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Abstract

In this paper, by designing a double metasurface, an efficient wireless power transfer system is proposed for implementable medical
applications. This system operates at 2.45 GHz in the medical frequency band and consists of two antennas, a transmitter, and a receiver,
along with a double metasurface structure embedded between them. A circular patch antenna for the transmitting end and a small loop
antenna on the receiving side are designed. To enhance the efficiency of the system, a double metasurface consisting of two arrays of
hexagonal ring unit cells is located between the receiver and transmitter antennas. As the receiver antenna is designed for operation in
a human body medium, the effects of antenna displacement as well as material uncertainty on the efficiency of total structure are
investigated in which reasonable stability concerning these variations is observed. Finally, as this system is aimed to operate in the
human body, the safety of this system has also been approved through the calculation of the specific absorption rate (SAR). The
proposed wireless power transfer system can overcome the challenges of using implementable medical electronic devices such as

battery-replacing surgeries.
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1. Introduction

In recent years, with the advancement of technology, the
applications of wireless power transfer (WPT) systems have
been widely increased. In particular, WPT systems are
promising in the field of implantable medical devices in the
human body [1]. Changing the battery in the human body is one
of the basic problems that can be overcome using wireless
power transfer (WPT) technology for the human clinical
environment [2]. Thus, WPT systems have attracted
tremendous attention from the scientific community to obviate
the problems caused by the use of batteries with limited lifetime
in implantable devices [3].

There are various approaches to designing WPT structures such
as induction technique [4], magnetic coupling [5], simultaneous
transfer of wireless information and power based on lasers [6],
and RF wireless power transfer [7]. Among these methods, ones
that are based on the radiation of electromagnetic waves
provide longer transfer distances along with less sensitivity to
the orientation of the antennas. In this regard, a rectifier antenna
(rectenna) is a promising solution for efficient wireless power
transfer [8]. Since the most important parameter of WPT
systems is power efficiency, plenty of researches has been
performed to improve the efficiency of WPTs. To this aim,
various techniques have been presented such as magnetic
resonance coupling based on impedance matching [9],
optimization of mixed-resonant circuit structures [10], and
employing metamaterial structures [11]. Display quotations of
over 40 words, or as needed.

Metasurfaces (MSs) as two-dimensional versions of
metamaterials have found many applications, such as
cloaking[12], absorbers [13], polarization switching[14], beam
steering[15-17], and lenses[18-19]. These applications are
consequences of attractive extraordinary electromagnetic
features introduced by MSs, which are not found in natural
materials. Benefiting from MS characteristics, it is also shown
that the efficiency of WPT systems can be enhanced.
Furthermore, there are different studies on the improvement of

the efficiency of WPTSs using MSs, such as employing multi-
mode MS [20], near-field focus reflection analysis[21], and
coded MSs [22]. Additionally, by using MSs with spiral MNG
unit cells, the efficiency of WPT systems in implantable
medical devices has been increased [23-27]. Moreover, by
combining an antenna with a MS, it is possible to make a meta-
transmitter with the capability of improving the WPT efficiency
[24] and also a broadband implantable antenna[25].

In this study, a new MS is proposed to improve the efficiency
of the WPT system with application in implantable medical
devices. It benefits from high refractive index (HRI)
characteristic of MS to improve the system efficiency. The
effect of increasing number of MS layers on the efficiency of
the structure is also studied. For this purpose, a circular patch
antenna is used in the transmitter part (Tx) while a loop antenna
with high bandwidth is designed for the receiver part (Rx).
Additionally, the effect of possible changes and inconsistencies
of the receiver antenna, including as its vertical and horizontal
displacements and its rotation on the efficiency of the system is
investigated. Moreover, the effects of uncertainty of electrical
properties of the human body such as relative permittivity and
conductivity coefficients are also analyzed. Finally, considering
the importance of human immunity, the specific absorption rate
(SAR) of the proposed structure is calculated, which ensures
complete immunity. Thus, the proposed system can be a good
candidate for increasing efficiency of WPT system with high
stability and low SAR.

