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ARTICLE INFO ABSTRACT
Keywords: This paper proposes a novel circuit model of a Wireless Sensor Network (WSN) device. The model
Wireless sensor network node is designed to accurately represent the behavior of a WSN device operating in a duty cycle,

Electric model

capturing the essential characteristics of its components, including the microcontroller, sensor,
SPICE model

transceiver, and power supply. The proposed model incorporates static and dynamic power
consumption aspects, reflecting the energy usage patterns during various operational states such
as sensing, processing, and communication. The model’s accuracy is validated through a
comparative analysis with a LTspice® implementation and a real mote implemented for this
study. Simulation results closely match the empirical data, demonstrating the model’s effec-
tiveness in predicting the mote’s behavior. This approach provides a valuable tool for optimizing
power consumption and extending the lifetime of WSN deployments within a simulation envi-
ronment, offering significant insights for designers and researchers in this field.

1. Introduction

Wireless Sensor Networks (WSNs) consist of spatially distributed autonomous devices known as motes [1] designed to monitor
physical or environmental conditions such as temperature, humidity, vibration, or pressure [2]. The ability to collect and transmit data
wirelessly makes WSNs invaluable in scenarios where wired connections are impractical, enabling the deployment of sensors in remote
or inaccessible locations [3]. For that reason, the WSNs have garnered significant attention due to their wide applications in envi-
ronmental monitoring, healthcare, industrial automation, and smart cities [4].

The lack of human intervention in remote environments poses a significant challenge in terms of powering the various elements
that comprise a WSN. This results in various mechanisms for Energy Management Strategy (EMS), encompassing different degrees of
complexity, which may include energy harvesting [5].

It is possible to separate the energy management strategies from two different entities, one that is dedicated to ensuring the energy
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Acronym list

ADC Analog/Digital Converter
EMS Energy Management Strategy

IC Integrate Circuit

MCU Microcontroller Unit

PCB Printed Circuit Board

PMS Power Management Systems

SQW Sum of Square Waves

SMD Surface-Mount Device

SPICE  Simulation Program with Integrated Circuit Emphasis
WSN Wireless Sensor Network

WDT Watchdog Timer

needs of the mote [6] known as the Power Management System (PMS), and the mechanisms that the mote establishes from its pro-
gramming to save energy, that is, only work when it is strictly necessary by activating only the hardware resources involved in the
specific operation and according to energy availability [7]. To achieve an accurate understanding of the energy consumption dynamics
and to optimize the design of PMS in WSN devices, it is essential to develop comprehensive electrical models that can be incorporated
into circuit simulations.

Electrical models are essential tools for understanding, predicting, and optimizing the behavior of electronic circuits and systems
[8]. Accurate electrical modeling of WSN motes is crucial for several reasons [9]. Firstly, it allows for precise prediction of power
consumption, which is essential for the design of energy-efficient WSNs. Given that devices often rely on battery power, extending the
battery life is a primary concern. Secondly, electrical models enable designers to simulate and analyze the behavior of the motes under
different operating conditions, facilitating the optimization of both hardware and software components [10]. An effective electrical
model helps to understand the trade-offs between performance and energy efficiency, guiding the development of more sustainable
WSN solutions.

Once the model has been developed, it should be subjected to a series of simulations in order to ascertain its efficacy and identify
any potential issues. SPICE (from acronyms Simulation Program with Integrated Circuit Emphasis) is a widely adopted framework for
circuit simulation that provides a standard method for modeling and analyzing the behavior of electronic circuits [11]. SPICE employs
a netlist format that adheres to a specific syntax for the description of electronic circuits from component primitives. Practical models
are then created to represent real, practical versions of these electronic components. These practical models may take the form of
discrete circuit elements, such as real diodes or transistors, integrated circuits like the 555 timer, or even entire circuits viewed as
subcircuits. LTspice® was chosen for its high performance and ease of use. According to Mohindru and Mohindru, 2021 [12], itis a
powerful circuit simulator with a wide-ranging library of component models, making it ideal for modeling, analyzing, and displaying
analog circuits.

Modeling the electrical behavior of WSN devices presents several challenges. These nodes operate in various modes, including
active, sleep, and idle states, each with distinct power consumption profiles. Furthermore, the interactions between the microcon-
troller, sensors, transceiver, and power supply are complex and require detailed characterization. Accurately capturing these dynamics
is essential for developing reliable models. The variability in power consumption due to environmental factors and operational
conditions adds another layer of complexity to the modeling process.

