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Abstract

The deployment of embedded near-field communication (NFC) wearable devices con-
tinues to grow with the Internet of Things (IoT). Constraints on bill of materials (BOM)
cost, representing all the components of a device, and available space lead manufacturers
to seek alternatives to implement wireless charging. This article introduces an antenna
solution to respond to requirements of NFC charging applications for smart ring form
factors. The proposed study includes electrical parameter modelling, estimation of in-
ductance, resistance, quality factor, and coupling coefficient together. This 3D helicoidal
antenna operates in quasi-magnetostatic mode. The different pairs are then compared
to existing representative planar reference antennas in simulation. The results are con-
firmed with experimental validation for the best case, worst case, and typical case. First,
the article presents the different antennas produced. It defines the pairs of antennas and
their respective coupling coefficients. The methodology to simulate and measure losses
is also presented. Then, the article compares a representative planar reference with a
prototype. The proposed methodology is validated through a comparison of simulations
performed with identical S-parameters. This comparison demonstrates both the robust-
ness of the model and the end-to-end charging performance of the prototype. Finally,
the article presents a comparative simulation at 2 W and 3 W for all prototype pairs. All
antennas provide improved end-to-end power transfer performance, achieving simulated
efficiencies up to 64.2%, representing a maximum absolute improvement of 26.2 percentage
points, with an average absolute improvement of 22 percentage points in the end-to-end
efficiency compared to pre-existing representative planar reference antennas at the same
operating power.

Keywords: NFC; NFC WLC; NFC charging; 13.56 MHz; antenna; antenna coupling; power
transfer; wireless charging; end-to-end

1. Introduction

NFC technology is widely adopted in IoT and medical applications. The NFC Forum
standard continuously evolves, with the 2021 version introducing NFC Forum Wireless
Charging (NFC Forum WLC). Manufacturers increasingly integrate NFC into compact
wearable devices such as smartwatches, fitness bands, and smart rings (such as Samsung’s
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Galaxy Ring [1]). These devices enable continuous health monitoring and facilitate services
like public transportation access. A key industrial challenge is waterproofing these devices
for everyday use. Additionally, miniaturization imposes strict dimension constraints. Smart
rings exemplify this trend and are particularly popular in the Asian market [2]. Achieving
waterproofing within extremely limited space while maintaining compliance with NFC
standards presents significant engineering challenges. The target market also determines
product quality criteria. Another important challenge for wearable devices is to include
wireless charging in small devices. Many of these connected devices already have NFC.
The challenge is to implement wireless charging without increasing the BOM [3]. The
coexistence and interoperability of wireless power transfer and NFC systems are critical,
as investigated in [4]. For medical applications, the ability to deliver wireless power to
a device with high efficiency and therefore enable battery-free operation is important for
future applications such as active implantable devices [5] or optogenetic implants with
highly constrained receiver volumes [6]. According to main market products, antenna
shapes are 2D, either circular, square, or rectangular, as developed in [7], indicated in [8-10]
or proposed as a dual-antenna flexible system in [11]. While commercial smart rings rely
on dedicated chargers, academic works have explored seamless charging alternatives. For
instance, ref. [12] proposed a wireless power transfer system to power a smart health
tracking ring using a smartphone’s reverse wireless charging feature.

This paper proposes a complete analytical and experimental methodology for the
design, modelling, and validation of concentric 3D helicoidal NFC antennas dedicated to
smart ring wireless charging. The proposed approach enables antenna performance to
be predicted before fabrication and demonstrates significant improvements in end-to-end
wireless power transfer compared to representative commercial planar antennas.

The core novelty of the proposed work lies in applying 3D helicoidal antenna geometry
to the highly constrained area of wearable wireless charging. Such geometries are usually
not used in these applications. Specifically, this paper implements an analytical modelling
framework compiled from classic electromagnetic formulations and validates it using
experimental prototypes wound on 3D-printed supports. Table 1 below summarizes the
main characteristics of the state of the art and of the work proposed.

Table 1. A comparison of the characteristics of the state of art against the proposed work.

End-to-End

Reference Frequency Antenna Geometry Antenna Size Efficiency (%) Application
[5] 13.56 MHz Planar circular =39 mm 56.50% Measured Medical implant
[6] 7.15MHz Planar rectangle 6 x 11.25 mm 4.10% Measured Optogenetic implant
[12] 170.07 kHz Curved planar rectangle 10 x 60 mm 13.39% Measured Smart ring
Planar reference 13.56 MHz Planar rectangular 20.3 x 5.3 mm 41.40% Simulated Small wearable
Proposed work 13.56 MHz 3D helicoidal J=215H=5mm 57.00% Measured Smart ring

Furthermore, a rigorous end-to-end power transfer efficiency comparison is con-
ducted, evaluating the proposed 3D helicoidal prototypes against representative planar
reference antennas.

2. Materials and Methods
2.1. Mechanical Constraints and Antenna Dimensions

The specific wearable device considered in this study is the smart ring. These devices are
experiencing significant growth in the Asian and North American markets, as shown in [2].
This application fundamentally constrains and defines the antenna dimensions. In the United
States, the most common ring size for women is 7.0 [13]. This size has an inner diameter of
17.3 mm. However, the average ring size for men is 11 [13]. This size corresponds to an inner
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diameter of 20.6 mm. On average, smart rings feature a thickness of approximately 2.6 mm
and a total height of approximately 7.5 mm, as indicated in Table 2 below.

Table 2. Dimensions of market smart rings according to references [14-23].

Smart Ring Name Height Thickness Reference
Evie Ring 8.00 3.00 [14]
Amazfit Helio Ring 8.00 2.60 [15]
Noise Luna Ring 8.00 2.90 [16]
Soxai Ring 6.70 2.70 [17]
Velia Ring 5.20 2.50 [18]
Oura ring 4 7.90 2.88 [19]
Circular pro 7.80 2.55 [20]
RingConn 8.10 2.30 [21]
Ultrahuman ring Air 8.10 2.60 [22]
Samsung galaxy ring 7.00 2.60 [23]

Average 7.48 2.66 X

Considering the constraints imposed by the external casing, a 2 mm clearance is allocated
between the inner diameter of the ring and the antenna. In terms of antenna height, a 1 mm
clearance is considered at both the top and bottom edges of the 7.5 mm average ring height.
This results in an available antenna height of 5.5 mm. To simplify fabrication, this value is
rounded to 5 mm. Based on these constraints, the theoretical receiver antenna diameters range
from 19.3 mm to 22.6 mm. These dimensions are standardized to 19.5 mm and 22.5 mm for
the sake of manufacturing. A third, intermediate receiver antenna is also designed with a
diameter of 21.5 mm. These three antennas share a common height of 5 mm.

Concerning the emitter antenna, which is integrated into the ring charging or polling
enclosure, two configurations are evaluated: one in which the emitter is positioned around
the ring and another in which the emitter is positioned inside the inner surface of the ring.
The medium-sized receiver makes it possible to assess the effect of the radius mismatch on
the coupling coefficient. By using only two emitters, both configurations can be evaluated
under best-case, worst-case, and intermediate distance conditions.

Maintaining a 2 mm mechanical clearance for the casing sets the maximum outside
limit and the minimum inside limit. These limits correspond to emitter antenna diameters
of 26.5 mm and 15.5 mm, respectively. The emitter axial length must be sufficient to provide
a uniform magnetic field over the entire coupling region. This length must correspond to
the 5 mm axial length of the receiver antenna. According to [24], when a solenoid emitter
is centred at the origin of an orthogonal coordinate system, the generated magnetic field
remains highly uniform in the central region. This region is equivalent to half of the length
of the antenna. Based on this criterion, an emitter length of 10 mm is selected for the 5 mm
long receiver antennas.

The antenna geometries were therefore selected according to the dimensional con-
straints of the targeted smart ring application. The chosen geometries are summarized
in Table 3 below and are then evaluated using the electromagnetic models described in
Section 2.2 below.

