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Abstract -- This paper describes advances in integrated ultra-thin 

wireless power module components for Internet of Things (IoT) 

and wireless sensor applications. A typical wireless module 

integrates both an inductive link for wireless power transfer, and 

supercapacitor as a storage element. The performance of the 

inductive link is enhanced with innovative high-permeability and 

low-loss magnetic films for improved inductive coupling between 

the receiver and the transmitter. Up to 4X enhancement in power 

transfer efficiency is demonstrated with the innovative magnetic 

films. Energy storage is achieved through a thinfilm micro 

fabricated supercapacitor layer with interdigitated graphene-

based planar electrodes and solid-state electrolytes for easier 

integration. The component properties demonstrated through 

this work are projected to achieve high power levels with ultra-

thin form-factors. 

Keywords: inductive, permeability, efficiency, electrolyte, 
graphene 

I. INTRODUCTION 

Wireless power transfer (WPT) using inductive link is an 
innovative solution for powering devices where there is a need 
to eliminate cords, wires or any kind of direct electrical 
contact. The front-end of a wireless power module consists of 
an inductive link that receives the AC wireless power input 
through inductive coupling, which is then converted to DC 
output using a diode topology. Enhancement in flux coupling 
is critical for high-efficiency wireless power-transfer. A 
rechargeable battery or supercapacitor at the DC output stores 
this energy and supplies the power to the load. Both these 
components increase the module size. Components with 
higher performance and smaller size are widely sought for 
various consumer, Internet of Things (IoT) and wireless 
sensing applications. 

WPT can be classified as either near-field in the range of 
mm or cm (implantable devices, Radio Frequency 

Identification (RFID), mobile phone charging using >100mW 
of power) or far-field in the range of meters/kilometers 
(remote charging of sensor networks, space, military, 
industrial applications using up to kilo watts of power). 

Far-field wireless power delivery was first proposed and 
demonstrated by Nikola Tesla at the end of the 19th century 
and in the years that followed, NASA, Raytheon and the Air 
Force pursued the idea. However, far field WPT has several 
challenges such as beam focusing, Tx-Rx efficiency, cost, 
environmental and safety concerns. For consumer 
applications, an alternative and more efficient method such as 
near-field WPT is preferred. Such applications can be broadly 
classified into electric vehicles, medical implants, home 
electronics and wireless grid. Wireless charging of electric 
vehicles was an idea originally conceived and patented by 
Tesla in 1894 for the purpose of charging tramcars, railway 
trains and vehicles but was never actually implemented [1]. 
KAIST developed the On Line Electric Vehicle (OLEV) 
system in which the electric vehicle can be charged stationary 
or while driving, thus eliminating the need of charging 
stations. Small-sized vehicle batteries are wirelessly charged 
via electrical cables embedded under the road surface by a 
mechanism called "Shaped Magnetic Field in Resonance 
(SMFIR)" [2].  

Applications in medical implants mainly include short-
range charging of implantable biomedical devices such as 
cochlear (ear) or retinal (eye) implants where batteries cannot 
be used and non-radiative charging is required. Near field 
WPT systems are also widely used in daily life (Fig. 1) for 
charging small, portable/wearable devices, e.g., cell phones, 
laptops, cameras, smart watches (Apple’s iWatch) and tablets 
where batteries have cost, size and lifetime issues. In addition, 
WPT technologies have been proved useful in RFID 
applications and wireless sensor networks [3, 4] whose 
lifetime can be extended [5, 6]. In 2009, Sony’s research and 
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development department based in Japan made a breakthrough 
in developing highly efficient WPT-based televisions. Large 
scale wireless power grids are an application for the future 
which would eliminate use of wires as devices would be able 
to ‘harvest’ power from ambient energy sources. [7] 

 
Figure. 1: Duracell's MyGrid wireless charging pad. 

