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Runtime Extension of Low-Power Wireless Sensor
Nodes Using Hybrid-Storage Units
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Abstract—The sensor nodes of wireless sensor networks remain
inactive most of the time to achieve longer runtimes. Power is
mainly provided by batteries, which are either primary or sec-
ondary. Because of its internal impedance, a significant voltage
drop can appear across the battery terminals at the activation time
of the node, thus preventing the extraction of all the energy from
the battery. Additionally, internal losses can also be significant.
Consequently, the runtime is reduced. The addition of a superca-
pacitor in parallel with the battery, thus forming a hybrid-storage
device, has been proposed under pulsed loads to increase the
power capabilities and reduce both the voltage drop and the
internal losses at the battery. However, this strategy has not yet
thoroughly been analyzed and tested in low-power wireless sensor
nodes. This paper presents a comprehensive theoretical analysis
that extends previous works found in the literature and provides
design guidelines for choosing the appropriate supercapacitor.
The analysis is supported by extensive experimental results. Two
low-capacity (< 200 mAh) batteries were tested together with
their hybrid-storage unit counterparts when using an electronic
load as a pulsed current sink. The hybrid-storage units always
achieved a higher runtime. One of the batteries was also tested
using a sensor node. The runtime extension was 16% and 33%
when connecting the hybrid-storage unit directly and through a
dc—dc switching regulator to the sensor node, respectively.

Index Terms—Autonomous sensor, battery impedance, hybrid
storage, runtime extension, sensor node, wireless sensor networks
(WSNs).

I. INTRODUCTION

IRELESS sensor networks (WSNs) have been proposed

for multiple applications, which range from healthcare
[1] to environmental monitoring [2]. They are composed of
nodes that sense different parameters and relay the data to a cen-
tral node. The sensor nodes are wireless measurement devices
that are mainly composed of sensors and their signal condition-
ers, a microprocessor, and a radio-frequency transceiver. Power
to the nodes is provided by primary batteries or by harvesting
the energy from the environment and storing it in secondary
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(rechargeable) batteries [3]. Whatever the option, low energy
consumption is desirable in increasing the autonomy of the
node. Hence, sensor nodes need to be low-power devices and
to remain inactive most of the time.

Batteries, which are either primary or secondary, present
an internal impedance. Whenever the sensor node wakes up,
a significant amount of power and then energy can be lost
at this internal impedance. Moreover, the voltage drop across
the internal impedance can prevent squeezing all the avail-
able charge from the battery, thus leading to a reduction in
the runtime of the sensor nodes [4]. Capacitors have com-
plementary characteristics to batteries [5], [6], and their joint
use has been proposed to increase the power capabilities of
batteries, even in commercial products [7]. In [8], a 600-mAh
lithium battery in parallel with a 600-mF supercapacitor was
used to extend the runtime down to a specific threshold
voltage under a 2-A pulse that emulated the current profile
of a GSM mobile phone. The results were only experimen-
tally assessed, and no analytical formulation was provided.
Dougal et al. [9] theoretically analyzed the power and life
extension under pulsed-load conditions provided by a hybrid-
storage unit that was composed of a supercapacitor in parallel
with a battery. However, no experimental results were provided,
and runtime extension was only tackled from an energetic
perspective, disregarding the effect of the voltage drop at the
battery terminals. In [10], a 1.2-Ah lithium-ion battery was
tested in parallel with both a 5-F and a 50-F capacitance storage.
The runtime of the hybrid-storage unit with the 50-F capacitor
was only 5% higher than that with the single battery.

