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Abstract

Portable and remote data gathering systems often2 gg|utions
need to be powered from small long life batteries and

are required to ransmit data sporadically. GPRS RF A solution is to use a supercapacitor to provide the
transmitters typically operate at a minimum voltage of peak power when needed. The supercapacitor is trickle
3.2 Volts and draw pulsed currents in the order of 1 to charged with a low current from the pewsource

2 Amps. Zigbee typically requires 1@00mA transmit  atween load events. The energy stored in the
current from a 3V battery. These peak load powers are gyercapacitor over time is then used to provide a high

too great to be supplied by small long life batteries c,prent burst during a load event. Supercapacitors
such as a CR2032, even though the battery can supply,5ye-

the average system power. This paper offers a solution

using a single cell supercapacitor to supply the peak -  Physical rather than chemical charge storage,
loads with low cost circuitry. A single elt so they are not limited by the numbettiafies
supercapacitor cannot operate at 3V, but does not they are cycled in the same way as a

require a balancing circuit and is lower cost and half rechargeable battery

the size of a dual cell supercapacitor required for 3V

very large C which enables them to supply the

operation. peak power for the duration required,
- extremely low ESR which enables delivery of
1. The Problem high power
) - very low leakage current so it does not waste
Portable and remote data gathering systere significant battery energy

often powered fromsmall long life batteries and
required to transmit data daily or even less frequently thege attributes make supercapacitors ideal for this
to a central monitoring point. GPRS RF transmitters type of application.

typically operate at a minimum voltage of 3.2 Volts
and draw pulsed currents in the order of 1 to 2 Amps.
Portable orremote control applications may operate

with supply voltages as low as 2 Volts and require a . .
PRy N a Supercapacitors are an electrical double layer

short burst of power to drive an actuator or similar tor. Their electrod b
output. Such short high peak demands on power arecapacitor. €Ir electrodes are nano porous_carbon

not available froma 3 volt lithium battery or any low coated on a current collector, typigaaluminium. The

voltage high impedance source, such as a small energz?rous:trz%c&u)% of th(re].erl]ect.rode can achleve hsurface
scavenging transducer: vibration, heat, solar. eas m, which gives a massive charge
storage area. They are filled with electrolyte and the

electrodes are separated by a porous separator which
prevents the electrodes shoircuiting, but allows ions
dissolved in the electrolyte through the separator for

3. Supercapacitor Types
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charge transport. The ions in the electrolyte are 4. Solution using a single cell organic

adjacent to ions at the surface of the activated carbon,
so charge separation distance is in the order of the
diameter of the ions. This massive
storage/minute charge separation distance gives,

supercapacitors t h

eir

charge

s

the maximum voltage/cell is limited by the breakdown
voltage of the electrolyte. There are two types of

electrolyte:

- agqueouglectrolyte with a breakdown voltage

of ~1V/cell

- organic electrolyte, with a breakdown voltage

of ~2.7V/cell

carbon electrode. Three aqueous cells arded in

electrodes have similar specific capacitance, than theyimpedance and the value of R.

will each contain ~1/3 thealume of carbon, so each

Fig 1.
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Figure 1. Comparison of energy density for

agueous and organic electrolyte
supercapacitors rated at 2.7V

For this reason, this paper considers the use of a

YolaGe, A thi

supercapacitor

As discussed above, the maximum voltage g&or
sinégle cell s?ercapacitor is 2.7V _but t

&82aCCR503 2 tafery is

source
) Behce® "

simply connecting the super capacitor directly across a
3V battery, whilst attractive is not possible. A single
cell supercapacitor does not requireadabcing circuit
which may be a significant drain on battery energy and
is lower cost and half the size of a dual cell
supercapacitor required for 3V operation. Therefore we

consider

circuits to couple a single cell

2.7V

supercapacitor with a 3V source.basic charge circuit
) ) block diagram to keep a supercapacitor trickle charged
Both types of supercapacitor have capacitance jis operating voltage is shown in Fig 2. The diagram
constrained by their volume and specific capacitance of ¢ Fig 2. can be made to operate at quiescent currents
) > . as low as 3uA. Capacitaoltage is regulated to 2.7
series to reach the same voltage rating as a singl§,o|ts by operadon of the switch and charging intervals
organic cell. If the three aqueous cells together_have the&re determined by the load and hysterisis on the switch
same volume as the one organic cell and their carbon.gnirol. Charge current is limited by internal battery