The key mechanism for near-field WPT is inductive 
coupling. At the front end of a WPT system, a transmitter coil-
in-one device transmits electrical energy across a short 
distance to a receiver coil in other device which is 
magnetically coupled to the transmitter. The coupling and 
hence the efficiency of this power transfer can be enhanced by 
using magnetic materials with high permeability and low loss 
in the core of the receiver as described in Section II. 

Ferrites have already been shown to enhance k and Q 
(Table I), because of their outstanding properties [8, 9]. The 
combination of their extremely high resistivity with 
reasonably good magnetic properties and significantly lower 
eddy current losses compared to metal cores lead to higher Q-
factors at moderate frequencies of 100kHZ-1MHz. The 
enhancement of induced voltage by up to 48% and of mutual 
inductance by 50% proved the impact of adding a thin, 
lightweight ferrite layer at the back of a planar coil [10]. 
Copper windings with a ferrite core underneath it has also 
been demonstrated to have best overall performance 
compared to other designs of planar coils with and without 
ferrite material in the core [11]. 

TABLE I: EXAMPLES OF FERRITES USED IN WPT APPLICATIONS  

Reference Performance 

Improvement 

Size Turns Distance f 

Hao, J., et 

al.[8] 

50% rise in 

mutual 

inductance 

2.5x 

2.5 cm 

3 1cm 10 

MHz 

Von Arx, 

J.A. and 

K. Najafi 

[13] 

Enhanced 

inductance and 

coupling 

20 

mm2 

10 3cm 4 

MHz 

 

Design A B C D E 

Inductance (uH) 2.7 0.95 0.99 9 2.91 

Resistance (ohm) 10 9.6 9.6 160 10 

Q factor @ 4MHz 6.6 2.5 2.6 1.4 7.3 

 
However, because of the low saturation flux density (Ms) 

of ferrites, they have fundamental limitations in achieving 
high permeability and low loss beyond 6 MHz [10-13] and as 

a result, novel magnetic structures are needed to enhance 
performance in the MHz range. Section III demonstrates a 
novel approach that achieves the best properties of 
permeability and frequency-stability but achieves thicker 
films in an economical way and allows them to be integrated 
into organic, silicon or glass substrates. This method would 
satisfy the industry’s need for performance, cost and size. 
Such magnetic films are recently developed by Nitto Denko 
Corporation and are used in this work. 

At the back end, this energy needs to be stored in DC form 
for it to be useful. Supercapacitors or batteries are used to 
accomplish that. Supercapacitors, which act as a bridge 
between the batteries and electrolytic capacitors, are not only 
able to store much more energy per unit volume than 
electrolytic capacitors but also possess much faster charge-
discharge cycles than conventional batteries [14]. These 
double-layer capacitors can thus provide power pulses in wide 
range of applications such as consumer and medical 
electronics, automotive and defense [15]. The ultra-high 
capacitance in supercapacitors is generated through ionic 
adsorption and desorption at the electrode/electrolyte 
interface [16]. To increase these ionic diffusion pathways, 
high surface area electrodes such as Carbon Nanotubes (CNT) 
networks or graphene sheets are desired [17, 18]. 

A liquid, aqueous (H2SO4, KOH) or organic (propylene 
carbonate) electrolyte [19] is generally used, which poses 
several challenges. These have narrow electrochemical 
window that lead to lower power density in supercapacitors, 
environmental-unfriendly organics that are flammable and 
toxic, and work only in strict narrow temperature range to 
prevent explosion. In addition to intrinsic electrolyte 
characteristics drawbacks, liquid electrolytes also require high 
standard of encapsulation materials and technology to prevent 
leakage of liquid electrolyte [20]. To address the technical 
challenges with conventional electrolytes, alternative 
materials called gel-polymer electrolytes (GPE) have already 
been developed using binary or ternary solvent systems where 
the components are polymer, salt and polar-organic solvents. 
These solid-state supercapacitors are known to show distinct 
advantages over liquid electrolytes such as reduced leakage, 
improved safety, better manufacturing integrity [21, 22]. 
Carbon and electroactive polymer using ionic liquid 
electrolytes have also been reported to form GPE-based 
supercapacitors[23]. Section IV discusses the fabrication 
process of solid-state microsupercapacitor and associated 
results. 