In spite of the extensive work done with hybrid-storage
units, their advantages have not thoroughly been analyzed and
tested in low-power wireless sensor nodes, where pulsed-load
currents on the order of tens of milliamperes are present. This
paper, which, in part, started in [11], presents a comprehen-
sive theoretical analysis that extends previous works found
in the literature and provides design guidelines for choosing
the appropriate supercapacitor. The analysis is supported by
extensive experimental results. Two low-capacity (< 200 mAh)
batteries were tested together with their hybrid-storage unit
counterparts when using an electronic pulsed load and a sensor
node equipped with a commercial Zigbee module as loads. The
performance at low temperatures (—15 °C) and the use of a
switching regulator placed between the storage unit and the
sensor node are also considered. Although this paper is focused
on wireless sensor nodes, the analysis and results presented can
be applicable to other low-power devices that present a pulsed
current-consumption profile.

0018-9456/$26.00 © 2010 IEEE
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Fig. 2. (a) Current consumption of the sensor node. (b) Resulting battery
voltage profile.

II. PROBLEM STATEMENT

Sensor nodes in a WSN are mainly composed of sensors,
a processor, a transceiver, and a power source (Fig. 1). To
save power, these nodes are inactive (sleep mode) most of
the time and periodically wake up to measure and send data
to a neighbor or central node. The current consumption of
typical transceivers, which is usually the hungriest part, in
sleep mode (I,) is of a few microamperes and reaches tens
of milliamperes in active mode (I,,). Fig. 2(a) shows this
situation, where 7', to,, and t,g are the period, active, and
sleep time intervals, respectively, of the pulsed current 44,4,
and I, = I,, — I,g. The average current is I, = DI, + Iog,
where D = t,,/T is the duty cycle. Although I is several
orders of magnitude lower than I, its contribution will be
dominant in applications where D < I,g/Ioy.

Power to the nodes is mainly provided by batteries. Choos-
ing a suitable battery is not always easy because of different
constraints (e.g., battery voltage, temperature range, reliability,
and energy density). Due to its internal impedance, a voltage
drop across the battery terminals appears at the activation time
(Fig. 2(b), where Vg and Rp are the open-circuit voltage (OCV)
and the internal resistance of the battery, respectively). When
the battery voltage falls below the minimum allowed supply
voltage [V in Fig. 2(b)], the sensor node stops working, thus
impeding the extraction of all the available energy from the
battery and then reducing the node runtime. Additionally, some
power and then energy are lost at the internal impedance of
the battery. One way to decrease its internal impedance is
to increase the surface area for the electrochemical reaction.
However, this leads to a reduced energy density and higher
leakage of the battery, which decreases the runtime [4]. An
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Fig. 3. Simple (a) battery and (b) supercapacitor electrical models.

alternative is to place a supercapacitor in parallel with the
battery to reduce the equivalent impedance of the storage unit.
This strategy is used in some commercial hybrid batteries [7],
where the current capabilities of bobbin-type lithium cells are
enhanced by adding a hybrid layer capacitor all within a single
can. Here, generic commercial batteries and supercapacitors
will be combined and tested to power low-power wireless
sensor nodes.

III. ENERGY STORAGE DEVICES

Two main types of batteries exist, i.e., primary and secondary
or rechargeable batteries. In sensor nodes, secondary batteries
are used together with energy transducers that harvest the
energy from ambient sources [3]. Fig. 3(a) shows a simple
electrical model for the battery, where R models the equiv-
alent serial resistance. The value of Vg (OCV) depends on the
internal stored charge (state of charge, SoC). Not included in the
presented model is the self-discharge (leakage) of the battery,
but its effect must be considered in unattended sensor nodes
with required long runtimes. In [4], more complex models for
batteries can be found.

Supercapacitors (which are also called ultracapacitors or
double-layer capacitors) have a higher energy density than
ordinary capacitors, i.e., they provide higher capacitance values
for the same component size. They are used, for example,
to provide backup power for the memory used in microcom-
puters and cell phones, and brief bursts of energy to numer-
ous consumer products containing batteries, for example, in
cameras [12]. Fig. 3(b) shows a simple electrical model for a
supercapacitor, where C' is the nominal value of the capacitor,
and Rc models the equivalent series resistance (ESR). The
supercapacitor size increases with its nominal capacity value.
In the last years, supercapacitors with very low ESRs ranging
from tens to hundreds of milliohms have been commercial-
ized. Leakage currents, which are not modeled in Fig. 3(b),
have to be considered in applications with long runtimes.
The same as with the batteries, leakage increases for higher
temperatures.

