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Abstract

We evaluate miniature batteries as potential power sodocemdvanced wildlife telemetry tags. These tags
are often based on integrated UHF transceivers that argraesfor wireless sensor networks and that consume
18-85mA while receiving or transmitting. This current dré challenging for many types of miniature batteries.
We evaluate batteries both on actual tags and in a spedaijzghetic-load circuit. Our evaluation focuses on the
total amount of energy that the battery delivers until thgeftals, but we also investigate other important issues,
such as the ability to withstand immersion in water. Our nfaidings are that zinc-air cells designed mainly
for hearing aids perform extremely well in terms of effeetenergy density (but are hard to deploy), that lithium
coin cells require a reservoir capacitor to deliver theiedsenergy (which is about half of that of zinc air with the
same weight), and that rechargeable lithium polymer celtfopm well even without a reservoir capacitor.

1 Introduction

Early wildlife telemetry used simple VHF transmitters @ghat emitted a short unmodulated radio-frequency
(RF) pulse every second or so (see [2] or [5]). Similar traittens are still in wide use today, for example in
applications that require very light-weight tags (down tag)[12]). The smallest such tags only emit a fraction
of one mW (sometimes as little as 0.01mW [5]), but tags that éMOmW are also common. Whereas these
simple tags use 1-3 discrete transistors, an emerging afasgs use highly integrated radio transceivers and
microcontrollers [9, 11, 16]. Tags with such configuraticas transmit relatively large amounts of sensor and
identification data [16], and/or complex waveforms that@sed for automatically determining the location and
identity of a tagged animal [9, 11]. The integrated transers place a heavier load on the tag’s battery than
simple VHF transmitters, because they consume significanepjust to create the complex waveform, not only
to produce RF power. The new tags often have additional ptiese¢hat make their power use different than that
of simple telemetry transmitters, such as built-in voltaggulation and the fact that they require higher voltages
than simple tags.

In this work, we systematically investigate batteries apsifor these tags. We use as a model the Encounternet
tag [16], which is based on the 10mW cc1101 integrated UH#Istraiver from Texas Instruments. We also explore
batteries that can power 100mW transceivers such as the3#transceivers from Silicon Labs. While there are
many similar transceivers from these and other manufactutesir current consumption and voltage requirements
are all similar. These transceivers require 1.8-3.6V taatpe and so do the microcontrollers that are needed
to control them (some of these parts need at least 2 or 2.2hMy Tonsume around 18mA during low-power
transmit (LmW) and during receive periods, around 35mA win@msmitting at 10mW, and around 85mA when
transmitting at L00mW. Current consumption when the treec is turned off is negligible (e.g., 30nA).

Figure 1 (left) shows the current consumption of a cc110dedag before, during, and after an 8ms 10mwW
(full power) transmission at 434 MHz. The tag’s microcoligowakes up a little less than 2ms before the trans-
mission starts. It wakes up the radio transceiver and iottitito calibrate its frequency synthesizer. During this
preparatory period, the tag consumes 5-10mA. During trégsssom, the tag consumes about 30mA. The changesin
the transceiver’s current consumption are abrupt; thegapgradual in the graph because of decoupling capacitors
in the tag.

Batteries can react in complex ways such high-current pulSke graphs on the right in Figure 1 show what
happens when a pair of new zinc-air batteries power the sagné&Jnder no-load conditions, the batteries delivered
about 2.75 V to the tag. As the tag started consuming curtieatatteries’ voltage sagged a bit. At the start of
the RF pulse, voltage dropped quite dramatically, and itinaed to drop during the pulse even though current
consumption remains constant. Two tags powered with tipis tf batteries transmitted 8ms pulses every second
for 11 days and 9 days 15 hours. During some transmissioeglse battery voltage dropped close to 1.8 V, the


stoledo
Text Box
This paper is a postprint of a paper submitted to and accepted for publication
in IET Wireless Sensor Systems and is subject to Institution of Engineering and 
Technology Copyright. The copy of record is available at IET Digital Library.


w
wv
w

N <—RF Output
307 v o Power ] T
2.5+ 1
257 : —
> 5l |
£ 3 & ™~ 3
= o S Voltage ]
S 15 g 215 E g
= o > ]
= a o o
VU 1ot 1e =1 &
a8 8 1
5 1 <—RF Output———>
OJ w \ 0.5+ Power 1
Cutrent—— | rm— uu“m \albani ey
_s5 \ \ \ 0 \ \ \ \ \ \ \ \
0 5 10 =1 0 1 2 3 4 5 6
Time (ms) Time (ms)