Because the total

_ _ . energy dissipated in the battery impedance and R
aqueous cell is ~1/3 the capacitance of the organicqyring charging is a function solely of the capacitance
supercapacitor cell. Given that the 3 aqueous cells areynq the discharge state, the designer is free to choose a
in series, their combined capacitance is 1/9 of the 4y of R to optimise the charge time and to reduce
organic cell of the same volume. This is illustrated in high current stress on the battery since the energy loss
is independent of R. Inevitably apmitons using high
current pulsed loads will use a microcontroller which
would be in a minimal current sleep mode awakened by
a timer. Such applications have the option of leaving
the supercapacitor discharged for most of the time. The
microcontroller cantten activate the charging circuit
well in advance, allowing the supercapacitor to fully
charge prior to the load pulse burst.

Vb

single organic supercapacitor cell in conjunction with a

3V source such as a CR2032 battery.

X

+
| —]
— C| Vc

Switch Control [~

(with hysterisis) Ref Voltage
Figure 2. Button battery supercap trickle
charger
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5. Losses are independent of R

g

2 22t 0 2 -2x
_C% ¢ T _ vaz%_ ot
- 2 Q

Therefore energy lost in R as C chesdrom &, to V-

This conclusion is counténtuitive, but the
intuitive logic is that for higher values of R, current is 2
less but the integration period for energy loss is longer,
while for lower values of R, current is higher but the

™M
|-O0O

integration period for energy loss is lower. c2 = ER(tl B tz):
Consider the basic circuit of ¢ri3 used to charge a = -2t - 2
capacitor from a 3 volt button cell. SW1 is CVb2

electronically controlled to keep the capacitor voltage Ex(t, - t,) =
below its maximum allowed value, typically 2.7 volts.

R is the sum of battery impedance and any chosen

external resistance lumped toiger.

SZtL }(t_Z é_-Ztl '2tz

)
2ge—— o
MWW : Et- t)="% ! -e! 6¢.. (1)
R\™1 2 2 —
8
- Vb Ve | ==cC ¢ -

Figure 3: Simple supercapacitor charge A ty
circuit Ver =V, &-e' 8
C =
Efficiency is important and although not obvious Vv ot
the energy lost in the resistor is simply a function of C Ll =1-e!
and the voltage difference betweepand V.. There is Vb
no relation to the value of R as shown below. -t vV
el =1- ¢
5.1 Calculate Energy lostin R as V; increases Vo
from Vc]_ to Vc2 -t é. V 6
— =|n&a- <L
{=ee" R
it)=—e’
R 4 V.0
. : \ t,=-fIngd- =8 and
Energy dissipated in R from O to x secs: c vV, 2
X X X 2 -2t é V, 6
V.. = - _ Veo
_ 2 _ 2 44— 5~Vb t,=-tIn —=
E. = fj(t)*.Rdt= Rfj(t)*dt = RPjoze ’ dt 2 ? 8
0 0 0
2 -
- VL ;"'?fztdt Substituting and ¢ into equ(1) gives:
R 0
ER (t1 - tz)
V,>8&- ¢t 2d V& CR 24
Eq = Relze u = Re: 2 etl;'
e Uo e Uo
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which reduces to:
ER (\/01 - ch)

V,

2 2
-V,

c1 c2

Ver) +

e
:Cé/b(vcz' >
e

Where E (Mo, - V) is the energy idsipated

in the resistor as the supercapacitor charges froto V
Vs

6. Circuit Implementation of the Button
Battery Supercap Charger

The circuit of Fig 4 shows one implementation
using a Texas Instruments nano power TLV3012
comparator which operates down 1.8 Volts and
includes an internal 1.24 volt reference at pin 5. R4 is
used to hold Q1 ON at startup when the super capacito
voltage is below the operating voltage of the TLV3012.

