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Abstract

The abundance of telecommunications systems makes it possible to have
somewhat significant quantity of radiofrequency energy in the environment.
This energy can be recycled to power ultra-low-power devices such as Wire-
less Sensor Network (WSN). In this paper, the performance of a miniature
RF/DC converter is evaluated in order to enslave a WSN’s performance to the
amount of the recovered energy. More precisely, a highly sensitive and effi-
cient rectifier is designed to achieve optimum performance in the GSM band.
The design method relies on a judicious choice of the rectifying diode which is
the basis of most losses in a rectifying antenna (rectenna). Optimum perfor-
mance is achieved by using the gradient method search proposed in the Ad-
vanced Design System (ADS) software. A rectifier based on Schottky diodes
HSMS 2850 used in a voltage doubler topology is thus obtained. A maximum
RF/DC conversion efficiency of 36% is reached for an RF input power level of
10 dBm. An energy budget of a sensor node in a WSN having an equitable
distribution of network loads is then defined and used to evaluate the perfor-
mance of the WSN regarding the distance at which the Base Station (BS) can
be located. The Low Energy Adaptive Clustering Hierarchy (LEACH) proto-
col is used for this purpose. The distance separating the WSN from the BS is
used as the enslavement parameter. Our analysis shows that increasing the
duration of each round results in an increase in the range of the WSN. As an
example, a network with 100 nodes distributed over an area of 100x100 m?
may be located at 1.3 km from the base station when each node of the WSN
must perform measurements every 1 min.
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1. Introduction

The need to control the environment in order to prevent natural disasters has
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accelerated in recent years the development of sensor nodes [1]. These are mi-
niature devices capable of performing simple measurements in their immediate
environment. The deployment of several of them for the purpose of collecting
and transmitting data via radio waves constitutes a Wireless Sensors Network
(WSN). Unlike wired networks, a WSN has the advantage of providing network
mobility, thus offering more flexibility. Moreover, the absence of wired connec-
tions is a great advantage because a wired system encompassing numerous nodes
can be troublesome for some applications such as structural monitoring [2]. For
example, an application like the Internet of Things (IoT) envisages incorporating
hundreds or thousands of sensor nodes into the same building, for monitoring
people present, light, heating and other environmental conditions with an excel-
lent resolution [3] [4]. On the other hand, it should be noted that the popularity
of the WSNs has also been facilitated by recent advances in the development of
miniature rechargeable batteries [5] which provide to the sensor node a lifetime
closely related to the capacity of the battery. This heavy reliance on the battery
has become over time a limitation in the deployment of WSNs because main-
tenance operations that involve recharging or replacing batteries can be costly
when the WSN is located in a hard-to-reach location. The solution envisaged to
overcome this limitation is the recycling of any form of ambient energy (wind,
sun, light, vibration, electromagnetic wave, heat, etc.) located in the immediate
environment of the sensor node. This research area is known as Energy Har-
vesting [6].

An Energy Harvesting process consists of converting one of the above-men-
tioned primary energy sources into DC electric power. Energy Harvesting tech-
niques thus differ from one to another by the nature of the used primary source.
Sources such as the wind, vibrations, and the sun are now well known and have
demonstrated through the various used transduction mechanisms, to be able to
generate significant amounts of energy [6] [7] [8]. However, it is clear that these
sources are intermittent because they depend on for some of the seasons (wind,
Sun), for others on temperature (heat) and others still, the functioning or not of
a mechanical engine (vibration). It is for this reason that in this paper, the choice
is focused on radio frequency energy that although at a lower level compared to
other primary energy sources, shows a more constant presence due to the num-

ber of radiation sources (Figure 1).