Figure 1: Current consumption of a smart wildlife telemetrg based on a cc1101 transceiver and an MSP430
microcontroller (left) and the battery voltage drop thastload causes (right). The RF output is around 10dBm

(the detector was not calibrated). In the graphs on thetledttag was connected to a lab power supply running

at 3.3V through a 25 Ohm current-sensing resistor. In thplgg®n the right, the tag was powered by a pair of

zinc-air number 10 batteries. The data for this and subsgdnigh-sample-rate plots was collected by a Tektronix

TDS2014B oscilloscope.

minimal voltage above which the transceiver and the tag&msontroller are guaranteed to work (they probably
work slightly below 1.8 V, but this is not guaranteed by thenufacturer).

These introductory experiments highlight the importanteayefully selecting and evaluating batteries for
these emerging tags. A battery that functions perfectlyl weh simple VHF transmitter that only consumes
1.8 mA and that is tolerant to low voltages [12] may fail mégay in a tag that consumes 30 mA or more and that
requires at least 1.8V.

In this paper we investigate potential batteries for sugh,tBocusing on tags with total mass of 10g or less. We
are mostly interested in primary batteries, but we alsoa@epthe use of secondary (rechargeable) batteries that
may be able to power tags effectively with or without an omtolocharging mechanism (which can rely on energy
harvesting from the environment [10]; see also [3, 15, 17Hdiscussions of energy harvesting on other types of
wireless sensors).

The main contribution of this paper is an experimental eatédun of several types of batteries in the context of
advanced wildlife telemetry tags, in Sections 4 and 5. Wéuewea batteries both in actual tags and in a synthetic
load-fixture that can simulate a wide variety of telemetigystawith and without reservoir capacitors. The pros
and cons of each evaluation methodology are discussed tin8&c The design of our synthetic-load is described
and analyzed in the Appendix; the design is novel, but fatitgightforward. Another contribution of the paper
are a systematic discussion of the properties of battdratsatre relevant to advanced wildlife telemetry tags and
the extent to which different battery types have these piti@se in Section 2. Our main findings are that zinc-air
cells designed mainly for hearing aids perform extremelil imeterms of effective energy density (but are hard
to deploy), that lithium coin cells require a reservoir czifi to deliver their rated energy (which is about half of
that of zinc air with the same weight), and that rechargefithigm polymer cells perform well even without a
reservoir capacitor.

2 Background

Several types of miniature batteries are available foratime wildlife tags: silver oxide, lithium coin cells (littm
manganese dioxide and lithium carbon-monofluoride), alkgzinc manganese dioxide), zinc air, and lithium ion
polymer (lipo). In the past, mercuric oxide (mercury) bage were also available, but they are now obsolete due
to environmental concerns. Some types come in two or momnicia variants that trade off various properties.
Alkaline cells offer no significant benefits relative to atlygpes, so we ignore them from here on.

Miniature mercury and silver oxide batteries have been lyideed in the past in wildlife tags; miniature
lithium cells became available much later (e.g., in 1982ligetest mercury battery weighed 0.3g whereas the
lightest lithium cell weighed 6.5g). Lithium ion polymereanew rechargeable batteries that are starting to be
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Figure 2: Useful capacity of different types and models ofiature batteries. The weight used is that of one
lithium cell, whose voltage is near 3V, and that of two celis the other types, whose voltage is near 1.5V,
requiring two cells to meet the 1.8V minimum. Most of the datfrom Energizer data sheets; data concerning
lightweight lipo batteries is from PowerStream Technolod§ercury batteries are obsolete but included in the
graph for reference.

deployed in wildlife tags, such as the GPS and accelerortugjging tags by TechnosmarZinc air cells are also
beginning to be used [16].
The main properties of batteries that are relevant to owlysiwme explained in the following sections.

2.1 Energy Density

Energy density (watt-hour per gram or per liter) is one ofitieest important metrics for light-weight wildlife tags.

The number of watt-hours that can be extracted from a givétetyamodel is not a constant number, but a
function of the load that is placed on the battery and of theprature. Some battery types deliver more energy
under low load (low current drain) than under high load; oshdeliver more energy under higher loads, up to a
limit. A high-current pulsed load degrades some types btibtieers. Even when a pulsed load is well tolerated,
the properties of the pulses (frequency, pulse duratiacthcarrent drain during pulses) can have significant effects
on the total energy delivered.

