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Abstract

In this paper we propose a generic queueing model that can be
used to evaluate the performance of a wireless sensor node that
uses energy harvesting. The alteration of such a device between
the transmit and sleep mode (or between consuming energy and
harvesting energy), is modeled by means of a finite capacity
queueing system with repeated server vacations. The duration of
a service, resp. vacation, is determined by the available energy
at the start of the service, resp. vacation. Therefor we introduce
in the model a variable that keeps track of the available energy.
The system occupancy and the available energy are observed at
inspection instants (i.e., the end of a service or of a vacation),
resulting in a discrete-time Markov Chain. We derive closed
form formulas for the system occupancy distribution at
inspection instants and at arbitrary time instants together with
the Laplace transform of the waiting time distribution. The
possible use of the model to evaluate the system’s performance
for various parameter values is illustrated by means of a number
of examples.

Keywords: Energy harvesting, WSN, server vacations, finite capacity queue, Markov chain

Funding: Flemish FWO project GOB7915N, “Modelling and Control of Energy Harvesting
Wireless Sensor Networks”

Confflict of Interest: none
Availability of data and material: none

Code availability: none



1. Introduction

The Internet-of-Things (IoT) consists of interconnected edge devices, such as sensors,
wearables, etc., that gather and process data and that communicate with each other. There are
many areas of applications, such as smart homes, e-health, smart logistics, mobility, etc. These
devices are usually powered by means of batteries. Hence the research effort to develop
communication protocols that are energy aware (e.g., LoORaWAN, NB-IoT, etc.).

However, the battery lifetime limitations pose an important problem, e.g., in hard-to-reach or
hostile areas or in massive-scale deployments, since the battery replacement does not only
increase heavily the operational IoT network costs but is sometimes even impossible.

To cope with this problem, battery-less devices using energy harvesting seem to be a possible
solution. These devices capture energy from the environment, accumulate it and convert it into
electrical energy. Moreover, energy harvesting is more environmentally friendly than batteries.
For an overview of energy harvesting in wireless sensor networks (WSN), we refer to e.g. [1],
[2]. In such a device, the energy is harvested from the environment (solar, thermal, wind, hydro,
etc.) and stored in a capacitor. During the transmission and the reception of packets or other
communication related functions, the radio uses the stored energy. Packets can only be
transmitted or received if the device has harvested enough energy and reaches a certain
threshold. Below this threshold, the radio is put asleep and energy is harvested. Therefore, in
between transmissions or receptions of packets, the radio may switch from an active to a sleep
mode, during which energy is harvested, in order to reach the required level to transmit or to
receive the next packet. Hence the need for energy-efficient communication protocols that help
to increase the lifespan of these devices.

Keeping the energy consumption low, is key in the decision about when to be in an active mode
or sleep mode. On the other hand, the application that runs on the loT network, may have more
or less stringent requirements with respect to its response time and possible loss of data. Hence
the need for models that allow to predict the performance of these devices keeping track of the
available energy.

The aim of this paper is to propose a queueing system that models the behavior of such a sensor
node using energy harvesting. Key in this model is to keep track of the available energy. While
sleeping, the device harvests energy according to a specific function. Packets are generated by
the sensor and need to be transmitted to other nodes of the WSN, using the available energy
according to another function. The energy harvesting and energy consumption process are
described by means of these two functions. As the aim of the paper is not to study the energy
harvesting process, no further details of these processes are required. The model allows to
predict the system occupancy and the packet waiting time.

The paper is organized as follows. Section 2 presents a more detailed description of the system
under study. Section 3 gives references to related work. Section 4 is devoted to the detailed
description of the model and the determination of the performance measures. Numerical results
in Section 5 show how the model can be used to investigate the performance of the system for
different parameter values. Conclusions are drawn in Section 6.



2. System Description

The queueing model developed in this paper can be used to evaluate a WSN node consisting
of the following components:
e A packet queue: stores packets that contain data obtained from measurements that need
to be transmitted to another node (e.g., the sink or an access point)
e An energy harvesting system and capacitor: this subsystem provides the required
energy to transmit packets.
e A radio that transmits the packets using the energy available in the capacitor.

