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Chapter 1

Introduction

1.1 Background Information and Aim

The rapid advancements in new technologies, such as radio-frequency identifica-
tion [1], electric vehicles [2], unmanned aerial vehicles [3], low-power sensors [4],
consumer electronics [5], and biomedical devices [6], have driven a growing in-
terest in innovative powering methods. The vast majority of these applications
utilize lithium-ion batteries as the main source of power. Due to limited lifespan,
these batteries require to be periodically replaced in cases of depletion, creating a
number of complications. Particularly for biomedical devices, such replacements
are accomplished by invasive surgeries, which may lead to potential complexities
and increased risk of infections [7]. Moreover, integrated batteries contribute to
an increase in the overall size of the devices, reducing the comfort for patients
[8]. One of the promising solution to the stated problems is integration of Wire-
less Power Transfer (WPT) systems, enabling the transmission of electrical energy
without physical cables.

WPT technologies can be divided into near-field (non-radiative) and far-field
(radiative) systems. The latter one is utilized in applications where long range
transmission is required, for instance, solar power satellites and drone aircrafts
[9]. It is worth noting that this type of WPT systems is not applicable for the
biomedical devices due to safety concerns, particularly the risk of tissue damage
caused from radiation. In near-field (NF) WPT, electric and magnetic fields are
separated, resulting in absence of radiation, and making them safe for utilization
in biomedical field. Power transferring in NF WPT systems can be achieved by the
following three techniques: capacitive, inductive, and magnetic resonant coupling
(MRC). Among these, MRC is the most commonly used method due to its ability to
concentrate power at specific frequencies, resulting in more efficient performance
[10]. Furthermore, MRC type WPT systems employ three methods for creating the
resonators, namely coils, planar structures, and defected ground structure (DGS).
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For biomedical applications, a WPT system must achieve both compactness
and high efficiency. In addition to these requirements, data transmission capability
is another important aspect that should be considered, especially for application
in implantable medical devices (IMDs). Thy physiological data collected must be
communicated to the controlling device outside the human body for monitoring
and detecting abnormalities at early stages [11], [12]. In this regard, the DGS
technique provides significant advantages, facilitating the design of compact and
efficient WPT systems while supporting multi-band operation for usage in both
power and data transfer [2].

IMDs have enabled advanced diagnostics of medical conditions and remote
monitoring of vital health parameters, such as cardiac rate, blood pressure, and
temperature [13]. With the growing number of patients suffering from chronic
diseases like diabetes and cardiovascular disorders, the development of compact,
efficient, and multi-band WPT systems has become increasingly important. How-
ever, realizing such systems poses challenges related to resonator structure, oper-
ating frequency, and overall system efficiency—each of which must be optimized
to ensure reliable performance within the constraints of IMDs.

With the aim to fulfill the requirements of compactness and multi-band opera-
tion, this project focuses on the realization of a miniature DGS-based WPT systems,
having dual-band functionality and suitable for biomedical applications. The de-
sign of the first system is optimized to achieve high PTE. Initially, the resonator’s
area is selected to be 15 x 15 mm? for reaching the highest compactness. For the
application in biomedical field, the operating frequencies are selected within the
industrial, scientific, and medical (ISM) bands (902 — 908 MHz and 2.4 — 2.4835
GHz) [6]. Subsequently, the WPT system is implemented using the two coupled
resonators, functioning at 0.9 GHz and 1.8 GHz. The obtained results show PTE of
79% and 60.50%. Considering the possible practical employment, the system’s per-
formance is also evaluated in conditions of horizontal and vertical displacements.

Based on the results of the conducted work, the WIPT system is then developed
with subsequent experimental validation of its both power and data transmission
capabilities. The first stage of the design process includes the development of the
resonator, a fundamental block of the WIPT system. To accomplish this, two sep-
arate DGS-based resonators with different defect geometries are developed. These
resonators are integrated with external capacitors to achieve resonances at 433
MHz and 900 MHz, respectively. Afterward, the obtained resonating structures
are connected in series to a single excitation gap, forming the final resonator with
an overall size of 18 x 18 mm?. Subsequently, two identical resonators are cou-
pled at an optimal distance of 15 mm to achieve WIPT. The power transfer perfor-
mance is evaluated in terms of PTE and Figure-of-Merit (FoM) metrics, which are
derived from experimental measurements conducted using a vector network ana-
lyzer. Specifically, the system achieves 53.9% at 433 MHz and 54.7% at 900 MHz,
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which corresponds to FoM values of 0.449 and 0.456, respectively.