This issue is what makes our study significant, because vdy &tattery capacity under the actual load that
modern tags place on the battery. This issue has other iatiolits, e.g. for scheduling tasks and for routing in
wireless sensor networks [8].

Battery specify energy capacity in terms of ampre-hour (nédlivered to a fixed-resistance load until the
voltage drops below a threshold (typically low enough s Yeay little energy is delivered at lower voltages). The
resistance that is used for each battery type is differethtsbased on the “sweet-spot” of the battery as well as on
intended use. Manufacturers sometimes provide more ddtmiformation, but we have not seen any battery data
sheet from which one can quantitatively predict the behaviche battery under a high-current pulsed load. For
example, Panasonic’s data sheet for the CR2032 Lithiumtzatitery shows a graph of its capacity under different
loads and temperatures [13]. The nominal capacity of thietyais 225mAh (for a 0.2mA load down to 2V); the
graph shows that the capacity drops to about 163mAh at 1meeicudrain (at 202C), but there is no information
in the data sheet about higher loads, pulsed or constant.

lwww. t echnosmart . eu.



Figure 2 shows the energy density for batteries of diffetgpes and sizes, using nominal mAh figures re-
ported by manufacturers. We have included mercury cellg inrdrder to put the numbers in a historical context.
For a given type, heavier batteries are typically densar tighter ones because the surface-to-volume ratio of
small objects is worse than that of large objects (surfaales@uadratically with diameter whereas volume scales
cubically), affecting the ratio between the mass of the @wale and the mass of the active material. In some
cases, there are several batteries of the same type anditlizdifferent capacities. This is due either to shape
(flat batteries are less dense than rounder ones becauseref parface-to-volume ratio) or to a slightly different
chemistry (e.g., KOH vs. NaOH electrolyte in silver oxidd€e

What is very apparent from the graph is that silver oxide,liglkaline, and mercury cells have the worst
energy densities, ranging between 20-40mAh/g. Lithiurts@ke denser, ranging from 60 to over 80mAh/g for
the sizes considered, but the lightest ones are not as lggkihser oxide and lipo (some lithium cells deliver
less than 60mAh/g due to their flat shape). Zinc air are muciselethan all the rest, between 140 and almost
180mAh/g, because they do not need to carry oxygen in the &fram oxide; they get it from the air. Data on
energy density in lightweight batteries that were avaddhl1980 and 1987 ([6, Table 3] and [5, Table 1]) shows
that capacity of lithium, silver-oxide, and (now obsolatggrcury coin cells did not improve much in the past 30
years. The capacity of zinc-air cells did improve signifitafrom 1987.

2.2 Miniaturization

The lightest batteries in Figure 2 silver oxide (0.26g foraér pf size 337), followed by lipo. Lithium cells are
heavier, with the lightest one weighing 0.7g (CR1025; thelBES is likely to be a better choice, with 60% more
energy at 0.8g). The smallest zinc air cells are a littletkgh0.64g for a pair. A 0.2g zinc air cell used to be
available (size 5), but it is now obsolete; it had a much podeasity, about 83mAh/g (for a pair), comparable to
that of lithium cells.

2.3 Ability to Deliver High Current and/or High-Current Pulses

The amount of current that a battery can deliver dependseautface area of its electrodes, so physically small
batteries may not be able to deliver enough current to powag.aThis is the main metric that this paper investi-
gates.

2.4 Self Discharge

Batteries leak stored energy even when no current is draswn them. This affects them when they are stored
prior to being deployed in a tag, when stored while conneittedtag that is not yet active (e.qg., turned off using a
magnetic switch), and in service.

Silver oxide batteries have good energy retention, losdésg than 5% of their capacity per year at 20ZC (they
lose more at higher temperatures). Lithium coin battereagsimilar or better shelf lives.

Zinc air batteries arrive from the manufacturer with a tadt theals their air hole(s). Prior to the removal of
the tab, their have good energy retention, losing only 5%hefstored energy per year. The tab must be removed
prior to use, and once removed the battery discharges ta &l064 of the energy after 3—-12 weeks even under
no-load conditions. After 20 weeks almost all the energyoiseg This happens even if they are re-sealed, which
implies that the tab must be removed just prior to deployméattag (within hours or at most days), not during
tag manufacture.

Energy loss in lipo batteries is high, around 1@ month. In addition, deep discharge (below about 3.5V)
damages them. Together, these properties imply that trexytoebe charged periodically while in storage (whether
they are connected to a tag or not), with the last rechargiogring close to deployment.

