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Abstract— Microbial fuel cells (MFCs) are emerging energy Westers that are promising
for the autonomous supply of remote sensors osdhbed. The low voltage delivered by the
MFC'’s, a few 100mV, imposes an electrical interfacboost the latter to the sensor’s needs.
The flyback in discontinuous conduction mode appaabe the best candidate since it allows
the maximum power delivered by the MFC to be et@thdhe sensor to be electrically isolated
from the source and the voltage to be boosted tbatiired by the energy buffering. Our
previous work highlighted the significant impactloé magnetic core loss due to hysteresis and
magnetic saturation even at p-scale energy transfethis paper, we propose to remove the
magnetic core to suppress these losses. The logitdérarvested power (100pW for"bpn2
electrodes) and low-size constraint i.e. 1m?2 sgakeabed remote sensors applications allows
us to use 0.5 m? air-core inductance by pluggin@ i80-cm2 MFC, delivering a maximum
power of 90uW at 0.3V. The proposed air-core calipiductor based flyback achieved 60%
efficiency experimentally from end to end peak.s€heesults are 10% lower than those
achieved with a magnetic core.. This decrease éstduhe increase in the losses generated in
the active components. However, the experimentsililtee are in good agreement with
simulations in which a model of the coreless calipleductances, extracted from
characterizations, is used. Finally, potential imopements linked to custom designed
components due to progress in active components asidransistors and diodes are also
discussed. A thorough analysis led us to think thahe future, the coreless solution may

surpass its magnetic counterpart, and hence be@owiable alternative.

Keywords— Energy harvesting; Coreless transformer; Coupledils; Flyback converter; Impedance matching;
Microbial fuel cell, Scavenging.



1 INTRODUCTION

During the last two decades, there has been a ggowmterest in making sensor nodes
autonomous. Scavenging ambient energy seems to peomaising solution, offering a
sustainable, eco-friendly alternative/complementiiemical batteries [1]. Thus, harvesting
solar [2, 3], vibrational [4, 5], or thermal [6, @hergies has been widely studied as they seem
to be in most cases the greatest sources of endoyyever, in some very particular places
exhibiting unusual and harsh conditions, such aspdecean floors, these energies are
insufficient to power a sensor. Indeed, sunlightntd reach these floors, and vibration and

thermal gradients can be considered unusual.

In order to supply deep-sea floors sensors, newekting technologies, microbial fuel cells

(MFC’s) which require no light, thermal gradientwbration, have been investigated. In fact,
MFC’s only require waste materials to produce enelf~C’s power can be generated from
the oxidation of organic matter by bacteria, hemgabling the conversion of chemical energy
from a large range of carbonate substrates (suchldis aragonite, coral skeletons, or crushed
marble) into useful electrical enerd®, 9. The main drawbacks of MFCs are their poor
generated power density (around 5uW/cm?2) and ttreraely low potential generated (below

0.7V) which is in most cases insufficient to behe operating voltage range of a sensor node.

First, it was proposed to use a boost convertdisicontinuous mode in order to both maximize
the power extracted from the MFC while increasimg dutput voltage [10, 11]. The use of a
flyback converter has also been investigated irlitegture, as it creates a galvanic isolation
between the MFC and the sensor [12]. This Flybapklbgy also has the advantage of allowing
the use of multiple separated harvesters: a sisgtendary coil could be used with many
primary coils, each connected to a single MFC. Blgs allows MFC'’s to be in parallel/series

in order to maximize the extracted power [13].



The main flyback losses observed in previous wa# were due to magnetic losses in the
magnetic core, which drastically limited the hatedspower. However, in this paper, we
propose a new Flyback converter based on a coredegsed coil, which could potentially lead
to less magnetic losses and thus a higher effigiembis could also allow the switching
frequency boundary, imposed by the saturation gstehesis, not to be constrained. However,
using a coreless transformer leads to new chaltetige need to be tackled. For example, due
to the absence of a core, the air transformenisraéorders of magnitude less inductive than
its magnetic counterpart (with an equal surfacé&usl in order to achieve a more inductive
transformer, the coil sizes have to be increaseahlyrder of magnitude. However, in the MFC
energy harvesting context, since the reaction iasinetics, relatively larger compounds are
needed, reducing the size constraint generally sagoThe lower coupling end magnetic
losses, and the higher coil radius all in all leachew optimization constraints, which are
investigated in this paper. The final structurgiesented in Figure 1. It depicts the benthic
MFC (BMFC) supplying the sensor and its transmittanks to the proposed coreless electrical

harvesting interface.
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Figure 1. Principle of the system studied



In the first part, we discuss the MFC models, dsd how to maximize the extracted power
thanks to the Flyback converter. In the second, peet introduce the coreless transformer
models as well as a loss analysis. Thanks to tlodefmg part, we have been able to
numerically determine the optimal parameters foramueless transformer. In the third part, we
attempt to experimentally validate the theoreticaddels, using two coreless converters.
Potential improvements as well as the future oéless-based converters are discussed in the

final part.