allowed recharge time. In the circuit of Fig 4, the
supercapacitor would be charged to 98¢V, after
5x 2400= 12000secs= 3hrs20mins.
ZXME1PB2F

i

al
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1K

LOAD

TLU3e12 ™
1

[

CR2832H u1
o

AAMA
VWi

AMA
VWi

AAAA
VW

LOAD

Figure 4. Button battery supercap charger
circuit

7. Design Considerations

7.1 Lithium Battery Discharge Rates

It is useful to know the minimum operating voltage
and load that a battery manufacturer has used to
determine the battery capacitThe manufacturer will
also usually quote a maximum discharge current and a
standard discharge current. It is necessary to keep
within theselimits in order to maximise battery life.
With very light loads of less than 10uA, available
battery capacity isletermined mainly by the size of the
battery and the minimum operating voltage of the load.
Reduced available capacity can be assumed if the load
js greater than the standard discharge current. For these
reasons, it is best to design for as light a loadec as

Once the super capacitor reaches 2.696 volts theP0SSible. Fig 5 below shows the discharge curves

comparator output fis high and switches Q1 OF
When the super capacitor voltage falls below 2.688
volts Q1 is switched ON. A small amount of hysterisis
is applied around the comparator by R3 and R4 to

reduce the switching rate of Q1 and hence reduce

switching losses in th®IOSFET and the comparator.

The circuit draws only 3uA to 5uA once the super
capacitor is fully charged. The value of R5 is chosen
to limit the charge current to well below the maximum

continuous discharge current specified by the battery

manufacturer witst charging the capacitor in a timely
manner for the application.

For example if the maximum discharge current for
the battery was 3mA then the lower limit for R would
be 3 volts/3mA = 1k ohms. The maximum limit for R
would be determined by the applicath 6 s mi n
recharge time and the chosen value for C. So long a
Trechage © 5 RC t hen thewill bavep e
charged to 99% of the battery voltage within the

Using a Supercapacitor to Power Wireless Nodes from

g provided by the manufacturer for a typical CR2032

button cell with an advertised capacity of 235njAH

A translation of the discharge performance of the
CR2032 battery in Fig 6 shows how availabépacity
is affected by the minimum operating voltage of the
load. As can be seen for the CR2032 battery, Fig 6
shows the available battery capacity is not significantly
reduced provided the minimum operating voltage of the

load is not higher than abou2volts.

7.2 Steps to Determine Battery Life

a. Determine the battery voltage when the battery is
iatrendrof charge.

s Battery life is determined by the time taken to reach
rthe aoftagecwhénahe battery is at end of charge, or the
Afl at bat t eig wltage vsoeffectiaedy ehe

a Low Power Source Page4 of 10
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minimum  terminal voltage required at the Four sources of energy loss need to be counted
supercapacitor for it to maintain full operating voltage here:

to the load during the load burst sequence. 1. Energy to recharge the supercapacitor.

Voltage [V]

Discharge performance at 23°C 2. Energydissipated in the charge current
35 limiting resistor Ryarge@s calculated in section
3.0 —] 5
. N | 3. Energy lost through sepcapacitor leakage
l\ \ \ current and sense resistor current.
20
15 27 ka 47kn 58.1kn 4. Energy to supply the comparator and any
' application quiescent current such as a
1.0 wakeup timer.
05
00 d. Calculate the estimated battery run time.
' Divide the available battery energy by the energy
0 1000 2000 3000 4000 5000 6000 . ;
Time [h] per chargédlscharg'e cycle to give the number of cycles
before the battery is flat.
Figure 5. CR2032 discharge p erformance
7.3 Keep C on Charge OR Charge C when
Available mAHvs Minimum Load Operating Voltage NeEded
for typical CR2032 Button Battery
If the time between load events is very long then
1300 energy lost between load events by keeping the
/./"’”"* 2000 supercapacitor charged may exceedehergy required
- ' to recharge the supercapacitor prior to each load event.
/ 150.0 % Energy lost through supercapacitor leakage current and
}/‘ o comparator supply current to keep the supercapacitor at
4 1000 5 voltage must be weighed against the energy required to
EE 2 charge the supeapacitor prior to peak load events. A
3 50.0 plot of battery runtime vs period between load é&ven
$ will show a cross over poirwhere it is best to change
; e o "y - 500 from one method to the other in order to maximise
Min Load Voltage battery life. A chart for the constant current example in
) ) . this paperwhose profile is given in Fig 8 is shownFig
Figure 6 : CR2032 capacity vs minimum load 7
voltage

Note that the self discharge characteristic of the

supercapacitor used will have a major effect on this

b. Estimate the available battery energy. curve. If the supercapacitor is only charged prior to load