This paper provides two innovations: 1) a novel inductive 
link solution to maximize coupling as well as quality factor Q, 
thereby enhancing power transfer efficiency, and 2) 
microsupercapacitor technology using alternative electrolyte 
materials to store the energy. 

II. MAGNETIC COUPLING BASED INDUCTIVE LINK 

This section focusses on the inductive link model and the 
various parameters that affect power transfer efficiency 
between the transmitter and receiver coils. 

A typical inductive link, shown in Fig. 2 has the following 
components: a primary or transmitting coil with inductance L1 
and series resistance RS1 driven by a source voltage VS (or VT), 



a secondary or receiving coil with inductance L2 and series 
resistance RS2 which is magnetically coupled to the primary. 
The source voltage induces a voltage VR across load RL. The 
coils have certain quality factors and a coupling coefficient k 
(0<k<1) between them. Capacitors at the transmitting and 
receiving sides form LC tank circuits with resonant 
frequencies at which maximum flux linkage occurs.  

 
Figure 2. Model of typical inductive link showing primary and 

secondary coil with associated parameters. 

Near field WPT applications usually employ Printed 
Spiral Coils (PSCs) on the receiving side instead of bonded 
wire coils or solenoidal coils since they comply with size 
constraints and have smaller fluctuations. Besides, they can 
also be mass produced by modern micromachining 
techniques. 

Performance of a PSC-based inductive link is dependent 
on coil material, coil diameter, misalignment and core 
material [24]. The area enclosed by the coil influences the 
coupling coefficient k. For a given area, circular coils seem to 
provide highest value of k, while square planar coils are 
preferred due to the ease of layout and fabrication. The 
number of turns, conductor width and winding separation 
have little impact on k. However, in order to maximize the 
quality factor, the number of turns, length of conductor trace 
and the spacing matters significantly. In order to reach an 
optimal solution where the product of k and Q is maximized, 
it is best to fully utilize the area of the coil, and to have the 
smallest possible inner diameter by keeping the spacing 
between windings as narrow as possible.[24] 

Modeling such a link requires an in depth parametric 
analysis of these design parameters. Since the design of the 
link itself is outside the scope of this paper, only the impact of 
permeability on quality factor Q and coupling coefficient k 
with its impact on overall efficiency is discussed as follows.  

The self-inductance of a coil (L) is the ratio of the flux 
generated in a current carrying coil to the current passing 
through it. For a square shaped PSC, self-inductance in the 
presence of a magnetic material having relative permeability 
𝜇𝑟 is given as: [25] 

 L =
1.27μoμrn2davg

2
[ln (

2.07

φ
) + 0.18φ + 0.13φ2]  (1) 

 φ =
do−di

do+di
 (2) 

where is the number of turns, do and di are the outer and inner 
diameters of the coil, respectively, davg= (do+di)/2 and φ is a 
parameter known as fill factor, which changes from 0, when 
all the turns are concentrated on the perimeter like filament 

coils, to 1, when the turns spiral all the way to the center of 
the coil. Quality factor of a coil depends on this self-
inductance and is defined as the ratio of the coil’s inductive 
impedance to its ac resistance. 

 Q =
ωL

RS
   (3)  

Mutual inductance (M) is a phenomenon in which the 
magnetic field in one coil induces a voltage in another coil. 
This induced voltage increases as the permeability of the 
medium increases. Since the analytical expressions to 
calculate M are very complex, they have not been covered in 
this paper. M is normalized with the self-inductances of the 2 
coils L1 and L2 thereby defining coupling coefficient k as [26]: 

 k =
M

√L1L2
                                                                                                                         (4) 

Finally, the power transfer efficiency between coil 1 and coil 
2 (η12) is computed as [27] : 

 η12 = η1. η2 =
k2Q1QL

1+k2Q1QL
.