Most of the mote’s activity is dedicated to network communication, with the radio interface serving as the physical layer of the
network stack and representing the largest portion of power consumption. The activity of this interface depends on the network’s
particularities such as protocol stack, topology, role, logical and physical positions, interference, the length of the data transmitted, etc.
[13]. This may account for the fact that studies obtained from a non-exhaustive search on the topic present energy consumption models
based on network simulation software such as Ns-3, Castalia, TOSSIM, and OPNET [14], and COOJA [15,16], or using a dedicated
software developed by the author of the search [17]. This software offers accurate models that can be simulated with the necessary
realism of the mote’s energetic behavior and subsequently exported in a file that can be incorporated into the SPICE simulation.
However, this procedure necessitates a higher computational cost, translating into more complex and time-consuming simulations
involving several steps in more than one software. Moreover, energy consumption can vary from one device to another depending on
the factors described above.

Other studies consider power consumption as the average of the different states like idleness, sensing and logging data, and
transmitting and receiving data. In this case, the simulation of the isolated node considers the average network behavior in a particular
WSN device. Examples include Bakr and Lilien, 2011 [18], Ke et al., 2015 [19], Ghosh and Unnikrishnan, 2017 [20] and Mayer et al.,
2022 [21] using MATLAB to obtain a power consumption average consider a simple alternation between states, Kellner et al., 2008
[22] describing a mote as a finite-state machine, Kempa, 2019 [23] proposed a threshold-controlled vacation policy, Blondia, 2021
[24] present a generic queueing model resulting in a discrete-time Markov Chain, and Li et al., 2014 [25] use Queuing Petri Net (QPN).
This approximation leads to a simple model that is cleaner, less demanding, faster, and accurate enough. Nevertheless, all these
proposals require an algorithmic description through some programming language, contrary to the SPICE work philosophy. In this
sense, no study has been identified that provides detailed circuit-level models that can be directly utilized in SPICE simulations.
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The objective of this paper is to develop a comprehensive electrical model described of a WSN device. The model is designed to
replicate the behavior of a WSN device operating in a duty cycle, accounting for both static and dynamic power consumption. By
providing a detailed representation of the mote’s components and their interactions, the model becomes a valuable tool for predicting
power consumption and optimizing power electronics designs. The LTspice® environment is chosen as SPICE environment for its
robust simulation capabilities and widespread use in electronic circuit design.

This paper is organized as follows: In Section 2 an overview of WSN node components and their electrical characteristics is pro-
vided. Also, this section details the development of the LTspice® circuit model and the physical mote itself. Section 3 presents the
simulation setup and results comparing these results with empirical data from the real mote. Finally, the paper’s Conclusion is pre-
sented, including suggestions for future work.

2. Materials and methods

This section outlines the materials and methodologies employed to develop and validate the model for a WSN mote. The model
aims to accurately represent the mote’s behavior, focusing on energy consumption and state transitions. The process involved selecting
appropriate primitive components, designing the circuit in the LTspice® environment, and implementing a real mote to compare the
simulated results performance. The following subsections detail the hardware configuration, circuit design, and simulation
parameters.

2.1. Mote consumption model

From the point of view of this analysis, the WSN device represents only a load for the PMS as Fig. 1 shows. The highest power
consumption of a WSN node could be estimated by the simple sum of the worst values given by the manufacturers of the components
that it comprises, but this would be unrealistic.

The electrical characteristics of the key components of a WSN mote are critical for understanding and modeling its power con-
sumption and overall performance. The mote’s behavior is split into various operational states [19] with different components
influencing it through its unique properties. The main components are [26].

e Microcontroller Unit (MCU): Its current consumption varies significantly depending on the operational mode. In active mode,
where the MCU is executing instructions, the current consumption ranges from a few milliamperes (mA) to tens of milliamperes. In
contrast, during sleep mode, the MCU’s current consumption drops substantially to microamperes (1A) or nanoamperes (nA). The
clock frequency, which determines the speed of operation, also affects the power consumption, with higher frequencies leading to
increased current draw. Additionally, using integrated peripherals such as ADCs, serial communications, and timers impacts the
overall power consumption.

Sensors: Their electrical characteristics vary depending on the type and application. Their current consumption also varies, often
within the microampere to milliampere range. During active sensing, sensors draw more current than in idle states when is
significantly lower.

Radio interface (transceiver): The current consumption varies based on the operational state. In transmit mode the current
consumption is high, often reaching tens of milliamperes. In receive mode, the current draw is slightly lower but still significant.
When in idle or standby mode, the transceiver consumes much less current.

Depending on the application, a WSN mote may include additional peripherals such as memory modules or real-time clocks (RTC)
[27]. Non-volatile memory modules, are used for data storage and have current consumption dependent on read-write operations [28].
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Fig. 1. Overall representation of mote including energy harvesting system.
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Actuators, which perform actions based on sensor data, can vary widely in their current consumption based on their function and
usage.