2 HARVESTING SYSTEM MODEL AND ANALYSIS

2.1 The BMFC

-

Water

Sediment

if

Organic substrate o, & H,0
(acetate)

Figure 2. The BMFC, operation principle and prototype

Among the estimated existing 10 million bacterjgaes, some are electro-active. These
can thus oxidize organic material and so createlectron flux that can be channeled to
harvest the energy produced. In the case of the M shown in Figure 2 the sediment
acts as a membrane, the cathode reduces the oxygemater and the anode located in the
sediment is oxidizes the organic material acetatie bicarbonate. The theoretical potential
of the cell formed is 1.1 Volts. However the measuopen-circuit potential is generally
0.7V. This difference is due to fluctuation in tt@ncentration around the electrodes and also

parasitic reactions. The static behavior of the BMRas been studied in [9]. Its



characterization requires much time since each wgnoint needs to be characterized after
one hour, when the cell reaches its steady stdtaslbeen proven that there is a large voltage
range where the behavior of the BMFC can be asaiedlwith a voltage sourc®; = 0.6V)

in series with a resistanég. If the cell is less than 1 m? the BMFC resistaRgecan be
estimated bR = 2.6/S , whereS is the electrodes surface in m2. As a resultinpkfy the
testing process and modeling, the equivalent madélbe used to emulate the fuel cell
behavior. Based on these considerations, we cacludnthat the maximum powéy,pp
extracted from a MFC can accurately be given byThg associated working point is called
the maximum power point (MPP) shown on Figure 3iaméached when the output voltage

of the cell is equal to half of the open circuit BM voltage.

VSZ

Pypp = 26 W /m?] (1)
—— Umrc
Unmec --- Pwmrc Pmrc

N
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Figure 3. BMFC characterization and harvestable power

To work at the MPP and adapt the voltage to thd,laa shown on Figure 3, a converter is
needed. Two efficiencies are hence defined, actpon Figure 1. Firsh,,.,, the extraction

efficiency is maximized when the input voltage loé tconverter);y, is fixed at the optimal

extraction voltage/ypp = % Secondn..n» represents the converter and is thus not linked to



the BMFC.7n.yny IS maximized when the converter losses are mir@thiin most cases, we
would like to maximize the output power for a giveput power, which consists in maximizing

the prOducnextr X T’COTl‘U'

2.2 Flyback converter in discontinuous mode

The asynchronous flyback converter was choset aews the voltage to be boosted while
maintaining an isolation between the primary antbsdary coils. The voltage is adjusted in
order to be sufficiently high to supply a sensait @s transmitter, whereas the isolation allows
the cells to be in series or parallel. Associatiegeral cells allows the output voltage and power
to be boosted while maintaining a reasonable @detsize. Such a configuration would also

allow a deficient cell to be removed while keepihg others at their maximum power point.

The converter shown in Figure 4. is composed oE& fansistor, diode and two coupled
coils {L;,L,}. In order to simplify the implementation phasevasll as the model, the same
number of turns is used for the two coils, and nobbkers were added to this systeln &

L, = L). FurthermoreC;, is added in order to supply the current peaks ireduby the
converter that would induce losses in the BMFC [4584l variation of the cell voltag€,,;
allows energy to be stored and the load to be seghpl,, andV,, are sufficiently decoupled
to be considered static. The driver of the transig supplied by the output capacit®y,;.
When many cells are connected in series/paralldigurations, one secondaWy;r, supplies

all the drivers. A cold start is out of the scopéhis circuit but some circuits have already been

shown to solve start-up issues at a few 100’s of[B/17].
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Figure 4. Converter structure