2.5 Operation in Harsh Environments

Tags attached to wildlife experience temperature extreandgeriods of high moisture (e.g., rain).

Tags are typically protected from moisture and other coitants by sealing (potting) the entire tag, including
the batteries (materials used include acrylic varnishxgpetc.). Some battery types, including lithium cells and
silver oxide cells, can be sealed without any adverse effeitsealing may be inappropriate to some types of cells.

Zinc air batteries require a small but constant supply ofce@perate. Their air hole should not be sealed. They
have been used in wildlife tags [16], but as shown below, #lls cannot supply current when water blocks the air
holes, which happens during and after submersion. A recesstigation showed that a polytetrafluoroethylene
(PTFE or Teflon) membrane allows air to enter the cells butgares water from blocking air from entry [1]. This
technique may be able to allow the batteries to work contiisiyof submersion periods are short and/or if enough



air is trapped with the batteries, but tags will still exgeige power failure during a long-enough submersion. We
are not aware of any wildlife tags using this technique, anglarticular, it is not yet clear how to incorporate the
PTFE membrane into the seal of a small tag.

Zinc manganese dioxide (alkaline) cells bulge as curredtasvn from them. This can cause the seal crack,
making them inappropriate for sealed wildlife tags.

3 Experimental Evaluation of Batterieswith a Synthetic L oad

Obviously, the most reliable way to evaluate how long a paldir battery can power a particular tag is to attach the
battery to the tag and to monitor tag activity until it ceameaork. We use this approach to validate tag lifetime in

the final phase of tag design and implementation. Howevigrirbvivo approach has significant drawbacks when

the intent is to explore the space of available batteriesaaadable tag designs, including both hardware design
and firmware design (transmission rates and durations, etc)

» The tag under test must be monitored for activity for cartezhavior over days or weeks. This is easy
for logging tags, as long as the tag’s log can be read afteb#iieries drain out. For transmitting tags,
this requires verifying transmission with a logging RF powester or with a logging receiver designed to
log the particular transmissions of the tag. Using an RF poneter to measure an assembled tag (with an
antenna) is limited to one tag at a time, since the power neatanot distinguish between tags (and is subject
to interference from other RF sources). Logging the curdeatvn by the tag is another option, but (a) it
does not tell us if the tag is functioning correctly, and (g voltage drop across the current-sense resistor
causes the tag to see a voltage lower than the battery voltdgeh causes the tag to fail before it would fail
if connected directly to the battery.

» Testing the battery under different current current dsgcorresponding the different levels of RF power
or other functionality) and different pulse durations arehjfiencies requires that the tag can be configured
accordingly, which is not necessarily the case.

» We cannot we evaluate batteries for a future or variant &sigths that have not yet been implemented.

We therefore advocate an-vitro approach, in which we replace the tag with a synthetic-laediit that can be
configured to specific current-drain profiles. This allowsaslecouple the power characterization of the tag'’s
circuit from that of the battery and to test them separatethé design and battery-selection phases. The circuit is
described and evaluated in the Appendix. A similar techaigas recently used by Feeney et al. [4] to characterize
one battery model (lithium CR2032).

We note that batteries can also be evaluated using mattreainaid/or computational modes. See Rohner et
al. [14] for an example that focuses on wireless sensorsttamdeferences therein for a wider perspective. We
opted for the synthetic-load approach because it combrmsacy with (relative) simplicity.

3.1 Modeing Tag Current Consumption

The current that an electronic circuit draws from a batterytber power supply varies as a function of the battery’s
voltage. As explained above, battery manufacturers ysuadidel the load as a simple resistor. This is never
exactly correct, but it is a reasonable approximation fordé VHF tags, because simple transmitters do tend to
consume more current at higher voltages.

However, more advanced tags usually do not follow a mono#diyiincreasing voltage-current curve model;
the current they draw is often almost independent of suppltage. Integrated transceivers like the cc1101 and
si4463/4 contain linear voltage regulators that regulagetattery voltage down to a fixed voltage, often 1.8V.
Therefore, most of the circuits in the transceiver alwaystbe same supply voltage, so their current consumption
is independent of the battery voltage. The regulators tkeéras consume very little current. This structure implies
that the voltage-current curve of the transceiver is esagnflat. Tags based on such transceivers also require
a microcontroller; sometimes the microcontroller corgaits own regulator (this is true, for example, for the
microcontroller used in the Encounternet tags) but evermvithdoes not, the microcontroller does not consume
much current so the voltage-current curve remains almdst fla

We, therefore, model the current consumption of the tagsasstant-current sink, a device that consumes the
same amount of power independently of supply voltage. Bhésrmore accurate and more sophisticated than the
simple resistive model that is used by the synthetic-loatbezl developed by Feeney at al. [4].