The objective was not to perform global geometrical optimization, but to identify
suitable antenna pair configurations within the available integration volume.

https://doi.org/10.3390/ electronics15184321


https://doi.org/10.3390/electronics15184321

Electronics 2026, 15, 4321

4 of 30

Ky =

Table 3. Dimensions of antennas based on average ring sizes indicated in [2].

Antenna Diameter (mm) Height (mm)
Large emitter 26.5 10
Small emitter 15.5 10
Large receiver 22.5 5

Medium receiver 21.5 5
Small receiver 19.5 5

2.2. Modelling of the Antenna’s Characteristics

Once the antenna geometries have been determined from the mechanical constraints
presented in the previous section, their electrical characteristics are analytically predicted
before prototype fabrication. The proposed methodology successively estimates the self-
inductance, AC resistance, quality factor, and magnetic coupling of each antenna pair.

The structural and electromagnetic characteristics of these antennas are calculated
with Equations (1)—(27). All distance units are meters (m), all inductance units are Henry
(H), and all resistances are in Ohm (Q):

471202 N2
Ly = TKN (1)

where a is the coil radius, b is the axial length, N is the number of turns, and Ky represents
the Nagaoka [25] correction factor calculated as follows:

kn"? 88 8
L[, w0 ), o0y] o
— 5 e\ T a7,
37 (0]1)(1 + “1)2 kn 2 q1 3 k!
The series expansions define the secondary parameters:
01 =q1* + ¢+ (©)
B1 =@ +30° +601"°, 4)
m=q 40" +99.°, (5)
o1 = 2q; —2q1* +2¢1°. (6)
The Jacobi theta functions depend on the parameter g;:
L n\’ n\’
q1—2+2<2> +15<2 , ()
1— Vky kn"
1+ vkn (1+k1\])(1+\/k1\])
where the geometric moduli are given as follows:
4a?
2 _

k= 4a? + b2’ ©)

b2

7 _

W= e (19)

kn =/ kn?, (11)
knt = v/ kn'2. (12)
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Truncating these equations to three terms provides sufficient accuracy for this application.
Alternatively, for quick verification, the Wheeler formula given in [26] adapted to SI
units can be utilized. Since the core consists of air, the magnetic permeability simplifies
to pop:
_ montN?r?
* h+4045d°

The total resistance R is modelled by considering both skin and proximity effects. As

(13)

demonstrated in the literature, the classic Butterworth-Medhurst equations shift drastically
when the length-to-diameter ratio drops below % < 0.2, requiring empirical correction
factors. However, this extreme flat geometry does not apply to our single strand, multiturn
3D coils. The total resistance [27] is expressed as follows:

Rs = Rycé. (14)

where R 4¢ is the standard high-frequency resistance including Rayleigh’s skin depth (6):

Ryc = Luwie. (15)

7
wirefs

P
0= ,/—0:, 16
Vrf (16)
Loire = N/ (7TD)* + p2. (17)

The proximity factor ¢ accounts for interturn magnetic constriction and depends on
the pitch diameter ratio x and the proximity effect of Medhurst a,:

¢ =1+apx? (18)
x = ’”7 (19)

With the self-inductance equations, Equations (1) or (13), and the resistance of the
antennas from Equation (14), we can calculate the quality factor of the antennas using Equation
(20) below from [28]. The frequency used is the NFC application frequency: 13.56 MHz.

(20)

The antenna shapes proposed in this work require significant modifications compared
to the efficiency of the usual planar reference antennas studied in [29]. At this point,
the calculations of mutual inductance and coupling coefficient are similar for various
antenna shapes:

From the self-inductances of Equations (1) and (13), the mutual inductance Mj, and
coupling coefficient k of the concentric solenoids can be estimated. When the emitter radius
is strictly smaller than the receiver radius, a direct flux geometric approximation is used:

2 Lyecei
Ho 7T Yemitter Nemitter (lrm.lm) Nreceiver
_ emitter 21
My, = . (1)

2
l eceive:
\/r?’ i 2 ( VLC[’ZZ)LF)

In this formulation, pg- 7T - Temitter> represents the peak magnetic flux per unit length

generated by the primary. The term N jtter (ll’m%) estimates the effective primary turns

overlapping the receiver length, while N;,.ier scales the total linkage to the number of turns
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of the receiver. The denominator \/ Troceiver® + (l""“’%) ? acts as a geometric attenuation
factor toward the receiver centre.

However, this approximation diverges when the emitter radius becomes comparable to
or larger than its length. In such very short coil configurations, end flux leakage dominates,
requiring a full elliptic integration. This integration is based on the Maxwell-Neumann
filament method, adjusted by Rosa and Grover [25], used by Grover works [30] and
indicated in Conway’s work [31]:

1

Lemitter receiver.

Ml2 _ (VONemitterNreceiver)/

2 2
Lo Lomitte / Lo MMaxwell(remitterr Treceivers Zemitter — Zreceiver)dzreceiverdzemitterr (22)
(Lemitterlreceiver) -ger J — ecgroet

2 2
Mo = o Fomrteaior (2= 9)K) = (2)E@)), @
y= (4 remitter”receiver) (24)

2 2\’
(( Temitter + rreceiver) + (zemitter - Zreceiver) )

where K(y) and E(y) are the complete elliptic integrals of the first and second kind:

Ky = [ ————n
0 /1 —y2sin®0
E(y) = /07 \/ 1 — y?sin?0d,. (26)

Finally, we can calculate the coupling coefficient k:

(25)

My

Lemitter Lreceiver

k= (27)

From Equations (1), (13), (14) and (20), we can complete Table 4 with the dimensions
of the antennas determined in Section 2.1:

Table 4. Modelled inductance and resistance of antennas at 13.56 MHz.

Diameter Height Number Pitch Calculated Calcsulated
Antenna Inductance Resistance Q
(mm) (mm) of Turns (mm)
(uH) ()

Large emitter 26.5 10 6 1.38 1.29 0.77 143
Small emitter 15.5 10 9 0.84 1.13 0.61 157
Large receiver 225 5 4 0.86 0.59 0.52 97
Medium receiver 21.5 5 4 0.86 0.56 0.49 98
Small receiver 19.5 5 6 0.54 1.13 0.98 98

By implementing antenna dimensions in Equations (21) and (22) and using the in-
ductances from Table 4 in Equation (27), we can calculate the coupling coefficient k of the

several pairs. The condition is that the antenna must be superposed and concentric, giving
Table 5:
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Table 5. Coupling coefficient calculated of antennas at 13.56 MHz for concentric position.

Emitter Receiver Appellation k
Small Small Small 1 0.57
Small Medium Small 2 0.49
Small Large Small 3 0.45
Large Small Large 1 0.47
Large Medium Large 2 0.56
Large Large Large 3 0.61

The modelled antennas are fabricated by winding copper wire with a diameter of
0.25 mm around 3D-printed supports and are presented in Section 3.1. The supports are
printed using PETG and PLA materials.

We can then verify the models and extract S-parameters to perform simulations
of power transfer. Those simulations use Keysight's Advanced Design System (ADS
v2024 update 1.1) software. To measure power transfer, a oscilloscope LeCroy HDO6054B
(Teledyne LeCroy, Chestnut Ridge, NY, USA) is used. For differential measurement, a
1P033 LeCroy differential probe (Chestnut Ridge, NY, USA) is used. For single-ended
measurements, a PP023 LeCroy probe (Teledyne LeCroy, Chestnut Ridge, NY, USA) is used
and connected to the board ground pins.

Impedance measurements are conducted using a Keysight E5061B (Keysight, Santa
Rosa, CA, USA) Vector Network Analyzer (VNA), coupled with a directional coupler
ZFBDC20-61HP+ (Mini-circuits, Brooklyn, NY, USA). To achieve high-power operations, a
oscilloscope amplifier by Bowen (Keolabs, Grenoble, France) is employed.

The wireless power transfer system consists of the ST NFC chip transmitter
and receiver.

Figure 1 shows the different steps of power transfer. The letters identify key steps
of the transmission and are used as references in this article. Table 6 below shows the
correspondence of the letters.

