which we also model using TLM and
discrete event simulation. An off-chip peripheral, e.g. the NRF24
radio shown in Figure 7, will usually have a communication inter-
face (SPI in the case of the NRF24), a register file containing the
control/status registers, and a state machine. For the radio module,
transmit/receive buffers are also implemented and a PHY packet
class object is generated for each transmit event. Apart from the
packet content (e.g. address, payload, CRC etc.), the packet is also
tagged with metadata such as transmit duration. This packet is
currently printed to standard output when generated; in the future
it will be passed through a wireless channel model to another WSn.

In the analog domain, Fused includes a model of an ideal capaci-
tor as energy storage, a simple energy management circuit, and a
voltage-limited current source, all modelled using the Timed Data
Flow (TDF) MoC of SystemC-AMS. We model more complex analog
devices along the power delivery path, and to that end use a combi-
nation of SystemC AMS’s TDF MoC, the Linear Signal Flow (LSF)
MoC, and the Electrical Linear Networks (ELN) MoC. For instance,
we use this approach to implement a model for the buck-boost
converter and the solar cell shown in Figure 4 and Figure 5 respec-
tively. The analogue and digital domains have a shared view of
simulation time thus allowing for time-accurate simulation results.
However, modules are allowed to advance local simulation time if
there are no dependencies, thus enabling fast simulations, which
greatly benefits virtual prototyping workflows. Figure 3 illustrates
the proposed modeling framework.

Apart from hardware components, the WSn firmware is also
an important part of the virtual prototype. In our framework, we
ensure full code congruity, i.e. we make sure that the code executing
on the virtual prototype can be used without modification on the
physical target. Where available, we use standard libraries/drivers
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Figure 3: Overview of proposed virtual prototyping framework for batteryless EH-WSn. Shaded blocks indicate extensions or
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Figure 5: TDF model of buck/boost converter at equilibrium,
which allows for faster simulation.

provided by the vendors to further enforce this requirement. Build-
ing virtual prototype amounts to connecting up hardware compo-
nents in a ’board-level’ abstraction and providing the necessary

stimuli, e.g. loading executable binaries into memory. The building
blocks are simulated together as a single Design Under Test (DUT)
or separately by using unit-test style stimuli and monitors in a
testbench.

A mechanism for unit testing is implemented for testing individ-
ual modules. Unit tests are executable specifications that are written
in C++ according to the vendors’ datasheets. It may also be used
to check high-level target specifications for a bespoke hardware
module. A full-system test usually means loading firmware into
the emulated memory and debugging using the integrated GDB
server. Similarly to when debugging code on a prototyping board,
code can thus be stepped through one instruction/source line at a
time. However, debugging the virtual prototype is often much more
effective due to the availability of traces and logs of the internal
signals, power rails, state machines, and bus traffic, etc.

3.1 Power Model

Active Current Draw. Active components, e.g. the microcontroller,
the radio, and sensors, determine the active current draw. We use
the existing modeling methodology in Fused, where high-level
events/states registered from the active components map to a cer-
tain energy/power contribution, respectively, which are then com-
bined into the total load current draw. In general, events are used
to model detailed dynamic power consumption, whereas states are
used for modelling static power (i.e. leakage) or rough dynamic
power consumption (e.g. the average active/standby/sleep power
of a module). Together, events and states of components determine
the total current draw of the WSn within a time-slice. Direct play-
back of active current traces associated with special events is used
occasionally, e.g. for the hardware startup of the microcontroller
where Fused replays the current and time consumed before the
first instruction after reset is fetched. The current draw in external
peripherals are mostly state-based as annotated in Figure 7.
Passive Operating Points. Active load current determines the op-
erating points of other components and the corresponding power
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delivery efficiency from sources and the dissipation in the power
conditioning circuitry. For instance, the efficiency of a typical buck
converter falls sharply as the load current decreases and this is
captured in our framework. Device behaviour such as this neces-
sitates the closed-loop approach employed. The ELN MoC used
in our framework, e.g. in Figure 4 and 5, captures these dynam-
ics/interactions. Where appropriate, a TDF MoC is used, e.g. for
diode properties, to balance between accuracy and simulation speed.