Supercapacitors still have an energy density of one to two or-
ders of magnitude less than that of batteries. However, its power
density (internal impedance) can be much higher (lower). Their
joint use (hybrid-storage unit) can provide both good energy
and power density suitable for the sensor nodes of a WSN.

IV. THEORETICAL ANALYSIS
A. Circuit Model

Fig. 4 shows the electrical model of the hybrid-storage unit
and the sensor node (load), which was modeled as a pulsed
current sink [Fig. 2(a)]. In the remaining part of this section,
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Fig. 4. Electrical model of the hybrid-storage unit and the sensor node (load).

we first calculate the voltage and power at the load and the
runtime extension achieved. Then, the expressions for selecting
the appropriate supercapacitor for the hybrid-storage unit are
provided.

B. Load Voltage and Power

Assuming that Vg is constant and that the initial voltage at
the capacitor is equal to V, the load voltage is given by

=Vg — (Lo + Tieax)RB — I RB

—wg(t—nT) o
XZ{|: RB“I‘RCG g ]xu(t nT)

_{1_

u(tnTton)} (1)

Vload (t)

Rp

e~ ws (tnTtm,):|
Rp + Rc

where I}, is the leakage current of the storage unit, u(t) is
the unit-step function, n is an integer that refers to the pulse
number, and wg = 1/((Rg + Rc)C). This equation is similar
to that provided in [9], but now, the effect of [}, and I g has
been included. The load voltage during the /N pulse tends to

Vioad (NT+1) =V — (Iog + licak ) Rz — I, RB
X |1— 7RB ewat 1—c wn(Tton)
R+ Rc 1—ewsT

_ (1_ RB e—wgtewgton>

Rp+Rc
X[u(t—NT —ton)—u(t—NT-T)]. 2)
This approximation is good enough for NT > (10/wg). At the
end of the active time, the load voltage will be minimal and of
value

Uload(NT + ton) = VB - A(Uloaud (3)
where the maximal voltage drop at the internal impedance of
the battery is given by

e*&}ﬁton _ erJﬂT

B
Rp + Rc

Avipaq =V, + IR
load off _leak oilB 1_ e*‘*’ﬁT

“)

and Vo jeak = (Lo + lieak) RB. On the other hand, from (2),
the average power at the load can be calculated as

T
Pioaqg = f /Uload (NT + t) “fload - dt
0

Iy ton R%
=—— | VB — Vot 1eax — IoR I,——
T B f_leak — B+ °Rp + Ro
(1 _ efwg(Tfton)) (1 _ efwgton)
X
wgton(l — ewsT)
tOIl
+ Ioﬁ (VB - ‘/off_leak - IORBT) (5)
and the average power loss will be
Ploss = PB - ﬁload (6)
where
Py =Vi(Lo - D + Leax + Iog) (7N

is the average power provided by the battery.

Assuming that ¢,, < T and considering C' and then wg, as
a design parameter, (4) and (6) can asymptotically be evaluated
in three zones, i.e.,

Zone 1 : wgton >1, wgT >1
Zone 2 : wgton <1, wgT > 1
Zone 3 : wgton <1, wgT K 1.

As C increases (wg decreases), we move from zones 1 to 3.

