The eCOMBAT: Energy Consumption Monitoring
Tool for Battery Powered Communication Device

Thomas Otieno Olwal, Litsietsi Montsi, Mofolo Mofolnd Fisseha Mekuria
Wireless computing and networking
CSIR Meraka Institute
Pretoria, South Africa
tolwal,Imontsi,mmofolo,fmekuria@csir.co.za

Abstract—The ever rising demand for energy all over the
world, following the dwindling of the fossil fuel resources and
adverse effects on the climate change, has compdliéne need to
save energy and lower the cost of energy utilizatioin the
wireless computing, communication and networking aplications.
One of the best ways to obtain energy-efficient camunication
and networking is to invest in the improved ways ofenergy
generation, transmission and distribution through e renewable
sources coupled with the development of smart engrg
consumption monitoring tools. As a result, this paer presents an
energy monitoring software tool hereby referred toas the
‘eCOMBAT’ which is aimed at getting real-time information on
the quantity of energy consumed by the communicatio and
networking device. The knowledge of such data onnie may
enable the device user to reduce energy consumptiolower the
CO, emissions into the environment and eventually sawbe cost
of using energy in powering such device. This papgroposes an
integrated battery’s discharge and device's energgonsumption
model; the description of the developed tool and @erimental
results of the tool obtained through user friendly and well
designed graphic user interfaces (GUIs).

Keywords—communication  device; eCOMBAT;
consumption; rechargeable battery; State-of-charge.

energy

. INTRODUCTION

batteries which draw their charges from the renewable energy
sources. As such innovation grows widely; the need to
develop an energy consumption monitoring tool customized
for green communication devices powered by rechargeable
batteries must evolve. This paper proposes such a tool referre
to in short as the eCOMBAT that provides timely information
for combating the unnecessary energy consumption [3].

Just as a "fuel gauge" function for a fuel tank ioag
knowing the amount of energy left in a battery at all §me
gives the user of a battery powered device an indication of
how much longer a device and battery will continue to
perform before the battery needs to be recharged. This ha
profound impact on the reliability of network devices and
future green networking. As a result, this paper conitbin
developing a new software tool based on a mathematical
model and a user friendly graphical user interface (GUI) to
allow flexible actions aimed at reducing the energy
consumption, lowering energy costs and, @issions to the
environment compared to the commercial-based main’s
electric energy consumption monitors [2].

The rest of this paper is organized as followstiSe I
provides the prior art about the battery and communication
device monitors; Section Ill outlines the related simafat
models in existing network simulators (NS2 and NS3);

The growing awareness towards energy efficient wireles§ection IV provides the proposed energy consumption
communication networks has paved way for new technagogieemulation model; Section V deals with the eCOMBAT

in designing green networks. Saving power in baseossti

description and functionality; Sections VI and VIl furnishes

mobile stations and wireless routers (or communicatiothe performance and conclusion of the eCOMBAT,

devices) is the primary focus in green wireless communpitati

networks [1]-[3], [20]. One goal of green communication
devices is to save energy and reduce power consumption while

guaranteeing service quality and coverage for users.cCHnis

respectively.

II.  RELATED WORK
Batteries are the power providers for almost all portghéen

be achieved by minimizing the device’s (base statjon’scomputing, communication and networking devices [3]. They
energy consumption with energy efficient hardware designgan also be used to build energy storage systems rige-la
power saving protocols for sleep modes, energy awargcale power applications. In order to design battery system
cooperative base station power management with selpr energy-efficient architectures and applications likgreen

organizing cells, cell zooming, or by using renewalilergy

communications, system designers require computer aided

sources [1]. The use of renewable energy resource likdesign tools that can implement mathematical battery models

sustainable bio-fuels, solar and wind energy are the upgom

predict the battery behavior and thus help the desigeench

energy sources to power the wireless communication devicéer the optimal schemes. The basic types of batteryetsaate

in the areas where there is no public and stable pavpglys
inhospitable terrain, neglected infrastructure, remotesare
deserts, islands among other remote areaslfigse wireless

mainly, the experimental, electrochemical and eleciricuit-
based models [4]. However, experimental and electrochemical
models are not accurately tuned to monitor and estirhate t

communication devices are considered to have rechargealflerformance of the battery and other critical battery