Q2

Q2+QL
                                                           (5)    

where Q1 is the quality factor of the primary coil and QL is the 
loaded quality factor due to load resistance RL.  

Self-inductance (L) quality factor (Q) are directly 
proportional to permeability μr (1, 3) (Fig. 3 (a)). Mutual 
inductance (M) and hence coupling coefficient (k) are also 
directly proportional to permeability μr (4). 

 
(a) 

 
(b) 

Figure. 3: Impact of relative permeability (𝜇𝑟) on (a) quality factor and 

(b) efficiency at 1 MHz at a relative distance of 1𝑐𝑚. 



Hence, it is clear that increase in permeability of the 
medium between the two coils improves the efficiency of the 
WPT system (Fig. 3 (b)). 

III. DEMONSTRATION OF ENHANCED POWER TRANSFER 

EFFICIENCY WITH ADVANCED MAGNETIC MATERIALS 

Advanced magnetic composite films with high 
permeability and loss tangent were recently developed by 
Nitto Denko Corporation, and used in this work. Coils with 3, 
6 and 10 turns were tested their performance in terms of 
inductance, S21, power transfer efficiency and quality factor 
with and without use of the new magnetic film(s). Magnetic 
composite films with spirals on the top do not lead to high 
coupling because of the low permeability in the Z direction. 
Therefore, most of the analysis is based with helical coils that 
can be fabricated as solenoid inductors on 3D substrates with 
magnetic cores.  

 
Figure. 4: WPT system showing transmitting coil having 8-turns and 

receiving coil having 10-turns. 

Films of different thicknesses were used as the core of the 
helical inductors. An improvement of about 3X was achieved 
in the inductance with the films as shown in Fig. 5, compared 
to when no films were used. 

 
Figure. 5: Impact of magnetic material on coil inductance. 

 
Figure. 6: Plot of Z11 (ohm) vs frequency. 

Z11 was enhanced by a factor of 3-4X (Fig. (6)) when 
magnetic films were used. The resulting Q factors we 
computed according to:  

 Quality factor =  
Im(Z11)

Re(Z11)
                                                                               (6) 

In the RF range starting from 3 MHz-5 MHz going up to 
30MHz, the Q factor improved from 20-40 to 60-80 (Fig. (7)) 
by using the magnetic film. The low loss tangent of the 
magnetic film results in a higher quality factor. 

 
Figure. 7: Plot of Quality Factor vs frequency. 

For the measurement of PTE through S21 parameters, a 10 
turn receiving coil and an 8 turn transmitting coil was used. 
S21 indicates how much of the transmitted power is received 
at the receiving coil. If S21 (in dB) is positive, there is gain in 
power at the receiving coil, whereas a negative S21 implies that 
only a part of the transmitted power is received at the receiver. 
With no magnetic film, S21 was seen to be about -15dB at a 
little less than 20MHz (Fig. 8), whereas when the film was 
used, an improvement of about 5dB was seen at a lower 
frequency of 11MHz-12MHz.  

 
Figure. 8: Plot of S21 (dB) vs frequency. 

Power transfer efficiency is related to S21 as shown: 

 PTE (%)  =  
|S21|2

1−|S11|2
 × 100                                                                   (7) 
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But, 

 1 − |S11|2 ~ 0.5                                                                                                    (8) 

Therefore, 

 PTE (%)  =  2 x |S21|2  × 100                                                            (9) 

On plotting efficiency as a function of frequency (Fig. 9), 
a 2X improvement was seen, from 8% at about 18MHz 
without magnetic film, to 15%-16% at 12 MHz-14 MHz when 
magnetic film was used. This enhancement in efficiency can 
be attributed to increased coupling between the transmitting 
and receiving coil. 

 
Figure. 9: Plot of efficiency (%) vs frequency. 

