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ABSTRACT Near-Field Wireless Power Transfer systems have attracted attention for their potential appli-
cations, such as implanted medical devices, radio frequency identification, and portable electronic devices
in general. In this context, a compact model for short-range NF-WPT systems operating in ISM frequency
bands is proposed, employing the concept of ground plane aperture resonators or Defected Ground Structures
(DGS). This technique allows the miniaturization of the resonator, which leads to the development of compact
NF-WPT systems. The model proposed in this work aims at possible applications that require simultaneous
energy and data transfer. This model operates in dual band in 433 MHz and 900 MHz frequency bands and
makes use of overlapping circular DGS in order to shrink the resonator device and obtain high values of
Figure of Merit (FoM) commonly used in this research area. The proposed model was designed using the
electromagnetic analysis and built using Rogers RO4003 dielectric material. The designed dual-band DGS
resonators have a total area of 11.7 × 10.2 mm2 and when placed at a distance of 15 mm between transmitter
and receiver, they have measured FoM values of 0.71 and 1.07 at 440 MHz and 918 MHz, respectively. The
results were compared with related works found in the literature, and indicate a ηW PT of 40.9% and 49.2 %.

INDEX TERMS Dual-band wireless power transfer, resonant coupling, defected ground structure, dual-
bandstop filter.

I. INTRODUCTION
Wireless Power Transfer (WPT) can be defined as the tech-
nology of transferring electrical energy from a source to a
load, without the use of cables for interconnection between
a transmitter (TX) and a receiver (RX), for instance, to charge
the battery of an electronic device [1], [2]. WPT systems cur-
rently developed are mostly based on magnetic coupling and
the applications of this technique include RFID tags, chargers
for portable electronic devices and implanted medical devices
(IMD) [3], in addition to being used in high-power systems,
such as electric vehicles charging [4]. In IMD applications,
WPT devices usage can result in quality of life improvements
for patients, by avoiding surgical procedures to replace the
batteries of implanted devices, such as pacemakers [5]. In
other applications, WPT systems can be used in safety-critical
environments, such as those containing explosive or corrosive
atmospheres, or any place where there is a safety risk when an
electrical connection is made or interrupted [2].

Techniques based on inductive or capacitive resonant cou-
pling are the most widespread for WPT in near-field systems
(NF-WPT). This type of coupling rely on resonant circuits that
concentrate more energy over a defined frequency range so
that the efficiency of WPT (ηW PT ) can be improved. Due to
the size of the coils and the need of a high quality factor (Q),
resonant device solutions are sought to be used in small elec-
tronic devices and IMD, for example. Some WPT systems use
printed spirals with surface-mounted capacitors (SMD) for
greater miniaturization. Currently, many RF and microwave
applications have used open ground structures (DGS, De-
fected Ground Structure) to implement low profile resonators.
These structures are compact, making them suitable for WPT
systems that have little usable area for resonator allocation.

Commercial products, especially portable devices such as
smartphones, tablets and laptops employs standards such as
the Wireless Power Consortium (WPC), Power Matters Al-
liance (PMA) and the Alliance for Wireless Power (A4WP)
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which were developed by several companies to ensure in-
teroperability in the use of charging platforms by devices of
different brands [6].

Current literature presents several systems based on DGS
resonators for a wide variety of applications such as IMD
and RFID [7], [8], including multi-band WPT systems to
meet applications that require power and data transfer con-
currently [9], [10]. The dual-band system features the con-
venience of powering the receiving device while providing
the data link for wireless communication. A possible appli-
cation of the dual-band device is an IMD operating at 433
and 900 MHz, where energy transfer is performed at a lower
frequency than data transfer, since absorption by living tissue
is greater with increasing frequency. Therefore, the implanted
device’s power supply is guaranteed, leaving the commu-
nication channel operating at higher frequency and wider
bandwidth.

DGS resonators can be designed in a variety of geomet-
ric shapes. These devices features frequency response of a
band-stop filter (BSF) and WPT mostly is performed with two
resonators placed facing each other [11], [12]. In addition,
when applied to microstrip lines (ML) with two resonators
coupled together, the microstrip is used as an open-circuit
terminated stub to perform the impedance matching of the
devices, aiming to maximize power transfer. The length of the
ML is a limiting factor in the design of WPT systems at lower
frequencies. The lower the operating frequency, the longer the
ML, increasing the overall size of the structure. Typically,
designs that implement DGS in WPT systems aim to obtain
compact structures and, therefore, according to [13], these
structures are generally implemented at frequencies above
100 MHz.