Evaluating (4) in these three zones results in the three
asymptotes plotted in Fig. 5. The respective expressions are
given by

Zone 1 — Avigad = Vot_leak + IoRB
= Voff_leak t+ I, (RB//RC)

Ry
I,—"2— 8
+ Ry + Rc (8)
Zone 2 — Avigaq = Vost_leak + Io(RB//Rc)
R?
Io=—2—wston
o R+ Ro
= Voff_leak + IO(RB//RC)
R2
I,—2 —wzDT 8b
+ ORB T RC wa ( )
Zone 3 — Avioad = Vori_leak + Lo(RB//Rc)
Rg
_ B 8
TRt Ra (8

As an example, Fig. 6 shows the load voltage profile at
zone 2, where the initial voltage drop and Awvjy,q can be seen.
As C increases (we move from zones 1 to 3), Avigaq, as well as
the peak current provided by the battery, decreases. In zone 1,
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Fig. 6. Transient behavior of the load voltage under the pulsed-load current.

the hybrid-storage unit behaves as a single battery. In zone 3,
the voltage drop is minimal and decreases with decreasing
values of R¢ and D.

From (5)—(7), the resulting expressions for the power loss at
the three zones are given by

Zone 1 — ﬁloss = IOD |_‘/0ﬂ”_leak +IORBJ +Poﬁ_leak (98.)
Zone 2 — Ploss = IoD | Vogi_ieax + Io(RB//Rc)
RE ¢t
107]32 Pog 1ea
+ R + Ro 20‘)[3 + Foff_leak
(9b)
Zone 3 — ﬁloss =1,D Voff_leak + IO(RB//RC)
R2
+ IoiBD + Po ea.
Rp + Rc fi_leal
%)
where
Poff_leak = Iof‘f Lvoff_leak + IORBDJ + IleakVB~ (10)
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Fig. 7. Linear approximation of Vg and vjoaq versus discharge capacity.

This results to a graph analogous to that of Fig. 5; thus, Py
will be minimal in zone 3.

C. Runtime Extension

In Section IV-B, Vg was assumed to be constant, but it
actually decreases with the amount of extracted charge Q.
Manufacturers usually provide graphs of the battery voltage
versus the amount of extracted charge. Then, the runtime until
the battery voltage falls below a specific threshold voltage can
be estimated. The runtime increases as either the discharge
current or the threshold voltage decreases. As a first-order ap-
proximation and within a determined range, Vg can be assumed
to linearly decrease with @; thus

Vi (t) = Vao — kQ(2) (10
where V¢ corresponds to the battery OCV at a full SoC of the
battery, and & (in volts per ampere-second) is a constant that can
be inferred from the discharge graphs. Fig. 7 represents (3) and
(11) versus Q). As can be seen, the shift between both graphs
increases as Auvjg,q increases. Qax 1S the maximum charge
that can be extracted down to a threshold voltage Vi, Qideal 18
the charge that would be extracted with Avyo,q = 0, and Qp
corresponds to the total available charge at the battery. Vpp
corresponds to the battery OCV when the SoC is null. When
Vi = Vpr, then Qigea1 = QB. The relative extracted charge is
given by

AUload
(Vo — V1)

Qmax

= 1 —
Qideal

12)

where Avjaq can be calculated from (4), and it is assumed that
VBo > Vr > Vir. The runtime ¢, can be estimated as

; max

ty = .
Dlo + Ioff + Ileak

13)

Thus, Qmax and the runtime increase if Avjo.q is reduced.
The runtime also increases with a decreasing D. However,
for small values of D, the contribution of I g and I, can
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be dominant, and a further increase in ¢, is not possible. A
minimum Awv)y,q (Fig. 5 zone 3) is achieved whenever

T

C>»———.
(Rc + Rp)

(14)

From (8c¢), a capacitor with a low R further reduces Av)gaq.
A reduction in D, by either reducing ¢,,, or increasing 7', also
reduces Avjyaq. However, from (14), an increase in T leads to
an increase in C' and, then, in its size, and, for the same type
and manufacturer, an increase in its cost. Working at zone 2
(Fig. 5) can lead to a smaller value and size of C. This will
be feasible whenever the achieved Avy,,q permits obtaining the
desired charge Q,,x from the battery. From (12), the maximum
permitted voltage drop (Fig. 5, Avjoad,max) can be deduced for
a desired @y ax. Then, the optimal capacitor (minimum value)
can be calculated from (8b) as