A. The Harvesting System and the Capacitor
The energy harvesting system and the capacitor that are used in this paper have been introduced
in [3]. Although a detailed harvester model should depend on the type of energy source that is
used (vibration, thermal, solar, etc.), in this paper we consider a generic and simplified model.
The harvester is modeled as a real DC (direct current) voltage source composed of an ideal DC
voltage source and a series resistance. This series resistance limits the power of the harvester.
In [3], Section III.A.a, it is shown that this harvester can be used to model the main suitable
ambient energy sources for [0T: kinetic, solar, thermo-electric and RF. The capacitor is the part
of the system that stores the required energy. Its behavior consists of a succession of intervals
during which the capacitor is charged or discharged. The voltage of the capacitor during each
interval is characterized by means of the initial voltage at the beginning of the interval and the
temporal evolution at an arbitrary instant of the interval. The voltage v(t) at time t spent in the
current interval is given by the following formula:
-t -t
v(t) = %(1 — eReqC> + vyeRea (1D
L
where C is the capacitance in Farads, R, is the equivalent resistance of the circuit in Q, 7; is
the series resistance in () and v, the initial voltage at the start of the interval. The proposed
model will be used in Section 5, where applications of the proposed queueing model will be
presented. A more detailed description of the harvesting system and the corresponding circuitry
can be found in [3].

B. Possible States of the Radio

In what follows we denote the available energy by the variable i. In accordance with [3], we
impose that the energy should always remain larger than or equal to a minimum value denoted
by imin-

We assume that the radio may be in two states: transmitting a packet or sleeping. We assume
that the transmission of a packet consists of different activities (such as inspection of the queue,
carrier sensing, MAC protocol, actual transmission of the packet, etc.). The time needed to
execute these functions will depend on the available energy at the moment of the inspection of
the queue (e.g., the MCS used to transmit a packet may depend on the available energy). During
the transmission of a packet the radio consumes energy. The function that governs this energy
consumption is denoted by F, where F(i,,S; 0) equals the energy level at the end of the
transmission process of a packet, given that at the starting instant the available energy is i, and
the total time (including all related activities) needed to transmit the packet equals S; . Remark
that the function F can be derived from Formula (1). In principle, the different activities related
to the transmission of a packet could involve different functions, as the energy consumption
for the various activities may differ. However, to keep the model simple, we do not take this
into account and incorporate all the activities in a single function F.



If the radio is sleeping, energy will be harvested. In this case, the energy harvesting is governed
by a function G, where G (iy, V;,) equals the energy level at the end of a sleeping period, given
that at the starting instant the available energy is i, and the sleeping time equals V; . We refer
to this sleep period as the node being in the SLEEP state.

We denote the function that computes the time needed to reach the energy level i; starting from
level i, (with iy < i;) while being in a SLEEP state by I(iy,i,), where (i, i;) =T iff
G(iy, T) = iy.

A packet can only be sent successfully if the available energy at the instant the queue is
inspected is at least a known threshold i;j,. This threshold is defined such that if the energy
level is i;, at the start of a transmission, at the end of it, the energy equals i,,;,. Hence, the
threshold i;, satisfies the relationship F (ith, Siyn) = lmin-

If at an inspection instant of the queue, it is not empty and the available energy equals i,, two
cases are possible: if iy = i;,, then the next packet in the queue is selected for transmission and
this transmission will be completed after a time S; and the energy level at the completion
instant is given by F(iy, S;,). If on the other hand i, < i;j, then the system goes into a sleep

mode until the energy level i;, is reached. The time needed to attain this threshold is given by
1(ig, i¢gn)- Hence if iy < iz, then the time interval between the inspection instant of the queue
and the completion of the transmission (hence the next inspection instant) is given by
I(io, izn) + S;,,, and the energy level at that moment is given by F(ith,Sith). We refer to the
transmission of a packet together with a possible sleep period to reach the threshold, as the
TRANSMIT state of the system.