We note that some future tags may exhibit a monotonicallyeiasing voltage-current curve (the opposite
behavior of that exhibited by a resistor). A tag based on &hivig regulator, as proposed by Kuch [7], presents
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Figure 3: Behavior of a Zinc-Air number 10 battery under 5rBm3 pulses every second. The graphs on the
left show battery behavior in normal dry conditions; themra on the right show effect of the batteries in water
for 60s. After the first dipping, the batteries were remowedfthe holder and dried; after the second, they dried
passively.

to most of its circuits a constant voltage, but using a pogféicient regulator that uses less current at high voltages
than at low voltages. It is possible to program the synthletid to simulate such behavior, but such tests are
outside the scope of this paper, given that we are not awaseabftags.

4 Experimental Results

We now present the results of several experiments with difical battery load. We use the data produces by each
experiment to create graphs such as the one shown on thae [Eifjire 3. The graphs show the battery voltage
during pulses and at rest (when not supplying current) asetifan of time. These graphs allow us to assess the
voltage drop due to current consumption as the battery’sygrie depleted. The graphs also show the amount of
current drawn from the battery during each pulse; this seagea verification that the battery indeed supplied the
required current.

The data presented in the graphs allows us to computeffetive capacity of a battery under a given load,

E:iXtEVXd7

whereE is the effective capacity in mAljs the nominal current drawn from the battery, is the time the battery
delivered at least thé volts required to power a tag (continuously, in hours), diglthe duty cycle. For the graph
in Figure 3, the effective capacity is

E — 35mAx 519hx 51—";3 — 90.9mAh.

Table 1 summarizes the nominal and effective capacitiekebatteries that we tested. We now comment on
each experiment.

Zinc-Air  The Widex brand zinc-air number 10 batteries that we testxe able to deliver 35mA current pulses
without dropping below 1.8V (for a pair). As the graphs on I in Figure 3 show, the voltage under load did
drop close to 1.8V quite quickly, but then recovered and ieathclose to 2V for most of the experiment. We
observed the same behavior in other experiments with thetteries. The voltages under load and at rest differ
significantly, but both remain fairly constant until the teay is nearly depleted, at which point they crash almost
abruptly.

As noted above, in experiments with a real transmitting tags transmitted 8ms 30mA pulses, Widex and
Panasonic number 10 batteries lasted only about 10 dayshwbiresponds to only about 57mAh, not the 91mAh
delivered under 5ms pulses in the synthetic-load expetimen

These batteries were unable to deliver 85mA at a voltageeab®¥, even when fresh. When delivering 85mA
pulses, their voltage sagged to 0.98V, too low to power neientrollers and transceivers directly.
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4 LI1632 N O S0392 SO0317
Nominal 225 130 91 60 44 —
5ms, 35mA, 1.8-3.6V 76 36* 91 67 12* —
5ms, 35mA, 2.0-3.6V 65 29* — 67 * —
5ms, 35mA, 2.2-3.6V 52 15* — 67 2* —
5ms, 85mA, 1.8-3.6V 60 — 28 —
5ms, 85mA, 2.0-3.6V 39 — 28 —
5ms, 85mA, 2.2-3.6V 19 — 28 —

Table 1: Effective battery capacity in mAh as a function cdhie voltages. Dashes indicate that the battery is not
suitable to the load. Blank entries indicate that the coméition was not tested. Asterisks indicate occasional but
significant voltage drops; the capacity figures ignore tltgeps (they are hence optimistic in these cases).

Zinc-air batteries have air holes. The effect of water blogkhe air holes or entering the batteries through
them is a major concern. We performed many experiments itlwivie dipped zinc-air batteries in water in
different settings (connected to our synthetic-load dfrouto a tag or disconnected, etc) in order to understand the
effect or water on them. The graphs on the right in Figure 3vsthe results of a controlled experiment in which
we dipped a pair of batteries in water for 60 seconds twicdenthey were connected to our synthetic load. After
the first dipping, we took the batteries out of the holderdthe batteries and the holder and inserted them back
into the holder. After the second experiment, we left thedsegs to dry in the holder (we dried the holder but did
not touch the batteries).