Figure 1. Some radio wave radiations sources.
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In its environmental control function, the main tasks of a WSN are monitor-
ing (which involves the capture of environmental data and their recording) and
the transmission of information [10]. Thus, if the nodes of a WSN are consi-
dered to be supplied from the ambient RF energy, it is necessary to ensure the
system's operability, to define the specifications of the WSN based on the
amount of recoverable energy. Note that the optimal operation of such combi-
nation is related to a maximization of the performance of the RF micro genera-
tor associated with a minimization of energy consumption of the sensor node.
Also, to ensure the efficient operation of the sensor node in a “deploy and forget”
mode, it is important to enslave it to the amount of recovered energy. In this
work, the enslavement consists in defining the operating limits of the autonom-
ous node regarding the maximum data sizes, the duty cycle, and the WSN range.
For this reason, in the first part of this work, the quantification of the energy
dissipated in a WSN with an equitable distribution of loads is proposed. In the
second part of this paper, the design of a highly sensitive and efficient rectifier
will be addressed. The GSM band known to demonstrate a high power density
[11] according to the ambient measurements reported in the literature is consi-
dered. Finally, from the amount of the recovered energy, the distance between
the base station and the WSN will then be used as the enslavement parameter of
the WSN. The different results obtained in this work will be presented in the
following order. A brief state of the art of previous works is proposed in section
2. Section 3 evaluates the amount of energy dissipated by a sensor node in a
WSN with fairly distributed loads. Section 4 will discuss the design of a minia-
ture, highly sensitive and efficient rectifier. In section 5, it will address the per-
formance of a stand-alone WSN based on the recovered energy. Finally, a con-
clusion introducing some avenues to improve this work will be presented in sec-

tion 6.

2. Previous Works and Main Contributions

In order to feed a WSN from a rectenna, it is important to define the WSN spe-
cification, to take into account both the progress made in the past years in the
maximization of the performance of the rectennas and those carried out in the
minimization of the consumption of the sensor nodes. For a rectenna, the vari-
ous components that constitute it are shown in Figure 2. An antenna captures

the ambient RF signals, and a rectifier is then used to convert the RF signals to

/ Antenna \

HF
Filter

\ Rectenna /

Figure 2. Main function blocks of the rectenna circuit [9].

Rectifier Load
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DC signals. An HEF filter is used to perform the impedance matching between the
antenna and the rectifier circuit [9].

Obviously, the aim of designing a rectenna is maximizing its RF/DC conver-
sion efficiency given the randomness of the amount of recoverable power. For
this, some research proposes solutions allowing to increase the power captured
by the antenna; this through the design of higher gain omnidirectional antennas
[12] [13]. Other research focuses on the design of HF filters that allow matching
between the antenna and the RF/DC converter [14]. Most published research
papers do not pay particular attention to losses due to the internal elements con-
stituting the rectifying diode. This work then addresses an optimization of the
performance of a rectenna under the basis of a judicious choice of the rectifying
diode (section 4).

Regarding the measurement and the transmission of environmental data such
as humidity, temperature, pressure, etc., the different steps shown in Figure 3
must be integrated [15].

The sensor’s role is to convert the physical quantity under control into an
electrical AC signal. After processing the data by the processor, it sends them to
the transmitter whose role is to transfer the information to the base station or
another sensor node, depending on the network configuration. It is then neces-
sary to take into account all these dissipation sources present in the process of
capture of environmental data. It should be noted that the energy budget of a
sensor node is influenced by its function in the network which itself depends on
the network topology. Several topologies exist for WSNs; the main ones being,
star, mesh and clustered network (Figure 4). Star topology (Figure 4(a)) is
composed of a central node called coordinator or sink of the network and mul-
tiple sensor nodes. In this topology, all nodes capture and transmit the data di-
rectly to the sink. In the mesh topology (Figure 4(b)), the nodes are identical,
and the information is routed gradually to the base station. Some nodes in the
network must then be a gateway. In the cluster topology (Figure 4(c)), local
processing is performed before transmission to the base station. Clustering is the
grouping of sensor nodes into clusters based on some criteria and selecting the
most efficient node as Cluster Head (CH) from each cluster.

As shown in Figure 4, depending on the network topology, the sensor nodes
have different levels (simple node, a gateway node, sink node, CH node). As-
suming that the network area is subject to the same amount of recoverable

energy, it is important to choose a network topology in which nodes will have

Antenna
Power supply

V Vv

M Processor H Transmitter

Figure 3. Hardware diagram of sensor node [13].
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®) (b)

Figure 4. Main topologies of WSN.