The remainder of this paper is organized as follows. Section 2
of the paper presents design details of transmitter and receiver
antennas to establish a basic wireless power transfer system.
The third section is devoted to designing a metasurface for
improving the efficiency of the WPT system. Since the
proposed structure is designed for working in the human body,
a sensitivity analysis is carried out concerning material
uncertainty and antenna movement in the fourth section. To
ensure health considerations, the sixth section is devoted to the
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safety and SAR analysis. Finally, the paper will be concluded
in the seventh section.

2. Design of basic WPT system

In this section, the basic WPT system for medical applications
is designed and its efficiency will be analyzed. The WPT
system is composed of at least one transmitter and one receiver
antenna which operate in different mediums. The receiving
antenna has to be embedded in the human body while the
transmitting antenna works in the air medium keeping a definite
distance to the human body. Thus, the receiving and
transmitting antenna should provide different characteristics
which are described in the forthcoming subsections. It is worth
noting that the operating frequency for this system is chosen at
2.45 GHz which is an allowed frequency for medical
applications.
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Fig. 1. Schematic of proposed transmitting antenna (a) front
view, (b) side view with parameters value as P = 80mm, D =
39.6mm, G = 15.2mm, (c) simulated return loss and realized
gain of the antenna. the CST results are indicated with solid
lines while HFSS results by dashed lines.

2.1 Transmitting antenna

The transmitting antenna which operates in the air medium
should be a simple, compact, and relatively high-gain antenna.
Hence, a circular microstrip patch antenna with a probe-feeding
structure has been selected for the transmitting end. Regarding
to the feed location, the antenna provides linear y-polarized
radiation. The antenna configuration is sketched in Figure 1.
(a,b). As shown, it is designed on a Rogers 6002 substrate with
a dielectric constant of 2.95 and a loss tangent of 0.0012 with a
height of 1.27 mm. To perform numerical full-wave simulations,
the commercial full-wave simulator CST Studio Suite [28] has
been utilized here. The results also verified with another full-
wave simulator, namely ANSYS HFSS simulator [29], and
shown with the dashed line in the figures. The antenna
parameters are optimized for having good impedance matching
and radiation characteristics at 2.45 GHz by the genetic
algorithm with population size=50 and crossover=0.8. The
optimized parameters are as follows: p = 80mm, r = 39.6mm,

and g = 15.2 mm. The return loss of the optimized antenna is
shown in Figure 1 (c). As can be seen, the antenna has a return
loss lower than -10dB from 2.43 to 2.46 GHz which is desired
for the proposed WPT system. Moreover, the antenna has a
realized gain of 7.5 dB in the operating frequency range.
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Fig. 2. Schematic of proposed receiving antenna (a) front view,
(b) side view and its location in skin medium with parameters
value as Q = 10mm, C = 12mm, W = 0.5mm, W1 =4mm,d =m
=3mm, Ls = 80mm, Ws = 30mm (c) simulated return loss and
realized gain of the antenna. the CST results are indicated with
solid lines while HFSS results by dashed lines.

2.2. Receiving implantable antenna

The receiving antenna for the proposed system should be
implantable in the human body. Thus, a small antenna structure
with a nearly omnidirectional radiation pattern has been
designed. The antenna has been mounted on the Rogers 6010
platform, which has a high dielectric constant of &r =10.2, and a
loss tangent of 0.0023 with a thickness of 0.3 mm. In addition,
the antenna is masked with a superstrate with similar
characteristics to its substrate with 0.1 mm thickness to protect
it in the human body environment. To consider the human body
effects, the receiving antenna is located in a structure with
similar characteristics to the skin at the frequency of 2.45 GHz,
& =38 and o = 1.44 S/m equation dimensions of 80 x 80 x
30mm3. Figure 2 (a,b) shows the schematic of the receiver
antenna structure which is located in the human body. The
feeding direction of the antenna is designed such that it supports
y-polarized linear radiation identical to the transmitter’s one.
The antenna’s parameters are optimized through the genetic
algorithm with population size = 50 and crossover = 0.8 to have
maximum impedance bandwidth and omnidirectional radiation
pattern. The optimized values obtained as: g =10mm, ¢ = 12mm,
w = 0.5mm, a = 4mm, m = 3mm. The simulated return loss of
the antenna is sketched in Figure 2 (c) which shows a relatively
wide impedance bandwidth from 1.6 to 3.7 GHz. Furthermore,
the antenna has a nearly omnidirectional pattern with a realized
gain of about -17.5 dB which is suited for antennas working in
the human body.