During the initial phasep; as shown on Figure 5, the transistor is closedta@energy is
thus stored in the coupled coils. The current pastirough the primary, increases. Then
during the second phagg , the transistor is opened. The stored energy isréleased through
the only way out, i.e. the secondary indudtor When all the energy has been released, the
diode ensures that the energy storedCjp, returns into the coupled coils. The voltage
difference is compensated by the continuity ofdherent within an inductor, and the voltage
across the transformer will increase until all @rergy can be discharged. To calculate the
losses in this converter, the average and root regaare currents passing through the elements

need to be calculated.
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Figure 5. Current and voltage waveforms within the flyback caverter

During the first phase, the current will rise t® maximum, which is expressed by:

D 2
Ilmax=VIN'ﬁ )

whereD is the duty cycle anfl the switching frequency of the flyback. The averagd root

mean square of the current passing through theapyican then be calculated as:

VIN * D2 (3)
Ilan = 2-L-f
3
Vi D2 @
fms = 317

During the phase,, as we have a unitary transformation facigr= L,), the peak current

will be the same ih;andL,, thereford;,ax = Lmax- Knowing thatL, will be discharged in



Cout» t2 Can be expressed as:

¢, = 24 Lz fzmax (5)
f VOUT

The average and root mean square of the curresingathrough the primary can then be

calculated as:

A Viy - D* (6)
2avg — (VOUT) 2L f

DV 7)

Irms_
T L3 (Vour)

The impedance seen by the fuel cell can be canllaging the average current absorbed by

the primary, and then expressed as:

Viv _ D? (8)

Ry=—"=-——
w I lavg ZLf

During all our analyses and experiments, the dytleds always be set to work at the MPPT.

The latter can then be expressed as:

R, (9)

2.3 Air-coupled coils

Conventionally, magnetic material is used for tbeecof a transformer in order to increase
the magnetic permeability of the space used forniagnetic field. The latter allows the
coupling, inductivity and since it channels the metge flux, the electromagnetic compatibility

and interference of the system to be increased.ederysuch a core may saturate and produce



hysteresis losses, created by the movement ofdhmeaith walls within the material and eddy
current losses due to the conductivity of the ctins.difficult to take these losses into account
but they can be characterized by the magnetizatiove. In previous work described in [18],
we highlighted the substantial losses created bynthgnetic core. To completely eliminate
them, the present work will use an air-core trarmér. On the seabed, the BMFC surface is
around a few 10’s of cm? and is working far frorhertelectronic components. Therefore, the
space used as well as the electromagnetic comiggtéye of minor importance, leading to the
possibility that would not be realizable in anotbentext. The substantial area required for the
electrodes can be wisely used for the transforrewever, as shown in Figure 6, cuts need to
be made within the electrode so as to avoid themnpial losses created by eddy currents.
Previous work was done with a flyback working watf?CB printed air-core transformer [19],

whereas the work presented here is done with dedadger transformers.

Cuts

-Control circuit

-Sensors

-Communication module

Transformer primary winding
A / } Coreless transformer
]
Upper electrode ’! o Transformer secondary winding
(cathode) o =
g Sea water
R T T T T T T T T A
L Sediment

Bottom electrode /
(anode)

A
v

10" cm-scale

Figure 6. Principle of the coreless converter associated witthe fuel cell



2.4 Design of the converter

In order to design the transformer, we replacedetements by their simplified models, see
figure 7. The behavior is simulated with analytiequiations so as to dimension the transformer.
The previously established equations (2) to (9)thercurrents are modified by the resistivity
of the elements. However, as long as equation iELfBspected, we consider that the current

waveforms are not significantly modified.

Air coupled coils model

VOUT

@)
o]
S
oad |

o T — y -+<E:j<>t

Ideal diode R, vy,

Figure 7. Electrical model of a converter.

D 10
(Ry + Rason) " < 1 (10)

The equivalent model of the transformer is basetherone given in [20]. The capacitances
Cp1 andC,, are created by the parasitic coupling betweemthdings. These are charged and

during their cycles, the average power lost dudng cycle can be calculated as

Pcapa =f- (Cpl + CpZ) “((Vour + Vt)z + V%N) (11)



The leakage inductols; andLy, are created by the magnetic flux generated bycoié¢hat
does not pass through the second one. The latieessthe energy which is wasted. The
resistivity of the transformer also causes los§@sally, the total losses produced by the

transformer can be expressed as:

f f
Ptransfo =R, 'I%rms +Ry- I%rms +§'Lf1 'I%max +§'Lf2'1%max

(12)