This work presents the EM analysis software design, proto-
typing and experimental validation of a device based on DGS,
aiming to apply these structures in NF-WPT systems. It is pro-
posed a dual-band DGS-based NF-WPT system operating in
ISM bands. The target applications require specific frequency
bands for energy and data transfer so proper frequency, power,
and bandwidth can be adjusted. The measured results indicate
an ηW PT of 40.9% and 49.2 %, and measured FoM values
of 0.71 and 1.07 at a distance of 15 mm, in 433 MHz and
900 MHz bands, respectively, with devices measuring 11.7 x
10.2 mm2.

II. DEVELOPMENT OF DGS-BASED NF-WPT
Most WPT systems employ magnetic or electrical (inductive,
coils and capacitive, couplers) with or without resonance, that
are not radiant [2]. Coils for WPT are usually bulky and large,
and need careful manufacturing to maintain a high quality
factor (Q). Therefore, to apply such components in small elec-
tronic equipment, such as IMD, can be a hard task. The use of
DGS has grown over the years, in applications including band
stop filters, antenna tuning, and WPT devices. Some works
are found in the direct subject of this article, including the
development of dual-band devices, with the aim of providing
power and data communication. In the microwave frequency

range, developed devices employ DGS as an element to ob-
tain compact and low-profile structures. These features are
essential to be implemented on portable devices [2], [13]. In
general, performing magnetic coupling requires a resonator
and a DGS structure associated with a parallel capacitor, to
present a resonant circuit behavior, which leads to the use of
these structures to form resonant devices in NF-WPT systems.
In addition, they have a frequency response characteristic of
BSF and, therefore, the power is transfered when the ground
(GND) of these resonators are placed facing each other [11],
[13], [2].

A NF-WPT system based on DGS is in [14], which was
built with an H-shaped opening. An efficiency ηW PT of 85%
was reached at a distance of 5 mm and FoM of 0.17 with the
devices operating at 1 GHz frequency. Prior to this one, many
attempts to use DGS are found applying this concept to build
filters and oscillators in microwave range. Some examples
are [15] and [16].

A NF-WPT system that implements DGS resonators in
semi-H format based on [14], is presented in [17]. A com-
parison is made concerning different DGS formats, pointing
out that the semi-H format has a greater inductance and con-
sequently a greater ηW PT reaching 73% of ηW PT at a distance
of 25 mm. DGS in square spiral shape of symmetrical and
asymmetrical shapes are investigated in [18]. Results indi-
cate a ηW PT of 88% and 78% at a distance of 50 mm and
40 mm, respectively, for the symmetrical and asymmetrical
shapes.

EM simulation for designing filters using different DGS
formats, have shown that Q factor is not substantially in-
fluenced by the DGS format [13]. Therefore, the area of a
DGS is what guarantees a greater inductive reactance. Also,
the authors indicate that DGS-based systems have a moderate
ηW PT compared to coil-based systems.

DGS are employed to provide rectenna size reduction
for RF-DC conversion in WPT systems in the 2.45 GHz
band [19]. The authors state that the use of DGS is advan-
tageous for providing tuning while reducing the size of the
device. High efficiency is obtained while keeping antenna
miniaturization. The control of cross-polarization in antennas
is also possible by using DGS, by adding the etched slot
elements in ground plane which can suppress undesired po-
larization an boost desired ones [20].

Simultaneous WPT is explored for power supply and data
transferring by using coupled DGS resonators [21]. The de-
sign makes use of band stop filters as basement, although it
works in much lower frequencies (49.6 MHz and 149 MHz)
when compared whit this proposal.

The DGS technique is described as the intentional inser-
tion of resonant openings in transmission lines such as ML,
Stripline and coplanar waveguides. The DGS is inserted di-
rectly over the GND plane and its insertion leads to the
disturbance of the current distribution in the plane, which
changes the characteristics of the ML resulting in modification
of the reactance [2]. Microstrip lines are popular planar trans-
mission lines because they are easily integrated into passive
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FIGURE 1. Microstrip Line geometry in an isometric view.