© Ordinary node
© Sink node

O Gateway node
O CHnode

é Base station

the same activity (ie. a more equitable distribution of network load to different
nodes that comprise it). Thus, any optimization of the harvester system (recten-
na) helps to increase the capacity of the entire network. For example, in our pre-
vious research [15], a piezoelectric energy harvesting system was considered to
power the sensor nodes in a star topology. Loads of the sink, being higher than
those of the ordinary node, the amount of recovered energy allowed to operate
ordinary node in the network with a packet size up to 105.5 kbits. However, the
sink could not operate if an optimization of the recovery system was not consi-
dered. The same problem would occur in a mesh topology network where gate-
way nodes have higher loads than ordinary node. The cluster topology in its
original form allows distributing the network loads between the various clusters
by decentralizing the aggregation of data. Note that, more than the topology,
consumption of a node is also influenced by the algorithm that governs commu-
nications between the different nodes in the network. From the perspective of
equitable loads distribution between the different nodes of the WSN, the
Low-Energy Adaptive Clustering Hierarchy (LEACH) protocol is best suited
[16]. This work then proposes to quantify the energy consumption of a sensor
node in a CH WSN with LEACH protocol (section 3). Once this quantification
has been made, the energy need will be compared to the energy recovered by a

rectenna in section 5.

3. Energetic Budget of a Sensor Node in a Leach WSN

The basic concept developed in Leach WSN is to divide the operation of the WSN
into a round, and in each round there is a CH change, thus avoiding the depletion
of the energy of a node [17]. At the beginning of each round, some sensor nodes
are designated as CH, this by their energy level which itself depends on the num-
ber of times the node has been selected as CH in the previous rounds. It forms a
cluster with its neighboring nodes; these will transmit to his the data collected
from environment under surveillance. To avoid collisions, the BS schedules
transmission time based on Time Division Multiple Access (TDMA). In this pa-
per, we assume that all sensor nodes within a CH also use the TDMA to access
their CH. Each round is divided into two phases; that of the cluster formation
known as the setup phase and that of the data collection referred to as the steady

phase. When the clusters were created during the setup phase, each node in the
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£bit packet

cluster decides whether or not to be the CH for the current round. The decision is
made by the comparison of a threshold T (n) with a random number between 0
and 1 taken by the node. The decision threshold is defined as [18]:

% ifneG
T(n)= l—p*[rmodpJ (1)
0 otherwise

where p is the predetermined percentage of cluster heads, r is the current
round and G is the set of nodes that have not been cluster heads in the last 1/p
rounds. If the choosing number by the node n is less than a threshold T(n),
the node n becomes a cluster-head for the current round. By using the thre-
shold T(n), each node will be a CH at some round within 1/p rounds. After
1/p rounds, all nodes are once again eligible to become CH.

To quantify the energy dissipated during a round by a node, the radio model
presented in [17] is used (Figure 5). Since the energy of the setup phase is neg-
ligible [17] [18] [19], only the energy consumed during the steady phase for
transmission and reception of data will be considered in this study. The other
following reasonable assumptions are also made:

e the WSN is assumed homogeneous; the sensor nodes are identical and meas-
ure the same physical data;

o the sensor nodes measure the same amount of data and are all located at an
average distance d;, from the CH;

o the fixed BS is located far from the sensor field. Thus all CH are approximate-
ly at the same distance d, from the BS;

o the clusters are circular in shape and are all the same size: the WSN includes
N uniformly distributed sensors in a region of surface M?. Each cluster in-
cludes N/k nodes onasurface M?/k .

o the Friis space model is considered for communication inside the cluster while

the multipath fading model will be used for communication between the CH

and the BS [20];

a perfect aggregation of data is made in the CH [17].

At each round, two types of nodes coexist in the WSN; the ordinary node (ON)
and the Cluster Head (CH). The ON sense data and transmit to CH; while the CH
have to collect data from ONs, aggregate the data and send it to the BS. The be-

havior of the two types of nodes is illustrated by diagrams shown in Figure 6.

«—l

Receiver #bit packet

Tx Amplifi
x Amplifier Electronics

Figure 5. Simple energy dissipation model.
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(b)
a
@) Initialize
Initialize +
+ Receive data from own ONs
Sensing and <
transmit to CH +
+ Aggregate data
Go to sleep +
v Transmit data to BS
Go to sensing or +
to be CH
Go to sleep
< Go to sensing and transmit to the next CH

Figure 6. (a) ON behavior (b) CH behavior.