Emitter circuit ¢y \

EMI +
Matching

Antenna |

/" Receiver circuit

Power

available Switch

Figure 1. Power transfer circuit, from power supplied to transmission output.

The first steps A, B, and C of the emitter circuit are part of the chip used. This article
does not provide detailed information regarding the values or technologies embedded.

Step “D” represents the circuit after the NFC chip. It is composed of a differential EMI
filter circuit (inductance of 82 nH and a parallel capacitance of 680 pF on both side), and a
differential matching circuit (two serial capacitances on each channel connected by a third
parallel capacitance). The antennas represented in steps “E” and “G” can be simulated via
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inductances. The parameters of these inductances represent the antenna characteristics
calculated by using Equations (1)—(27) or measured using the VNA setup if the antennas
are realized. In this configuration, R; is the serial resistance of the inductance while Ls is
the self-inductance value. Then, a mutual block is added to the simulation to incorporate
the coupling coefficient linking both inductances. The coupling coefficient can be calculated
or extracted from measurement.

Table 6. Association of steps in Figure 1.

Step Part of the Power Transfer

A Power source
Low drop out losses
Radio frequency output driver losses
Electromagnetic interference filter (EMI) and impedance matching losses
Emitter antenna losses
Coupling losses
Receiver antenna losses
Diode bridge losses
Switch on charging enabling losses

—~ T OTEHIN™

Another solution is to measure and implement the S2P parameter of the antenna pair.
Step “H” is a bridge rectifier made of four diodes. Step “I” is a switch made of two NMOS
and one PMOS, enabling the activation or deactivation of charging. The power available
after the losses due to the switch (step “1”) represents the power available at the end of the
transfer. It is the power available to charge a battery or provide power to other components
of the device.

Since the primary focus of this work is the electromagnetic design, coupling, and spa-
tial integration of the 3D helicoidal antennas, the antenna parameters (presented in Table 3,
Tables 11 and 12) and their coupling coefficients (Table 13) are fully reproducible. The
active transmitter chip chain (Steps A to C) is treated as a proprietary driver delivering the
operating power, and its specific microelectronic layout is outside the scope of this paper.

For simulation purposes, the physical setup is reproduced in the simulation envi-
ronment. The antennas are characterized using a Vector Network Analyzer (VNA), and
S-parameters are measured.

An alternative approach to simulate antenna behaviour involves measuring the an-
tenna parameters at the target frequency, 13.56 MHz for NFC applications, followed by Sj;
parameter measurement at the same frequency. First, the Z-parameters are extracted from
the S2P file. Subsequently, the resistive (R) and reactive (X) components of the impedance
(Z) are obtained, as shown in Equation (28). Then, the antenna parameters can be extracted
from S2P files using straightforward calculations (Equations (29)—(32)):

Z11 = Ry +jXq1. (28)

From these parameters, the antenna characteristics can be extracted as a function of
frequency f (Equations (29) and (30)):

X
Lt = 3007 (29)
Rs), = Ry1. (30)
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Equation (31) presents the formula provided by [25]:
M
k = —— 31
vV Ll * L2 ( )
The application of Equations (29) and (31) results in Equation (32):
X
k = 21 (32)

NoCTED Y

The shape of the antenna’s 3D-printed support ensures a consistent antenna position
during measurements, as shown in Figure 2.

(a) (b) (c)

Figure 2. The 3D-printed alignment support (a) alone, (b) with only an emitter antenna (c) and with
an antenna pair. Note: Minor variations in the 3D-printed support colour between white, or grey are
due to different batches; all polymers (PETG/PLA) used during fabrication have negligible impacts
on the electromagnetic behaviour of the antennas.

The antennas dimensioned at the beginning of Section 2 are fabricated. They represent
two helical emitters (presented in Figure 4) and three helical receiver antennas (presented in
Figure 5). The antennas differ in diameter, pitch, and number of turns. The largest receiver
has fewer turns.

First, all antennas are individually characterized by extracting S1; parameters and the
equivalent series circuit parameters (inductance Lg and resistance Rg). Subsequently, all
emitter receiver pairs are measured with and without ferrite. Three ferrite shapes (Figure 3)
corresponding to three different ferrite materials are evaluated. Their dimensions are
indicated in Table 7.

22 mm 20 mm

13 mm

12
mm

12
mm

24 mm 24 mm

(a) (b) (©)

Figure 3. Ferrite shapes. (a) Rod. (b) Thin tube. (c) Thick tube.

Table 7. Dimensions of different ferrite shapes.

Ferrite Shape Outer Diameter Inner Diameter Height (mm)
(mm) (mm)
Rod 13 0 12
Thin tube 24 22 12
Thick tube 24 20 12
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The physical integration of ferrite materials, as described in Figure 3 or Table 7, within
the operating volume of antennas significantly alters the electromagnetic behaviour of
the inductive link between the emitter and receiver antennas [32]. The high magnetic
permeability (p,) of the ferrites concentrates and channels the magnetic flux lines, shielding
the system and mitigating magnetic leakage [33]. Consequently, both self-inductances (L)
of the antennas and their mutual inductance (Mj,) increase [34]. This phenomenon also
improves the coupling coefficient of the antenna pairs if the ferrite surface is placed at
the superposition of the fields of both antennas. However, adding ferrites at 13.56 MHz
also induces effects in the ferromagnetic substrate such as eddy currents. It leads to an
additional AC series resistance (R;4¢), impacting the antenna’s resistance and quality factor.
Balancing the enhancement in inductive parameters against quality factor deterioration,
among other effects, such as increased Joule’s effects, defines the boundaries required to
optimize magnetic coupling without compromising the end-to-end efficiency.

The shapes of the printed antennas ensure that all receiver antennas have the same
position in the operating volume of the emitter antenna.

At this point, the S2P file of the selected pairs is used to perform impedance matching
at2 W and 3 W and to simulate power transfer.

The input and output power of each step are extracted to estimate the losses of them.
There are three exceptions:

The losses in the LDO are calculated by applying Equation (33) using the current and
drop-out voltage of the chip component.

Prpo = Vipo * IrLpo- (33)

Other exceptions are antennas; the losses are calculated by converting the peak voltage
into RMS (root mean square) via Equation (34). Equation (35) extracts the parallel equiv-
alent resistance of the antenna to consider the whole antenna as a resistor. It enables the
calculation of the Joule’s effect losses with Equation (36).

[1 /T
VRms = %/0 o(t)’t, (34)

(wLs)?
Ry = R (35)
Vs>
Pjoule = R, (36)
p

The last exception is the coupling losses. They are recalculated in Equation (37) using
the power available at each antenna, the losses in each antenna and the power available.

PCoupling = PEmitter Available — PEmitter Ant — PReceiver — PReceiverAnt — Pout Available- (37)

Then, the antennas pairs are matched, and the power transfer is measured to confirm
the simulations. The measured losses are extracted from the measurements made on the
board. All measurements are performed in differential between the two lines of the system
using a differential probe. After the diode bridge, the measurement is performed using a
regular single probe. All voltages are measured in rms values. Currents are measured with
portable multimetres to perform non-intrusive measurements (without ground noise from
the bench power supply). The batteries are connected to avoid the usage of direct current
(DC) power supply and ground noise. The usage of the differential probe makes it possible
to bypass ground noise during differential measurement. It might have a light impact for
DC voltage measurement after the diode bridge. Below are the calculations for each step of
the power transfer:
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Estimation of the source power is performed with Equation (38). It uses the internal
driver resistance, the output driver impedance, and the driver’s source voltage.

2
. Step
Sln(” * Z*StepMﬂx) 2% /2
s

Rioad + 2 * RoutDriver * Vscbrioer * * (Rioad + 2 RoutDriver ) (38)

P ScMeas —

The losses due to the low drop-out are extracted from the chip driver’s current and
the theoretical drop-out voltage, as shown in Equation (39).