FIGURE 2. Different geometric shapes used in DGS.

and active microwave devices. In Fig. 1 the geometric struc-
ture of an ML is presented, being composed of a conductor
of W width placed above a dielectric substrate that presents
a relative electric permittivity (εr), loss tangent (tan δ) and a
thickness (hs) that separates it from a GND [22].

The slots printed on the GND of ML are resonant and can
have a periodic or cascade structure [2]. The use of DGS
allows the designer to employ different geometries to imple-
ment such structures, shown in Fig. 2.

One of the design challenges of this subject is related to the
DGS equivalent circuit. Therefore, by associating a capacitor
to the structure forming a resonator, the DGS-capacitor set
composes a so-called quasi-concentrated device. Thus, the
equivalent circuit can be modeled using LC elements, where
the DGS presents an inductive reactance in a specific fre-
quency range, intrinsically linked to its area. The physical
dimensions of the DGS are critical design parameters. Differ-
ent methods, such as modeling by curve fitting of scattering
parameters (S), quasi-static modeling and modeling using in-
verters of admittance (J), are some examples [2], [23].

S-parameters obtained by EM simulation to determine the
parameters of equivalent circuit and the impedances, can be
extracted to adapt the equivalent circuit model. However, the

frequency response of the DGS is not predictable until the so-
lutions are optimized through studies of parametric variations.
In quasi-static modeling, the equivalent circuit is derived us-
ing expressions for equivalent inductance and capacitance
obtained by analysing the current returning to the ML because
of disturbances caused by the DGS [23]. The method based on
J inverters starts from the premise of reducing a predetermined
equivalent circuit, knowing the inductance of the DGS and
the measured mutual coupling (M) to a simplified equivalent
which is used to determine the missing components [10], [11].

The designs carried out and discussed in this work are
implemented using the S-parameters curve-fitting method. In
Fig. 3 the procedures to obtain the proposed NF-WPT systems
are presented in flowchart-like diagram. Initially, the dielectric
material is determined, considering its electrical character-
istics, such as: relative dielectric constant of the material
(εr), loss tangent (tan δ), thickness of the dielectric material
(hs) and thickness of the copper layers hcopper . Subsequently,
the DGS format is chosen and the EM simulation model of
the resonator is designed as a two-port structure connecting
the two ends of the ML. This device must have a frequency
response characteristic of a BSF with a flat passband response
(Butterworth-type response). Full-wave software EM simula-
tions were used to analyze S-parameters of the device. If the
results do not meet the desired requirements, the dimensions
of the DGS and the capacitance value used to form the res-
onator are modified through parametric studies until they are
reached. With the S-parameters in compliance with desired
results, an equivalent circuit model is simulated in circuit
analysis software using the inductive, capacitive and coupling
characteristics obtained in EM simulation. Subsequently, two
of the resonant devices designed to model a NF-WPT system
in an EM simulation environment are used. These devices are
positioned with their ground planes facing forward and sep-
arated by a distance for which the system will be optimized.
The same process of checking the S-parameters is carried out
until the requirements are met and then an equivalent circuit
is developed to validate the designed system. Therefore, these
devices are built and used as TX and RX to perform measure-
ments of their S parameters using a vector network analyzer
(VNA).

III. DUAL BAND WPT MODEL
As described before, DGS-based resonators can be designed
in a variety of geometric shapes. Structurally, the DGS is
basically an opening in the ground plane, in this case, a
ML. The gap disturbs the current distribution in a variety of
ways which leads to various frequency band rejection char-
acteristics. Regardless of geometry, these devices exhibit a
frequency response characteristic of BSF, and WPT occurs
when the ground planes of two such devices are placed face-
to-face. With both TX-RX device magnetically coupled, the
ML is used as an open-circuit terminated stub to perform
the impedance matching. Circular DGS with different over-
lapping diameters, as shown in Fig. 4 where implemented in
order to obtain a structure as compact as possible.
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FIGURE 3. Design methodology of a NF-WPT system based on DGS represented in a block diagram.