parameters like state of charge (SoC), state oftth€8bH), the regenerative braking in an EV and allows supplementing a
time to run (TTR) among others [5]-[6]. The SoC is theslow dynamic energy source, such as the fuel cell. Ttleoes
percentage of the maximum possible charge that is prese®] perform various experimental validations of the &t

inside a rechargeable battery; dynamic model for the EV applications. However, their work
t . has not considered energy consumption in green

or — -[ts idt communication devices. In [10], rechargeable batteries are
SoC[%]=1000)1+ o |’ (1) exploited to power the village base stations (VBTS). This

initiative provide four main benefits: a flexible off-tgeid
deployment due to low power requirements that enable local
generation via solar or wind; explicit support for local services
aYvithin the village that can be autonomous relative to a national
carrier; novel power and coverage trade-offs based on the
éntermittency that can provide bursts of wider coverage;aand
portfolio of data and voice services. However, the work has
ot considered developing a monitoring tool for tracking the

where Q is the rated maximum battery capacity (Ah oHnA
and the operational times of the battery are (Stee t) and
(Stop time §. The SoH is a ‘measure’ that reflects the gener
condition of a battery and its ability to deliver theesified
performance in comparison with a new battery. The TTR i
the estimated time that the battery can supply the cuiwest

Eg;ga:l;lﬁ vﬂﬁ\gfoep %rnéﬁggin;hder valid discharge - condition BTS energy consumption for the off-the-grid VBTS.

In [11], a battery-operated Renewable Energy Moris
T (i, t)= C. __Cf, (2) developed for educational evaluation monitoring, with the
) i 1 ) measurement software for graphical display of perfoonean
where G is the battery capacity at the start of discharge and Gnharacteristics on your PC. It offers a 2 line liquid tays

is the battery capacity at the stop of discharge.daisulated  gisplay (LCD) screen for viewing measurements that you

on the basis of: cycle through at the push of a button. Numerous experment
- SOC(/-:/"”"B)Q (3) and evaluation activities for hydrogen fuel cells, mimiat
f 100 max * wind turbine kits, and solar panels can be quantified & re

where SoC (EME) [%] represents the SoC calculated on thetime for voltage, current, power, joules, resistance, amah e
basis of the estimated EMF at point B anghQepresents the  revolution per minute (RPM) speed. In [12], a SystemSams:
battery’s maximum capacity [7]. R&D tool is proposed for monitoring usage context in terms
On the other hand, the electric circuit-based mat#ls of energy consumption units. The study is motivatedhzy
be useful to represent electrical characteristics débhas. For  fact that, any application interested in location inforovati
instance in [7], Shepherdeveloped an equatiold describe also should also capture the CPU and screen activity yenerg
the electrochemical behavior of a battery directly imteof  consumption. This makes such application able to disish
terminal voltage, open circuit voltage, internal resistancepetween users that are sedentary versus those that leave the
discharge current and state-of- charge (SoC). Using thismart-phones on the desk for long periods. The SystemSens
classical model, Tremblay et al. [5] utilizes the Sa€the tool collects and logs smart-phone usage parameters in the
only state variable to accurately reproduce the manufat$  wild in an unobtrusive manner—it has no user interface to
discharge curve, nominal and exponential zones, for any of thetinimize impact on usage, and expandable way (a small
four major types of battery chemistries. These fouesyare:  footprint in terms of memory, CPU, and energy computational
Lead-Acid, Lithium-lon (Li-lon), Nickel-Cadmium (Ni-Cd) consumption). The tool consists of an Android loggingntlie
and Nickel-Metal-Hydride (Ni-MH). The battery discharge and a visualization web service. The tool helps identifies t
model uses a simple controlled voltage source in seridsawit primary energy cost and timely sends feedback information to
constant resistance. It assumes that the charge actthdie  the user for a possible energy saving action. Howevetptie
cycles have the same characteristics which exhibistetssis  works at the application level not at the lower level of the
phenomenon of voltages versus SoC, at the exponential zon@gtwork protocols where huge amount of energy is often
Thus, using the measured battery data, a mathematical modgasted by the network interface cards [13]-[14]. The
of the battery is developed which takes into account lyattele COMBAT tool brings benefits of the application and network
operating temperature and the rates of the battengvels in order to improve on monitoring and evaluation of the
charge/discharge currents. The model is validated against th@ergy consumption [20].
manufacturers’ discharge curves and finally applied to Measurement based studies of power consumption
dynamic simulation of the hybrid electric vehicles JH8].  statistics of wireless local area networks devicesraported
The proposed eCOMBAT tool in this paper utilizes suchin [13]-[14]. The goals are to understand where, when and
concepts of the rechargeable battery discharge models K@w the power is consumed in the network. The results
create a more sophisticated energy monitoring tool wtéch  provide a detailed anatomy of power consumption in netsvork
be implemented at the lower layers of the protocol stadk [20 devices that can be exploited in designing schemes extending
Tremblay and Dessaint [8kplain that the central unit of |ifetime (between recharges). However, energy consumption
an EV and other electronic systems including themonitors arising from such analysis are linked to theatjmn
communication devices is the battery. This is beeall® modes of the communication devices rather than various
battery unit has the capacity to store a substantive ambunt pattery discharge models. As a research and development
the energy to be released when necessary. The battérg®na