While under water, the voltage of the batteries crashebelf are left longer in water, the voltage without load
reaches values that would not allow a tag to operate (evewéfisenough to drop the voltage under load to well
below 1.8V). If the batteries are dried with a paper towel wtaken out of the water, the dipping has almost no
effect on their voltage both at rest and under load. We obthgimilar results from a 5-minute dipping in which
the batteries were disconnected from the holder and stiegeltedly. We observed no adverse no effect once the
batteries were out of the water and dry.

However, when the batteries remained in the circuit andtteftry in the air, it took them about 20 minutes
to return to normal operation. During most of these 20 misige batteries were not able to deliver 1.8V under
load.

It appears that the main effect of water on zinc-air batsdgélocking of the air holes by the water. When the
water is removed either by wiping or by evaporation, thedsagts continue to operate normally. We note that the
voltage drop during the dipping and drying phases is inde®djar concern, not only because a tag would not be
functional during these periods, but also because it mighatgignificant current during these periods (because
the software that is responsible for low current consunmaanot functioning).

Recent findings by others [1] suggest that a PTFE membranelitaimate the drying period and that if sub-
mersion periods are short relative to the amount of air edppith the batteries behind the membrane the batteries
can function continuously even if the tag is occasionallyrsarged.

Lithium Coin Cells(Lithium Manganese Dioxide) Figure 4 present the results of experiments with a Panasonic
brand Lithium coin battery. The battery was able to delivdsps of both 35ma and 85mA without a catastrophic
voltage drop. The voltage at rest drops a bit initially batystnearly fixed for most of the useful life of the battery.
The voltage under load drops gradually; significant eneegyains in the battery even when its voltage under load
drops below 1.8V. Table 1 shows that this causes the batigrgrform poorly under our high-current pulsed loads,
in the sense that its effective capacity is much lower thendminal capacity. Even if the tag can function down
to 1.8V, the battery only delivers 34% or 27% of its nominglaeity (at 35mA and 85mA) before dropping below
1.8V.

A smaller Panasonic battery, CR1632, experienced a moaticelrehavior, as shown in Figure 5 (left). It
experienced some significant voltage drops early on (tothess 1.8V), but steadied later. Ignoring these early
voltage drops, its effective capacity to 1.8V is about 36nidéeful life under load of about 207 hours), which is
consistent with the results of the CR2032, given the 22530mAh capacity ratio.

Summary of Results with Lithium Polymer Packs and Silver-Oxide Cells Our overall characterization of
these types of batteries, shown in Table 1, indicate thatdhe less attractive for high-power wildlife tags, so we
omit the detailed results of the experiments from the paper.
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(AVX F720J108KMC).

Small silver oxide cells, such as the number 317 cells byd#an/Seiko that Table 1, cannot supply 30 or
35mA at all; their voltage crashes to very low values undehdoads. They do work in conjunction with an
appropriate reservoir capacitor (this technique is dbedrin the next section) and given their very low weight
they may be useful in tags that weigh around 1g.

Lithium polymer cells (we tested a 3.7V 60mAh Lithium polyn{épo) cell made by Everwin Tech Cp
work well under a 35mA load but not under the 85mA load. Theiergy density is not particularly attractive
but they may be useful on tags designed to be recharged (@etdeployments, or during deployments using
solar/mechanical energy harvesting). They deliver arauhet.2V when full, which means that they require some
power conditioning when used in tags that cannot tolerateertian 3.6V; a silicon diode can drop the voltage on
acceptable levels, or a more complex regulator can be used.

5 Using a Reservoir Capacitor

A simple way to compensate for the high internal resistaficeme batteries is to connect a reservoir capacitor in
parallel with the battery. In this scheme, the capacitovisles most of the current for the tag during transmission;
following the transmission, the battery recharges the dégaalmost up to the no-load voltage of the battery,

assuming that inter-transmission intervals are long ehotligis solution is not without drawbacks, however. This

section explores the advantages and disadvantages ofreaiesapacitor.

Figure 6 shows the supply voltage of a cc1101 tag (identecti¢ tag used in Figure 1) during an 8ms trans-
mission, during which the tag consumes 30mA, as shown inrEigju The tag was powered by a new Panasonic
CR1632 battery in parallel with a 10Q€ Tantalum capacitor. The voltage drops during the trarsiomsat a rate
of 29mA/s. This shows that most of the currentis providedigydapacitor: the tag consumes 30mA0mC/s and
this discharge rate produces a voltage-drop rate of 3@ F = 30V per second in a 10Q0- capacitor (the
3% error is likely to be a combination of quantization errothie oscilloscope and/or variation in the capacitance).
Once the transmission ends, the capacitor is charged thtbegnternal resistance of the battery.