2
It B
ovon \ Rp+Rc

C > (15)
A'Uload,max - (Ioﬁ' + Ilcak)RB - IO(RC//RB)
which, whenever R¢ < Rg, can be approximated to
IO on
C > t (16)

— (Lot + heax)RB — I, Rc’

AUload ,max

As can be seen, the required value for C' increases with an
increase in I, ton, and R¢, and a decrease in Avioad max-

Whenever the sensor node requires a constant voltage supply
Ve or the battery voltage does not match the supply voltage
range of the sensor node, a voltage regulator must be inserted
between the energy storage unit and V. Thus, Pload will be
constant. From (9), P, is smaller when using a hybrid-storage
unit. Then, from (6), Py will be reduced, and then, the runtime
will further be extended.

In conclusion, the addition of a proper capacitor in parallel
with high-impedance batteries increases their current and power
capabilities and extends the runtime of the wireless sensor node
by decreasing both its internal voltage drop, which implies that
more energy can be extracted from the battery, and its power
loss, which increases the efficiency of the extracted energy
transferred to the load.

V. MATERIALS AND METHODS

Accelerated (high D) runtime tests were carried out with
both single batteries and hybrid-storage units. The source
GS610 (Yokogawa) was used as a sink pulsed load (Fig. 2)
with the following parameters: I,, = 30 mA, I,g =0 mA,
ton = 100 ms, and T' =1 s. Then, I, = 3 mA, and D = 0.1.
In this case, I,g and I}, were much lower than the mean
current consumption and had a negligible effect on the runtime.
The source GS610 was programmed to record the voltage
and to switch off its output when the measured voltage fell
below a preset voltage. A digital multimeter (Agilent 34401)
was used to measure the voltage drop at the storage unit. The
multimeter was configured with 4.5 digits and a high input
impedance (> 10 Gf2) and was triggered every 30 s, acquiring
1000 samples during 1.6 s. Fig. 8 shows the measurement setup.

GS610
Battery| + C Source 34401A
@ o Agilent
I DMM
Sensor
Node

v

Fig. 8. Measurement setup with the storage unit and the load. Either a GS610
source or a sensor node was used as load. A multimeter was used to record the
load voltage.

Table I shows the main characteristics of three selected
batteries. One of them is a primary battery, and the other two
are secondary batteries. Rp was measured in the following
way: A 100-ms current pulse was drained from the battery with
the GS610 source, and the voltage drop between the battery
terminals at the end of the pulse was measured with an os-
cilloscope (Agilent DSO6032A). The amplitude of the current
pulse was tailored to each battery. R was then estimated by
dividing the voltage drop by the current amplitude. Avipad max
was estimated from discharge curves to extract 95% of the total
capacity of the battery () when the voltage fell below the end
value of the voltage range, i.e., 1.4 V for the primary battery and
2 V for the secondary batteries. For the rechargeable batteries,
we used the discharge curves from the manufacturer with the
minimum discharge current. No discharge curve was available
for the primary battery; thus, an experimental discharge curve
was generated from a fresh battery.

Table II shows the main characteristics of several supercapac-
itors. R was measured with an impedance analyzer (HP 4294)
at a frequency of 1000 Hz. As can be seen, the measured values
approach those specified by manufacturers. The measured val-
ues of Rc were one to two orders of magnitude lower than the
measured values of Ry (Table I).

The process of estimating the appropriate value of C' for
the hybrid-storage unit was a little bit cumbersome. First, (8a)
was compared with Avigad max for each battery (Table I). The
experimental results of Rp were used to calculate (8a). When-
ever the result of (8a) is lower than Avjoad max. the addition
of a capacitor in parallel with the battery is unnecessary, and
the goal of extracting 95% of @ can be achieved with the
single battery. This was the case of the NiMH secondary battery,
which presented a low internal impedance. Second, for each
of the remaining batteries, (8c) is calculated for each capacitor
in Table II and compared with Avjgad,max. The experimental
results of Rg and R¢ were used to calculate (8c). When the
battery voltage was over the supercapacitor maximum operat-
ing voltage, two supercapacitors connected in series were con-
sidered, and Rc was multiplied by 2. Whenever (8c) is higher
than Avjoad,max, the considered capacitor cannot be used.
Finally, the minimum value capacitor that accomplished (15)
was selected, leading to a minimum-size solution. However,
other selection criteria such as the cost could be considered.
When experimental values of Rp and R are not available, the
values provided by the manufacturers can be used.
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TABLE 1
SELECTED BATTERIES AND THEIR MAIN CHARACTERISTICS