The diode also produces losses. Indeed, the pareajtacitancé€,;;, stores energy which is
wasted, while the threshold voltadgle as well as the dynamic resistankg are as well

responsible for some losses. Those produced byidide can then be expressed as follows:
Paiode = Ry~ Tirms + Vi~ Loavg + f* Caio Vour + Ve + Vin)? + Preakage (13)
wherePeqkq4¢ IS the power loss due to the leakage currenteotithde.
Preakage < Ir * Vour + Vin) (14)

It is important to note that whe;h« t, wheret, is the recovery time, it is not necessary to

take into account this phenomenon. However, foremtbases at high frequency, this

phenomenon can create significant losses and gralesases, justifies the use of snubbers.

Finally, if we also take into account the lossethmfuel cell, we can calculate the maximum

achievable output power as;

V2 (15)

i
Pout - R - Pdiode - Pmos - Ptransfo - Pcapa
s

As the driver is supplied by the output, the loggeserated by the transistor command, due
to the consecutive charge and discharge of theistam's gate capacitance, should also be taken

into account. They can be expressed as;



: (16)

p commande = Cgs ' Vcommand

where Cy, is the equivalent gate capacitance of the FETallsirthe system has been

simulated with Spice equivalent models given by thanufacturer and results fit the

aforementioned equations..
2.4.1 Calculation of the model of the air coupled coils.
In order to design the converter, the electric nhadehe transformer can be calculated

analytically. Circular loops are used as this alidive highest quality factor. As explained in

[21], the inductivity of a circular loop can be appimated using:

R 8-R
L= N2ty (I (2—) = 2) 47
where R is the average radius of the loops, N tmeber of turnsR,, ;.. the wire radius and
Um the magnetic permeability of the middle 1.26 puHamthe air and water.
The resistivityR, andR, of the transformer coils can be expressed as;

_p-2-m-R-N (18)

. P2
U Rwire

R;

As the distance between the coils is negligible parad to the coil diameter, the coupling is
very difficult to approximate analytically. There& based on previous characterizations, the

coupling k has been empirically fixed at 0.95; and L,,can then be calculated &g; =

The parasitic capacitance between the wires is tlimgpossible to estimate analytically as
it depends on the wire position, and cross-sectod, the thickness of the isolation layer. As

these significantly impact the losses, the capacéa were overestimated by considering them



proportional to the number of turns N and also thatwires have square cross-section. Finally,

these capacitances can be estimated as:

Cplchzzco'(N_l)

(19)

c o= €1 (Rpyy - (Reyy + 2R))
0 2 " Thl'so
whereT h;,, is the insulation thickness between the wireshAtdesired working frequencies,
these wires do not have a significant effect, dradefore, the proposed model does not take
into account the skin and current-crowding effedthie transformer. Indeed, these phenomena

simply cannot be estimated analytically.

2.4.2 Model of the active components

The transistor gate driver is supplied by the outapacitancé€,,; and so the FET transistor
has to have a threshold voltage lower than 2V.rtteioto minimize the losses created by the
active components, a transistor with a subsequewlgate capacitance was chosen. The drain
to source on-state resistance appears to be aitgsBcant criterion as the losses are mainly
created by the transistor command. Based on thiSP&/301N was chosen. In addition, based
on the datasheet [22], we determined that9.5pF andRys,, = 4 Q. The on-state resistivity
of the diode appears to be much less significaah tthe diode threshold voltage, and
consequently a BAT54 was chosen. This allows sw@l;=240mV,R;=5.6Q, Cy4;, = 10pF

and a leakage current of 0.05 pA [23].
2.5 Simulation
Now that we can calculate each element of the aterwvéehe effect of the transformer design

can be defined. For each design, the optimal frecpf,,,; was chosen in order to maximize

the end-to-end efficiency of the flyback, with goper limit of 7 kHz so as not to be affected



by the recovery time, parasitic coupling and thie gffect within the transformer. In order to

design the air-coupled coils the effect of the nandf turns and radius was simulated.