Now assume that the queue is empty at the inspection instant, and the energy level is given by
iy. Then the device will enter the SLEEP state for a time interval that depends on i,. Let the
time that the system stays in the SLEEP state be V; . The energy at the end of the SLEEP state
can be computed as i; = G(ip,V;, ). At the end of this time interval the queue is inspected
again. If the queue i1s not empty, the radio switches to the TRANSMIT state and again two
cases are possible. The device starts the transmission of the first packet or starts a sleep period
until it reaches the energy required to start the transmission, depending whether i; > iz, or
iy < itp. If on the other hand the queue appears still to be empty, then the device starts a new
SLEEP state, the duration of which is determined in a similar way as above. These consecutive
SLEEP states take place as long as the queue is empty upon its inspection.

In order to be compatible with the proposed queueing model of Section 3, we introduce the
following terminology. The time between the inspection of a non-empty queue and the end of
the transmission of the first packet in the queue is referred to as a service (apart from the
functions related to the transmission of a packet this may include a sleep phase if at the moment
of the inspection the available energy level is lower than the threshold i;;,). This service models
exactly the TRANSMIT state. The time interval between the inspection of an empty queue
and the next inspection instant (i.e., the SLEEP state) is called a vacation.

From the above system description, it is clear that given the system occupancy and the energy
level at an inspection instant, it is possible to decide whether the time interval till the next
inspection instant will be a service or a vacation. Moreover, the system occupancy and the
energy level at the next inspection instant may be computed using the functions F and G. This
forms the basis for the queueing model described in the Section 4.



3. Related Work

Energy harvesting in WSNs has been the subject of many papers. An overview can be found
in e.g., [1] or [2]. In [4], a model for optimal collection in energy harvesting sensor networks
is proposed. [5] evaluates the performance of a WSN node powered by RF energy harvesting
regarding packet size and time ratio between standby and active state. MAC protocols that aim
to maximize the lifetime of WSNs using energy harvesting are studied in [6] and [7]. The
problem of retrieving data from a WSN within a fixed time window and with minimum energy
consumption for the sensors is considered in [8].

A number of analytical models for energy consumption in WSN have been proposed. [9]
proposes an event-driven Queueing Petri Net modeling technique to simulate the energy
behaviors of nodes and to evaluate the system lifetime of the WSN. In [10] a method to
determine the tradeoff between packet transmission speed and battery life in WSN was
proposed, using a queueing model and a birth-death process capable of quantifying various
energy consumption parameters. Switching the radio between busy and idle based on a certain
threshold of the number of packets in the queue available for transmission, using a model that
is based on a N-policy M/M/1 queue was studied in [11].

Energy harvesting WSN have been studied using analytical models. In [12], a model fora WSN
node using energy harvesting is presented based on a threshold-controlled vacation policy.
Vacations are repeated until N packets are accumulated in the queue. [13] presents a Markov
model that integrates energy harvesting with the slotted CSMA/CA mechanism of
IEEE802.15.4. In [14] a Markovian queueing model is proposed to investigate the impact of
uncertainty in the energy harvesting process, the energy expenditure, the data acquisition and
the data transmission. [15] uses a Markov model to compute the probability of event loss due
to energy run out. A Markov model for the joint energy harvesting and communication analysis
is presented in [16].

The system described in the previous section shows many similarities with a finite capacity
queue where the server takes repeated vacations. Indeed, when the queue is inspected and it is
not empty, then a packet will be transmitted and the time between this inspection and the next
inspection can be considered as a service of a customer (remark that this service time may
include a SLEEP state to reach the required threshold i;;). If upon the inspection instant the
queue is empty, then the time between this inspection instant and the next inspection instant
can be considered as a server vacation. This vacation is repeated as long as the queue is empty
upon the inspection instant. This type of queueing system has been investigated in several
papers, e.g. [17], [18], [19] and also in [20], [21] where multi-queueing systems with more
general input processes have been considered. However, there is a major difference with these
server vacation queueing models. While in the finite capacity model with repeated server
vacations the service times and vacation times are independent generally distributed random
variables, the duration of a service and the duration of a vacation in our system depends on the
available energy level at the moment of inspection. Hence, the consecutive service times and
vacation times are not independent any longer. If we want to apply the results of the vacation
model, we need to keep track of the energy level and the vacation model needs to be adapted
with respect to the duration of a service and a vacation.