2.3. Efficiency of basic WPT system

With the designed transmitter and receiver antennas, in this step
a basic WPT system from air to the human body is established.
The most important parameter in a wireless power transfer
(WPT) system is its power transfer efficiency which is defined
as the ratio of received power (B,) to transmitted power (P;)
Thus, the efficiency of the WPT system can be calculated as:

B 2
T1—Pt—|521|

@)
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Fig. 3. Simulated transmission (efficiency) of basic WPT
system and WPT systems after inserting metasurfaces

-55

The simulated efficiency of the basic WPT system is shown in
Figure 3. As shown, the transmitter antenna is placed at a
distance of di = 100 mm from the skin edge whereas the
receiver antenna has a distance of d = 3mm from that.
Moreover, the antennas are aligned for maximum power
transfer. As can be observed, |S,1] = —30.5dB , and the
efficiency of the current WPT system is calculated from (1)
about 0.09%. The next section is aimed to increase the
efficiency by using a metasurface located in the middle of the
transmitter and receiver antennas.

3. Metasurface Design and Analysis

As mentioned in [31], the efficiency of a WPT system can be
increased by using a high refractive index (HRI) Metasurface.
Actually, by using an HRI metasurface above the skin layer, the
effective aperture of the implantable antenna is enhanced,
leading to a significant improvement in power transfer
efficiency (PTE). Therefore, an HRI MS can focus the
transmitted power wave to the receiver antenna by creating a
high refractive index. Here, a hexagonal metasurface is
proposed which is printed on both sides of the Rogers 6010 with
a dielectric constant of 10.2 and loss tangent of 0.0023. A unit
cell of the proposed MS shown in Figure 4 (a,b) is simulated
considering periodic boundary conditions in the x and y
directions. Also, two Floquet ports are applied in the z direction
to obtain the reflectance and transmittance of the total MS
structure. Then, using these extracted parameters the effective
refractive index (nerr), of the MS can be calculated as [32]:

1 -1 1 2 2

Meff = 1 €OS ﬁ(l—R +T)] 2)
Where h represents the thickness of the MS and k is the free
space wave number. The proposed unit cell is optimized by the
genetic algorithm with population size=50 and crossover =0.8
to provide high refractive index. The extracted effective index
is shown in Figure 4 (c) where a high refractive index can be
observed. As can be seen, the real part of the refractive index is
about 200 showing the HRI nature of the proposed MS at the
frequency of interest, 2.45 GHz. Meanwhile, the imaginary part
of the refractive index which is related to the loss of the
structure is negligible. Thus, the proposed MS could be
considered a good candidate for PTE enhancement of the basic
WPT system.

As shown in Figure 5 (a), an MS composed of 4x4 identical unit
cells is placed in the middle of the transmitter and receiver
antennas in the human body. The simulated results included in
Figure 3 show a -6dB increment in Sz1 of two antennas
compared to the case of the basic WPT system without MS. To
attain more enhancement of the efficiency, two 4x4 MSs named
as double MS with a distance of ds have been used, as shown in
Figure 5 (b). This structure can be easily fabricated with some
electrically transparent spacers between two MSs. To find the
best point for the location of the double MSs, a parametric study
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is carried out on the two parameters d2 and ds which
respectively indicate the distance between the human body and
the double MS,“and its thickness.
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Fig. 4. The schematic of the proposed Unit cell (a) font side,
(b) backside, with n = 14mm, f = 6.8mm, s = 0.4mm, y =
0.2mm, h = 0.635mm, (c) extracted effective refractive index.
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Fig. 5. Improving the efficiency of basic WPT system by
inserting MS between Tx and Rx antennas, (a) first scenario
with single MS, d = 3mm, d1 = 100mm, d2 =12 mm, (b) second
scenario with double MS, d = 3mm, d1 = 100mm, d2 = 12mm,
d3 =10mm.