In order to understand the behavior, as shown gurgi 8, a clear distinction was made
between the conductivity losses dueRr{Q,., R4, Vi, R, R, and the capacitive and inductive
losses created by the charge and discharg®,©t,;, Cgio, Cas, Cgs @andLgq, Lg,, Which are
proportional to the frequency. At a given frequentyo few turns would decrease the
inductivity. As a consequence, this would incretisecurrent peak given by (2) and raise the
root means square value of the currents calculeitbd4) and (7) , increasing the conductivity.
On the contrary, too many turns and the resistioftyhe transformer wires given by (18) as
well as the capacitancés,; andC,, , given by (19) would increase with the lossesythe
produce. Increasing the frequency allows the roeamnsquare values of the currents to be
decreased and, as a consequence, reduce the doityglimsses, but at the cost of raising the
capacitive losses. As shown on Figure 9, for ausadi 0.3m, the optimal design appears to be

17 turns. This transformer will henceforth be ol 7.

Capacitive and
inductive losses

Conduction
losses

X Cplr Cer Cdior Cds' C
(o8 LflrLfZ

S’
X Rdson' Rd' VtrRllRZ g

Low frequency
High current peaks
High RMS currents

A

Figure 8.

High frequency
Low current peaks
High switching losses

AA A4 t

Trade-off between the conduction losses and capdei¢ and inductive losses
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Figure 9. Simulation of the transformer design

Thanks to the above model, the losses can be athtyasely. Based on transformer #17, we
can determine the effect of varying different pagtems. For instance, reducing the radius of
the wire by a factor of 5 only decreases the potnaarsferred by 0.03 pW. Also, using a
coupling of 0.97 instead of 0.955 allows us to $rart 3.5 puW. In addition, by designing the
transformer with particular care, for example, timig the primary and secondary, the coupling
can be increased, which thus significantly improtres harvested power. This coupling can
also potentially be improved with a single-turmstrmer. One with a radius of 5.5m should
allow us to transfer the same amount of power &ittoupling of 0.99. Therefore, a second

prototype called #1 was also made to validate tbdehaccuracy.



Based on the developed optimization algorithm,df@amers #17 and #1 have been realized

and characterized. The results are given in Tab@®ohtrary to the expected performance, the

3 EXPERIMENTAL RESULTS

1-turn transformer did not exhibit a higher couglin

TABLE 1.

Characterized transformers

Parameters Coreless transformer Eggig:?gggitga Uniits
# 17 17 turng;=0.3m #1 1 turnr,=5.5m Parameters values
R, =R, 1.2 1.1 0.35 Q
Ley = Lg, 30 35 0.155 pH
Cp1 = Cpp 391 1 3 pF
L, 642 66.5 18000 pH
Ry = Rg, 49.5 Not measured Not measured Q
R, +oo +00 6 KQ
k 0.955 0.95 0.99

The experimental setup used in order to realizentbasurements is shown in Figure 10. The
experiment was done with a 20 cm2 MFC mimicked Byavenin generatdi;, = 0.6 ,Rs =
1.3 kQ). Theoretically, the maximum power calculated ggjh), is equal to 69.2 puW. With
transformer #1 and a 2 V output voltage, 24 uW wassferred at 7kHz whereas with
transformer #17, 43.2 uW was transferred at 5 KHhe global efficiency achieved is 60 %
which, for the same input voltage, is close to &6 achieved by the BQ25570 of Texas
instrument which in addition does not provide asglation. Our previous work, presented in
[14], achieved 71% efficiency with a core transfermHowever, as explained extensively in
the next section, the coreless converter can bsesuiently improved with an optimal design

of the active components. These results match thaehbehavior with less than 1% and 7%

error for transformer #17 and #1, respectively.




Active components,

Driver and i seeeun, Generator
Capacitances ANy replacing the
BMFC

Coupled coils
2*17 turns

\\

Figure 10. Experimental setup with transformer #17

As seen in Table I, the coreless transformer #HE7/magnetizing inductor value is 28 times
lower and the leakage inductor value 200 timestgrehan the one with a magnetic core. On
the one hand, as the magnetizing inductor valsalstantially lower at the same frequency, a
much smaller duty cycle is used. The current pgalen by (1) are then significantly increased
from 1.2mA for the transformer with a magnetic ctoe6.2mA for the coupled coils. In
addition, the conduction losses are significantigréased as the winding is 3.5 times more
resistive and so the RMS current is 2 times higlhbeoretically, these losses increase from
0.6uW for a classical transformer to 3.8uW for¢bepled coils. On the other hand, the latter
completely remove the magnetic core losses. Therupassing through the coupled coils is
not limited by the saturation of the magnetic mateand thus the surface of the MFC can be
increased without having to adapt the transforsithe duty cycle is extremely low (< 10%),
a transformer with multiple primary coils and omge secondary one can be used. Such a
structure would substantially minimize the numbércomponents and copper used. A
comparison given in Figure 11 of the previous wankl this, allows us to see that the losses

have been transferred from the transformer to thigeacomponents.
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Figure 11. Comparison between this work with the air transfornmer # 17 and previous work [14] with magnetic mateals