. Step
sm(rc * Z*StepMux) V. 2%4/2
* VScDriver *
RLoad + 2% ROutDriver

PrpoLosses = * VLDOth' (39)

The losses due to the driver’s resistance are extracted from the chip driver’s current
and internal resistance, as shown in Equation (40).

2
. Step
Sll‘l(T[ * Z*StepMax> V. 2%4/2
* VScDriver *
RLoad +2x% ROutDriver 7T

PRrrorosses = * (2% RowtDriver)- (40)

The losses due to the chip’s input driver are not considered in this article (in grey in
Figure 1). This article is focused exclusively on wireless power transfer applications without
communication. However, it could be calculated from the driver’s internal and external
resistances and the voltage at the antenna connected to those resistances. Equation (41)
below shows the losses.

VRMS Ant

_ (2*RlnDriverexf+RInDriverint)
PI” putgriverLosses 2 : (41)

The losses due to the EMI filter are extracted using the driver’s output current and the
filter inductance’s parasitic serial resistance, as shown in Equation (42) below.

2
. Step
sm(n * 2xStepp1ax ) V. 2%4/2
* VScDriver *
RLoud +2x ROutDriver 7T

PEMILosses = * (2 * REMI)- (42)

Equation (43) shows the antenna losses. The antenna voltage and the equivalent
parallel resistance, which is estimated with Equation (35), are used to calculate these losses.

% 2
AntRMS (43)

PAntLosses = Ry AniE
pAntLq

Equation (44) extracts the losses due to the diode bridge, using the output current of
the diode bridge and the forward voltage threshold of the diodes.

PBridge = 2% VEgiode * IBridgeout (44)

The switch’s losses are extracted from Equation (45) below, using the current at the
output of the bridge and the resistance drain source of the PMOS used.

2
Pswitch = Rpson * IBridgeout (45)
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The coupling losses are estimated from the total emitter and receiver losses, the source
power, and the available power, as shown in Equation (46) below.

PCouplingLosses = PscMeas — PEmitLosses — PReceivLosses — PAvﬂilable_Out (46)

Available power is calculated from the output current and voltage of the transmission,
as shown in Equation (47) below.

P pvaitable_out = Lout * VRMSOut (47)
Table 8 is a summary of all parameters used in Equations (38)—(47) above.

Table 8. Parameters of wireless power transfer at 2 W and 3 W.

Parameter Value for 2 W Transmission  Value for 3 W Transmission Units

Source voltage 6.25 7.60 \%
Driver resistance 0.40 0.40 (@)
LDO voltage drops 0.20 0.20 Vv

EMI inductance 82.00 82.00 nH

EMI capacitance 680.00 680.00 pF
Matching serial capacitance Depends on antenna Depends on antenna pF
Matching parallel capacitance Depends on antenna Depends on antenna pF
Forward voltage of diode 0.36 0.36 \%
Switch resistance RDSON 0.33 0.33 Q
Aimed load of NFC chip 13-17j 13-17j Q
Output load Depends on charging current Depends on charging current (@)

Table 9 indicates the simulated values of the matching network for each antenna pair.
The charging current defined is 50 mA.

Table 9. Values of matching capacitances and output load for wireless power transfer at 2 W and 3 W.

Pair Power Cs (pF) Cp (pP) Load (©2)
Small 1 2W 213 90 110
Small 2 2W 232 33 110
Small 3 2W 196 69 110
Large 1 2W 145 60 110
Large 2 2W 179 73 110
Large 3 2W 212 33 110
Small 1 3W 186 111 110
Small 2 3W 165 83 110
Small 3 3W 180 81 110
Large 1 3W 136 65 110
Large 2 3W 213 49 110
Large 3 3W 193 48 110

Table 10 indicates the values of the matching network for “Small 17, “Small 2”, and
“Large 1” pairs used for the simulation and measurement with alternative configurations.
The charging current used remains at 50 mA.

The values used in Tables 9 and 10 correspond to the components used to match the
NEFC chip output load as closely as possible to the target specifications defined in Table 8.
The discrepancies between the simulated and practically implemented values are due to
the available capacitances’ values.

https://doi.org/10.3390/ electronics15184321


https://doi.org/10.3390/electronics15184321

Electronics 2026, 15, 4321 13 of 30

Table 10. Values of matching capacitances for wireless power transfer simulation and measurement

at3 W.
Pair Method Cs (pF) Cp (pF)
Small 1 Simulated 191 91.0
Small 2 Simulated 176 79.0
Large 1 Simulated 137 64.0
Small 1 Measured 280 79.0
Small 2 Measured 192 52.6
Large 1 Measured 146 64.0

The matching methodology consists of first simulating the power transfer using mea-
sured S2P antenna files. Then, the matching network is set to match the target specification
impedance at the output of the chip. The prototype board is then assembled with the closest
component values possible. The matching is modified to reach the closest impedance to
the target value. Finally, simulation matching is adjusted to provide an NFC chip output
load impedance similar to the measured value.

3. Results
3.1. Antennas

This paper provides a summary of the different emitter antennas’ dimensions and char-
acteristics. For the sake of simplicity, the antennas are named “Large emitter” (Figure 4a)
and “Small emitter” (Figure 4b).

o Bgrrn 15.5 mm

(a) (b)

Figure 4. Prototype emitter antennas. (a) Large emitter antenna; (b) small emitter antenna. Note:
Minor variations in the 3D-printed support colour grey is due to different batch; all polymers
(PETG/PLA) used during fabrication have negligible impacts on the electromagnetic behaviour of
the antennas.

3.1.1. Emitter Antennas

Table 11 shows the different antennas’ dimensions and their characteristics.

Table 11. Dimensions and characteristics at 13.56 MHz of emitter antennas.

Antenna Diameter  Height = Number Pitch Support  Inductance  Resistance 0
(mm) (mm) of Turns (mm) Material (uH) Q)
Large emitter 26.5 10 6 1.38 PETG 1.27 0.85 127
Small emitter 15.5 10 9 0.84 PETG 1.00 0.78 109

Both emitter antennas are represented in Figure 4 below. The large emitter antenna is
the one used in Figure 2b.

The measurements performed on the emitter prototypes reveal values close to those
calculated in Section 2.2, thereby validating the models used for these applications.
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3.1.2. Receiver Antennas

The following is a summary of the different receiver antennas” dimensions and charac-
teristics. The measurements performed on the receiver prototypes reveal values close to
those calculated in Section 2.2., thereby validating the models used for these applications.

There are three different receivers. One is small, similar to the small emitter; the
two others are closer to the large emitter. For the sake of simplicity, these antennas are
named “Large receiver” (Figure 5a), “Medium receiver”, and “Small receiver” (Figure 5b)
in this paper.

22.5 mm 19.5 mm

(@) (b)

Figure 5. Prototype receiver antennas. (a) Large receiver antenna; (b) small receiver antenna. Note:

Minor variations in the 3D-printed support colour between white or black are due to different
batches; all substrate polymers (PETG/PLA) used during fabrication have negligible impacts on the
electromagnetic behaviour of the antennas.

Table 12 shows the different antennas’ dimensions and their characteristics.

Table 12. Dimensions and characteristics at 13.56 MHz of receiver antennas.

Diameter  Height Number Pitch Support  Inductance Resistance

Antenna (mm) (mm) of Turns (mm) Material (uH) Q) Q
Large receiver 22.5 5 4 0.86 PLA 0.59 0.51 99
Medium receiver 21.5 5 4 0.86 PETG 0.56 0.49 97
Small receiver 19.5 5 6 0.54 PETG 1.10 0.90 104

Two of the receiver antennas are represented below. The small receiver antenna is
also the one used in Figure 2c. The antennas are 3D-printed, with different batches, so the
colour may change but the materials are similar in terms of electromagnetic behaviour.

3.1.3. Antenna Pair Measurements

The different emitters are measured with all receiver antennas. All measurements
are performed with the VNA and the same parameters. Table 13 presents the emitter and
receiver antennas, the S12 parameter at 13.56 MHz and the calculated coupling coefficient
“k” that is represented in Figure 6. The materials used for 3D printing have almost no
impact on the antenna characteristics, as indicated by [35,36]. This is confirmed by the
negligible difference between the values in Tables 4 and 11-13.