As the next step, the WIPT system’s performance is assessed in data transmis-
sion. Firstly, the selected bit sequence is modulated using a Quadrature Amplitude
Modulation (QAM) scheme with a Universal Software Radio Peripheral (USRP).
Then, the received data is analyzed for Bit-Error Rate (BER) using the LabVIEW
tool, showing the lowest values of 0.0318 and 0.0197 under perfect alignment con-
ditions. Following this, the WIPT system is used to transmit text information.
The received signal is analyzed using constellation plots, which indicate accurate
symbol detection and minimal distortion.

1.2 Advancement in WPT systems

Extensive research has focused on designing DGS-based WPT systems for differ-
ent applications. One of the existing single-band WPT systems, proposed in [14],
achieves a PTE of 57.9% at 0.403 GHz, with a resonator area equal to 25.5 mm?.
Another example of a WPT system is presented in [15], where two identical res-
onators of size 31.5 x 31.5 mm? are coupled at a distance of 10 mm. The designed
system operates in the 40 MHz frequency band and achieves a PTE of 53.3%.

Apart from single-band WPT, the multi-band WPT systems have attracted con-
siderable attention among the researchers. In addition to power transmission, WPT
systems can be designed to facilitate simultaneous power and data transfer, en-
abling continuous monitoring of a patient’s health through biomedical devices,
such as cardiac pacemakers [11], brain-machine interfaces [16], and wireless cap-
sule endoscopes [17]. These systems require at least two isolated bands employed
one for data and another for power transfer [18].

One commonly employed technique in developing multi-band systems is the
cascading method. In this approach, multiple DGS-based resonant circuits or coils
are connected in series or parallel, each tuned to a specific frequency. This enables
operation over multiple bands, either sequentially or simultaneously. A recent
work [19] proposed a dual-band WPT system with two connected in-series semi-H-
shaped DGS resonators. By doubling the defect and integrating lumped elements,
distinct operating frequencies were achieved. The realized system, with an overall
size of 31 x 13 mm?, demonstrated PTE of 71% at 433 MHz and 72% at 900 MHz
at a separation of 16 mm. While the cascading method provides flexibility and
simplicity in resonance control, it also increases the size of the resonator [4].

It is important to note, however, that there are relatively few studies focused on
data transmission using WPT systems. One of such study [18] proposed a design
of a tri-band WIPT system operating at 300, 433, and 700 MHz, achieving PTE
values of 70.1%, 66%, and 65%, respectively. Additionally, the system was tested
for up-link and down-link data transfer at 433 and 700 MHz using a universal
software radio peripheral (USRP). The results show that a BER of 0 was achieved
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at a critical coupling distance of 23 mm, with the BER reaching a maximum of 0.06
as the distance increased to 33 mm. Another study related to data transmission
[20] investigated a mixed coupling structure-based WPT system that used dual-
frequency coils to improve tolerance to lateral and angular misalignment. The
system delivered 0.5 W of power at a 10 mm distance, achieving a PTE of 72.4%
and maintaining over 60% PTE under 40 mm lateral or 60° angular misalignment.
For data transmission, a 200-kHz frequency-shift keying (FSK)-modulated signal
was transmitted directly through the power link, achieving a BER below 10~° and
signal noise ratio of 14.19 dB at perfect alignment. In [21], the authors explored
bidirectional communication through the power transmission band of a coil-based
WPT system. A 30-W prototype operating at 80 kHz was built, with a data transfer
rate of 80 Kbps achieved under varying load conditions (10 () to 15 (3). The system
demonstrated stable communication even with a 5 mm horizontal misalignment of
the coils, without affecting data transmission.
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1.3 Ethical and Professional Responsibilities

¢ Ethical Responsibility:

A number of ethical considerations must be made while designing a WPT
system for use in the biomedical field. One of the primary concerns is pa-
tient safety. Long-term exposure to electromagnetic (EM) fields can pose
health risks due to the heating of biological tissues. To ensure that the sys-
tem operates within safe power limits, the design approach and choice of
substrate were made to comply with the IEEE C95.1-1999 and (C95.1-2005
safety guidelines [13]. This is especially important to avoid thermal injury or
other adverse biological effects.