There are a number of papers that consider queues where the service process is modulated by
a Markov process (e.g. [22], [23]). In those papers the service speed (or the duration of the
service of a customer) is determined by an external environment process. In our case, the
service duration and the vacation duration are determined by a process that is governed by a
variable the value of which is determined by the duration of the previous service or previous
vacation and hence is not an external environment process. Furthermore, our system differs
from the queueing model studied in [24] and related papers, where the type of the customer (in



our case representing the available energy at the start of a service) depends both on the type of
the previous customer and on the service duration of the previous customer. In our system, the
type of the previous customer determines both the service duration of this customer and the
type of the next customer. Moreover, we do not consider batch arrivals and in our model the
server may take consecutive vacations.

4. System Model

4.1. The Queueing Model

We define a queueing system that models the system described in Section 2. We let customers
arrive according to a Poisson process with rate 4. The system may hold at most N customers
(including the customer being served). The distribution that defines the duration of a service,
resp. vacation, is determined by the value of a variable E at the start of the service, resp.
vacation (remark that E models the energy level in the system of Section 2). We let the variable
E take integer values 1, -+, imax-

We let the duration of a service, resp. vacation, that starts with £ equal to i, be denoted by §;,
with distribution S;(t) and Laplace Transform (LST)S;(9), resp. V;, with distribution
V;(t) and LST V;"(99). Remark that the duration of a service consists of all tasks related to the
transmission of packet, possibly preceded by a sleep period to reach the threshold i;;. The
evolution of the variable £ is governed by the following functions: if at the start of a service,
resp. vacation, the variable £=i, then its value at the next inspection instant is given by F (i, S;)
for a service, resp. G (i, V;) for a vacation.

Let gy i, resp. hy;, be the probability that n customers arrive during a service time, resp. a
vacation time, that starts with £=i. Then clearly

e k

ki = (A]:!) e *dS;(t) (2)
0
< k

hy; = %e_lthi(t) (3)

0

In what follows we denote the column vectors of the LSTs of the service times and the vacation
times by

5°(0) = ((S1(®), S5, 5,0, 9)) (4)
v'©) = (V) V3 @), V. () (5)
and the column vectors of the averages of the service times and the vacation times by
E[S] = (E[$1]. E[S2], =+, E[Sjpan D)’ (6)
V] = (EMVi]. E[V2], -+, E[V)0, )’ (7)

4.2. The Embedded Markov Chain

In principle, such a queueing system is studied by observing the system at departure epochs
(seee.g.[17],[19]). However, due to the fact that the variable £ needs to be taken into account
and that the length of a vacation and a service depend on the value of E at the start of the
vacation and the service, we will observe the system at the queue inspection moments t,,, n =
1,2, ... instead of the departure epochs.



We consider the stochastic process (Q,, E,,) at these inspection instants t,. Referring to the
system described in Section 2, Q,, is the number of packets in the system at time instant ¢,, and
E, is the energy capacity available at time instant ¢,,. It is easy to check that this stochastic
process is a discrete-time finite Markov Chain with state space size equal to (N + 1) * jmax
with transition probabilities shown in Figure 1. We denote the limiting probability distribution

vector by p = (Po, P1, ----» Pn-1, Pn), Where

Bi)i = lim Prob{Qn =k, By =i}, 0S kS N,i=1,.,imar (8)
Transitions from (0, i ), with i = 1, ..., imax Transitions from (n, i), with 1<n<N-—1and i =1,..,ipna
. _ i )\ - i
O f gy, 0.6 A @-LEe
\\ . _—90,i
\\ * * (1' G(l)) (Tl, l) T\\ 4. e (n' F(l))
\ \ \ 91,i
‘ \\ : \\\ ~
hn,i AN - \\\\ 92 ~
\ b N\ L A .
(n,G(1)) (n+1,F(Q))

ZkzN—ng O (N =1L, F@)