4 IMPROVEMENTS COMING FROM THE ACTIVE COMPONENTS

Based on the validated modeling, we can investigja¢elosses created by the active
components. Concerning the diode, a threshold geltd 0.3V instead of 0.2V increased the
losses by 2 uW. This parameter has to be keptvasisopossible. However, d&y;,, or an
R, (seen in Figure 7) which is four times lower, wibiricrease the power transmitted by up
to 3 uW. The resistivity of the diode can be redubg adding another diode in parallel at
the cost of doubling the parasitic capacitancethadeakage current. As a consequence, the
optimal working frequency for the whole system eciitased when diodes are added. The
same strategy could be applied to the transistor.eikample, using several transistors in
parallel would decrease tiRg,,, at the cost of increasing the capacitive lossesigeed by
the latter. The effects of this have been simulated the numerical results are given in

Figures 12 and 14 for the transformers #17 andeghectively.
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Figure 13. Losses analysis, obtained by simulation, at the dptal working point of several FET and diodes configrations with
transformer #17.

#17_1=1FET/1diode, #17_2= 4FETs/5diodes, #17_3+ETs/10diodes

As can be seen in Figure 12, the experimentapsétid 1 can be greatly improved by
adding several diodes and FET's in parallel. Whis tprocedure, the optimal frequency
decreases as it allows fewer conduction losseseatdst of increasing the capacitive losses.
With such a structure, a gain of 6uW can be obthies shown in Figures 13 and 15, the
capacitive losses increase with the frequency amndber of diodes and FET’s placed in
parallel. However, having several active elemamizarallel allows the conduction losses to be

decreased at the cost of increasing the leakagentwf the equivalent diode. Changing the



active components therefore allows more freedotraimsformer design, and potentially better
performance. New technologies and specifically giesii components may possibly
substantially decrease the conduction losses tihegupe without affecting the capacitive
losses, thus allowing the use of smaller magnejizimductances, and at the same time
decreasing the conduction losses as well as thaciteye@ ones generated by the transformer.
By integrating the driving circuit and the activengponents, the latter can be specifically

chosen to maximize the harvested power.
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Figure 14. Effect of the number of reactive components in paréel on the power harvested with air coupled coil#1

As transformer #1 is 9 times less inductive thai, #E RMS current is significant, leading
to important conduction losses in the passive elsn®y parallelizing the active components
and using 5 diodes and 4 FET’s a substantial galtbquW can be achieved. The latter can
also be achieved by selecting other componentsigadke lowest possiblé. for the diode and
then optimizing the conduction and capacitive leggmerated. The same logic should be apply

to select a transistor that exhibits a thresholttage below 2V. Obviously, the optimal



transformer design as well as the optimal workingg@iency are linked with the active

components chosen.

#1_1 /f=7kHz / Pout=25.9uW #1_2 / f=7kHz / Pout=42.3uW #1_3 / f=3KHz / Pout=43uW

Rdson 31

Ir0%

Rdson 14%
d 16°
- N
‘ - e
25
Cdio 139
Vd 429

Figure 15. Losses analysis, obtained by simulation, at optimayorking point of several FET and diodes configurabns with the
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transformer #1.

#1 1=1FET/1diode, #1_2= 4FETs/5diodes, #1_3= 10FExiodes

5 CONCLUSION

In this paper, a coreless transformer-based etattharvesting interface for microbial
biofuel cells has been designed and realized. Ahyacal model was proposed and validated
through Spice simulation and experimentation. Aetass transformer design maximizing the

power harvested was then proposed based on thesedgnodel.

The use of an air-core allows the magnetic lossdssaturation constraint to be removed.
Our prototype achieves 60% efficiency for an ougmwer of 43 uW. Simulations have proven
that this result can be improved by up to 50uW bgnging the active components. The
proposed converter can subsequently be improveddbgbal optimization taking into account
the active components as well as the transformateweeping in mind that the optimal choice
of one component is substantially affected by tthers. Further research has now to be done

regarding the magnetic field interactions with seder.
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