A significant observation in the results for inductance, S21 
and efficiency was that the number of or the thickness 
magnetic films used had negligible impact on each of the 
factors. 

Therefore, the observed improvements in inductance (L), 
S21, power transfer efficiency and quality factor (Q) clearly 
illustrate the benefits of using magnetic films in coil cores for 
high efficiency and low loss wireless power transfer.  

IV. MICROSUPERCAPACITORS 

An all-solid-state-microsupercapacitor with graphene was 
fabricated using a simplified and low-cost method using 
polyvinyl alcohol (PVA) /H3PO4 gel electrolyte. Inter-
digitated Au electrodes coated with printed graphene and 
separated by insulating and permeable air-channels were 
employed to form the microsupercapacitor (MSC) electrodes. 

The fabrication process consisted of two key steps. First, 
two ultra-thin, inter-digitated gold electrodes were deposited 
using e-beam evaporation of gold on glass substrates. The 
shadow-mask evaporation of gold yielded two micro-
patterned interdigitated electrodes (IDEs) each with 10 fingers 
of 200μm width and 100μm interline spacing. A thin layer of 
Ti (50 nm) was used as an adhesion promoter between the 
glass substrate and 250 nm thick gold electrodes. 

Graphene ink used in this study was purchased from 
Sigma-Aldrich and consisted of a Graphene / Ethyl Cellulose 
(EC) powder dispersed in an 85:15 cyclohexanone/terpineol 
mixture at a concentration of 2.4 wt% (3.4 mg/mL graphene) 
by bath sonication [28]. The ink was further diluted by 

forming a 1:1 mixture of as-purchased ink and 85:15 
cyclohexanone/terpineol to reduce graphene concentration to 
1.7 mg/mL. This dilution was required to successfully form an 
aerosol using 0.6 ml of the ink in the ultrasonic atomizer of 
the Optomec Aerosol Jet Printer. The ink was atomized and 
printed through a micro-nozzle (250 μm diameter) directly on 
the inter-digitated Au electrode fingers at room temperature. 
The relatively low surface tension of this ink ~33 mN/m is 
designed for proper wetting of low-surface-energy substrates 
applicable to flexible electronics. Thirty layers of 
graphene/EC ink were printed using the Aerosol Jet technique 
which was sufficient to minimize sheet resistance after 
annealing [29]. Since the polymeric binder EC encapsulates 
graphene flakes following solvent evaporation, thermal 
annealing at 250˚C for 30 min was performed to obtain highly 
conductive graphene films.  

The geometry and morphology of the graphene coated Au 
electrodes was characterized by optical profilometry and 
scanning electron microscopy (SEM), following 
electrochemical activation of the electrodes. The 
electrochemical activation procedure (described below) 
caused dissolution of Au metal at the edges of the electrode 
resulting in an average effective thickness of 300 nm and 
average linewidth of 150 μm as shown in Fig. 10. The 
graphene-Au electrode had a thickness of 350 nm indicating 
that the printed graphene layer thickness was 50 nm or less 
which is in agreement with literature for aerosol jet printed 
graphene interconnects using a similar graphene ink [29].  

 
Figure. 10: Optical surface profiles showing the morphology of an IDE 

finger before and after graphene printing. 

SEM images of graphene-Au electrodes are shown in Fig. 
11, and subsequent Image analysis confirm both an average 
effective line thickness and IDE interspacing of 150 μm 
following electrochemical activation. The dissolution of Au at 
the edges of the electrodes is also evidenced by the jagged 
edges of the Au IDEs. The higher resolution SEM image 
shows the well-defined edges of the printed graphene sheets. 

Raman spectra of the printed graphene layer (Fig. 12) 
exhibited the three main peaks for all graphite and graphene 
samples, namely the D band around 1350 cm-1, the G band 
around 1580 cm-1, and 2D (or G’) band around 2700 cm-1. The 
single strong 2D peak with absence of an obvious peak 
doublet or shoulder indicates the presence of graphene instead 
of graphite. Further, the much broader and upshifted 2D band 
compared to monolayer graphene indicates the presence of 
bilayer or few-layer graphene sheets (2-4 layers) [30]. In 



addition, the D to G ratio is low about 39%, which confirmed 
the existence of primarily ordered graphitic bonding in the 
printed graphene with defects resulting mainly from exposed 
edges of graphene flakes. 