P
k=N \

1 W F®)

Transitions_from (N, i) with i =1, ..., ijpax

N, D) - o (N-LF@)
k=0 Ik,i

Figure 1: Markov Chain Transitions

The transition matrix of this Markov Chain (see Figure 1) is given by

By By B;---By_, By_ B,
o n=N

Ay Ay Ay --Ay_, Z A, 0
&zN—l

0 Ay A;-Ay_3 Z A, 0
n=N-2

P= )

0 0 0 -4 A, 0
&zl

0 o0 o0 -0 A, 0
n=0

The iy * Imax Matrices B, and A,, are given by



[ee]

Aon
j )" -3¢ 4y,e) = hy
0

0 elsewhere

(Bn)i,j =9 'i' ] = G(l)!l = 1:"':imax (10)

and

[oe)

j @ -2 as,(0)

0

(A, = SO0t i =F@),i=1, iy (11)

0 elsewhere

The distribution vector satisfies the following equations

=p-P (12)
e=1

where e is the (N + 1) - imax unlt vector.

The system occupancy distribution at inspection epochs is then given by

"BI =l

=P,-8 0<n<N (13)

4.3. System Occupancy Probability at Arbitrary Instants

Once the probability vector p is determined, it is possible to compute the steady state
probability of the system occupancy at arbitrary time instants. To obtain these probabilities, we
follow a reasoning similar to the one in [18].

Let t be an arbitrary time instant. Let (@,);(t)dt the probability that t falls in a vacation that
starts with the energy level equal to i, that at time t there are n packets in the queue and the
remaining time of the vacation V] satisfies t <V, <t + dt. Similarly, let (7,));(t) be the
probability that ¢ falls in a service, that at the start of this service the energy level was i, that at
time t there are n packets in the queue and the remaining time of the service S, satisfies t <
5~'L < t + dt. We denote the corresponding LST vectors by

oo

;,(0) = j e % @, (t)dt (14)

0
[e’s

7, (0) = j e 0t m, (t)dt (15)
0
Clearly wy(0) - e, resp. m,(0) - e, is the steady state vector that an arbitrary time instant falls

in a vacation, resp. service, and the number of packets in the system is n. The distribution of
the number of packets in the system at an arbitrary time instant is given by

Mo = @o(0)-€ (16)
Nn = wy(0)-e+m(0)-e, n=1,..,N (17)
Let us now compute wy,(0) - € and 1, (0) - e.
Let p;, resp. o; be the probability that an arbitrary time instant falls in a service, resp. a vacation,

that started with energy level i.
Clearly



pi=— _ _17\1'=1(I_7n)i * E[Si]_ (18)
X2 [ Xa=1Pn);j * E[S;] + (Po); * E[V}]]
(Po): * E[V;]

S IN_(Bn); * E[S;] + Bo); * EIV]]

(19)

o; =

The denominator of the above probabilities can be simplified as follows.
The overall average service time (i.e. the average over all possible energy levels) is given by

Zn 1 pn E [S ]
E[S 20
51 =25 (20)
and the overall average vacation time (i.e. the average over all possible energy levels) is given

by

E|V
E[V] = po—'i] (21)
Hence,
_ n=1(Pn)i * E[Si]
P~ FIST-T1—po-el + EIV] Py @ (22)
and
B (Po): * E[V;]
% = ST [L=po el + EV] By -@ @)

Remark that the denominator D = E[S] - [1 — Py - €] + E[V] - Py - € is nothing else but the
average time between two inspection instants.
The carried load, defined as the fraction of time the server is busy is then given by

_ Z?{:lﬁn ) m
B D

(24)

In Appendix 1 we derive the following explicit formulas for (@;,)(0) - e and (7;,)(0) - e:

IR S I I :

(wn)(O)-e—/l_—D-po-e—kZOBk-e,n—O,...,N—l (25)
1 L N-1

(@v)(0) & == Bo - EIV] - Z(an)m) e (26)
1 B n-1

() (0) - e——D Pn-€—Do- e+2p0 B,-e|,n=0,..,N—1 (27)
1 N-1

(m)(0) &= Z Z(ﬁ;)m) e (28)