Therefore, the current demanded by a mote will include an offset from all continuously operating elements, including the MCU in
its lowest consumption mode. Furthermore, there will be different plateaus at regular intervals, contingent on the device that is active
and its specific task. The resulting graph, which will be discussed in more detail in the following sections, is called a consumption
profile. This graph reflects the mote’s behavior and is the objective of the simulation. Depending on the point from which the con-
sumption profiles are extracted, DC/DC regulators or protections could be included in the model, which will be reflected as an offset of
the global profile.

2.2. Electrical model construction

In developing the model, existing approaches that posit a periodic change in the mote’s state contingent upon the occurrence of
specific events have been built upon. Since there are multiple and complex mechanisms for energy management that modulate the
behavior of a mote in its interaction with the environment, the triggers are simplified as time-fixed events with a specific frequency.
Each state is associated with a specific load within the system. This means that the simulated mote will exhibit a strict periodic
behavior, mirroring the real mote’s potential behavior under controlled conditions. In this case, a device that exhibits adaptive
behavior will align with the model only under one of these controlled conditions.

In this way, each component of the mote contributes as a load that periodically switches between two states. Each load will be
represented as a current source because a resistor will vary the consumption depending on the applied voltage. Each current source
represents the states of each element as a pulse function. The base result is a function that is the sum of all current functions expected as
a sum of square waves (SQW), with amplitude A;, frequency f; and phase ¢;, and could be expressed as:

YO ="' SQW(A; fiudh) &b

The model is completed with a source representing the mote in the lowest consumption mode, an aleatory signal simulating noise
and an RLC network. Fig. 2 presents the proposed electrical model designed directly in LTspice® environment.
In the model, shown in Fig. 2, the current source uses a pulse function where the parameters passed to the function have the form:

PULSE(Iujff-, Iun\, Tdelay» Tn'.se, Tfall. Tnny Tpen‘ud )

Where I, and I are the consumption states, Ty, the time in a high consumption state into a period Tperiod, Taelay define the phase as a
delay and Tyi, and Ty represent the times of state change from off to on and vice versa. The number of current sources and their values
will depend in each case on the model to be simulated. In this case, the values presented in Fig. 2 will be discussed in subsequent
sections.

To simplify, the MCU only switches between the sleeping and running states. Assuming that it is only running when having an in/
out operation, the power consumption of the run state is added to the element that operates, in this case, the radio interface or the
sensor. Each state is represented as a pulse current source; receiving and transmitting have different states, and then, they are rep-
resented individually.

The proposed model aims to replicate the behavior of the real mote. Achieving this in the SPICE environment is challenging because
network conditions influence real behavior. The model assumes ideal network conditions, without packet loss or retransmissions, and
uniform frame lengths. Despite these simplifications, the model still offers a readable and accurate representation of circuit behavior. A
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Fig. 2. WSN electrical node model represented in LTspice® environment.
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detailed comparison between the model and the real WSN node will be presented to validate the model’s accuracy.

It uses SPICE’s own netlist syntax and can be directly ported to other SPICE-based simulators such as LTspice, HSPICE, Kicad,
PSpice, Ngspice, Proteus, Qucs, Multisim, etc. In the event of the model being reproduced for use with alternative non-SPICE simu-
lators, such as Simulink in MATLAB [29], it is essential that the reproduction is carried out in accordance with the specifications and
underlying philosophy of the selected software. One advantage of SPICE-based simulation software is that it often includes models of
the actual integrated circuits provided by the manufacturers.

2.3. The development of the mote

In order to validate the model, a mote prototype has been constructed in a simple manner, combining well-known commercial
components and modules to reproduce a generic WSN device as described in Fig. 1.

This simplicity has the additional benefit of facilitating the testing tasks and reproduction of the experiment. The result is illustrated
in Fig. 4 as a schematic and in Fig. 3 as a circuit mounted in a PCB.

An Arduino Nano is used as the control unit. The board includes as MCU an ATMega328p microcontroller, a CH340 as a USB
interface, and a 16 MHz resonator as the clock frequency. The sensors and radio interface are a BMIP280 and an nRF24L01 respectively.
A receiver is used in the same structure and elements but without the sensor as is shown in Fig. 4. In the case of the receiver, the
nRF24L01 module incorporating an RF amplifier and antenna is used.