The Q factor of the device is not influenced substantially
by the shape of the DGS [13]. Inductive reactance of the DGS
is mainly dependent of its area. The shape is chosen based
on the design simplicity of the circular format. By changing
the aperture diameter, one can vary the inductive reactance,
which makes parametric studies via EM software faster and
more efficient.

The choice of the overlapping circular shape is made tak-
ing into account that the geometric shape of the DGS does
not substantially influence the Q factor. Furthermore, as the
two structures get closer to each other, the coupling factor k
between them increases, so the most intuitive way to increase
the ηW PT is to increase the k between the two structures by
approaching TX to RX. However, a greater proximity of TX
and RX can lead to a widening of the bandpass frequency,
represented in |S21| and to the phenomenon of division around
the resonant frequency, degrading the ηW PT . Aiming the ISM
frequency bands, 433 MHz and 900 MHz were chosen. These
bands comprise, respectively, a frequency spectrum width of
433.05–434.79 MHz and 902–928 MHz [24].

The initial inductance values, corresponding to each n fre-
quency of dual-band DGS are obtained using (1), where Znn

represents the impedance seen at the corresponding DGS in-
put. The values of Znn are obtained by simulation, where frn

is the resonant frequency. Using (2), the initial values of the
capacitors are calculated, and the Q factor of both DGS are
obtained from (3).

Ln = Im {Znn}
2π frn

(1)

Cn = 1

4π2Ln f 2
rn

(2)

Qn = XDGS

RDGS
= Im {Znn}

Re {Znn} (3)

Considering the small variation of the capacitance value in
these ranges, the initial design values of C433 and C900 chosen
were 9.65 pF and 2.95 pF, respectively. The capacitors are
placed together with the corresponding DGS in the holes Cv1

and Cv2, shown in Fig. 4, where they were previously used by
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FIGURE 4. Dual band resonator in ANSYS Electronics EM simulation model
4(a) and superior view 4(b).

the device’s source inputs to check the impedance of the DGS.
Cv1 and Cv2 are the nomenclature chosen for the lumped ports
modeled in the gaps of the DGS during EM simulation. In
the first stage of the design, they are used to obtain the reac-
tance of the DGS separately, and then, simulate the capacitors
soldered in that position in the final WPT prototypes. This
forms a dual-band resonant structure within the 433 MHz and
900 MHz frequency bands.

In Fig. 5, the independence between the two resonance
frequencies is demonstrated by verifying the surface current
density distribution (Js). At different times, each DGS disturbs
the field that propagates through the LM and resonates at a
different frequency. This indicates a low level of interference
between the two DGS in their frequency bands of interest.
As a consequence, based on these results, the possibility of
developing a dual-band NF-WPT system using the designed
resonator is considered.

IV. NF-WPT SYSTEM DESIGN
In general, WPT systems require two coils or two resonators
(also called antennas) operating as TX and RX. The separation
distance between the TX and RX devices is a critical design
parameter, as the coupling conditions are intrinsically linked

FIGURE 5. EM simulation of surface current distribution in DGS structures
for each resonant frequency.

FIGURE 6. DGS-based dual-band WPT system EM simulation model.

to this distance. The smaller the distance between TX and RX,
the greater the coupling between them.

In this step, through EM simulations, the S-parameters of a
NF-WPT system formed by two BSF operating as resonators,
with their ground planes facing each other are obtained. Fig. 6
presents the EM simulation model of the proposed WPT sys-
tem. It shows two DGS devices separated by a distance d with
their respective capacitors to form resonators in the 433 and
900 MHz frequency bands.
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FIGURE 7. Equivalent circuit of the proposed DGS-based dual-band WPT
System.

The two devices have identical dimensions, however they
are mirrored structures so that the corresponding DGS are
facing each other. Each of these devices has an excitation
port forming a two-port system. Also, the circuit must be
matched at 50 � to avoid reflections at the inputs. Therefore,
the open ended ML acts as a capacitor in the circuit to perform
impedance matching. (4) is used to define the capacitance of
the stub, [22]. In this equation, β is the propagation constant
and lst is the length of the stub. The transmission line capaci-
tance is estimated by neglecting edge effects.