The system occupancy distribution at an arbitrary time instant is then given by

_ _ 1 _
nn=(T);‘,(0)-e+nn(0)-e=A_—D [Pn.-€—Do B, €], n=0,..,N—1 (29)

1
771v=17>7v(0)'é+ﬁ7v(0)'§=1—/1—0 [1—Po - €] (30)



The probability that a customer finds the system full upon arrival (and hence is dropped) is
given by

Pb = NN (31)
and the actual arrival rate is given by
1 _
(1=Py)- A=7-[1-Po 2] (32)
The average system occupancy is given by
N
Eln)= ) n- (33)
n=1

Remarks

Remark that the results for 7,,, 0 <n < N — 1, in (29) correspond with the Formulas (9) in
[18]. Indeed, p,, - € is the probability that at an inspection instant the system occupancy equals
n (be it the end of a service or a vacation interval) and pg - B}, - € is the probability that at the
end of a vacation the system occupancy equals n. Hence p,, - € — po - B, - € is the probability
that at the end of a service the system occupancy equals n, which is exactly in agreement with
Formula (9) in [18]. It would also have been possible to follow exactly the same approach of
[18] to define the embedded Markov Chain by making a distinction between end points of a
service and end points of a vacation. Then we would have obtained the same formulas as in
[18], however, the complexity to compute the steady state distribution at those embedded
instants would have been larger since the size of the transition matrix P would have been twice
as large, namely 2- (N + 1) * i;0x-

Moreover, the results (29) and (30) are also in agreement with Formulas (5) in [17], where the
distribution of the system occupancy at an arbitrary time instant is obtained from the
distribution of the system occupancy at an embedded time instant divided by the customer
arrival rate times the average time between embedded time instants.

4.4. Waiting Time Distribution

The LST of waiting time of a customer arriving at an arbitrary time instant at the system when
the energy at the previous inspection instant was i, is given by

7)(6) = 7= [, (Eu(6)S;p (6) oy 8)
+ ) (®7):0) - S50y O Spnsa (1) (0)] (34)
n=0

To avoid complex notations, we have used F (i), resp. G (i) instead of F(i,S;), resp. G(i,V;),
and F"(i) = F o F o --- o F(i) (n times).

Let W*(8) =((W")(6), (W)2(0), -, (W");,,,.(8)), then
— 1 - n n
W) = 751 T® Diag(| | Seery@ | [ Sy n®

N-1 n+1 n+1
+Za* 9) - Dia 1_[ s 9,---,1_[ S (O] (35
2,3 vias| | Sy @[ Siviirer @1 69



The average waiting time is then given by

dw*(0)
E =————|g0"€
(W] 40 lo=0 - € (36)
In Appendix 2, we show that this results in Little’s well-known formula, namely
1
E = = F
Wl=1— P, 7 [7] (37)

5. Numerical Examples

In this section we apply the above model to the transmission system described in Section 2.
The model has been implemented in MATLAB. The purpose of these numerical examples is
not to investigate in detail the performance of a communication node using energy harvesting,
but rather illustrate the potential use of the model to evaluate such systems.

In order to model the energy harvesting and consumption we use the function that was
introduced in [3]. Remark however that this is to be considered as an example and that other
functions could be used as well.

Assume that the device is in state X, (where X may by SLEEP or packet transmit (TX)) during
an interval I. The evolution in time of the available energy during the interval I depends on
this state X and the available energy at time t=0. More formally, it is described by the following
function (see Formula (1)):

t t
f(X,ip,t) = c(X) - (1 - e'a<X)> +iyre e,  tel (38)

where c(X) and a(X) are parameters depending on the state X, and i, is the energy available
at time ¢ = 0 and ¢ is a time instant of the interval /. Using the notations of the system
description in Section 2, F(iO,Sio) = f(TX, iy, S;,) and G(io, Vio) = f(SLEEP, io, Vio).