Another concern is the license-free frequency of operation. The system’s op-
erating frequencies will be selected within the ISM band, allowing WPT to be
utilized without the need for specific licensing. Furthermore, it is essential to
note that the degree of energy absorption transmitted by EM fields depends
on the frequency of the EM waves. Specifically, lower frequency bands, such
as those within the ISM range, have better penetration in human tissues while
minimizing excessive heating. Therefore, WPT systems operating within the
ISM band are safe to use in the biomedical domain.

Moreover, in data transfer, the transmission gain is set to 0 dBm in this work
to remain within safe power limits.

¢ Informed Judgments:

The first step in development of WPT system was review of the existing lit-
erature on existing single-band and multi-band systems. This allowed to an-
alyze different approaches for the realization of WPT, such as capacitive cou-
pling, inductive coupling, and MRC, used in previous designs and evaluate
them in terms of applicability for the development of compact and efficient
dual-band system tailored to biomedical applications. Based on this analysis,
DGS technique was selected for design of resonators due to its capability to
support multi-band operation while enabling miniaturization. Performance
characteristics, such as PTE and transmission distance were also analyzed
among existing systems for various applications. This allowed to define the
parameters of the system and perform optimization with the aim to achieve
these requirements. It is important to note that the design and validation
process will be conducted initially through simulations utilizing Computer
Simulation Technology (CST), followed by experimental evaluations. To as-
sess practical applicability, the system’s performance will be assessed under
conditions of both horizontal and vertical displacements.

¢ Global Context:
The number of patients having the chronic diseases and neurodegenerative
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disorders increase worldwide. Taking this into account, the dual-band WPT
system is highly relevant in terms of global context, especially for man-
aging chronic conditions, such as diabetes, Parkinson’s, and Alzheimer’s.
The implantable medical devices used for management of symptoms rely on
lithium-ion batteries, as was mentioned earlier. WPT system presented in
this work can potentially increase the lifespan of these devices by reducing
the need for periodic invasive battery replacements. This enhancement is
especially important, since each replacement surgery possess risks for pa-
tient’s health, including infections, tissue damage, and discomfort during
the recovery process for the patients. In developed countries with advanced
healthcare systems, this technology can be relatively easily integrated into the
existing medical practices. For example, WPT systems can be integrated into
the manufacturing process of IMDs and into the treatment protocols of dis-
eases. However, in developing countries or regions with limited healthcare
infrastructure, the scaling and adoption of WPT technology can face signif-
icant challenges related to cost of the technology, accessibility, and lack of
qualified personnel.

Economic Impact:

In the short term, the development costs of designing, prototyping, and test-
ing the system could be substantial, especially given the precision required
for biomedical applications. However, in the long term, by eliminating the
need for battery replacement surgeries, WPT reduces the frequency of inva-
sive procedures, which can be costly and carry associated risks of compli-
cations. The system could lower healthcare costs by enabling remote mon-
itoring and reducing the need for invasive procedures. This would make
healthcare more efficient and potentially decrease the cost of patient care.
Moreover, WPT technology can enhance the lifespan of medical devices by
providing a constant power supply, thereby reducing the need for frequent
battery replacements that can damage the internal parts of the device. For de-
vices that usually require battery changes every 5 to 10 years, the integration
of WPT system can greatly extend their lifespan. This will result in a reduced
need for replacements and cost savings for both healthcare providers and pa-
tients. However, making this technology affordable for widespread use can
be challenging, especially in areas with limited financial resources.

Environmental Impact:

WPT systems for biomedical applications significantly reduce the environ-
mental impact associated with traditional lithium-ion batteries. Conventional
implantable medical devices often rely on these batteries, which have limited
lifespans and contribute to substantial electronic waste upon disposal, releas-
ing toxic substances such as heavy metals and solvents into the environment
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if not properly managed. By implementing a wireless power transfer sys-
tem, the need for periodic battery replacements can be eliminated, thereby
decreasing the volume of waste generated. This shift not only extends the
operational lifetime of implantable devices but also aligns with global sus-
tainability goals by minimizing hazardous electronic waste. The production
of these batteries entails substantial extraction of finite resources, includ-
ing lithium, cobalt, and nickel. Furthermore, the reduction in reliance on
non-renewable battery sources directly contributes to resource conservation
and diminishes the carbon footprint associated with battery manufacturing
and disposal. Moreover, WPT systems provide a constant power supply to
medical implants, which helps in maintaining their functionality over longer
periods. The implementation of WPT systems can facilitate the design of
smaller, more efficient devices that consume less energy, thereby minimiz-
ing the resource consumption and environmental impact associated with the
manufacturing and disposal of new devices. Overall, the adoption of WPT
systems promotes a more sustainable approach in healthcare by reducing
battery-related environmental concerns and disposal of medical devices.