Table 1. The optimized parameters values of double MS WPT

system
d,, mm d;, mm S,1,dB AS,,,dB

4 5 -24.5 6

8 5 -23.8 6.7
12 5 -23.5 7

14 5 -23.8 6.7
4 10 -22.3 8.2
8 10 -22.2 8.3
12 10 -22.1 8.4
14 10 -22.3 8.2

The optimized parameters values are tabulated in Table 1,
which shows that the Sz of two antennas increases by
increasing the distance of the MS from the human body, d2.
However, going more than d2=12 mm decreases the efficiency
which can be explained regarding to the role of the MS as an
HRI plate. Furthermore, the maximum efficiency is obtained
for ds=10 mm which could be realized by a simple air spacer.

The result of the optimized double MS structure in Figure 3
shows an improvement of about 8.4 dB in the S21 of two
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antennas compared to the case of basic WPT without any MS.
Also, in Figure 6(a), the efficiency improvement graph is
presented in which an enhancement from 0.09% to 0.63% is
obtained. Besides, Figure 6(b) investigates the effect of MS
structure on the input matching of the receiver and transmitter
antennas. As can be observed, the MS structure has no
significant change in the return loss of the antennas which is a
desired characteristic for WPT systems. Up to now, a MS that
is capable of increasing WPT efficiency is designed and
optimized. In the next section, a sensitivity analysis of this
system for different cases will be performed.

To better illustrate the role of the MS in increasing WPT
efficiency, a WPT system can be modeled by a two-port system.
Having the Z-parameters of the WPT system in hand, its
efficiency can be obtained as [33]:

— @ — Rload |Zz1|2 ER{Zin}
n - Pin - |ZZZ+Rload|Z |Zin|Z (3)
Where Ruoad is the load resistance of the receiving end.
Moreover, Zin stands for the input impedance of the transmitting
end calculated as:

Z12221

Zig = Zyq — 222
n (Zzz+Rload)

71 4
Regarding to above formulas, the efficiency of a WPT system
is a function of its Z-parameters as well as load impedance.
Since the load impedance is usually set to

Ricad = 50 Q, here the focus would be only on the Z-parameters.
The Z-parameters of the WPT system with and without using
double MS have been calculated and the results are depicted in
Fig. 7. Figure 7(a,b) demonstrates that embedding MS in the
WPT system does not change the Z11 and Z22 parameters. This
is due to the enough distance between MS and antennas, which
leads to minimum coupling on the antennas. Thus, the effect of
adding MS mainly appears in Z21 as suggested by Fig. 7(c). As
aresult, based on equation (3) increasing Z21 improves the total
efficiency of the WPT system. Therefore, the efficiency of the
WPT system with and without double MS is calculated and
depicted in Fig. 7(d). As can be observed, the results are similar
to Fig. 6(a), which shows the theoretical calculation and
simulation results of efficiencies are in good agreement.

4. Sensitivity Analysis of Improved WPT System
After designing the MS for increasing WPT efficiency, it is
required to perform a sensitivity analysis of the total structure
concerning either spatial displacement or material parameters
uncertainty. In this section, firstly the effect of changes in
spatial parameters will be investigated, and then the changes in
material parameters will be investigated.

4.1. Spatial displacement

There are several spatial parameters which are important

to be studied for a system working in a human body
environment. Regarding Figure 8, the effects of four parameters
are considered here including ds, d, dx, 6. Firstly, the effect of
distance between transmitter and receiver antennas, di, on the
Sa1 of two antennas will be investigated.