Remarks

e The values of the function f are real numbers. In the model, we have assumed that the
variable E take integer values 1, -, i;,4,. When applying the model, the values of f are
multiplied by 100 or 1000 and E is the integer part of the result of this multiplication.

e Depending on the device (capacitor, harvesting function) and the state X (TX or SLEEP),
the slope of f at time t may be positive, zero or negative, depending on the values of the
parameters c(X) and a(X). Clearly when the state is SLEEP, the function f is increasing
while during packet transmission, it is decreasing.

e Ifthe device remains in state X, then the energy level tends to c(X) for increasing t. In the

next examples, the maximum energy level is equal to i,4, = max c(X).
X= A

In Table 1 the values for ¢(X) and a(X) used in the examples are given. Clearly i,,,, = 3.24.

SLEEP TX
c 3.24 0.03
a 50.27 0.20

Table 1: parameters of the energy function f



The graphs in Figure 2 and Figure 3 show the increase of f for X=SLEEP, i.e., for energy
harvesting, and the decrease of f for X=TX, i.e., for energy consumption.

In Figure 2, the function f for X=SLEEP is increasing to the value c(SLEEP) = 3.24, while
in Figure 3, the function f for X=TX decreases to c(TX) = 0.03.
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In the following examples the node may contain N=5 packets. We also assume that the
distributions of the time needed to transmit a packet and duration of the SLEEP state both are
deterministic, hence have constant length. Remark that this constant length depends on the
available energy at the start of the state.

5.1. Example1l

In this example we study the influence of the length of the duration of the SLEEP state when
the queue is empty (i.e., the duration of the vacation time) on the average system occupancy
and the average packet waiting time for different values of the input rate.
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Figure 4: Average System Occupancy as a function of the input rate for variable SLEEP duration
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Figure 5: Average waiting time as a function of the input rate for variable SLEEP duration



The time needed to transmit a packet is 0.1 time units. We evaluate the average system
occupancy (Figure 4) and the average waiting time (Figure 5) for variable input rate, A varying
between 0.10 and 0.85, for variable length of the SLEEP state, } varying between 10 and 30
time units.

Clearly both the average system occupancy and the average waiting time increase for
increasing vacation time / and fixed arrival rate. Indeed, the longer the vacation time, the more
packets are stored in the queue during such a vacation. This leads to a higher system occupancy
and longer waiting times.

An increase of the average waiting time can be observed when the arrival rate of packets
increases for lower values of the arrival rate. However, for higher arrival rates, the probability
that a vacation occurs decreases and hence the average waiting time decreases. This
phenomenon is more distinct in case of higher values of 7 as shown in Figure 5.

5.2. Example 2

In this example we investigate the influence of the energy threshold i;;. The system parameters
are the same as in Example 1: N=5, The time needed to transmit a packet equals 0.1 time units
and the length of the SLEEP state is 20 time units. The threshold i;;, was defined in Section 2
as the minimal available energy required to allow a packet to be transmitted successfully. We
let iy, very between 1.5 and 2.7; clearly for all these values packet transmissions are successful.
We investigate the influence of i, for the input rate A varying between 0.1and 0.85. From
Figure 6 and Figure 7 it is clear that the average system occupancy and the average waiting
time increase for increasing energy threshold i;; due to the fact that packets have to wait extra
until the energy threshold is reached.
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Figure 6: Average System Occupancy as a function of the input rate for variable energy threshold
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Figure 7: Average waiting time as a function of the input rate for variable energy threshold

5.3. Example3

In this example we let the duration of the SLEEP phase be such that during a SLEEP phase the
energy level increases by a value equal to A. This implies that the duration of the SLEEP phase
is no longer constant but depends on the value of the energy at the start of the SLEEP phase.
Again, we let N=5 and the time needed to transmit a packet 0.1 time units.
If the energy at the start of the SLEEP phase is i,, then the time T needed to reach the energy
level i, + A while in SLEEP state is given by
ip + A —c(SLEEP)
- (39)
iop — c(SLEEP)
We evaluate the average system occupancy (Figure 5) and the average waiting time (Figure 6)
for variable input rate, A varying between 0.05 and 0.80, for variable energy increase values A,
varying between 0.3 and 1.50.