If p is the probability of being elected CH during a round, then the energy
consumed by any node can be defined as:

Enode = pECH +(1_ p) EON (2)

where E, is the energy consumed by the CH and E, the energy consumed
by an ordinary node during a round. The energy dissipated in the entire WSN

during a round can be defined as:
EWSN = CECIuster (3)

with C representing the number of cluster and E is the energy dissipated

Cluster

in a cluster defined as follows:
N
ECIuster = (E _]J EON + ECH (4)

N is the total number of nodes in the WSN. Once collected measures the ON
just have to transmit them to the CH as shown in Figure 6. Then the dissipated
energy per round in ON is expressed as:

Eon = {(Epee + 507 (5)

elec
The CHs nodes have to collect data from ONs, aggregate the data and send it to
the BS. Thus, the energy budget of the CH is defined by

N CEpAN
ECH =€(E_1j Eelec+ % +£(E +gamp'd;) (6)

—_—
For data transmission to BS

elec

For data reception For data aggregation

where ¢ is the number of bits per packet, E,,.. is the energy consumption per

elec
bit in the transmitter and receiver circuitry, &, is the multiple attenuation
model amplifier energy consumptions for free space propagation model used for

short link, M? is the covered area by the WSN, &

amp 18 the transmit amplifier

for two rays and E_, is the energy for data aggregation.
If the CH is assumed to be the center of mass of the cluster, the expected

squared distance from the nodes to the cluster head d; is defined as:
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E[d?]=[[d(xy)p(x y)dxdy = [[r*p(r,6)rdrdo 7)

where p(r,0) is the joint probability density function. Since the sensor nodes
are distributed uniformly on a circular surface, p(r,0)= C/M?  with
(0<r<M/aC,0<0<2r). Thus,

C 2n M/\/E MZ
27 3 _
E[dl]_—Mz !{ { rdr jdo=-— (8)
Substituting Equation (8) into Equation (5) gives:
MZ
Eon(4LC M) =L E & — 9
N e ®

By substituting Equation (9) and Equation (6) into Equation (3), a simulation
of the consumption of a WSN of size 300x300m? comprising 100 nodes is
shown in Figure 7. The result is obtained with the Matlab software, and the other
simulation parameters are defined in Table 1.

The Figure shows that the number of heads is a very important parameter. By

140
120

100

E sy (M)

200
150
100
0 50 d

Number of cluster (C)
choas (M

Figure 7. Node energy dissipation versus the number of head and the distance to BS.

Table 1. Simulation parameters.

Parameters Symbol Values
Network size M xM 300 x 300
Number of nodes N 100
Packet size ¢ 4200 bits
Transmit amplifier free space & 10 pJbit/m?
Transmit amplifier for two ray Eamp 0.0013 pJ bit/m*
Energy dissipation: electronics E... 50 nJ/bit
Distance CH to BS d, =g ss --
70 0’::’ Scientific Research Publishing
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differentiating, E,, with respect to C and equating to zero, the optimal

number of clusters is given by:
\/W €
Cop =M —
2n v gamp : d: - Eelec

The optimal probability of a node to become a cluster head can be defined as

(10)

follows:
C
popt = ﬁpt (]. ].)
The minimum energy consumed by a node will then be defined by:
Enodemin = popt ECH + (1 - popt ) EON ‘C:Copt (12)

Subsequently, the amount of recoverable energy from the electromagnetic
waves is compared with the energy requirement of the sensor node. The distance
between the base station and the WSN is used as an enslavement parameter of the
WSN.

4. High-Efficiency RF/DC Converter for Ambient Power
Harvesting in GSM Band

One of the objectives of this work is to propose a miniature circuit that allows
converting the ambient RF energy in the most efficient way possible. The GSM
band known for having a good power density [11] is considered. The miniaturi-
zation of the circuit will go through a judicious choice of the rectifying diode. The
selected diode can then be placed in a voltage doubler rectifier, (Schenkel voltage
doubler in this paper) as shown in Figure 8. The circuit delivers at its output a

DC voltage equal to twice the amplitude of the input AC signal.

4.1. Rectifying Diode Selection

The used rectifying diode is an essential element of the rectenna since it forms
the basis of the shaping of RF signals picked up by the antenna. Considering
the high frequency of the signals and given the very low received power den-
sity, it is important to design a high-sensitivity rectifier circuit to have an
amount of usable DC power. A list of most recently used diodes in the rec-
tenna design, as well as the maximum conversion efficiencies reached, is

shown in Table 2.

Cl DZ
® | > ®
| 1 |

—|'C2 =P Toward Load
I ® L)

Input RF
power

Figure 8. Schenkel voltage doubler rectifier.
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Table 2. Recently used rectifying diode.