The available battery capacity can be estimated events and isolated afterwardthen the voltage the

once the flat battery voltage is known by analysing the sypercapacitor has discharged to prior to starting

battery discharge curves as done above. Capacity igharging for the next load event will affect the above

usually in mAh and needs to be converted to availablecalculation. The self discharge will depend on how long
energy by multiplying by the average batterytage. A the supercapacitor has been held at voltayfée

value for average battery voltage would be its nominal recommend you deterngin this by testing some
terminal voltage, however, the value is subjective and sypercapacitors on the bench.

may be better chosen by looking at the discharge curve
for the battery in question for the estimated average7 4 Constant Current Load vs Constant Power
current. Load

c. Determine the ne energy used over one

. Constant load currents are those where the load
charge/discharge cycle.

current is independent of the load voltage, as long as the

Using a Supercapacitor to Power Wireless Nodes from a Low Power Source Page5 of 10



Battery Life

Comparison
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Hours Between Load Events
Figure 7 : Battery Life depending on whether supercapacitor is
always on charge or only charged prior to each load event.

Input voltage $ greater than the minimum voltage the transmitter taking 200ms to transmit a bust of data
load needs to operate, typically presented by the input tadrawing 500mA during tlsi time with a minimum

a linear regulator or circuit. Constant power loads are operating voltage of 2.5 volts. The transmitter will send
most commonly presented by the input to a boost data once a day and between times the sygtess into
converter or switching regulator of one form or anothe sleep mode with less than 1uA current draw. The
As load voltage decreasedpad current incrases to  supercapacitor is charged between load events.

keep the V x | product sonstantpower. They typically

have a wide range of input voltage and are therefore  The supercapacitor woulde charged to 2.7 volts,

capable of using most of the stored energy in agq the maximum allowed voltage drop during the burst
supercapacitor and may be well supportgdhis type of is 0.2 V. Assuming no ESR drop, the minimum

application. required capacitance would be:
7.4.1 Estimating Battery Run Time for a Constant C = Idt/dV = 500mA x 200mS / 0.2V
Current Load (C kept on Charge).Consider a = 0.5F

Supercapacitor recharge
current plus Continuous
Quiescent Current

500mA Load Current Pulse Continuous Quiescent Current

(4.2uA Regulator current and
1ué for Application Timer
Current)
Time not to scale \
— 200mS % —
|-(—m>-| < 24 Hrs >

Figure 8. Example: constant current load profile
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The CARXX HA130[2] is well suited in this case with

a capacitance of 850mF and ESR of 55mOhms. The

voltage drop during the load event using this part will
be:

dV = Ve + dVegp = (55mOhms x 500mA) +
(500mA x 200mS / 0.85F) = 145mV

The flat battery voltage is the minimuimald operating

voltage plus the voltage drop as the supercapacitor

discharges:

Flat Battery Voltage = 2.5V (Capacitance) +
145mV (ESR drop) = 2.645V.

The available battery capacity in this case is
approximately 220mAh as taken from the graph in Fig
5 above

Eigat= VbarX (Isense™ lieak+ lapp X Hrs Burst Interval
x 3600

Eipar= 3(1.22uUA + 1uA) x 24hrs x 3600 = 575mJ

1 Battery energy supplying by Coninuous
Current at the Battery Voltage.
Comparator and Ref Current: TLV3012 typically
3uUA at room temp.
Application Wakeup Timer: typically < 1uA.
E2bat: VbatX (Icomparator+ Iwakeu;) x Hrs Burst Interval
x 3600
Eobar= 3(3UA + 1uA) x 24hrs x 3600 = 1.04J

Total Energy used per cycle= Esypercagt Ercharget Eibat
+ E2bat: 1.9

Available Battery Energy = Avail Bat Capacity x

Calculation of Energy Used per Charge/Discharge Average Bat Voltage x 3600

Cycle:

1 Energy to Recharge the Supercap

(Energy lost in Rsris very low and may be
ignored)
Voltage drop due to capacitance = Average Load
Pulse Current x Duration/C

= 500mA x 200mS / 0.85 = 117.6mV
Herce V, = 2.7 volts and V= V; T Vp= 2.71
117.6mV = 2.582 volts.