CS = 1

2π frZ0
tan (βlst ) (4)

The equivalent circuit of this system is shown in Fig. 7,
where L433 and L900 represent the inductances of the DGS
resonators and C433 and C900 are the capacitors used to form
the resonators in the corresponding frequency ranges. The ML
capacitance is represented by Cs. Furthermore, M1 and M2

represent the mutual inductances and k1 and k2 the magnetic
coupling coefficients, respectively, in the 433 and 900 MHz
bands. Their values are directly influenced by the distance
between the resonators and are obtained by (5) and (6) which
take into account the Z-parameters of the proposed system
(see Fig. 7).

M1 = Im {Z21}
2π f433

and M2 = Im {Z21}
2π f900

(5)

k1 = M1

L433
and k2 = M2

L900
(6)

The stub has width W so that the ML has an impedance of
50 � and its length is used to perform the impedance matching
of the devices. For this, in addition to the length of the ML,
both holes where the capacitors are positioned are shifted
along the length of the ML. This is accomplished through
parametric variations of dimensions in an EM simulation en-
vironment. The resonant device with its final dimensions is
shown in Fig. 8.

For the calculation of Cs value, which represents the stub in
the circuit model, β is taken into account, which is calculated
from (7). The phase constant of a transmission line, β, is mea-
sured in rad/m. In this article, βn refers to the phase constants
considering the length of the microstrip line, positioned in the

FIGURE 8. Final dimensions of the dual band resonator used to form the
proposed WPT system in top and bottom views.

TABLE 1. Physical and Electrical Characteristics of Rogers RO4003
Dielectric Material

layer below the ground plane aperture for each DGS. The term
n generalizes β with different values for the 433 or 900 MHz
bands. λg is the guided wavelength and is dependent on the
effective dielectric constant εe f (8). As a ML, εe f can be
calculated using (9) [22], where hs represents the thickness
of the dielectric layer of the material and W the width of the
ML. This parameter is estimated neglecting the effect of the
position of the microstrip line.

βn = 2π

λg
(7)

λg = c

fr
√

εe f
(8)

εe f = εr + 1

2
+ εr − 1

2

1√
1 + 12hs/W

(9)

The dielectric substrate used in this design is Rogers
RO4003. Its physical and electric characteristics are shown
in Table 1. With these parameters, the values of the miss-
ing components of the equivalent circuit are determined. The
S-parameters of dual band WPT system are optimized for a
distance of 15 mm and for the highest possible value of FoM.
As it is a symmetric and reciprocal structure, |S21| = |S12|
and |S11| = |S22|. Figs. 9 and 10 presents simulated results
for |S11| and |S21|, respectively, whose results indicate a good
agreement between the simulated dual band WPT system in
EM and circuit approach. The components values used for
circuit simulation are presented in Table 2.

In order to perform the circuit analysis of the proposed
dual-band WPT system model, the mutual inductance M val-
ues are extracted by means of EM analysis. Figs. 11 and 12
show the values of M simulated in the 433 and 900 MHz
bands. By applying these values to (6) it is possible to calcu-
late the k factor of this system, presented in Table 2 together
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TABLE 2. Parameters for Analysis of the Equivalent Circuit of the Proposed Dual Band System

FIGURE 9. Simulated S11-parameters of the NF-WPT system in the EM and
circuit analysis software.

FIGURE 10. Simulated S21-parameters of the NF-WPT system proposed in
the EM and circuit analysis software.

with the other parameters necessary to perform the circuit
analysis.

To calculate ηW PT and the FoM of the WPT systems, (10)
and (11) are used [11], [25]. In (11) the term Aresonator refers to
the physical area of the resonator. In dual band cases, the area
of the DGS and the edges of the ground plane correspond-
ing to the resonator of each frequency band are considered.
Therefore, according to Fig. 8 the area corresponding to the
resonators in the 433 MHz and 900 MHz bands are 7 ×
10.2 mm2 and 4.7 × 10 mm2, respectively. Considering the
results obtained through simulation in an EM environment,
the best results for |S21| are −3.08 dB and −2.52 dB and
for |S11| −42. 68 dB and −46.61 dB at 433.26 MHz and
916.58 MHz. These results consider the distance between TX
and RX of 15 mm for which the WPT system is optimized and

FIGURE 11. Simulated mutual coupling of the WPT system in the 433 MHz
band.