* Societal Impact:

The development of WPT systems has gained an increasing importance, specif-
ically in the biomedical field due to increasing number of patients with
chronic conditions. In this regards, IMDs facilitate the diagnostics and man-
agement of chronic diseases by enabling constant monitoring of health pa-
rameters. However, IMDs require periodic replacement of the conventional
lithium-ion batteries accomplished through surgical interventions, which, be-
sides discomfort, pose risk of inflammations and infections. In this regard,
WPT system provide an opportunity to wirelessly recharge the device bat-
teries, eliminating the need for surgeries. Another important aspect related
to dual-band functionality of WPT system is ability for both power and data
transmission. This implies that data from IMDs can be sent to the exter-
nal controlling device using WIPT systems. For example, information about
heart rate can be continuously transmitted from IMDs to the external de-
vice, which allows for timely interventions if abnormal patterns are detected.
Additionally, for patients with diabetes, non-invasive blood sugar monitor-
ing can simplify and make the process of constant glucose level monitoring
more efficient. Therefore, the capability to support simultaneous power and
data transmission can lead to earlier detection and more efficient treatment
of diseases at early stages of progression. In design process of WPT system:s,
quality of life of patients and their comfort are always prioritized. There-
fore, the decisions related to the design parameters of the developed WPT
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systems focus both on compactness and efficiency, aiming to enhance patient
comfort while reducing the size of IMDs. Overall, this work contributes to
advancing the functionality of IMDs, enhancing patient care, and improving
the long-term management of chronic diseases.



Chapter 2

Methodology and Results Discus-
sion

This work presents the design and realization process of miniaturized and efficient
dual-band WPT systems operating within ISM bands. The first part of this section
presents a full description of the design and evaluation process of the WPT system
specifically optimized for achieving high power transfer efficiency. Based on these
results, the next part of the work presents design and assessment of performance
of WIPT system with the subsequent assessment of its performance in both power
and data transmission in experimental measurements.

In general, the WPT system is realized by magnetic coupling of two resonators,
acting as transmitter and receiver, in a face-to-face configuration. In this regard,
the resonators characteristics determine the performance of WPT. Therefore, the
initial step in WPT design process is development of resonating structure oper-
ating at chosen frequencies within the ISM band for both systems present. Sub-
sequently, the WPT and WIPT are achieved by coupling two identical resonators
separated by a specific distance. It is worth mentioning that the design and val-
idation procedures are performed using Computer Simulation Technology (CST).
The experimental evaluation of power transfer capabilities is conducted using a
vector network analyzer in terms of PTE and Figure-of-Merit. Following this, the
data transfer performance of the WIPT is assessed through the transmission of
predefined bit patterns using a quadrature amplitude modualtion (QAM) scheme
implemented with the Universal Software Radio Peripheral (USRP). The received
data is then analyzed in terms of bit-error-rate (BER) using the LabVIEW tool. In
addition, the WIPT system is tested for transmission of text information which is
modulated using Quadrature Phase Shift Keying (QPSK) scheme. The received
signal is analyzed using constellation diagrams.
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2.1 WPT System Development

2.1.1 Design of Dual-Band Resonator

(a) Resonator design steps.

(b) Surface current distribution.

Figure 2.1: Design process and related current distribution.

The principle of the DGS technique, as mentioned earlier, is based on creating a
disturbance of current distribution in the circuit by etching a defect on the ground
plane. The size and geometry of the defect have significant effect on overall per-
formance of the resonator. Moreover, the optimal current distribution is essential
since its ensures maximum power delivery [22].