Esuperca= ¥2 X C X (V1 V¢%) = 264mJ

1 Energy Dissipated in Rnage@s C charges from Y
to V;

e Vf 2 Viz

Ex(V; - V)= Cé/b(vi } Vf)+T

e

[(=Fe ]

(ref: Section 5)

Note:\,i s fiaver age
4 3 volts.

Ercharge= 0.85 X [3(2.71 2.582) + (2.582i 2.7)/2]
=36mJ

bat pbleer y

91 Battery energy supplying Leakage, Sense resistor
and any continuous Load current.
Sense resistor currenteke= Vsupercad (SUM Of
sense resistors) = 1.22uA
Supercapacitorebkage current is typically < 1uA.
Application current at the supercapacitor voltage in
this case is zero.

Using a Supercapacitor to Power Wireless Nodes from a Low Power Source

Available Battery Energy a
Estimated Battery Runtime (Yrs)

= (Available Batery Energy / Total Energy Used per
Cycle) x Hrs Burst Interval / Hrs in a year.

=(2376J/1.9J) x 24hrs / 8760

= 3.4 years.

7.4.2 Implementation and Battery Runtime
Estimation for a Constant Power Load
(C only Charged prior to transmission)

A Class 8GPRS transmitter working at a reduced
power of 1 Watt RF takes 3 seconds to transmit its data
once a week. The operating voltage of the transmitter is
3.6 volts and the efficiency of the RF PA stage is 60%.
The minimum boost operating voltage is 0.9 ¥olthe
system architecture and load profile are as shown in Fig
9.

Opesafiona ge © assumed t
The microprocessor is kept in sleep mode and

interrupted by an alarm previously set in the wakeup
timer. The supercapacitor charger is enabled, the
microprocessor sets anothearah allowing time for the
supercapacitor to fully charge and returns to sleep. On
the next interruption, the microprocessor sets a new
alarm time, disables the supercapacitor charger and
enables the boost converter and PMOS switch for the
duration of thedad event. All inputs and outputs on the
microprocessor need to be designed for minimal or zero
current load during sleep to ensure maximum battery life.

Page7 of 10
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Figure 9 : System Architecture: Single 3 Volt Lithium Cell Driving a 1 Watt Class 8 GPRS Load.

Power Analysis for System shown in Fig 9
Duty Cycle (D) = 0.577mS/4.6mS = 0.125
Average PA Power

=[(Peak RF Power D]+ d

(Vccpax Icontrol platforn)

= (1 Watt x 0.125/0.4) +
3.6 volts x 100mA

=672.5mwW

Average Power Boost Input

=Average Pyps Power/

=672.5mW/0.8
= 840.6mW

Total Energy needed at Input to the Boost
= Average Power Boost Input x
Transmit Duration
= 840.6mW X3 seconds
=2.522]

Calculation of Peak Current in PMOS Switch
Peak PA Current
= Peak RF Power / 4aX pad
= 1Watt/ (3.6 volts x 0.4)
=694.4mA

Peak Current in PMOS Switch
= PeakPA Current +
Control Platform Current
=694.4mA + 100mA
=794.4mA

Peak Boost Output Power
= Peak Current in PMOS Switch %M
=794.4mA x 3.6 Volts
= 2.86 Watts

Using a Supercapacitor to Power Wireless Nodes from a Low Power Source

q

Peak Boost Input Power
= Peak Boost pQQutput
=2.86 Watts / 0.8
= 3.575 Watts

Peak Boost Input Current
= Peak Boost Input Power /
Minimum Boost Input Voltage
=3.575 Watts /0.9
=4 Amps

Finding the Right Supercapacitor

In this case we will design for a final battery voltage of
2.6 Volts which from Fig 5 gives an available capacity of
about 220mAH for a CR2032 button battery.

Assume we use a supercapacitor with a8REof
<100mOhms at end of life, therefore the minimum
supercapacitor voltage:
\ = Minimum Boost Input Voltage +
(Peak Boost Input Current x ESR)
= 0.9 Volts + (4 Amps x 100mOhms)
= 1.3 Volts

This means the supercapacitor chargethe flat battery
voltage of 2.6 Volts may drop down to 1.3 Volts over the
3 seconds of transmission and the value of C may now be
calculated as follows:
Esupercag= ¥2 X C X (V|2 T sz)
= Total Engergy needed at Input to the
Boost

Where \{ = 2.6 Volts, \{ = 1.3 Volts and total energy
needed at Input to the Boost = 2.522J from above.