The coupling coefficient displays a difference of 5% with the estimated coupling
coefficient in Section 2.2. All of the modelled parameters are validated by measurements.
Some differences are still present due to the accuracy of the measurements and the 3D
printing process. The model and realization are precise enough for the applications in this
article. These applications focus on power transfer and end-to-end efficiency with the NFC
3D-shaped antenna design.
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Table 13. Coupling coefficient of antennas at 13.56 MHz.

Emitter Receiver Appellation k Distance (mm)
Small Small Small 1 0.58 2.00
Small Medium Small 2 0.48 3.10
Small Large Small 3 0.45 3.50
Large Small Large 1 0.47 3.50
Large Medium Large 2 0.56 2.40
Large Large Large 3 0.60 2.00

0.60 m 0-60
0.56
4 0.58 -
£ 0.55
=
=
-
2 0.50
S 0.47
g0 u
£045 0.48
=9
3 0.45
040
2.0000 2.2000 2.4000 2.6000 2.8000 3.0000 3.2000 3.4000

Radius difference (mm)

Thin_poller

= Large_poller

Figure 6. Coupling coefficient depending on radius difference for thin and large emitters.

The radius difference represents the distance between the antennas for concentric

solenoids. The analysis of the distance impact on the coefficient coupling is represented in

Figure 6.

The application of ferrite rods as shown in Figure 3a at the centre of the coils has an

impact on the coupling coefficient, as shown in Table 14.

Table 14. Coupling coefficient of antennas at 13.56 MHz with E11 ferrite rods.

Pair k Distance (mm)  Ferrite Surface (mm?)  Emitter Surface (mm?)
Small 1 0.79 2.00 132.73 188.69
Small2  0.70 3.10 132.73 188.69
Small3  0.67 3.50 132.73 188.69
Large 1 0.62 3.50 132.73 551.55
Large 2 0.70 2.40 132.73 551.55
Large3  0.67 2.00 132.73 551.55

3.1.4. Representative Planar Reference Antennas

As mentioned in the introduction, a typical use case for NFC charging is the ring.

In [9], a scan of a well-known product is provided, as shown in Figure 7a,b. This is the type

of antenna referred to as the reference antenna in this article.

From the images available in [9], the dimensions of the antennas can be estimated

at 20.5 mm x 4 mm for the ring antenna and 20 mm x 4.5 mm for the case antenna.

Those values represent a similar surface area compared to the reference antenna pair

present in the standards. Therefore, the antennas presented in Table 15 can be used as

representative planar reference antennas. These planar antennas are conformal to the shape

of the packaging. In this manuscript, the pair used for this configuration will be called

“planar reference”. Table 15 below indicates the measured parameters of these antennas:
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(a) (b)

Figure 7. Well-known market product antennas obtained with computed tomography scans. (a) Ring
antenna. (b) Case antenna and ring. Obtained from [9].

Table 15. Dimensions and characteristics of representative planar reference antennas at 13.56 MHz.

Track Track

Antenna Length  Width Number Pitch Material Width Thickness Inductance Resistance Q
(mm) (mm) of Turns (mm) (uH) Q)
(mm) (mm)

Emitter 23.0 4.85 2 0.15 Copper 0.5 0.07 0.11 0.34 27

Receiver 20.3 5.30 3 0.15 Copper 0.3 0.07 0.22 0.52 36
Emitter + Ferrite

MQ15 23.0 4.85 2 0.15 Copper 0.5 0.07 0.15 0.39 32
Receiver + Ferrite

MQ15 20.3 5.30 3 0.15 Copper 0.3 0.07 0.33 0.68 41

These antennas are used for the following simulations. They are evaluated under a
similar operating setup as that of the prototype antennas; the matching values are modified
to obtain similar impedance at the output of the NFC chip. The planar reference antennas
are made on PCB with rectangular tracks. The substrate is a 0.8 mm thick FR4 substrate.
These antennas represent a pre-existing reference of normative antennas for small wearable
NFC wireless charging applications. As such, they existed prior to this study and were not
specifically developed for this work, allowing them to serve as an independent baseline. The
parameters indicated in Table 15 have been measured with the same VNA configurations
as the measured parameters of the prototype antennas in Tables 11 and 12. The dimensions
in Table 15 have been extracted from the antennas of Gerber’s files.

The coupling coefficient of these antennas decreases as the gap between the antennas
increases. Table 16 below shows this variation.

Table 16. Coupling coefficient of reference antennas at 13.56 MHz depending on distance.

Emitter (mm) Receiver (mm) k Distance (mm)
0.31 0.75
0.19 1.50
0.12 2.25
23 x 4.85, 2 turns 20.3 x 5.3, 3 turns 0.08 3.00
0.06 3.75
0.05 5.00

Measurements were also performed for the reference antennas with a ferrite sheet.
Their coupling coefficient fluctuates, as shown in Table 17.
Table 18 below represents all antenna values, both simulated and measured.

https://doi.org/10.3390/ electronics15184321


https://doi.org/10.3390/electronics15184321

Electronics 2026, 15, 4321

17 of 30

Table 17. Coupling coefficient of reference antennas at 13.56 MHz depending on distance with MQ15
ferrite sheet.

Emitter (mm) Receiver (mm) k Distance (mm)
0.39 0.75
0.24 1.50
0.15 2.25
23 x 4.85, 2 turns 20.3 x 5.3, 3 turns 011 3.00
0.08 3.75
0.06 5.00

Table 18. Simulated and measured antenna characteristics.

Simulated Simulated . Measured Measured
Antenna Inductance (uH) Resistance (Q2) Simulated Q Inductance (uH) Resistance (Q2) Measured Q

Large emitter 1.29 0.77 143 1.27 0.85 127
Small emitter 1.13 0.61 157 1.00 0.78 109
Large receiver 0.59 0.52 97 0.59 0.51 99
Medium receiver 0.56 0.49 98 0.56 0.49 97
Small receiver 1.13 0.98 98 1.10 0.90 104
Planar emitter X X X 0.11 0.34 27
Planar receiver X X X 0.22 0.52 36

3.2. First Power Transfer Simulations

The objective of these simulations is to predict the physical power variation and
end-to-end efficiency of the power transfer, as well as to localize the steps presenting
the primary losses. For this study, a target validation threshold of 5 percentage points is
defined for the absolute agreement between the simulated and measured overall end-to-
end efficiency. This target is mathematically and physically justified by the tolerance of
the passive components in the matching network and EMI filter (Step “D”). These are
made of two successive components each. Since each individual SMD component has a
manufacturer tolerance of +£2%, the worst-case cumulative tolerance of these blocks alone
can reach up to 4% relative error. We round this value to a 5 percentage point difference.
This represents an ideal threshold that does not account for additional experimental sources
of error, such as VNA measurement tolerances, differential probe calibration uncertainties,
or manual positioning of the prototype coils. Nevertheless, the custom alignment support
shown in Figure 2 is designed to ensure a highly reproducible concentric alignment between
the transmitter and receiver antennas.

It is important to emphasize that this 5% criterion is applied strictly to the overall
end-to-end power transfer efficiency, which represents the primary focus of this study. The
individual step-level losses are not bound by this strict criterion, as cumulative modelling
and measurement uncertainties tend to concentrate within intermediate steps, particularly
from Step “E” onward. These deviations may result from variations in the antenna electrical
characteristics, coupling efficiency, dynamic power circulation, and Joule’s effects.

To simulate the antenna pairs, S-parameters files are used. To obtain the most valuable
comparison, the distance between the reference antennas is 0.75 mm. It is the distance
showing the highest coupling coefficient, as shown in Tables 16 and 17.