The mote is powered at 5V by a regulated laboratory power supply across a 1Q shunt resistor. The shunt resistor is a surface-mount
device (SMD) component situated on the reverse side of the printed circuit board (PCB) in comparison to the illustration in Fig. 4, the
image of the shunt resistor is displayed over the photograph, and a circle indicates the position on the opposite side of the PCB.

The measurements are conducted using the NI-Elvis III [30] platform oscilloscope on the referred shunt resistor, allowing the Y-axis
to be interpreted interchangeably as voltage or current.

Ultimately, the firmware determines the behavior of the mote. As part of this research was developed idOS [31], a cooperative
scheduler with protothreads [32] as a process model has been developed using the Arduino framework. The firmware, which im-
plements the typical behavior of a mote, also incorporates timers, an energy management system based on system ticks, and a
comprehensive network stack based on ulIP [33], with CoAP [34] implemented as the application layer protocol for WSNs.

In this system, the scheduler runs all the tasks in the queue and, upon completion, puts the MCU to sleep. The Watchdog Timer
(WDT) periodically wakes up the MCU through the power management module. Once awake, the system checks the timers, and the
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Fig. 3. Schematic of a mote.
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Fig. 4. The mote prototype. At the left, inside the yellow rectangle, the receiver is powered by a USB cable. On the right, the shunt resistor, located
below the PBC, is indicated by the yellow circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

network, and runs the scheduler. This repeating cycle represents the system tick. Fig. 5 shows the energy profile of a mote running the
system. The graphs provide a detailed depiction of the behavior of each of the states described above. As mentioned, the measurement
is taken from a 1Q shunt resistor (R). The Y-axis in Fig. 5 shows the voltage values (V), which can be interpreted as current (I) values
following Ohm’s law, where I = V/R,if R=1 thenI = V.

Fig. 5 b) provides a detailed illustration of the most complex event, the activity of the radio interface that is constituted of four
distinct sub-events. In this particular case, the starting process of radio interface exhibits an irrelevant current consumption in
comparison to the MCU. In order to simplify the model, the time taken for the MCU and the time taken for the radio interface to start up
will be considered as a single sub-event. Their corresponding data reflected in Table 1.

The approach employed in this investigation to construct the hardware ensures expeditious and dependable replication of the
motes; nevertheless, it also entails the addition of a multitude of unnecessary components that consume energy, rendering the motes
unsuitable for practical applications. This additional consumption is observed as an offset consumption level of approximately 9 mA in
the energy profile illustrated in Fig. 5 a).

3. Results and discussions

According to the ATMega328p [35], nRF24L01 [36] and BME280 [37] datasheets, the maximum expected consumption respec-
tively is 66 pA, 0.9 pA, and 0.3 pA in power-down mode, and this value will be used in the simulation model. An offset of 9 mA was
added as was described before.

In the experiment, the mote was configured to run the schedule every 15 ms. Temperature and humidity were measured
approximately every 100 and 110 ms, respectively, and transmitted every half second. Using the consumption profile shown in Fig. 4,
the real values of the node’s behavior pattern were extracted to pass them to the model. These values are found in Table 1. Note that,
from an energy perspective, the activity of the radio interface comprehends the combined energy consumption of radio wake-up,
transmission, and reception phases.

Because between each tick the OS is asleep so it cannot do anything, each 7, will always occur at a time multiple of T (tick), where
T, represent the period of occurrence of each of the different events that force change state from off to on. Typically, events are
scheduled (setting the event’s particular timer) to occur within a given time T,. Thus, the event will occur with a delay of T4, ac-
cording to the following equation.

Taawy =T = (Te = | Ty7| *T) @)

Where the real execution period of Tjerioq is expressed as:

Tperiod =Te+ Tdelay (3)
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Fig. 5. Mote consumption profile; a) is a larger view showing the system ticks, as well as the activity of the sensors and the radio interface; b) is a
detailed view of the electrical behavior of the radio interface.

Table 1

Consumption values by states extracted from the mote profile.
State I (mA) Duty cycle

On (msec) Off (msec)
CPU Idle 16 0.006 15
Sensing temperature 18 2.5 100
Sensing humidity 18 2.5 100
Radio wakes up 17 5.45 500
Radio Tx 43 0.33 500
ACK Rx response 30.5 0.1 505.1
Noise fluctuation 2.3 - -
Tyera =T (1+ | Ty ) 4

Based on these considerations, the model can be recalibrated to reflect the mote’s behavior in a more energy-restrictive envi-
ronment. The SPICE’s netlist for simulation was updated according to Table 1 values and the delay time obtained by applying Equation
(4) for each component. In this scenario, the Microcontroller Unit (MCU) duty cycle, the radio interface activity period, and the sensing
period of both variables are adjusted to 1 s, 60 s, and 29 s, respectively.