Power Profiling. Information regarding timing and power lev-
els for operational states are mostly obtainable from the manufac-
turer’s datasheets for the device/component. The implemented mod-
els are later validated with measurements on the physical device.
For use cases where information from the manufacturer is inade-
quate, power consumption is measured on physical hardware and
regressed onto time-accurate events and states. This had been done
in Fused to profile the current consumption of the MSP430FR5994
microcontroller based mostly on memory accesses. In this work, the
radio module used in our experiments turned out to be a counterfeit,
and does not conform to the power specifications in the datasheets.
We updated the power model to reflect the measurements on the
device we have on hand and these values are recorded alongside
the datasheets values in Figure 7.

4 BATTERYLESS ENVIRONMENTAL SENSOR
CASE STUDY AND RESULTS

We built a virtual prototype of a full batteryless WSn, including
all integrated circuits on the printed circuit board, as shown in
Figure 8. In this setup a solar cell trickle charges a small capacitor,
which is being monitored by a comparator. When the voltage across
the capacitor exceeds the ON threshold, the switch to the active
components is closed and the microcontroller turns on. The MCU
then takes over the source monitoring duty and keeps the power
switch closed. The closed-loop energy modeling in Fused means
that as the active current load varies, the solar cell’s operating point
on its IV curve shifts accordingly. The same is true for the boost
converter model used.

The microcontroller used in this system is the MSP430FR5994, as
shown in Figure 6. The MSP430 processor, memory, bus, and various
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Figure 7: NRF24 module with state-based power-model.

internal functional units/peripherals are implemented. Part of the
MSP430 processor model is the instruction set simulator which
allows the execution of real application binaries. In the simulated
system, the application code in this case performs a sense operation
on the BME280 environmental sensor, a compute block to process
the raw readings, and finally sends the payload to the NRF24 radio
modules to be transmitted.

4.1 Results and Discussion

Figure 9 shows the output traces from the virtual prototype and
also includes the active current trace measured from the corre-
sponding hardware. The results demonstrate the high accuracy of
our simulation, which captures various power states of the bat-
teryless EH-WSn and timing of events such as sensing and radio
transmission. The model can also be further tuned to account for
device-to-device variation. Furthermore, our framework captures
the tight coupling/interactions in a EH-WSn, e.g. SPI packets trig-
gering external peripheral functionality, radio transmission causing
an immediate voltage drop across the capacitor etc. This enables
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Figure 9: Analogue and digital traces from the virtual prototype of a batteryless EH-WSn performing a simple sense and
transmit workload. The measured active current draw from the physical hardware is shown for comparison. The active-low
chip-select signals indicate SPI communication windows. After booting the microcontroller, the supply current to the 22yF
capacitor is cut-off and the voltage is allowed to decay over the period of this workload.

virtual prototyping HW/SW solutions that rely on timely reaction
to changes in the supply rail or other cyber-physical events.

In addition, from the virtual prototype, variables and internal
signals, e.g. state machines and on-chip bus traffic can be traced.
This highlights the utility of the virtual prototyping approach in
accelerating the design and development process. The output traces
and power delivery circuit simulation is in lock step with code
execution, hence pausing code execution pauses the entire system,
including e.g. the position of the sun, a radio packet halfway being
transmitted etc. The events leading up to that point can be investi-
gated and the entire system can then be resumed without affecting
device operation.

5 CONCLUSION

This work extends the original Fused simulation framework for
device-level full system simulation of batteryless EH-WSn. While

tailored for energy-driven systems, this tool will also benefit WSn
device modeling and development in general. Effective virtual pro-
totyping can be done due to the fast and accurate emulation of
systems. Development and validation effort for the framework is
ongoing as we integrate more components, explore different use
cases, and experiment with emerging technologies.

Future work. (1) Case studies and demonstrators of various bat-
teryless EH-WSn use cases. (2) Architectural exploration and ex-
perimenting with emerging technologies.
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