Battery Type (Cn?%lc)]ty r\;?llgt:g(i/) \]j(?l?;gea:V) f/ijag}acturer ]}\e/?e(ags)lzred (Arrll\ola)d‘max
V357 (Varta) Primary silver-oxide 165 1.6—14 1.55 6" 4.79 20
ML 2016 (Maxell) Secondary lithium 25 32-2 3 Not Specitied 14 80
GP17AAAH2X" (GP) Secondary NiMH 170 29-2 24 0.24¢ 0.93 150

#Not provided by the manufacturer; extracted from [3]. Value measured at 1000 Hz and 100 % SoC.

b Battery pack consisting of two series connected GP17AAAH cells.
¢ This value is obtained multiplying by two the typical value provided by the manufacturer for the internal resistance at 1000 Hz of

a GP17AAAH battery

TABLE II
SELECTED SUPERCAPACITORS AND THEIR MAIN CHARACTERISTICS

Capacity Maximum Rc(Q) Re ()
Supercapacitor (F) operating Manufacturer  Measured
voltage (V) (@ 1000 Hz) (@ 1000 Hz)
BZ series (AVX) 0.1 5.5 0.0964 0.095
BZ series (AVX) 1 5.5 0.0509 0.032
HW series (Panasonic) 1 23 <14 0.215
PC4 (Maxwell) 4 2.5 0.290¢ 0.120
PC10 (Maxwell) 10 25 0.130°¢ 0.105
9 Maximum value
¢Typical value
TABLE III
HYBRID-STORAGE UNITS
. Added
Battery Charge Method  Capacitance (F) capacity (%)
V357 - 1 (BZ series) 0.03
ML 2016 ccevf 0.1 (BZ series) 0.13

fConstant-Current Constant-Voltage charge with /i = 2 mA and
3.2 V. Battery was charged until current went down 30 pA.

Table III shows the two resulting hybrid-storage units. The
secondary battery was recharged with the charge method rec-
ommended by the manufacturer. The relative added charge in-
troduced by the corresponding supercapacitor was computed as

C(VB,max - VB,min)
@B

where VB max and VB min correspond to the maximum and
minimum values of the battery voltage range in Table I,
respectively, and Qg is the (charge) capacity of the battery.
In both cases, Q.q was well below the nominal capacity
of the corresponding battery; thus, it did not significantly
contribute to the runtime extension. The leakage of the 0.1-F
supercapacitor was measured. The supercapacitor was charged
at a constant voltage (3.3 V), and then, after several hours of
floating at this voltage, the leakage current (i.e., the current
delivered by the voltage source) was measured with a KE6514
(Keithley) electrometer and was found to be 2.8 pA. This value
is comparable to the sleep currents of commercial transceivers.
Because the active currents of transceivers are about 30 mA,
only for D < 10~* will the leakage currents be dominant. The
leakage was even smaller at lower voltages: 1.4 pA at 2.5V
and 0.6 pA at 2 V. The leakage current was also measured at
different temperatures by placing the supercapacitor inside an
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Fig. 9. Storage unit and sensor node.

FCH2730 climatic chamber (CCI). The results were 0.2 pA
at —20 °C and 11.8 pA at 60 °C. We must consider that the
leakage of primary batteries can also be at the microampere
level and that it also worsens at high temperatures. Secondary
batteries have even higher leakage.