(R&D) tool, the eCOMBAT integrates the rechargeable InitialCellVoltage, maximum voltage of the fully

battery discharge models with the various device energy charged cell

consumption models. « NominalCellVoltage, nominal cell's voltage, is used
to determine the end of the nominal zone.

« ExpCellVoltage, cell's voltage at the end of the
exponential zone.

In order to develop a new energy consumption monitoring tool  *  RatedCapacity, rated capacity of the cell, in Ah.
for the battery powered communication device (eCOMBAT), ¢ NomCapacity, cell's capacity at the end of the

lll.  ENERGYCONSUMPTIONBATTERY-DEVICE MODEL:
NETWORK SIMULATION CASE

one takes a look at the existing and related networllators nominal zone, in Ah.

(NS) [15]-[16]. Regarding the NS2 and NS3, the energy < ExpCapacity, cell's capacity at the end of the
framework to estimate the energy consumption of the vsisele exponential zone, in Ah.

devices and their subsystems (e.g. Wi-Fi/cellular radio < InternalResistance, internal resistance of the cell, in
interfaces, memory and CPUs) consists of separat@er ma Ohms.

components. These are namely, the energy source and device « TypCurrent, typical discharge current value, used
energy consumption models as shown in Fig. 1. Concerning during the fitting process, in Ah.

the energy source model, the energy supply to the devate su  «  ThresholdVoltage, minimum threshold voltage below
as a battery is modelled. This model maintains thd totd which the cell is considered depleted.

changes in energy in order to simulate the generic power

consumption of different device subsystems such as the Such parameters are used to describe the basefalas
communication device interfaces, and other subsystems. &mergy sources and the energy sources keep track ohiegai
the other hand, the device model simulates the funciigril  energy. The device energy models function to update the
the network device. In this model, either the total powefemaining energy in the energy source as a way of knowing
consumption of the device as a unit can be estimated or tighen to behave energy-efficient or greedy. The energicsou
power consumption of different device's subsystems can bigself does not update the remaining energy but keeps af lis
estimated. These network simulators provide different modeldevice energy models installed on the same node so as to be
for individual subsystems. Normally, the communicationaware of the network loads. When the remaining energy lev
device’s power consumption at a network interface card igeaches 0, the energy source will notify all device gper
modelled based on the information provided by the physicahodels stored in the list to switch-off.

layers [13]. This is because, the physical layer haséuitrol

over radio states, and provides interfaces to put radio into IV.  PROPOSEDENERGY EMULATION MODEL

transmit, receive and sleep state, as well as waking. It Motivated by the NS3 energy models, the development of the
also keeps track of radio energy consumption atimes. energy consumption monitoring tool (eCOMBAT) starts by
Whenever the radio state changes, it updates the energg sougensidering a basic battery discharge model coined from the
model to subtract the appropriate amount for the previougshepherd model [7]. This model is modified to represent the
state, based on the time interval and current drain fagitte®  voltage dynamics when the current flowing through the

state [13]-[14]. communication device acting as the load, varies and tat@s in
account the open circuit voltage (OCV) as a functiona@t.S
Energy Source This is done by adding a term concerning polarization voltage
T | and resistance to better represent the OCV behavior. The
Update Remaining Energy  Netify Energy Depletion resulting battery discharge model becomes [5]:
V. =V, - Kx— _xixt-Rxi+
Device Energy Models Q-ixt
- <, -
Polarisation voltage ( 4)
Fig.1. The energy consumption simulation model 88N15]. . Q « '
. ) Axexp(-Bxixt) —K x — X
In general, the model can be fitted to any tyjpki-don - — Q-it
[17], Ni-MH [18] or Lead Acid Battery [8], respectivelpy xponential votage Polarisation res.