. . Maximal conversion RF input
Rectifying diodes . Reference
Efficiency power (dBm)
MA4E 1317 84% 20 [21]
HSMS 2820 68% 13 [22]
HSMS 2850 50% 10 [23]
SMS 7630 59 3 [24]
Lp

CP RL

Equivalent circuit model of
the rectifying diode with load
resistance

Figure 9. Small signal model of a Schottky diode with parasitic elements.

The results recalled in Table 1 shows that the conversion efficiency de-
pends on the type of the used rectifying diode. The conversion efficiency is
obtained from the small signal model of the Schottky diode shown in Figure
9.

In this Figure, Ry is the series resistance; C;

R; the junction resistance and V; the voltage across the semiconduc-

tor-metal junction. The junction capacitance C; depends on the voltage ap-

is the junction capacitance,

plied across the junction according to the following equation [25]:

C.=C Yi (13)
SR VARV

where V. is the output DC voltage across the resistive load, and C;, is the
diode’s zero bias junction capacitance. L, and C, materialize imperfections
introduced by the housing of the component.The series inductance L, is as-
sociated with the external terminals which connect the internal component to
the external circuit. The capacitance C, models the fact that all the solid
materials of the housing have related dielectric constants [26].

The RF/DC transformation goes through the four stages characterized by
the different conversion efficiencies shown in Figure 10.

ny represents the matching efficiency. It characterizes the losses due to
the insertion of the matching filter between the antenna and the rectifier cir-
cuit. These losses are more detrimental at high frequency, and for a single

stage matching network [28]. The maximization of the matching efficiency
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T

NDbc—Load

Ny » MRrF_DC

Figure 10. Efficiency link of a rectifying circuit, from RF power to dc power [27].

requires a minimization of the reflection coefficient I', which is defined in
[29] as:

Iy = (14)

where Z is the impedance of the diode view of the source and Z, is the
source impedance set at 50 Q. Depending on the internal diode elements

(Figure 9), the reflection coefficient can be written as follows:
(R, +R, =50 +C?-R?- - (R, ~50)°
(R, +R, +50)° +C2-R?- o’ (R, +50)

I0|* = (15)
where @w=2nf is the angular frequency. At high frequency, the product
Cjz-Rj2 -@” — 0, thus minimizing the matching losses is to choose Ry as
close as possible to 50 Q.

Nrepc (Figure 10) is the RE/DC conversion efficiency of the diode. By ap-
plying the Kirchoff’s voltage law, a closed-form equation has been derived in
[25] as follows:

1
= 16
Ter.oc l+a+pf+y (16)
with:
2
V.
a:i(1+_’j |:go[l+ 12 j—l.Stango}
TRy Vic 2cos” @
R,-R -C’-o° 2 -
p=—>t 3 " 141 nzfp +tang (17)
2n Vpe /| COS” @
R V. V.
y=—= [1+—’]—'[tan¢—¢]
TRy Voc /Vic

where ¢ is the forward-bias turn-angle. It is a dynamic variable that de-
pends on the input power of the diode (and thus of the output DC voltage) as
follows [25]:
R
tan o—@p= ﬂ—s
V.
R, [1+ ‘j
V,

DC

(18)

Moctoad 18 the DC power transfer efficiency. A Maximum Power Point
Transfer (MPPT) circuit allows maximizing this efficiency by keep track of the
maximum efficiency operating condition. This issue is not discussed here since
the MPPT is now a classical function [30]. Table 3 below represents the cha-
racteristics of the most recently used rectifying diodes in the rectennas design.

Based on these different characteristics, a comparison of the RF-to-DC con-
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Table 3. Electrical parameters of the recently used diodes.

Diodes ~ MA4E 1317 [32] ~ HSMS2820[33]  HSMS2850 [31]  SMS 7630 [34]
C, (pF) 0.45 0.7 0.18 0.14
R (Q) 4 6 25 20
Vv, (V) 0.7 0.65 0.35 0.34
100 T | . . .
98 - —n—a= &
96 T
—~ 94 i - -=-" ]
X -
& 921 4
c
Q0
o - .
g 90
o
D 88T 1
=
)
gor| ! 7 :
4
! ’
84 ’l II - == MA4E 1317
] / - - - - HSMS 2820
821l 4 : HSMS 2850
80 N . | . SMS 7630
0.5 1 1.5 2 2.5 3
Vi (V)

Figure 11. RF/DC conversion efficiencies comparison R =2KkQ.

version efficiency of the diodes under study is shown in Figure 11.