Additional runtime tests were carried out using a sensor node
as the load and an ML2016 lithium battery (Fig. 9). The hybrid-
storage unit was the same as that in the previous experiments
with this battery (Table III). The sensor node was composed of a
temperature sensor (MAX6613) and a Zigbee module (ETRX-2
[13], Telegesis). The Zigbee module includes a microcontroller
and a transceiver. The recommended voltage supply for the
module ranges from 3.6 to 2.1 V. Tests were performed at room
temperature (RT, 24 °C—26 °C) and at — 15 °C with the climate
chamber. At RT, tests were performed with and without a buck
converter (MAX1920) placed between the storage unit and the
sensor node. The output of the temperature sensor was matched
to the internal 16-bit analog-to-digital converter of the module
by using a suitable voltage divider. The voltage supply was
also monitored by means of a high-resistance voltage divider.
Buffers were used to avoid loading effects. As manufactur-
ers recommend, 100-nF decoupling capacitors were used for
the temperature sensor and the buffer. These capacitors can
be avoided, provided that the supercapacitor, when using the
hybrid-storage unit, is physically close to the transceiver. The
transceiver was programmed to wake up and send a data packet
every 1.5 s. Data packets were received by another transceiver
node powered from the grid and connected via a serial link
(EIA-232) to a computer to process the data. The distance
between nodes was fixed to 35 cm.

VI. EXPERIMENTAL RESULTS

Fig. 10 shows the discharge profile with the silver oxide
battery and the corresponding hybrid-storage unit. The source
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Fig. 10. Discharge profile with the silver oxide battery and the corresponding hybrid-storage unit. The source GS610 was used as load.
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Fig. 12. Current-consumption profile of the sensor node.

GS610 was used as load. As can be seen, the runtime depends
on the value of V. For the single battery, the runtime is very de-
pendent on V and ranges from only 1 h for Vp = 1.45 V (thus,
a lot nonprofitable charge still remains at the battery) to more
than 34 h for V1 = 1.3 V. The large voltage drop that roughly
ranges from 150 to 200 mV is due to the internal impedance
of the battery. For the hybrid-storage unit, the runtime did not
significantly change for Vr < 1.45 V and was always higher
than 37 h. Thus, the addition of a capacitor very much helps in
squeezing the battery. The prior sudden decrease in the battery
voltage with the single battery (after 35 h of runtime) can be due
to slight differences between the two different primary batteries
used for the two different storage units.

Fig. 11 shows the results with the lithium battery and the
source GS610. For V1 = 2V, the runtimes were 4 h 58 min and
7 h 28 min for the single battery and the corresponding hybrid-
storage unit, respectively. The runtime of the hybrid-storage
unit matches the discharge time specified by the manufacturer
for a continuous discharge current of 3 mA (7 h 30 min). As
can be inferred from the graph corresponding to the single

battery, Rp increased with a decreasing SoC. In the hybrid-
storage unit, the increasing value of Ry has no effect, because
the much lower value of R dominated the overall contribution
to the voltage drop. The two insets show the voltage profile
during the active time for the single battery (upper inset) and the
hybrid-storage unit (lower inset). A much larger voltage drop is
observed with the single battery (~0.4 V) than with the hybrid-
storage unit (~40 mV).

Fig. 12 shows the current-consumption profile of the sen-
sor node (Fig. 9) recorded during 2.5 s with an oscilloscope
(Agilent MSO8104A). Network function packets (marked with
N) were sent among data packets (marked with D). The cur-
rent consumption was of: 36 mA during transmissions, 9 mA
when active and in the microampere level while sleeping.
The average current consumption was calculated from a 200-s
acquisition frame and resulted in 2.23 mA. Fig. 13 shows the
discharge profile with the lithium battery and the correspond-
ing hybrid-storage unit when using the sensor node as load.
Temperature data were properly sent until the voltage dropped
to 1.65 V (V). At this point, the Zigbee module stopped
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Fig. 14. Discharge profile with the lithium battery and the corresponding hybrid-storage unit. A dc—dc regulator (MAX1920) was added between the storage

unit and the sensor node. The voltage at the output of the regulator is also shown.