Keeping the aforementioned in mind, the surface current distribution is eval-
uated in each design step. Figure 2.1 demonstrates the development steps of the
DGS-based resonator and the corresponding surface current distribution. As it can
be observed, the insertion of square-shaped defect results in poor surface current
distribution, which is then improved by addition of L-shaped defect at the second
stage of the design development. In the third stage, incorporation of C-shaped
defect leads to the optimal surface current distribution. Therefore, the last design
variant is selected for further utilization and optimization.

Fig. 2.2 illustrates the final geometry of the resonator with chosen dimensions
of 15 x 15 mm? to ensure its compactness. The resonating structure consists of
two copper layers, primarily top- and bottom- sides with thickness of 0.035 mm,
separated by a 1.52 mm Rogers” RO4350 substrate (e, = 3.66). The bottom layer is
a ground with etched defect and excitation gap (Eg). The top layer consists of mi-
crostrip line (ML) with width (w) and length (/) of 3.4 mm and 15 mm, respectively.
The following are the final design parameters of the resonator determined by the
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analysis and optimization of surface current distribution: 2 = 6.2 mm, b = 1.2 mm,
¢c=15mm,d =10 mm, x = 12.8mm, y, and z = 0.5 mm. The Eg has dimensions
of 0.5 x 3.7 mm?®.

X
K#ﬂ
d| z |,
ww
Eg-u .
b] gl W
(a) Bottom side. (b) Top side.

Figure 2.2: The geometry of the proposed resonator.

The insertion of defect changes the effective capacitance (C) and inductance
(L) of ML, resulting in a quasi-lumped resonant circuit behavior with band-stop
frequency response [2]. Therefore, the DGS-based resonator can be characterized
by its equivalent circuit, which is parallel LC circuit. Here, L and C values depend
on the defect shape and Eg, accordingly. Therefore, the resonant frequency can
be controlled by changing the defect parameters. The shift in the stop band can
be achieved by incorporation of lumped capacitors [23]. The values of L, C, and
external capacitors can be determined applying Eq. (2.1) [12].

fe 1

C= m, and L= W 2.1)
Here, Z is 50}, and f, and f, represent the —3 dB cut-off and resonant frequencies,
respectively. The values of f. and f, were determined from S-parameters obtained
by electromagnetic simulation performed in CST Studio. In this regard, the lumped
capacitors of 0.3 pF and 1.1 pF are inserted into the gaps denoted as y and z
to achieve two resonances at 0.9 GHz and 1.8 GHz. Fig. 2.3 demonstrates the
obtained results with the operation at the desired frequencies.

2.1.2 WPT System Realization

The operation of WPT system is based on coupling two resonators with their bot-
tom sides facing each other [19]. The transmission range should be properly cho-
sen to prevent over- or under-coupling [2]. It has been determined that the optimal
distance between resonators is 10 mm. In addition, to achieve proper Tx and Rx
operation at the desired frequencies, external capacitors were integrated into the
resonating structures. Their values were determined using iterative method by
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Figure 2.3: Obtained results of developed resonator.

observing frequency shifts as the capacitance varied. Figs. A.1-A.3 show the fre-
quency response of WPT system with different external capacitors incorporated.
As it can be observed, increasing capacitance shifts the resonant frequencies to
lower bands. The lumped capacitor values required to achieve the interested fre-
quencies were determined to be 0.2 pF and 0.7 pF. Another important factor to
consider is impedance matching, achieving which ensures maximum power trans-
fer. When incorporating two coupled resonators, ML functions as an open-circuit
terminated stub for impedance matching. The ML length (I5;) is determined em-
ploying Eq. (2.2) [1]. Here, Cs; denotes the capacitance of ML necessary to achieve
matching at 50 Q0.

Cst

1
= 27570 tan(Blst), (22)

Here, B denotes the propagation constant, which is defined as 8, = M .
fr must be specified in MHz [24]. The microstrip line (ML) parameters are further
refined based on simulation results to achieve maximum PTE. The optimal value
of I is found to be 11.3 mm.

Finally, the two modified resonators are separated by a distance of 10 mm. The
realized WPT system performance characteristics are evaluated in terms of PTE

and Figure-of-Merit (FoM), applying Egs. (2.3) and (2.4) [2, 5].