The no-load voltage of Lithium coin cells is about 2.9V, soaeelld size the capacitor so that the voltage drop
is 1V if the tag works down to 1.8V (or 0.7V if it works only down 2.2V, etc.). For a tag that transmits 8ms
pulses at 30mA, the capacitor needs to satisfy

dv dQ1 | 30mA
> = — = =
1> 8msa 8ms¥ c 8ms€ 8ms?

or C > 240uF. For 8ms 85mA pulses, the capacitance needs to be at l€gsE6Bhe nominal capacitance of the
reservoir capacitor needs to be higher than these figuraipte for capacitance variations.
The main disadvantages of reservoir capacitors are thdeddeight and size and the fact that their leakage

current drains the batteries even when the tag is in actikie.cbst of high-quality reservoir capacitors is not high
but not negligible either.

2http://ewtbattery.com



The leakage current of high-capacitance capacitors isfiignt and it can have a significant impact on tag
life spans, especially if tags are stored for long periodsvben battery attachment and actual use. Tantalum
capacitors like the ones that we use leak at a maximum rateD@C0 or 0.5uA (whichever is higher) at 2.
Leakage current increases with temperature: a€8the bound is ACV or 5uA. If we assume @2CV or 1uA
at typical tag temperatures (say between 30 an€%#@nd no-load battery voltage of 2.9V, our 1Q@capacitor
leaks at a rate of about p&\.. A 330uF capacitor that is more appropriate for an 8ms 30mA tag laakRSuA.

This leakage current discharges half the energy of a 1.8nABOCR1632 battery in about 20 weeks, and half the
energy of an 0.8g 48mAh CR1225 battery in about 7 weeks.

The weight and size of reservoir capacitors is also sigmificalthough the weight still allows production of
tags weighing about 2g. The 100B 6.3V capacitor that we used in the tag whose behavior is sliigure 5
(right) weighs 0.36g and its dimensions ar@ ¥ 6 x 2mm. We also weighed a 68 6.3V capacitor from the
same series; it is thinner but higherZ% 4.3 x 2.8mm) and it weight more, 0.46g. Choosing a lower capacitance
unit does tend to reduce size and weight, but this is not awlag case, even within the same series. The size of
330uF 6.3V units from this series isZx 6 x 1.2mm, not much smaller either.

However, the same manufacturer (AVX) also makes anguE3®.3V with a higher equivalent series resistance
(ESR) of 600n2 (F950J337KBAAQ?2), which still function very well as reseivcapacitors on these tags. They
are much smaller at.8 x 2.8 x 1.8mm and much lighter at 0.066g.

The price of the smallest capacitors mentioned in this ee¢83QuF 6.3V with ESR of 600r®) is $0.70 in
large quantities and about $2.5 in small quantities. Therathpacitors mentioned have lower ESR and are more
expensive, about $2 in large quantities and about $3.5 tifi4mall quantities.

6 Discussion and Conclusions

Through extensive experimentation using both actual f@dtacking tags and a custom synthetic battery load we
have evaluated viable battery options for high-power tagkidentified the best ones. We performed experiments
with both real transmitting tags and in a special synthketéxd circuit. The synthetic load circuit allows us to easily
evaluate batteries under a variety of conditions.

Zinc-air cells offer the best energy density and even thedigt cells can power 10mW tags during 5ms trans-
missions without a reservoir capacitor. These cells apigeat for very light weight tags that are used over short
periods. Use over longer periods of months is not possibile winc air because they self discharge. Blockage
of the cells’ air holes by water is also a serious issue; sorogrpss has been reported on this issue using PTFE
membranes, but it is not yet clear how to use these membnanékliife tags.

Lithium coin cells are also appropriate for this class oktaghey are not as dense as zinc-air cells. Without
a reservoir capacitor, the increasing internal resistaficeall lithium cells causes high-current tags to fail when
the battery still stores significant energy. Reservoir cépes allow tags to use almost all the energy stored in a
battery, but their leakage shortens tag life spans to a fegkseo a few months. Without a reservoir capacitor,
tags powered by lithium cells can function for years.

We deployed both lithium coin cells and zinc-air batterieshe field. Deploying lithium cells has been easy,
because they are available with soldering tabs, becausgviight retainers are available for cells without tabs,
and because they can be sealed in epoxy. Deploying zinelitas proved much more challenging; our attempts
were based on attaching them to tags with silver-based atind@poxy, but the process is cumbersome and prone
to failures (electrical disconnects, shorts, and blockifihe air holes).