The first pair realized is the “Small 1” pair. It is used for an end-to-end power transfer
comparison with the reference antenna pair. First, the comparison is made at 2 W and then
a second comparison is performed at 3 W. In both cases, the power source is fixed, and the
impedance matching indicates similar impedances. The power emitted is indicated at the
output of the NFC chip. The coupling coefficient of the antennas is extracted from the S2P
measurements. These simulations are made for wireless charging exclusively. This choice
enables reaching the maximum power available at the output of the circuit.
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3.2.1. Simulation of the End-to-End Power Transfer at 2 W

Figure 8 represents the power budget using the prototype pair “Small 1” and the
planar reference pair for a power transfer at 2 W. In the present work, “power budget”
defines the evolution of the power available at each step of the power transfer from the
power supply to the output power available.

2.28 2.20
220 508

2.00
1.80
1.60
1.40

1.20

Power budget (W)

1.00
1.02

0.80

D E F G H I
Steps

Reference ———Small 1

Figure 8. Power transfer at 2 W for representative planar reference pair and prototype antenna pair
“Small 1”.

It shows that the power at the source (Step “A”) is equivalent at 2.28 W, reaching
2.0 W at the NFC chip output. The losses due to the chip, the EMI filter, and impedance
matching are also similar, as they depend on the supplied power rather than antenna
selection. Between Step “E” and Step “1”, a 56.3% relative increase in the power received is
reached by using the “Small 1” pair antenna. The power increases from 0.87 W with the
planar reference antennas to 1.36 W with the prototype antennas.

The pie charts in Figure 9a,b show the source power lost in different areas. They
include losses in the emitter, antennas, and coupling in the receiver. The charts also display
the power that is available at the end of the transmission. For the 2 W simulations, the
end-to-end efficiency achieves a total 22 percentage point improvement (from 38% to 60%
end-to-end efficiency) with “Small 1” instead of the reference pair.

Reference Small 1

4 ~

’/

4.57
m Emitter losses = Emitter losses
= Antennas & coupling losses = Antennas & coupling losses
m Receiver losses = Receiver losses
Power available Power available

@ (b)

Figure 9. Power repartition at 2 W for system. (a) Using planar reference pair. (b) Using prototype
antenna pair.
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In Figure 9, the improvement in the available power for the circuit or to charge a
battery is higher (21.67% difference). The power lost in the antennas and coupling is lower
(24.98% difference). This improvement shows that the objective of the 3D antenna design
is achieved.

3.2.2. Simulation of the End-to-End Power Transfer at 3 W

The simulation at 3 W shown in Figure 10 indicates the same power transfer behaviour
as the testat2 W.

3.50 3.28 318

3.00

N
ul
S

N
o
S

=
€]
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Power budget (W)

1.37 1.36

=
o
S

0.50

0.00

A B C D Steps E F G H I

Reference ———Small 1

Figure 10. Power transfer at 3 W for planar reference and prototype antenna pair “Small 1”.

An increase in the losses in the first steps of each configuration is present. This is
due to the amount of power being higher. This causes an increase in the amount of power
dissipated by Joule’s effect. Despite this increase, the losses from Steps “A” to “D” are still
similar for both pairs. The amount of power dissipated at each step increases. The power
available at Step “1” is still better with the prototype, reaching 1.85 W instead of 1.36 W for
the planar reference pair. This represents a relative increase of 36% in the final available
power with the “Small 1” pair compared to the representative planar reference pair.

The pie charts presented in Figure 11a,b are made of the same groups as in Figure 9a,b.
They show the global improvement due to the solution.
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Figure 11. Power repartition at 3 W for system. (a) Using planar reference antennas. (b) Using

prototype antenna pair “Small 1”.
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At 3 W, the power available at the end of the transmission is improved for the reference
compared to the 2 W transmission. For the prototype “Small 1”7, the available power is
less, with 56% of the source power transmitted against 60% at 2 W. But the end-to-end
transmission at 3 W is still more efficient with the prototype (56%) than the reference (41%).
It represents a 15 percentage point gain in end-to-end power transfer efficiency.

3.3. Power Transfer Measure

To check the simulation, the “Small 1” pair is connected to boards used for NFC
charging. The setup used in the simulation is reproduced to compare the losses measured
to the losses simulated. Figure 12 shows the power budget of the pair “Small 1”7 in
simulation and in measurement. The gap between the measured and simulated end-to-end
efficiency must comply with the 5 percentage point maximum difference criterion defined
at the beginning of this section.

279 271
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7 &77 1.77

1.7 1.81 1.80 157 .
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Steps

= Q
o 9
o]

——>Small 1 Simulated Small 1 Measured
Figure 12. Comparison of simulated and measured power budget for “Small 1” pair.

Both curves remain parallel. This indicates equivalent losses at each step in simulation
and in measurement. The steps showing a difference between measurement and simulation
are Steps “E” to “G”, involving the emitter antenna, the coupling losses, and the receiver
antenna. The difference can be explained by the way the S2P file is measured. The antennas
are nested in a concentric way without any other components connected. The measurement
is performed at 0 dBm. During the measurement, the diode bridge is connected, introducing
non-linear behaviour, and the power going through the antennas is different from 0 dBm.
The loss difference of these three points is displayed in Table 19 below.

From these values, we can calculate both end-to-end efficiencies. The simulation
efficiency is 55.56%. The measured efficiency is 58.30%. The difference between those
two efficiencies is 2.74 percentage points or a 4.94% relative error. The criterion chosen
due to the power transfer architecture is 5 percentage points. The simulation is still in
line with this criterion. Furthermore, the coupling losses are dependent on the antennas’
losses and the power available. There is still an important difference in the coupling losses
(Step “F”). This is due to the calculation of these losses, presented in Equation (37). This
calculation inherits the uncertainties stemming from the measurement and modelling of
the whole power transfer. The calculation of the coupling losses is also affected by the
receiver antenna not being tuned. It generates losses that are included in the coupling due
to receiver antennas. Therefore, it does not invalidate the accuracy of the simulation.
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Table 19. “Small 1” pair analysis of simulation and measurement differences.
Losses in Losses in Flat Absolute Step Yield Step Yield Percentage R;liztllc;/e
Step Simulation Measurements Difference Difference Simulated Measured Points Difference
W) (W) (mW) (%) (%) (%) Difference (%)
A 2.79 2.71 80 2.87 X X X X
B 271 2.63 80 2.95 97.13 97.05 0.08 0.09
C 2.57 2.50 70 2.72 94.83 95.06 0.22 0.24
D 2.44 2.37 70 2.87 94.94 94.80 0.14 0.15
E 222 213 90 4.05 90.98 89.87 1.11 1.22
F 1.77 1.81 40 2.26 79.73 84.98 525 6.58
G 1.77 1.80 30 1.69 100.00 99.45 0.55 0.55
H 157 1.60 30 191 88.70 88.89 0.19 0.21
I 1.55 1.58 30 1.94 98.73 98.75 0.02 0.02
End-to-end
efficiency 55.56% 58.30% X 4.94% 55.56% 58.30% X X
(%)

Consequently, the simulation is validated as a reliable tool for end-to-end power

transfer estimations and comparison because of the simulation being highly representative

of the physical measurements.

3.4. Power Transfer Simulation

3.4.1. Power Transfer Simulation at 2 W

Figure 13 compares the simulation at 2 W of all the prototype pairs presented in

Table 5.
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Figure 13. Power transfer at 2 W for all antenna pairs.

Large 1

All the simulations have the same source power applied and the same losses from

Steps “A” to “D”. The impedance matching of each simulation allows us to obtain the same

power source at Step “A”, namely 2.28 W. This power source with a drop-out voltage of
0.2V at Step “B” provides 2.0 W at Step “C”, designating the NFC chip output. The losses
due to the EMI filter and impedance matching at Step “D” are the same for every pair if the

chip configuration is the same. The antenna pair are not the same, so their characteristics

indicated in Tables 11 and 12 vary, causing voltage fluctuations and equivalent resistance

Ry shifting. This generates different losses for every antenna at Steps “E” and “G”. The

coupling coefficient of each pair is different, as indicated in Table 13, explaining the loss

difference at Step “F”. From this point, all the voltages are different. This is due to the
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power source being transmitted by the emitter antenna to the “receiver” part via non-
perfect coupling.