Fig. 6 demonstrates the model’s accuracy in replicating the behavior of the real mote. The comparison illustrates that the simulated
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data closely matches the measurements obtained from the actual device. This alignment indicates that the model successfully captures
the essential dynamics and characteristics of the mote’s operation.

The figure highlights key aspects such as the timing of sensor readings, transmission intervals, and overall power consumption
patterns. The close correspondence between the model and real measurements validates the assumptions and simplifications made in
the model, confirming its reliability for predicting the mote’s performance under various conditions. This validation is crucial for
ensuring that the model can be used to optimize mote configurations and improve energy efficiency in practical applications.

In order to validate the behavior of the model from the point of view of energy consumption, the energy consumption of the real
machine will be measured and compared with the simulation model. Fig. 6 shows the consumption progress in 7 s of simulation and
measurement on the real prototype. It is noteworthy how the model and the prototype have practically the same behavior.

To obtain the values presented in the graph in Fig. 7, the energy was calculated every 100 ms. In the case of the simulation, it was
obtained from the integration statement in 70 intervals. The following is a representation of the statements used in LTspice:

.measure tran E_01 INTEGRAL Ix(U1 : L_IN)*V(n001) FROM 0 TO 0.1

.measure tran E_02 INTEGRAL Ix(U1 : L_IN)*V(n001) FROM 0 TO 0.2
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Fig. 6. The simulated node (graphs with red lines and white background) vs the real node (graphs with yellow lines and black background). The
first two pairs of graphs show the entire cycle between radio interface activities, while the second two pairs of graphs provide a zoomed-in view of
the transceiver activity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Progress of energy consumption measured on real mote (blue line) versus model running in LTspice®. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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.measure tran E_70 INTEGRAL Ix(U1 : L_IN)*V(n001) FROM 0 TO 7.0

The energy consumed by the mote was calculated from the energy profile measured by Elvis III’s Datalogger tool sampling at 100
KHz for 7 s on the shunt resistance described above. Since the shunt resistance is 1 Q (verified) the voltage value measured by the
datalogger can be directly interpreted as the value of the electric current. The samples were processed with Microsoft Excel, calculating
the energy as a summation of the instant power of each sample from 0 to each point multiple of 10000, as shown as follows:

N
Energy = Z (V xiy) X At 5)

n=1

Where the P is calculated by multiplying the electric current by the supply voltage V that powers the mote. Because the calculation is
performed at intervals of every 100 ms, and values of N are taken at each multiple of 10,000 until 7 s have elapsed and, for a sampling
rate of 100 KS/se, the value of At = 107" sec.

The mote will exhibit strict periodic behavior, reflecting the real mote’s potential performance under controlled conditions. In
complex or harsh environments where a device must adapt its behavior (e.g., by increasing or decreasing the transmission frequency),
this model may not accurately follow these adaptive changes. Instead, the model can only describe the behavior of one particular state.
For instance, the worst-case scenario involves the highest transmission frequency, which increases the duration of the Tx and Rx states.
Similarly, in scenarios involving retransmissions, the number of Tx cycles must be increased, depending on the network protocol
behavior.

Each mote case must be built based on its specific electrical behavior, derived from its consumption profile as described in this
paper. SPICE models cannot fully capture the complex and dynamic nature of network scenarios. Therefore, it is necessary to simplify
and approximate the electrical behavior to provide references for designing and testing auxiliary circuits, such as PMS, in simulations.

4. Conclusions

This paper presented a comprehensive circuit model of a Wireless Sensor Network (WSN) mote designed to replicate the behavior of
a real WSN device operating in a duty cycle. By incorporating the electrical characteristics of key components such as the micro-
controller, sensors, transceiver, and power supply, the model provides an accurate representation of the mote’s power consumption
and performance. The model’s validity was demonstrated through a comparative analysis between simulation, utilizing the LTspice®
environment, and a real mote specifically designed for this study. From a network perspective, this model may lack precision and may
not yield useful insights. However, from a circuit design and simulation standpoint, particularly within environments like SPICE, it
serves as an invaluable tool for testing the host’s supporting electronics, including power management systems and energy harvesting
components.

Despite the assumptions of ideal network conditions, the simulation results closely matched the empirical data, proving the model’s
effectiveness in predicting the mote’s behavior. This validated model provides a valuable tool in various circuit simulation environ-
ments, optimizing power consumption, facilitating the design of more energy-efficient WSN nodes, and extending the operational
lifetime of WSN deployments.

Future work exploring the integration of energy harvesting techniques and advanced power management strategies could provide
deeper insights into the sustainable deployment of WSNs.
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