~[Suf

= % 100, (2.3)
1— |51
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PTE
FoM = Distance - (2.4)

VResonator Area

2.1.3 Obtained Results

Fig. 2.4 demonstrates the simulation results of the developed WPT system. The Sy;
parameter for both frequencies achieves values less than —10 dB, showing a perfect
impedance matching. Particularly, for 0.9 GHz and 1.8 GHz S;; reaches —19.9 dB
and —11.19 dB, accordingly. In turn, S;; parameters of —0.664 dB and —2.056 dB
correspond to PTE of 79% and 60.5%. Furthermore, the calculated FoM achieves
the highest values of 0.527 and 0.403 at a 10 mm transfer range.

0 : ‘ ‘ : ‘ 100 ——— ————r———————
‘I" ! ! | S” | | — 0.9 GHz (OX)——'09 GHz (OY)
I i | s 4y g 90 |- - - 1.8 GHz (0X)- - - - 1.8 GHz (OY)j|
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Figure 2.4: Performance results of developed Figure 2.5: PTE vs misalignment.
WPT.

Besides, since the implemented system is tailored for usage in the biomedical
area, there is a high possibility of misalignment occurrence between Tx and Rx in
practical scenarios. Thus, it is crucial to evaluate the system’s performance under
the displacement condition. The misalignment influence on the performance of the
designed WPT, specifically PTE, is depicted in Fig. 2.5. It is pertinent to highlight
that for this case, the horizontal (OX) and vertical (OY) displacements are consid-
ered within the range of 7 mm. Based on the obtained outcomes, PTE remains
stable under both OX and OY misalignment within +3 mm shift at a frequency
of 0.9 GHz. When the displacement exceeds this value, PTE slowly decreases,
showing significant degradation due to OY than OX displacement. As a result, the
greatest reduction of PTE equals 22% at 7 mm misalignment. Meanwhile, a similar
reduction in performance can be detected, when OX and OY shifts do not exceed
+2 mm at 1.8 GHz. For the second frequency, the impact of OX misalignment is
greater than OY since the lowest PTE value of 24% is obtained at an OX shift of 7
mm.
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Based on the results obtained, the designed system shows only a minimal de-
crease in PTE at a +3 mm shift, indicating stable performance under misalignment.
Furthermore, the implemented WPT system shows potential for usage in biomed-
ical applications, given the initial requirements for compactness and multi-band
operation.

2.2 Development of WIPT System

In a dual-band system, one band can be used for WPT, while the other can be
allocated for WIT [12]. In this configuration, dual-band WPT forms a WIPT system.
Therefore, the design process of the WIPT system is similar to that of dual-band
WPT. As it was described earlier, the resonator is the fundamental component of
the WIPT system, therefore the first stage in the design process is aimed at the
realization of DGS-based resonating structure operating at two frequency bands.

2.2.1 Design of Dual-Band Resonator

Initial Resonators

#1 #2

e

Bottom side Top side

Figure 2.6: The geometry of dual-band DGS resonator.

To achieve dual-band operation, two separate single-band resonators with dis-
tinct frequency bands and defect geometries were connected to a single excitation
source. Specifically, the operating frequency of the first resonator is set to 433
MHz, while the second resonator is designed to operate at 900 MHz. To meet the
requirement for compactness, the overall area of the final resonator is chosen to
be 18 x 18 mm?, which limits the size of each resonator to 18 x 9 mm?, as demon-
strated by Fig. 2.6.

In the DGS technique, the resonant frequency is determined by the capacitance
and inductance that come from the small excitation gap (C,) and the metallic part
of the ground plane, respectively. Therefore, the resonant frequency (f,) is defined
by the LC combination. In this regard, the values of L and C can be defined by
Eq. (2.1), as described earlier in the WPT design procedure.
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Initially, f, of the resonator #1 was equal to 3.36 GHz, which corresponded to
Ly =4.63 nH and Cg; = 0.48 pF. In order to shift the frequency to the desired 433
MHz, an external capacitor (C,1) with value of 12.3 pF was incorporated into the
excitation gap of the first resonator, resulting in a total capacitance determined by
Ct = Ce + Cq.

The same procedure was repeated for adjusting the operating frequency of
resonator #2. The initial resonant frequency of 3.52 GHz, corresponding to L, =
4.69 nH and Cg, = 0.43 pF, was lowered by adding C,, = [value] pF to achieve
resonance at 900 MHz.
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Figure 2.7: Simulation results of dual-band resonator.