Table 20 shows the average losses of all prototype pairs, their standard deviation, and
the reference values.

Table 20. Statistics of the losses of the 2 W power transmission compared to the reference values.

Step Average (mW)  Standard Deviation (mW) Reference Flat Value (mW)

A 0.00 0.00 0.00
B 81.68 0.07 81.60
C 129.87 0.29 130.20
D 130.02 0.27 130.30
E 296.95 93.49 918.00
F 88.43 28.40 0.10
G 6.18 2.02 50.70
H 163.87 12.60 97.70
I 17.25 2.02 6.60

Table 20 confirms the similarity of Steps “A” to “D” for all pairs. The proposed
prototypes exhibit low standard deviations. This indicates great performance for various
3D geometries. The losses represented in Step “E” are due to the Joule’s effect at the
emitter antenna. The proposed antenna design achieves an average emitter loss reduction
of 67.6% (reducing Step “E” losses from 918 mW with the planar reference to an average
of 296.95 mW for the prototypes). However, the losses of the receiver are higher with the
prototype than the planar reference. This phenomenon is due to the increase in the power
successfully coupled and transferred to the receiver side.

The average end-to-end total losses of the prototypes are 0.91 W or 60% end-to-
end efficiency, compared to 1.42 W or 38% end-to-end efficiency for the planar reference.
The average absolute gain of end-to-end efficiency achieved with the 3D prototypes is
22 percentage points at 2 W.

It is also important to note the increase in Step “F” average loss (representing coupling
losses) with the prototypes compared to the planar reference. This increase is due to the
method used in Equation (37). The planar reference antenna is subject to important Joule’s
effect losses at the emitter antenna. This implies a reduction in the absolute power entering
Step “F”. Consequently, even with a lower coupling coefficient k, the absolute amount of
power dissipated is lower than the amount of power dissipated with the prototype antennas.
This phenomenon demonstrates the importance of comparing antenna pairs in terms of the
coupling coefficient k or the absolute power dissipated during power transmission.

3.4.2. Power Transfer Simulation at 3 W

All of the prototype pairs presented in Table 5 have been simulated. All of the power
transfers represented at 3 W are presented in Figure 14 below.

All the simulations have the same power supplied from Steps “A” to “D”. The
impedance matching of each simulation allows us to obtain the same power source at “A”,
namely 3.28 W. This power source with a drop-out voltage of 0.2 V at “B” allows the chip to
obtain 3.0 W at Step “C”. The losses due to the EMI filter and matching at Step “D” are the
same for every pair. The antenna pair are not the same, so their characteristics indicated in
Tables 11 and 12 vary, causing voltage variations and equivalent resistance R, variations.
This generates different losses for every antenna at Steps “E” and “G”. The coupling
coefficient of each pair is different as indicated in Table 13, explaining the loss difference at
Step “F”. From this point, all the voltages are different. This is due to the power source
being transmitted by the emitter antenna to the “receiver” part via non-perfect coupling.
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Figure 14. Power transfer at 3 W for all antennas pairs.

Table 21 below shows the average losses of all prototype pairs, their standard deviation,
and the reference values.

Table 21. Statistics of the losses of the 3 W power transmission compared to the reference values.

Step Average (mW) Standard Deviation (mW) Reference (mW)

A 0.00 0.00 0.00

B 96.63 0.05 96.50

C 181.70 0.14 181.80

D 182.02 0.11 182.10

E 517.62 160.20 1168.20

F 163.60 46.63 66.90

G 6.38 2.09 52.90

H 233.95 21.82 159.80

I 31.32 4.45 15.50

Table 21 confirms the similarity of Steps “A” to “D” for all pairs. The different
prototypes exhibit low standard deviations, indicating that the 3D prototypes display
similar behaviour no matter the antennas’ dimensions. The losses at Step “E”, caused by
the emitter antenna’s Joule’s effect, are significantly lower with the proposed prototypes
than with the planar reference antennas, resulting in an average reduction of 55.7% in
emitter dissipation compared to the representative planar reference (reducing the loss from
1168.20 mW to an average of 517.62 mW). However, the losses due to the receiver side
are higher with the prototype antennas than with the planar references. This is due to the
amount of power transferred to the receiver side being higher.

The prototypes” average total loss is 1.41 W or 57% end-to-end efficiency, compared to
1.92 W or 41% end-to-end efficiency for the planar reference. The average absolute gain in
end-to-end efficiency achieved by the proposed 3D antenna shapes is 16 percentage points
at3 W.

3.5. Behaviour Validation at 3 W

In the simulation of Section 3.4, we have observed that the “Small 2” pair performs best,
while the “Large 1” pair is the worst case, and the “Small 1” pair corresponds to standard
performance for the prototype pair. This is why a comparison with the measurement at 3 W
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of the “Small 2” and “Large 1” pairs was performed to validate the simulation behaviour
compared with the real measurement using different antenna sizes and pairs. The “Small 2”

pair comparison is represented in Figure 15 below.
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Figure 15. Comparison of simulated and measured power budget for “Small 2” pair.

The configuration is not the same as the measurement shown in Figure 12, as the
power supply losses have been reduced. This enables us to reach 3.28 W at source in
measurement and in simulation. But the losses are similar at each step, proving that
the simulation matches the measurements if the input parameters are similar (source
power, impedance fixed with matching circuit, antennas parameters). Table 22 presents the
differences between the simulation and measurement.

Table 22. “Small 2” pair analysis of simulation and measurement differences at 3 W.

Losses in Losses in Flat Absolute Step Yield Step Yield Percentage R:{liztlgre
Step Simulation Measurements Difference Difference Simulated Measured Points Difference
W) W) (mW) (%) (%) (%) Difference (%)
A 3.28 3.28 0 0.00 X X X X
B 3.18 3.18 0 0.00 96.95 96.95 0.00 0.00
C 2.99 2.99 0 0.00 94.03 94.03 0.00 0.00
D 2.80 2.80 0 0.00 93.65 93.65 0.00 0.00
E 2.43 2.51 80 3.29 86.79 89.64 2.86 3.29
F 2.25 2.43 180 8.00 92.59 96.81 4.22 4.56
G 2.12 212 0 0.00 94.22 87.24 6.98 741
H 2.08 211 30 1.44 98.11 99.53 1.42 1.44
I 1.85 1.87 20 1.08 88.94 88.63 0.32 0.36
End-to-end
efficiency 56.40% 57.01% X 1.08% 56.40% 57.01% X X
(%)

Table 22 proves that the simulation and measurement are almost the same. Fur-
thermore, solving the supply power reduces the difference between the simulation and
measurements. The coupling Step “F” still has a high difference; adding a tuning capaci-
tance to the receiver antenna would reduce these inconsistencies. The simulation is again
in tune with the criterion of 5% difference regarding the end-to-end efficiencies.

Figure 16 validates the same analysis for the “Large 1” pair.
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Figure 16. Comparison of simulated and measured power budget for “Large 1” pair.

In this comparison, both power transfers display the same losses. Once again, the
simulation and the measurement have similar behaviours. Table 23 presents the differences
between the simulation and measurement.

Table 23. “Large 1” pair analysis of simulation and measurement differences at 3 W.

Losses in Losses in Flat Absolute Step Yield Step Yield Percentage R\e{liztll(;le
Step Simulation Measurements Difference Difference Simulated Measured Points Difference
W) (W) (mW) (%) (%) (%) Difference (%)
A 3.28 3.28 0 0.00 X X X X
B 3.18 3.18 0 0.00 96.95 96.95 0.00 0.00
C 3.00 3.00 0 0.00 94.34 94.34 0.00 0.00
D 2.81 2.81 0 0.00 93.67 93.67 0.00 0.00
E 2.50 2.50 0 0.00 88.97 88.97 0.00 0.00
F 2.40 2.40 0 0.00 96.00 96.00 0.00 0.00
G 1.61 1.55 60 3.73 67.08 64.58 2.50 3.73
H 1.54 1.54 0 0.00 95.65 99.35 3.70 3.87
I 1.37 1.37 0 0.00 88.96 88.96 0.00 0.00
End-to-end
efficiency 41.77% 41.77% X 0.00% 41.77% 41.77% X X
(%)

Table 23 validates that the simulation and measurement are almost the same. Fur-
thermore, solving the supply power reduces the difference between the simulation and
measurements. The coupling Step “F” still has a high difference; adding a tuning capaci-
tance to the receiver antenna would reduce these inconstancies. The simulation is again in
tune with the criterion of 5% difference regarding the end-to-end efficiencies.