working properly. This value is quite below the minimum volt-
age recommended by the manufacturer (2.1 V). The runtime for
the single battery was 8 h 50 min. The runtime for the hybrid-
storage unit increased by 16%, i.e., up to 10 h 16 min. This
time is in accordance with the discharge curves provided by the
manufacturer of the battery for discharge currents between 2
and 3 mA. The amplitude of the voltage drops was similar to
that obtained in Fig. 11. On the other hand, the node runtime
with both storage units was larger than that in Fig. 11 because
of the lower mean current consumption of the load and the
lower value resulting for V. At —15 °C, the runtime extension
achieved was 130%, passing from 2 h 44 min to 6 h 18 min
(graphs not shown). Absolute runtimes were reduced with
respect to that of Fig. 13 probably due to the reduction in
chemical activity and the increase in the internal resistance of
the battery at low temperatures [4]. The voltage drop with the
single battery increased to 0.9 V.

Fig. 14 extends the results presented in Fig. 13 by adding
a MAX1920 buck converter that is configured to provide a
regulated output voltage near 2 V. The voltages at the output of
the converter are also represented. As can be seen, the converter
correctly worked down to an input voltage from the storage
unit of 2 V. The runtime up to this point for the single battery
increased with respect to that of Fig. 13, passing from 7 h
to 8 h 8 min, which is due to the use of the buck converter.
The runtime was 10 h 51 min with the hybrid-storage unit,
which is almost 2 h more than that observed in Fig. 13 for
Vr =2 V. Thus, the runtime extension of the hybrid-storage
unit with respect to the single battery was now 2 h 43 min,
which is a 33% increase and is then higher than that without
using a dc—dc converter, as stated in Section IV-C. Clever use of
the shutdown functionality of the dc—dc converter could reduce
the power consumption during the sleep time intervals of the
sensor node. This can be feasible if, for example, the transceiver

is powered through the converter and if the microcontroller
is directly powered from the battery, providing the shutdown
control signal.

VII. CONCLUSION

Batteries, which are either primary or secondary, are used to
power the sensor nodes of WSNs. These nodes remain inactive
most of the time to save power. Whenever the load wakes up, a
significant voltage drop can appear across the battery terminals,
thus preventing the extraction of all the available energy from
the battery and leading to a reduction in the node runtime.
Additionally, energy is lost at the internal impedance of the
battery.

A hybrid-storage unit formed by the parallel combination
of a battery and a supercapacitor has been used to extend the
runtime of low-power wireless sensor nodes. A comprehensive
theoretical analysis that extends previous works found in the
literature has been presented. Sleep and leakage currents have
been considered, and design guidelines for choosing the appro-
priate capacitor have been provided. From the analysis, it has
been shown that supercapacitors with a low serial resistance
mainly help when using high-resistance batteries; thus, they
allow the use of batteries that, a priori, would be ruled out.

Three low-capacity batteries (< 200 mAh) have been se-
lected: 1) a primary silver oxide battery; 2) a secondary lithium;
and 3) a secondary NiMH. For the NiMH battery, the addition
of a supercapacitor did not provide any improvement, because
its internal impedance was already low enough. For the remain-
ing two batteries, suitable capacitors have been selected. Tests
when using an electronic load as a pulsed current sink have been
performed. The hybrid-storage units always achieved a higher
runtime than their single-battery counterparts. The performance
of a wireless sensor node has also been tested with the lithium
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battery. The addition of a 0.1-F supercapacitor increased the
runtime by 16%. When adding a dc—dc regulator, the increase
was 33%. The supercapacitor leakage was lower than 3 pA
at RT, which is on the same order of magnitude as the sleep
current of commercial transceivers. Because the active currents
of transceivers are about 30 mA, only for D < 10~* will the
leakage currents be dominant.
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