The result in Figure 11 shows that the diodes which offer the best perfor-
mance are the diode HSMS 2850 of Avago and the SMS 7630 diode of Sky-
works. It should be noted that, of these two diodes, the HSMS 2850 diode is
that which has its series resistance nearest to 50 . Recall that this helps to
significantly reduce the insertions loss (Equation (15)). Moreover, regarding

sensitivity, this diode is capable of detecting signals up to =50 dBm [31].

4.2. Simulated and Experimental Results

The selected diode HSMS 2850 is used in a Schenkel-type voltage doubler.
The simulated and realized circuit in this work, as well as the values of the
used components, are shown in Figure 12. A Sub Miniature version A (SMA)
connector is used to connect the rectifier to the microwave source.

For the manufacture of the circuit, the substrate RO35B having the charac-
teristics reported in Table 4 is used. The ADS software is used to design the
circuit. The capacitor values are initially set at 4.7 nF; then the optimum load
resistance is calculated for —10 dBm of input power. The obtained result is

shown in Figure 13. The result shows that the designed circuit in such condi-
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4.7 nF

D>t

—i|
‘ .7 nF
(a)

1.2 kQ

— i

Input RF
power (b)
Figure 12. Simulated and manufactured rectifier circuit.
Table 4. Characteristics of the RO35B substrate.
Parameters Values
h 0.76 mm
T 35 um
g, 3.48
tano 0.0037
'22 T T T T T T T T T
M~ -
/ . |
23F X:1.231 2 |
Y:-2254 0~ ~
I ~
— ’ ~ ~
£ 24 S~
m - - i -
S I S o
E ' S~ ~ ~
2 I S~
(o] - ~y
2 -25 ] N
O
la) |
5 |
[o%
g -26 N T
|
|
27 .
1
_28 1 1 | 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Load resistance (kOhms)

Figure 13. Optimum load resistance of the circuit.

tions can recover a maximum power of —22.5 dBm, reached on an optimum
load of 1.23 kQ).

By setting the load resistance at 1.2 kQQ, a characterization of the manufac-
tured circuit is shown in Figure 15. A photograph of the measurement envi-
ronment is shown in Figure 14. In this Figure, a microwave source is used.
The circuit under test and a digital voltmeter are also shown.

The used microwave source is the MG 3700A manufactured by Anritsu. It

transmits signals up to 6 GHz. The delivered output power reaches a maxi-
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mum of 13 dBm and a minimum of —140 dBm. The internal impedance of the
source is 50 Q. Figure 15 shows a good agreement between experimental and
simulated results. More precisely, maximum conversion efficiency of 36% is
achieved at 10 dBm input power in simulation case, while 30% is observed in

experimental measurements. The voltage levels up to 2 V is reached.

5. Wireless Sensor Network Performance
Based on the RF Recovered Energy

By setting T as the time duration of a round, the maximum harvested energy
per round can be defined as:

Hmax — PHmax T (19)
where T is defined by:

Figure 14. Setup environment.

Voltage Efficiency
2.5 T 40 .
&  Experimental &  Experimental
simulation simulation
35
2 -
30
S
[0) —
8 15+ § 25
o >
> o
o .E 20
a) S
- i b=
3 ! w15
5
o
10
05
X:-10 5
Y: 0.05138
e
0. 1 1 1 0 1 1 1
-10 -5 0 5 10 -10 -5 0 5 10
RF Input power (dBm) RF Input power (dBm)

Figure 15. Rectifier measurement results.
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N/Copt—L  Copt

T= > ti+th (20)
j=1

i=1

t; is the time taken by an ON to measure and transmit data to the CH, and t;
is the time required for each CH to receive, aggregate and transmits data to the
BS.

P

max 11 Equation (19) is the maximum harvester power defined as :

I:)Hmax :VDZC/RL (21)

Assuming that the designed rectifier receives —10 dBm of input RF power, an
output DC voltage of 51.4 mV is experimentally obtained (Figure 15). This level
of voltage corresponds to a dissipated power of 2.2 pyW. We then deduce the mi-
nimally required condition of operability of a sensor node based on the recovered

energy as:
(22)

nodemin = EHmax

With E, ~ defined by Equation (12). Considering the maximum recovera-
ble power, the deployment of the WSN regarding the distance at which the base
station can be located as well as the duration of a round is shown in Figures
16-18.