This validates the proper accuracy of the simulation, independently of the antenna pair.

The difference between Figures 14-16 is due to changes in chip configuration.
Figures 15 and 16 are designed to allow for more communication and not just charging.
This requires the chip to have higher sensitivity and thus means that it consumes more
power in the form of chip losses. Also, the power supply is the same for the simulations
and measurements.

Table 24 presents all simulated and measured coupling coefficients, as well as the
simulated and measured end-to-end efficiency at 2 W and 3 W.
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Table 24. Coupling coefficient modelled and measured and end-to-end efficiency depending on
supply power for all antennas pairs. Note: values in bold refer to different configurations than other
values in the table.

Modelled Coupling Measured Coupling 2 W Efficiency 3 W Efficiency 3 W Efficiency

Antenna Pair Coefficient Coefficient Simulated Simulated Measured 3 W Gap
Small 1 0.57 0.58 59.7% 55.56% 58.30% 2.74
Small 2 0.49 0.48 64.2% 56.40% 57.01% 0.61
Small 3 0.45 0.45 61.2% 58.40% X X
Large 1 0.47 0.47 52.4% 41.77% 41.77% 0.00
Large 2 0.56 0.56 59.1% 56.00% X X
Large 3 0.61 0.60 62.9% 60.40% X X
Planar X 0.39 38.0% 41.40% X X

The pairs were measured at 3 W, because all simulations displayed the same evolutions.
With the same configuration, 3 W is the maximal power output, therefore representing the
key point of the comparison.

4. Discussion

Modelling of the antennas and coupling coefficient has been validated with VNA
measurements of the fabricated antennas. The simulation respects the quality criteria
of a maximum absolute difference of 5 percentage points between the simulated and
measured values for different pair configurations and applications. The validation of
this point justifies using the simulation as a viable way to compare antenna pairs. The
simulation at 2 W shows better end-to-end efficiencies due to the reduction in the voltage
crossing the components, thus reducing the Joule’s effect. All prototype antenna pairs
show better coupling factors than the reference, with a reduction in the losses among the
antennas and a reduction in the losses due to the coupling coefficient. In compact wireless
power transfer, misalignment and positioning tolerances heavily impact the coupling
coefficient and system efficiency, as characterized for multi-coil arrays by [37], and further
parameterized for misalignment conditions by [38]. In this work, the issue has been avoided
by using the support presented in Figure 2a.

The antenna pair “Small 2” is composed of a small emitter and medium receiver. It is
one of the configurations displaying the highest efficiency for end-to-end power transfer
among the investigated prototype pairs. At 2 W, it reaches the best simulated efficiency, as
shown in Table 24, of 64.2%, slightly above the other configurations. At 3 W, however, the
behaviour becomes more balanced: “Small 1” and “Small 2” exhibit very close efficiencies,
with “Small 1” ranking slightly above “Small 2” in the simulation according to Table 24.
Despite not always being the configuration with the highest coupling coefficient “k”, the
values of the antennas’ characteristics propose a good balance between coupling coefficient
and antenna characteristics to minimize the energy dissipated through Joule’s effect. The
measurements of the “Large 1” and “Small 2” pairs validate the efficiency estimation of the
simulation, even for different applications of the same pairs.

Regarding future work, adding ferrite rods consistently improves the coupling coeffi-
cient of the prototype pairs, as does the ferrite sheet addition for the reference antennas.
The impact of the other ferrite shapes and the combination of ferrites could facilitate the
phenomenon of a difference between the coupling coefficient and end-to-end efficiency.
One condition is to check the impact of the ferrites on the antennas’ characteristics. The
impact of the power emitted should also be studied to verify if the ferrite shows a variation
in temperature that could lead to a shift in the permeability of the ferrite, impacting the
coupling coefficient and the equivalent characteristics of the antennas and the power dissi-
pated in it. of the addition of ferrite should be studied, depending on the ferrite material,
and the usage of different rod diameters could be effective for larger antenna radii.
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A second perspective would be to study the impact of a diode bridge on the antenna’s
impedance and coupling coefficient, allowing us to extract an equation to predict the cou-
pling coefficient shift and to track more precisely the power available at each antenna and
lost in the coupling. An alternative could be the development of a measurement method-
ology to improve the accuracy of the S2P measurement, allowing for better extraction in
the same environment compared to the power transfer measurement. A last alternative to
pursue in the development of this antenna’s 3D form factor is to verify the ability of the
antenna to perform NFC communication and observe the impact of the communication
steps on the efficiencies shown in this study for wireless charging applications.

5. Conclusions

This work proposed and evaluated a concentric 3D helicoidal antenna architecture
for NFC wireless charging dedicated to smart ring applications. The analytical models
used to estimate the antenna’s electrical characteristics and coupling coefficients were first
validated against VNA measurements of the fabricated prototypes. The measured antenna
parameters and coupling coefficients showed good agreement with the calculated values,
supporting the use of the proposed modelling approach for the investigated geometries.

An end-to-end power transfer model was then developed using the measured
S-parameters of the antenna pairs. The comparison between simulated and measured
power budgets demonstrated that the simulation reproduces the experimental behaviour
within the criterion of a 5 percentage point absolute difference in end-to-end efficiency
defined in this study. In particular, the measurements presented in Figures 15 and 16
confirm the simulated power transfer behaviour for the “Small 2” and “Large 1” pairs
at3 W.

The experimental validation performed with the antenna pairs (“Small 1”7, “Small
2” and “Large 1”), under different operating configurations, supports the applicability of
the simulation framework to the range of prototype geometries investigated in this work.
On this basis, the realised 3D prototype pairs show higher simulated end-to-end power
transfer efficiency than the reference planar antenna pair.

At 2 W, the prototype simulations achieve an average end-to-end efficiency of ap-
proximately 60%, compared with 38% for the reference configuration, corresponding to
an average absolute gain of 22 percentage points. The best performing configuration at
2 W is “Small 2”, reaching 64.2% efficiency in simulation. At 3 W, the prototypes achieve
an average efficiency of approximately 57%, compared with 41% for the representative
planar reference, corresponding to an average absolute gain of 16 percentage points. At
this power level, the efficiencies are more balanced between configurations: “Small 1”
slightly outperforms “Small 2” in simulation according to Table 24, while both remain
above the reference configuration. These results demonstrate that the highest coupling
coefficient does not necessarily lead to the highest end-to-end efficiency. Although the best
coupling values are not always associated with the best power transfer performance, the
overall balance between magnetic coupling, antenna resistance, quality factor, and Joule’s
effect losses remains decisive. The proposed 3D helicoidal architecture therefore provides a
suitable compromise between geometrical integration, coupling, and electrical losses for
compact ring-shaped NFC wireless charging applications.

Future work aims to investigate the influence of ferrite geometry and material, antenna
behaviour under realistic non-linear receiver loading, and the simultaneous use of the
proposed antenna architecture for complete NFC and wireless charging applications.
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The following abbreviations are used in this manuscript:

NFC Near-field communication

IoT Internet of things

NFC WLC  Near-field communication wireless charging
BOM Bill of materials

ADS Advanced design system

VNA Vector Network Analyzer

LDO Low drop-out

RFO Chip output driver

EMI Electromagnetic interference

RFI Chip input driver

PETG Polyethylene terephthalate glycol
PLA Polylactic acid

DC Direct current

RMS Root mean square
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