Lithium polymer cells can power tags, but their voltage is togh to power tags directly, they need to be
charged close to deployment, and they self discharge in arfemths.

Small silver oxide cells cannot power high-current tagedily, but they should be usable with a reservoir
capacitor. Large silver oxide cells can power tags withatsgrvoir capacitor, but their internal resistance causes
tags to fail when the battery still stores significant energy
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Figure 7: The programmable current sink with shutdown caipathat we use to simulate the load that a telemetry
tag places on a battery (left) and a A SPICE simulation of the ef a load pulse in this circuit (right).

Appendix: A Logging Programmable Constant-Current Sink

We designed and built an instrument to carry out testing tithas for tags. The main part of the circuit is shown
in Figure 7 on the left. An opampjoSFET(Q1) and three resistors (R1, 2, 3) form a constant currekt Sihe
amount of current sunk is determined by the voltage on theimagrting input of the opamp, which is driven by a
digital-to-analog converter (DAC). The opanymSFET subcircuit stabilizes when the voltage across R1 is equal
to the DAC's voltage. Since the voltage drop across R1 istgkaqual to the current drawn from the battery, the
DAC controls the current sunk into the circuit.

TheMosFETQ2, controlled by a digital output of a microcontroller, shdown the current source when the
shutdown voltage at its gate is high. This grounds the gat®@2feffectively disconnecting the battery from
R1. The capacitor C1 models decoupling capacitors thatallst any tag contains. It eliminates or reduces high
current-drain spikes when the current-source turns onhrtike it would in a real tag.

To fully understand this issue, consider a spice simulatiche circuit in Figure 7. The graphs on the rightin
the figure show what happens when the shutdown voltage &sede or dropped from 3.3V to zero.We see that the
current in R1 rises well above the 85mA specified by DAC'sagd, 0.85V. This happens because as long as Q2
conducts (the current-sink is in shutdown state), the opi@@gback loop is open. This causes its output to swing
all the way up or all the way down. In the simulation, and alseriost cases in practice, it swings all the way
up, because the voltage across R1 is very close to zeroJysleder than the DAC'’s voltage, which is usually a
fraction of a volt above zero even if we program the DAC to oufpV. If the opamp output is high, it needs to
go down to the steady-state closed-loop value, but befoeaithes there, it turns Q1 on hard, which allows more
current than intended to flow through R1. However, as thedighows, the current in the battery (measured across
the M resistor that models its internal resistor) rises monaialhi and gradually towards 85mA,; it does not show
a spike. This happens thanks to the decoupling capacitoth@IRC constant of C1 and the internal resistance is
high enough that the spike is filtered and does not reach titeria

The details of this transient spike depend on the detailseotircuit, and in some cases it might cause a current
spike to appear at the battery. The factors that affect thals®f the spike are the bandwidth of the opamp (how
fast it settles once the feedback loop is closed), how fagu@® off, how fast Q1 turns on, and on the relationship
between C1 and the battery’s internal resistance. Howesttrthe components selected, the spike is short enough
that we do not need to worry about it affecting the battergisrgy delivery (in the simulation, the spike lasts about
1us whereas the total pulse length is 5ms).

Figure 8 show this spike in a real circuit as opposed to a stiml. We see a current spike in R1, but as
predicted it lasts much less than/i$) all or most of that current almost certainly was suppligh.

The current source is controlled by a microcontroller theds she DAC voltage, controls the shutdown signal,
and measures the voltage across R1 and across the battezymi€iocontroller is connected to a PC using a
USB-to-serial bridge. The PC specifies the frequency, duragnd current of pulses for the microcontroller,
and the voltage threshold under which the experiment neetie terminated (mainly to prevent rechargeable
batteries from discharging completely). The the microoaler places the requested load on the battery and reports
back in each cycle the maximum battery voltage during shwatdoeeriods (the open-circuit battery voltage), the
minimum battery voltage during high-current pulses, amdrttaximum current during pulses. The battery voltage
is measured using a second opamp in a voltage follower caatign and a voltage divider at the output of the
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Figure 8: Current consumption and battery voltage durin§zmA 5ms load drawn by our current sink from a
generic Lithium CR2032 battery. The graphs on the left shmentire 5ms pulse, whereas the graphs on the right
zoom in on the first 50s or so.

opamp, allowing a 3.3V microcontroller to measure voltageo at least 4.2V, the voltage of a fully-charged lipo
battery. The input impedance of the opamp follower is veghhit draws essentially no current from the battery.
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