FIGURE 12. Simulated mutual coupling of the WPT system in the 900 MHz
band.

can be better visualized in Figs. 19 and 20. As a consequence,
η433 = 49.21% and η433 = 55.97%, which lead to FoM values
of 0.87 and 1.21, respectively.

ηW PT = |S21|2
1 − |S11|2 (10)

FoM = ηW PT
d√

Aressonador
(11)

In an EM simulation environment, a parametric study of the
ηW PT and FoM as a function of the distance between TX and
RX is carried out and is shown in Figs. 13 and 14. The results
show that at a distance of 8 mm there is a maximum ηW PT

of 72% at 433.26 MHz and 75.6% at 916.58 MHz. However,
the best FoM values are obtained at a distance between 14
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FIGURE 13. Graphs of the simulated ηW PT as a function of the distance
between the TX and RX resonators at 433 MHz and 900 MHz.

FIGURE 14. Graphs of the simulated FoM as a function of the distance
between the TX and RX resonators at 433 MHz and 900 MHz.

and 15 mm for both frequency bands. The best FoM values
are 0.94 and 1.23 at a distance of 14 mm, respectively at the
frequencies of 433.26 MHz and 916.58 MHz.

Equation (10) is used to obtain the WPT efficiency and
takes into account only the parameters |S11| and |S21|. It is
widely used in related articles, where they present DGS struc-
tures to form WPT systems. In this way, the WPT efficiency
is measured considering the energy coupled to the input port 1
and effectively delivered to the transmitting DGS in relation to
the energy measured at the output of the WPT system, disre-
garding the impedance matching at the receiving DGS input.
Thus, the measurement of |S22| parameter was not carried out
in the measurement tests of this proposed WPT system.

V. DGS PROTOTYPES AND MEASUREMENT ANALYSIS
Two DGS-based prototypes that make up the dual-band WPT
system are built and shown in Fig. 15, and the measurements
with WPT system are performed using a vector network ana-
lyzer (VNA). The equipment is the FieldFox Keysight model
N9912 A and the measurement configuration is shown in
Fig. 16, which also shows the measured parameter |S21|. In

FIGURE 15. Built-in dual-band DGS-based resonator.

FIGURE 16. Measurement image of the proposed NF-WPT system with
15 mm distance between TX and RX.

this configuration, a ruler fixed on a styrofoam sheet is used
as a measuring apparatus. Cables and devices are fixed using
adhesive tape, forcing them to maintain a distance of 15 mm
between TX and RX.

Capacitance values are optimized through EM simulation to
obtain resonances within the 433 and 900 MHz bands, whose
values are 8.9 pF and 3 pF respectively. However, because of
practical aspects, SMD capacitors soldered into the devices
are 8.2 pF and 3 pF, thus, 433 MHz band presents a frequency
shift of approximately 6.92 MHz, resulting at 440.188 MHz.
Also, Fig. 16 shows that at this frequency the value of |S21| is
−4.147 dB, representing degradation of 1.397 dB in relation
to the values obtained in EM simulation. The best measured
result in the 900 MHz band is obtained at the frequency of
918.75 MHz. Despite the deviation of 2.17 MHz, the reso-
nance remained within the ISM range of 900 MHz. As in the
433 MHz band, there is also a degradation of |S21|, measured
0.957 dB. These degradation is caused by misalignment be-
tween TX and RX resonators.

It is possible to adjust the resonant frequency by varying
only the opening of the DGS, considering a known capac-
itance value. However, as there is a capacitance variation
within the tolerance of the SMD device, a parametric study
was carried out to estimate the sensitivity of the frequency
deviation. This variation is particularly noticeable in the
433 MHz ISM band range, because of its narrow frequency
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TABLE 3. Summary Table - 433 MHz

TABLE 4. Summary Table - 915 MHz

FIGURE 17. Measured and simulated S11-parameters of the proposed
NF-WPT system with a distance of 15 mm between TX and RX.

band (1.74 MHz of 433.05 MHz center frequency). Fig. 22
shows a +-0.2 pF of variation representing a shift of approxi-
mately 8 MHz in |S21|.