All electrochemical measurements were performed using 
a Gamry Instruments Interface 1000E potentiostat and a 
Princeton Applied Research (PAR) K0235 Flat Cell was used 
for measurements with 1 M Na2SO4 liquid electrolyte. Three 
electrode measurements used for activation and 
characterization of a single IDE incorporated an Ag/AgCl 
reference and Pt-coated mesh counter electrode. 
Electrochemical (EC) activation of each IDE was first 
performed using the three electrode setup by cycling at 100 
mV/s from -0.9 to 1.0 V vs. Ag/AgCl for 10 cycles. The 
purpose of EC activation was to improve the 
electrode/electrolyte interface by increasing electrolyte 
wetting of the electrode. For two-electrode measurements, 
PVA gel was applied across the MSC active region and 
allowed to cure for 6 hours at room temperature. 

 
Figure. 11: SEM images of the graphene-Au electrodes. 

 
Figure. 12: Raman spectra of graphene layer. 

 

 
Figure. 13: Photo of MSC EC testing with PVA gel electrolyte. 

For full-cell characterization of the MSC in PVA gel 
electrolyte (Fig. 13), cyclic voltammetry (CV) was performed 
at scan rates from 0.1 to 100 Vs-1 from 0 to 1 V as shown in 
Fig. 14 to examine capacitance characteristics at various 
charging rates. The near-rectangular CV curves indicate near-
ideal capacitance behavior of the MSC. Given that the printed 
graphene was nearly planar and did not provide a high surface 
area, the specific capacitance normalized to the solution-
exposed nominal area of the electrodes (~0.144cm2) was low, 
around 8μF/cm2 as shown in Fig. 15. The capacitance could 
be increased in the future through use of high area carbon 
electrode materials such as carbon nanotubes, vertical 
graphene, carbon nanotube forests, activated carbons etc. or 
by inclusion of redox active materials. 



 
Figure. 14: Cyclic voltammetry characterization of graphene-Au MSC in 

PVA gel electrolyte. 

 
Figure. 15: Specific capacitance determined using CV curves (at 0.5 V) at 

various scan rates. 

Electrochemical impedance spectroscopy using a 10 mV 
amplitude sinusoidal source voltage was used to analyze the 
electrochemical interface behavior over wide range of 
frequencies (10-1 – 105 Hz). The high frequency equivalent 
series resistance was about 32 ohms and the knee frequency at 
which the cell begins to behave like a capacitor is very high, 
at about 1 kHz. Albeit, at practical frequencies the series 
resistance is much higher.  

 
Figure. 16: Electrochemical impedance spectroscopy in PVA gel showing 

magnitude and phase Bode plots 

Galvanostatic charge-discharge curves showed a 0.04 V 
voltage drop when using 5 μA discharge current. Thus the 
series resistance in this case was 4 kΩ, and hence the power 
density of the microsupercapacitor at a practical frequency 
range (~ 1 – 100 Hz) is about 0.4 mW/cm2. Much higher 
densities can be achieved by scaling the electrode thickness.  

V. CONCLUSIONS 

Material and process innovations are demonstrated for 
enhancing performance and miniaturization of wireless power 
components. By utilizing advanced magnetic materials in the 
telemetry inductors, 4X enhancement in power transfer 
efficiency is achieved with solenoidal designs. Solid-state 
supercapacitors are achieved in planar architecture by 
integrating interdigitated graphene electrodes with solid-state 
electrolytes. By utilizing high-conductivity and nanoscale 
graphene electrodes, higher volumetric densities than 
traditional carbon-based supercapacitors are projected with 
this approach.  
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