T = —a(SLEEP) - In
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Figure 8: Average System Occupancy as a function of the input rate for variable energy increase
while in SLEEP state
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Figure 9: Average waiting time as a function of the input rate for variable energy increase
while in SLEEP state

Clearly the average system occupancy increases for increasing values of the input rate. The
higher the value of A, the higher the average system occupancy, but as the input rate increases
the results for the average system occupancy converge. For low values of the input rate and



higher values of A, Figure 9 shows a decrease of the average waiting time for increasing input
rate. This is due to the fact that when the input rate is low, the system is often empty and
therefore vacations take place frequently. When the input rate increases, vacations start to take
place less frequently and the average waiting time decreases. As the input rate continues to
increase, less vacations occur and the average waiting time increases towards a value that is
independent from A, due to the fact that more packets arrive.

5.4. Example4

In this example we illustrate the generality of the model. In many WSN protocols, complex
link layer schemes are avoided and therefore, to increase the reliability, packets are sent several
times. In this example we assume that each packet needs to be transmitted K times, K > 1. If
between two consecutive transmissions of the same packet, the available energy drops below
the threshold i;,, then the radio will switch to the sleep mode until the threshold is reached and
the next transmission can take place. The length S; of the TRANSMIT state, in case the energy
level equals i at the moment the queue is inspected, is then the sum of K transmissions with
possible sleep periods in between the K consecutive transmissions of the packet. Hence, given
the energy level i, we need to compute the time till the next inspection instant, together with
the energy level at this next inspection instant, i.e., after the K" transmission of the packet.
Once the values for S; and the energy levels at inspection instants are known, the application
of the model leads to the average system occupancy and average waiting time.

We let N = 5 and the length of the SLEEP state be 20 time units.
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Figure 10: Average System Occupancy as a function of the input rate for variable packet repetitions
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Figure 11: Average waiting time as a function of the input rate variable packet repetitions

Consider the system in which the duration of transmitting a single packet equals 0.1 time units.
We evaluate the average system occupancy (Figure 10) and the average waiting time (Figure
11) for variable input rate, A varying between 0.005 and 0.015, for variable number of
repetitions of packet transmissions, namely K = 1,--+,5. From these results we see that both
the average system occupancy and average waiting time drastically increase for increasing K,
due to the fact that the energy often drops below the threshold and the time it takes to reach the
threshold again heavily contributes to these performance measures.

6. Conclusion

In this paper we have proposed a model for a wireless sensor node in a WSN that uses energy
harvesting. This model is a finite capacity queue with repeated server vacations, where the
length of a service and the length of a vacation depends on a variable the value of which is
determined by the result of a function applied to the previous value of that variable and the
length of the service, resp. the vacation. For this model we obtain the distribution of the system
occupancy at inspection instants and at arbitrary instants and the LST of the waiting time
distribution. We illustrate the use of the model through a number of examples. The model can
be used for more complex protocols as shown by the last example. In the future, possible
extensions of the model e.g., where the reception of packets is considered, could be envisaged.



Appendix 1

We derive explicit formulas for (@;,)(0) - € and (7T;,)(0) - e.
In a similar way as in [18] it is possible to show that forn=20,---,N—1

A
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1
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and hence i
1 A
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and the probability of having a system occupancy equal to n at an arbitrary instant of a vacation
interval is given by
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For n=N, we obtain )
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which leads to
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In the same way, forn =1, ,N—-1
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The probability of having a system occupancy equal to n at an arbitrary instant of a service
interval is given by
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k=0
For n=N, we obtain
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Appendix 2
Since
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by taking the derivative
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n=0

Using the results for (7T;,)(6) - e and (w;,)(@) - € in (41) and (44) and the fact that

=1

NZ (0) - (Z E[Spip) i E[Spig, D'

= » @y (0) (n-E[Sy],,n-E[Sg, . ])

N-1
ZW«ZT Serean] 2 ElSrenean)
n=0

= Z @,(0)- (n+1)-E[S)],, (n+ 1) - E[Sg,...])’

and

we obtain Little’s well known result



E[W] = =+ E[n] (47)
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