The final resonator is realized on a Rogers RT5880B substrate with a thickness
of 0.79 mm and copper layer thickness of 0.0175 mm, as demonstrated in Fig. 2.1.
The top layer consists of the ML with width denoted by w = 3.4 mm and length
I = 18 mm. The characteristic impedance of the ML is modeled to be equal to
50 Q). The lumped capacitors were adjusted to meet the design requirements of the
WIPT system, resulting in final capacitance values of C¢; = 12.4pF and C, = 3pF.
From Fig. 2.7, two distinct resonance frequencies were observed at the required
433 MHz and 900 MHz, confirming the dual-band operation. The final resonator
design parameters are as follows: 2 = 55 mm, b = 6.0 mm, ¢ = 6.5 mm, and
x1 = 2.5 mm. Meanwhile, the Eg has 0.5 x 3.7 mm? dimensions.

2.2.2 WIPT System Realization

The WIPT system is realized by coupling of the two identical resonators with the
presented design parameters at an optimal distance which should be accurately
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Figure 2.8: Simulation results of the realized WIPT.

defined to avoid undercoupling or overcoupling conditions. To ensure efficient
power transfer and minimize reflection losses, the resonators are further optimized
for perfect coupling and impedance matching.

Initially, the resonators are brought into proximity to establish the coupling
condition. The mutual inductance L,, between the transmitter and receiver is cal-
culated using Eq. (2.5), with Im(Zy;) obtained through EM simulation. For this,
the ML is removed from the top layer to isolate the response of DGS, lumped ports
are introduced at the excitation gaps, and the TX and RX resonators are positioned
in a back-to-back configuration.

_ Im<221>

Lm 2rf

(2.5)

Then, the impedance matching is achieved by adjusting the ML, which acts
as an open-ended stub since the feed ports are connected only to one side of the
transmitter and receiver. This stub behaves like a capacitor, and its length is defined
using Eq. (2.2), where B is the propagation constant and I is the length of the stub.
After the optimization of the parameters, the values of C¢1 and C,p was adjusted
to 12.4 pF and 2.4 pF, respectively. The optimal length of MLs were found to be
13.25 mm and 5 mm. In order to accommodate them, the location of the excitation
gaps was changed, as can be observed in Fig.

The EM results are presented in Fig. 2.8, which show that system operates at
the desired 433 MHz and 900 MHz with S;; reaching values lower than -10 dB at
both bands.
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2.2.3 Measurement Results and Discussion

In order to validate the simulation results, the system was further fabricated for the
experimental measurements. Beyond power transfer efficiency evaluation, WIPT
was also assessed in terms of its data transmission capabilities in both bands. The
subsections below provide the detailed descriptions of the steps followed in the ex-
perimental evaluation of the system’s performance in both power and information
transfer.

(a) Bottom side. (b) Top side.

Figure 2.9: Fabricated prototype of the proposed DGS-based resonator.

Measurement of WIPT System’s Power Transfer Capabilities
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Figure 2.10: The measurement setup. Figure 2.11: Experimental results of designed
WIPT.

The characterization of the system’s performance in power transfer was carried
out by defining its PTE and FoM at both frequencies. Firstly, two resonators with
the proposed design were fabricated using the same material as in the simulations,
as demonstrated by Fig. 2.9. Then, SMD-type capacitors were soldered onto both
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resonators. Subsequently, the obtained Tx and Rx were separated by a distance of
15 mm and connected to the Keysight Vector Network Analyzer (PNA-X, N5247B)
through SMA connectors, as depicted in Fig. 2.10.
Fig. 2.11 demonstrates the resonance characteristics obtained, according to which

So1 reaches values of —2.77 dB and —2.64 dB at 401 MHz and 904 MHz, respec-
tively. Additionally, both bands exhibit S;; values of less than —10 dB, specifically
—17.09 at 401 MHz and —23.61 at 904 MHz, indicating excellent impedance match-
ing. Furthermore, the respective magnitudes of the measured S-parameters can be
substituted into Egs. (2.3)—(2.4) to assess the PTE and FoM. At the 401 MHz band,
these results correspond to PTE and FoM of 53.9% and 0.449, respectively. For the
904 MHz band, the PTE reached 54.7%, corresponding to FoM of 0.456.