simply changing the model parameters. However, the NSgnere |/ s the battery voltage drop (V) is the battery
provides an example of the Panasonic CGR18650DA Li-lon

battery cell [17]. Each time energy is drained from tHe te constant voltage (V)K is the polarization constant (V/(Ah))
object oriented C++ class evaluates the discharge curve to g¥tPolarization resistanc&, Q is the battery capacity (Ah),
the actual cell's voltage, accordingly to the SoC and cwsrentand it is the actual battery charge (Ah), A is the exponential
drain. If the actual voltage of the cell goes below theimim ~ zone amplitude (V), B is the exponential zone time corsta
threshold voltage, the cell is considered depleted &ed t,yerse (Ah)fl’ R is the internal resistanc&) iis the
energy drained event gets fired up. The NS3 simulation model

implemented by [5], requires several parameters tdattery current (A) and” is the filtered current (A) flowing
approximate the discharge curves. through the polarization resistance [9].



The exponential zone of (4) is valid for the Li-lon battend ©© EDIT PROFILES MENU
an extension to models of other batteries require that the |EDIT BATTERY PROFILES

exponential term be represented by a non-linear dynamic

system:
. PLEASE ENTER THE NAME OF BATTERY |Super BLOp car battery |
. EDIT PROFILE DETAILS BELOW
EXp (t) = B|It| X (—EXp (t) + Au (t)) y (5) ENTER INITIAL VOLTAGE (V) R
where Exp (t) is the exponential zone voltage (V)(t)is e —
ENTER NOMINAL VOLTAGE (V) \Eo
the battery current (A), and/(t)=0 if the battery is in MIMAL THRESHOLD VOLTAGE 55
. . . . . . ENTER INITIAL CHARGE (AH) floo ]
discharge mode, otherwise unity if the battery is in charge =
. . ENTER EXPONETIAL CHARGE (AH) 8.0 J
mode. Combining (4) and (5) at the exponential zone, one :
. . . ENTER NOMINAL CHARGE (AH) [5.9 |
obtains the generic battery discharge model as: S
ENTER INTERNAL RESISTANCE (OHMS) 10.001 \
Vbatt:‘/O_Kx%iXt_RXi*- ‘BA(KHSA\IE‘
_I X -
N R
polarisation voltage ©)
B x|it|x Axexp(-Bxixt) - K% xi EDIT DEVICE PROFILES
-/ X
Exponential voltage m
. . . . PLEASE EDIT THE DEVICE NAME |Wavelan PC card
In order to integrate the generic battery dischargeetiod6) EDIT DEVICE DETAILS BELOW
to the energy consumption models of the communication el Y .00
device, the basic linear analytical model in [14],[20] is
EDIT IDLE-STATE CURRENT \917

exploited. This model outlines that the energy consumed by
the communication device when it sends, receives or discards EDIT RECIEVE-STATE CURRENT .28
or idle listens to a packet traversing the network, is
represented by a linear function of the size of the paatkite

EDIT TRANSMISION-STATE CURRENT 033

communication device: e I e
E =mxSize + b. @

Integrating (6) and (7) and simplifying the result, ontanits

an energy consumption emulation model in (8): Fig. 2. The battery and device simulation inpuffipes.
; Size of pckt

E =V xixtx +E,, (8

batt _device — ¥ batt Pckt delivery ratio 0" ® DispLAY

[ orcc | [Comr

where E, is the initial constant energy consumed at the
beginning of the battery’s discharge and device’s opeiation
modes. This study equates the initial constant endrgyto

zero as energy gets consumed only after the commencement o
the emulation experiment. The energy consumption emulation
model was implemented in C++ programming language on a
open source Linux platform [16]. By the help of a user
friendly graphical user interface (GUI), the battand device
input profiles are edited as shown in Fig. 2. Informasanh

as the battery type, the exponential and nominal voltages, the
initial charge and internal resistances are logged th®
database. The device type, the sleep, idle, receive arsirita
threshold currents are also entered into the database Onc
saved, the live or report-based simulation is executedder or

to yield the printable outputs in Fig. 3 and Fig. 4. L

Fig. 3. The device energy consumption behaviorwihg the simulated
values of sleep, idle, receive and transmit cusréf} and the power (W).
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Fig. 5. Schematic diagram of the eCOMBAT technology