Therefore C = 2 Eypercaf (Vi1 V) = 0.995F
The CARXX HS108 part is well suitedf this

application as it has a capacitance
of 1.8F+/-20% and ESR of 28mOhfns

PageB8 of 10
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8. Supercapacitor charge and discharge a=63103t +0.8125
characteristics

wheretis in secondsrigure 11shows an excellent curve

The previous section gave an example of determiningfit. Note that agime increases, the equation is governed
the right supercapacitor for the application. Section 7.3py (. Previous work at CAXX has shown that
explained hw to decide if it was more energy efficient supercapacitoproperties are affected by diffusion of
to leave the supercapacitor always on charge or tojons in the pores of the carbon electrodesthe effective
discharge it after each peak load event anchegge it capacitance for a current pulse of durationis
prior. However, in the se sections, we treated the proportional to (. This was the clue to trialling an
supercapacitor as a classical capacitor, assuming th%quation governed It
supercapacitor charges through a resetoprding to

Figure 12 shows the self discharge curves for the

V=Vsl-e'"e. . (1) population of 12x HS108 supercapacitors and two
or empirical curve f i folowsthe he
DV = lconssDU/C for constant current charging. classical equation whe self discharge is modelled by

leakage through a resistor in parallel to the

Figure 10 shows how a CARX HS206 charges Supercapacitor and is given by:
with low levels of constant currerit can be seen that

it

below~507A the supercapacitawill not charge and V =Vinit 3 e "/F¢
Supercapacitor Charging
25 where R = 5.5MVand C = 1.8F. Figure 12 shows that
7 500UA AEst 20 was noNt erwor'eweetri@d‘ go_od
2 / rooun anothercwe, label |l ed AEsti mateo given
—200u
31'5 — 100uA -
z / / V =Vinit - 0.0253172 +t
§ 1 — 50UA
05 / / 35uA While not ideal, this is a reasonable fit, especially for
% the first 800hrsmaking thisa good model where the
o! interval between peak load events < 800hrs or ~1month.
0 10 20 30 40 50
Time (hrs)

This confirms our conclusion in ction 7.3, that the
user should experiment with a popidat of
supercapacitors intended for use to determine their
actual charge / dischargharacteristics and modify the
equations given in section 7.4 accordingly.

Figure 10: Supercapacitor charging at low
levels of constant current.

below 200rA there is a knee in the voltage over time
curve, when theory predicts this should be a straight line .
This effect is due to electrochemistry in the 9. Conclusion

supercapacitor and will depend on the cositium of the

carbon electrode and the electrolyte used. We do not yet This paper has shown hcavsupercapacitor can be
have a theoretical model to accurately predict this used to power a remote wireless sensor from a low
behaviour. Figurell shows thean estimatedcharge power source such as a 3V watch battery and examined
curve and actual charge curves for a population of 12 design considerations for the power architecture and
1.8F supercapacitor celcharged to 2.7V through a Selection of the supercapacitor. In particular we have
2.2KW resistor. The classical equatiqd) above is focused on usin@ single cell organic supercapacitor

modifiedto: due to this device typeds
low leakage currentvithout any need for circuitry to
V =Vs(l- e“aRC) balance multiple cells in series. We have provided a

worked example as a guide for engineers designing
their systemand highlighted how supercapacitor charge

wherea has been empirically determined: and self discharge behavior should be characterized to
minimize energy use.

Using a Supercapacitor to Power Wireless Nodes from a Low Power Source Page9d of 10



Estimates of Supercapacitor Charge Curve for HS108

3
B ——Samplel
25 —
—#— Sample2
Sample3
2 —%—Sample4 [—
+ — _ at/arc
° f v —VS(l e ) —o— Sample5
g f a=6310°t +0.8125 — sample6
15 1 |
S * —— Sample7
= -
<3 * Sample8
3 e
’g_ 1 +* Sample9 |
A
@ = Samplel0
¥ Samplell
05 - s —
- amplel2
L + Estimate
01— , ‘ ‘
0 5 10 15 20 25
Time (hrs)
Figure 11. Supercapacitor charging does not follow the classical model
Figure 12: Supercapacito r self discharge characteristic
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