Assessment of WIPT system’s performance in data transmission

Data transmission is performed using two NI USRPs-2932, acting as Tx and Rx,
each connected to its respective resonator via SMA cables. The USRPs are config-
ured through National Instruments LabVIEW graphical interface. Specifically, in
the setup, the Tx-USRP generates a data stream modulated with a QAM scheme,
serving as the input to the transmitting resonator. The Rx-USRP analyzes the data
received from the Rx resonator to assess the performance. Specifically, two cases
are considered. In the first case, predefined bit sequence is transmitted and then
analyzed through BER metrics at varying transmission distances for 433 MHz and
900 MHz. In the second case, the text information is sent and then analyzed in
terms of constellation diagrams.

0.05 0.05

433 MHz ] 900 MHz
0.04 7 0.04 H 4
0.03 H H 0.03 H -
=2 4
o
@ 2
0.02 H 0.02 F i
0.01 H i 0.01 H i
0.00 0.00
11 12 13 14 15 16 17 11 12 13 14 15
Distance (mm) Distance (mm)
(a) 433 MHz (b) 900 MHz

Figure 2.12: BER vs. distance for the developed DGS-based WIPT system.

Fig. 2.12 demonstrates the results obtained. Here, the minimum BER of 0.0318
and 0.0197 were observed at a separation distance of 15 mm for both 433 MHz and
900 MHz, respectively, which indicates that this transmission range corresponds to
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the critical coupling condition for the WIPT [18]. In this case, external coupling is
matched to the internal losses of the system, which reduces signal reflection [25].
This, in turn, improves the signal quality received at Rx side, corresponding to the
lowest BER achieved. Moreover, as it can be observed from Fig.2.12a, deviation
in either direction from this optimal distance lead to increase in BER. Thus, the
highest BER was found at 11 mm, specifically 0.0449 for 433 MHz and 0.0432 for
900 MHz, which represents the greatest deviation from 15 mm and corresponds
to the highest level of under-coupling, while at a perfect alignment the system
demonstrated the lowest value.
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Figure 2.13: Constellation diagram computed at 15 mm distance.

Fig. 2.13 demonstrates the constellation plots obtained during the transmission
of text information at perfect coupling condition. The message text was modulated
using Quadrature Phase Shift Keying scheme and sent via packet-based transmis-
sion. Since the system is tailored for biomedical applications, it is important to
consider safety aspects. Specifically, prolonged exposure to time-varying electro-
magnetic fields can potentially affect human health [27]. To align with the safety
guidelines established by the IEEE standard, the transmission gain was therefore
limited to 0 dBm (1 mW). As seen in the plots, signals at both frequencies show
clear and symmetrical constellation points, indicating accurate symbol detection
and minimal distortion.
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Conclusion

This project presents the realization and experimental validation of a WPT and
WIPT systems, tailored for biomedical applications. The compactness and effi-
ciency of the WPT and WIPT systems were critical design considerations, espe-
cially considering the practical application in low-power biomedical devices. The
first step in development process of WPT included the design of resonators apply-
ing DGS technique. Obtained resonator had two distinct operating frequencies of
0.9 GHz and 1.8 GHz. The realized WPT system was optimized to achieve high
power transfer efficiency, reaching 79% at 0.9 GHz and 60.5% at 1.8 GHz, while
demonstrating stable performance under misalignment with minimal drop in effi-
ciency within a range of =3 mm horizontal and vertical shifts.

Following the WPT design, the WIPT system was realized by coupling two
resonators operating at 433 MHz and 900 MHz. The WIPT system subsequently
achieved power transfer efficiencies of 53.9% at 433 MHz and 54.7% at 900 MHz.
The data transmission capabilities were evaluated through BER measurements,
showing minimum of 0.0318 at 433 MHz and 0.0197 at 900 MHz under perfect
alignment. The system’s performance was further assessed by transmitting text
information. The constellation plots obtained showed accurate transmission and
minimal distortion.

These results demonstrate that WIPT systems have significant potential for
practical use in biomedical devices, particularly in applications that require both
power and information transmission.

20
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Appendix A

Effect of External Capacitors on Op-
erating Frequencies of WPT

This section provides frequency response of WPT system with some examples of
external capacitors incorporated during the iterative method implementation.
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Figure A.1: S-parameter results for 0.12 pF and 0.35 pE.
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Figure A.2: S-parameter results for 0.25 pF and 0.7 pF.
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Figure A.3: S-parameter results for 0.3 pF and 0.8 pF.
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