Output: The tool produces battery discharge indication and the
V. DESCRIPTIONOF THE ECOMBAT TOOL device energy consumption state indication. Two alternate
emulation outputs are exhibited, the live emulation and the
The eCOMBAT tool is an integrated software that implementreport-based emulation. The live emulation produces the
the rechargeable battery discharge model and thegattery discharge visual indication, as the energy drains and
communication device's energy consumption state motiel. T state information are provided in real-time, while for répor
battery discharge model is derived from the generiased emulation the battery discharge curve as well as the
formulation in [9], while the communication device's eryerg devices state information is displayed for later gsial and
consumption state model is derived from [13]. The uniquenesnanagement. For the usability of the e COMBAT tool to be
of the technology is the design, development and integratiofasible, it is assumed that discharge and charge ¢bastics
of the two independent models into a R&D tool, whichof the battery are the same, otherwise useful parambker
possesses the testing capability of both battery ancceleviexponential and nominal voltages could be difficult to
types. As shown in the Fig. 5, the hardware platform consistgstimate [7].
of the alternative energy source, the rechargeabtfertes,
and the multimeter across the device and the battery, the Vi
communication network device and the multimeter across the '
battery and the device to measure the voltages and currerffd.order to accurately obtain the performance charatiterisf
The alternative energy source supplies the battery with tH&e developed eCOMBAT tool, the battery electrodes were
charge, the battery stores the charge and power up t§@nnected in series with the wireless communication device
communication device and the communication device draw@n which an application to ensure the typical energy
the power as it operates various states, S|eep, paem ConSUmption behaviors were run. With a multimeter
packet receive and idle as shown in Fig. 2 [13][20]. connected across the fully charged battery and the device,
. . . various current values were logged onto a computer, which
The technology is described by theut (current dr:?un,_ as for the purposes of data analysis only. The apparatus ar
voltage drops and power data logged), process (monltonngyet_up as shown in Fig. 6.
and output (display) system. The battery and device types’ profiles are teck@nd

Input: As the communication device draws power from thdoaded onto the system’s database. In Figs. 7 and 8, kither
rechargeable battery during its operations, the eCOMBATDI report-based emulation buttons are pressed on the @&Jl. T
software collects real-time information on the energg,us battery and device input parameters are captured by the
captured by a multimeter data logger. The loggedystem. In particular, the live emulation of the energy
measurement data reveals the energy consumption informaticansumption is monitored and depicted graphically using
about the batteries discharge current. battery symbols or charge indicators. The indicator in Fig.
Process:The captured data from the data logger is conveyeé?zgzvzftgra;ullggﬁ c;fngntﬁreg?/n:jsi‘cz\tﬁlﬁ‘blgi n ghsehgv?/gm

to a file platform of the device and either stored asroctor 5 ' 9.

0 . CE
report-based energy consumption emulation or incorporateorr’/0 of .the e_ne;rg;; 1S ren;]amlng mh_thel:_ bda_lttery after 'da
into the battery drain mathematical model as live emulalion. progressive period of time. These graphical indicators provide

the eCOMBAT, the battery drain or discharge model as weﬁimely “Sef‘%' energy consumption information in order for the
’ user to devise a timely combat mechanism of the unnegessa

as the device energy consumption model have bee(gner consumption
formulated as a function of time [9]. ay ption.

Fig. 4. The simulated battery-device energy disghaurve.

EMULATION MODEL PERFORMANCE



Fig. 8. The eCOMBAT performance set-up.
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Fig. 7. Visual indicators of 100% of energy full.

BATTERY EMULATION OPTIONS

© EMULATION ® SIMULATION
® LIVE O REPORT BASED
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_E Linksys oparating AT 0.218 amps
o 20 % ENERGY LEVEL
1
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Fig. 8. Visual indicators of 25% of energy full.

VIl.  CONCLUSION AND APPLICATIONS

and device energy consumption models. The description and
functionality of the tool indicate that the tool contritaite
significantly in energy monitoring and management in green
networks. Timely knowledge of energy consumption prompts
timely management. As a R&D tool, it be could be used by the
learning and research institutions to study the energy
consumption performances of networks. The commercial
network infrastructure vendors might also find the tool lyand
as a benchmark tool for designing their proprietary soiat
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