The results show that by increasing the duration of each round, the distance
separating the base station from the WSN increases. More precisely:
e for rounds with a duration of 1 s, (representing physical phenomena va-

rying very rapidly), the accumulated energy is less than the required ener-

(@) T=1s (b) T=10 s
0.1 0.1
NE NE
-==:AV -==AV
0.05¢ 1 0.05 X: 2.41
Y: 0.022
______ B---—-———
. O jom mm wm g wm em o ww em ey em ew e 0 s L L L
E 1 2 3 4 5 1 2 3 4 5
> .
c)T=30s d) T=1 min
S 0.1 () T=3 02 dr=1
c
L
0.15
0.05¢ 1 0.1
NE 0.05
-==:AV
0 0
1 2 3 4 5 1 2 3 4 5
dWSN-BS (km)

Figure 16. Performance of the WSN as a function of its distance from the BS
(M =100, N =100) . NE is the Needed Energy and AV the Available Energy.
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(@) T=1s (b) T=10's
0.1 T g 0.1 T
NE NE
Y ---:AV
0.05¢ 0.05¢
=
\E/ o - wm mm pm mm mm omm wm mm oy omm mm 0
> 1 2 3 4 5 1 2 3 4 5
o
)
S c)T=30s d) T=1 min
T (c) 0.2 (d)
/ 0.15 ¢
_______ | [ R S S A A
0.05 X:2.43 0.1}
Y: 0.066
NE 0.05¢ NE
-=-=--AV --=--AV
0 0
1 2 3 4 5 1 2 3 4 5
dWSN-BS(km)

Figure 17. Performance of the WSN as a function of its distance from the BS
(M =300,N =100).
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Figure 18. Performance of the WSN as a function of its distance from the BS
(M =300, N =200).

gy even for a base station located only at 300 m from the WSN (Figure
16(a)). This configuration could be used to detect the presence of people
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in large buildings in the case of IoTs.

e in the case of physical quantities to be taken every 10 s, the base station
may be located at 2.4 km (Figure 16(b)) from the WSN to allow network
nodes to operate,

e if each round lasts 30 s (Figure 16(c)), the base station may be located
beyond 4.17 km from the WSN location,

e in many applications of WSN, the physical phenomena measured vary
slowly; this is the case, for example of temperature variations due to ther-
mal inertia, for which it is not necessary to take measure every second, but
every minute. In this case, the BS may be located beyond 5 km (Figure
16(d)).

In Figure 17, a wider area with the same number of sensor nodes is considered;
this has the effect of increasing the distance separating each ON from its CH. The
energy demand of each node is increasing, and the result obtained validates this
fact by showing that the BS should be located at a shorter distance than those
achieved in Figure 16.

In Figure 18, it is observed that an increase in the number of nodes makes
it possible to extend the range of the WSN. The distances to which the BS is
to be located from the WSN are slightly larger than those obtained in Figure
17. However, it is obvious that a denser network is subject to interference

between neighboring clusters. This limitation is not dealt with in this work.

6. Conclusion

In this paper, a new design of an Energy Harvesting-WSN based relied on the
recovery of ambient electromagnetic energy has been proposed. First, an esti-
mate of the energy budget of a sensor node in a LEACH protocol WSN is made.
Then a miniature rectenna designed to achieve good performance in the GSM
band is realized. The miniature consists of the use of a simple rectifier circuit for
the shaping of ambient RF signals. From the various losses that occur during the
RF/DC conversion, a comparison of the commonly used diodes is made and it is
shown that the HSMS 2850 diode of Avago is the one which minimizes the losses
occurring in the conversion chain. A characterization of the rectifier allows ob-
taining that at —10 dBm of input RF power, an output DC power of 2.2 uW is
dissipated in the optimum load resistance of 1.2 kQ. The recovered energy is
then used to define the physical constraints to be imposed on a WSN (with an
equitable distribution of charges) so that it can operate quasi indefinitely. The
energy budget of a sensor node in a LEACH protocol WSN is compared to the
energy recovered. The distance between the WSN and the BS is used as the en-
slavement parameter. It has been found that for rapidly changing phenomena,
the BS should be located too close or inside the WSN. However, for rounds last-
ing one minute, the base station can be located beyond 3 km from the covered
area by the WSN. This for a WSN with 100 nodes equitably spreads over an area
0f300x300 m* when each round last 1 min. Although the results obtained in

this work are satisfactory, it would be interesting to evaluate the interferences
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due to the simultaneous communications of the nodes located in different clus-

ters.
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