The measurements results are compared with those ob-
tained in EM simulation (Figs. 17 and 18). Figs. 19 and 20
show the graphs of |S11| and |S21| measured and simulated in
the specific ranges. In both graphs, |S11| degraded in relation
to the simulated one. These degradation lead to a lower ηW PT

which is shown in Fig. 21. At 440.18 MHz frequency, a ηW PT

of 40.9% is obtained. Comparing it with the best simulated
result, at 433.26 MHz, it is concluded that there is a decrease
of 7.85%. For the 900 MHz band the best measured ηW PT ,
at 918.75 MHz, is 49.2%, 7.16% below the simulated value.
Despite the decrease of ηW PT , FoM values remained high.
With values of 0.71 and 1.07, considering the frequencies of
440.188 MHz and 918.75 MHz, respectively. In the analysis
of the degradation, the impedance matching system of the
DGS device is designed on the EM simulation model of the
WPT system, where TX and RX are face-to-face, varying the
length of the microstrip line in order to optimize the system
for the designed distance (15 mm). As the positioning of the

FIGURE 18. Measured and simulated S21-parameters of the proposed
NF-WPT system with a distance of 15 mm between TX and RX.

FIGURE 19. Measured and simulated S-parameters of the proposed
NF-WPT system with a distance of 15 mm between TX and RX in the range
of 433 MHz.

FIGURE 20. Measured and simulated S-parameters of the proposed
NF-WPT system with a distance of 15 mm between TX and RX. in the
900 MHz band.
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TABLE 5. Comparison of DGS-Based Dual-Band WPT Systems

FIGURE 21. ηW PT simulated and measured as a function of frequency.

FIGURE 22. EM simulation results ranging from the capacitive value of
C433 within the tolerance of the SMD capacitor used.

devices is changed, an impedance mismatch is caused, result-
ing in a degradation in the efficiency of energy transfer. In the
measurement tests of the WPT system, the apparatus used to
position the prototypes lacks of accuracy in the positioning of
devices, so the degradation of S parameters occurs.

The frequency deviation in the 433 MHz range is caused
by the use of a capacitor with a different value than the one
simulated, more specifically 0.7 pF lower than the ideal value.
This capacitor presents a tolerance of ±0.5 pF and Fig. 22
shows the graphs of |S21| simulated for values of C433 within
this tolerance range. It can be seen that with a value of 8.6 pF
there is an agreement between simulated and measured |S21|.

Tables 3 and 4 show simulated and experimental results, for
both 433 and 915 MHz frequency ranges.

Table 5 presents comparison with other DGS dual band
WPT systems. The results of [25] report the same frequency
ranges and distance between TX and RX, but using DGS in
square format. Although the results of ηW PT and FoM are
better in the 433 MHz band, it has a larger resonator size and
FoM value in the 900 MHz frequency band, lower than that
obtained with the model proposed in this work. In addition,
even with a lower ηW PT , the developed prototype has a more
compact size and higher FoM values considering frequency
ranges close to 900 MHz.

VI. CONCLUSION
In this work, a NF-WPT with DGS was designed, simulated,
built, and the results evaluated. A dual-band system operating
in ISM bands was presented, targeting applications that re-
quire energy and data transfer simultaneously. The proposed
DGS features a geometry of overlapping circles aiming at a
compact device, while keeping the same level of ηW PT in both
frequency bands. Although the proposed devices presented
smaller measured ηW PT than those from the related works,
it was possible to obtain structures with reduced dimensions
with the method presented in this work.

The dual band system was optimized so that at a 15 mm
distance, it presented high FoM values. Even though the mea-
sured ηW PT have suffered degradation due to misalignment,
the value of FoM in the frequency of 440.188 MHz can be
considered compatible with the values obtained in works that
implement systems in similar frequencies. In addition, the
use of commercial capacitors led to a frequency deviation of
6.92 MHz, causing the designed system to operate outside the
ISM range of 433 MHz. However, at 918.75 MHz frequency,
even with degradation, the FoM value remained high when
compared to similar works operating in the same frequency
range. The observed degradation may be due to the low pre-
cision in the alignment between the TX and RX resonators
caused by mechanical inaccuracies in the measuring appara-
tus. Still, the designed and built dual-band resonator features
overall dimensions of 11.7 × 10.2 mm2. In the carried out
research, no devices based on DGS used in NF-WPT sys-
tems presenting similar dimensions were found, suggesting
the contribution of this work in the development of the state
of the art.
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