As expressed in Table 2, transmission parameter, Sz1, decreases
by increasing the distance between two antennas which is due
to the attenuation of free space loss. Nevertheless, the role of
the MS in increasing Sz is reserved in all values of di. As can
be seen, there are at least 8.4 dB enhancement in Sz1in all cases,
which verifies the effectivity of the MS structure in efficiency
improvement.

490

Serial no. 110

Another important issue in the WPT system for implants is the
displacement of the receiver antenna in the human body. Here,
the effect of possible displacement as well as rotation of the
receiver antenna on the performance of the proposed system
should be studied. At first, the receiver antenna is allowed to
move vertically in the human body with amount of d from the
surface of the skin, as illustrated in Figure 8. The values of the
Sz1 in different locations of the receiver antenna are calculated
and shown in Fig. 9(a). As can be seen, by moving the receiver
antenna far from the surface of the skin, the amount of received
power is decreased which is a natural consequence of free space
loss. Nevertheless, there is still efficiency improvement
concerning the case of the WPT system without using any MS.
Next, will allow the receiver antenna in the human body to
move horizontally with an amount of dx from the center, as
shown in Fig. 8, where the corresponding results are shown in
Fig. 9(b). As can be realized, increasing dx reduces the value of
S21 which is an expected result. Indeed, this is due to the
displacement of the receiver antenna from the focus center of
MSs. However, this can be easily modified by using an
adjustable MS structure to dynamically focus on the new
location of the receiver antenna. Again, an increase with respect
to the case of without MSs can be still observed in all cases of
Fig. 9(b).
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Fig. 6. The effect of adding double MS on the basic WPT system,
(a) efficiency increases, the CST results are indicated with solid
lines while HFSS results by dashed lines (b) the return losses of
the antennas remain unchanged.
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indicated in Fig. 8.
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Fig. 10. Investigating the effect of environmental parameters
on the transmission of the WPT systems. (a) Permittivity (g,)

(b) conductivity (o) of skin medium.

Lastly, the effect of rotation of the receiver antenna, as a
common occurrence in the real human body, is studied. The
schematic of the considered scenario is depicted in Fig. 8 where
the antenna is allowed to rotate around its center by the angle
of 4. The rotation angle is varied from 0 to 20 degrees, and the
corresponding results are shown in Fig. 9(c). As can be
observed, the WPT efficiency is decreased by increasing the
rotation angle due to the misalignment between the transmitter
MS and receiver antenna. However, again there is a good
amount of improvement compared to the basic WPT case.

4.2. Effect of environment characteristics

A practical WPT system should also consider the effect of
uncertainties in the amounts of permittivity (g.) as well as
conductivity (o) of the human body. In this section, a
sensitivity analysis of WPT performance is performed on the
conductivity and permittivity changes. In the previous sections
er=38 and 0=1.44 S/m are used for the human body. Here, the
dependence of Sz1 on variations of permittivity is depicted in
Fig. 10(a) where the conductivity is set to o=1.44 S/m.
Moreover, Fig. 10(b) shows the effect of different conductivity
values on S,; where the permittivity is fixed at . = 38.
Although there is no significant change in S,; with increasing
permittivity, it decreases with increasing conductivity. The
latter effect is due to the increasing loss which is a direct
consequence of increasing conductivity.
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Fig. 11. Distribution of power loss density for 1g of the human
body at 2.45 GHz frequency. (a) Basic WPT system (b) WPT
with double MS, the receiver antenna can be located in the
middle top of the pictures (c) calculation of SAR value near the
human body phantom.

5. Safety and SAR analysis

Since WPT systems interact directly with the human body,
safety analysis is a necessary examination to ensure that they
have no bad health impacts. To confirm the safety
considerations of a WPT system working around the human
body, the specific absorption rate (SAR) is usually calculated,
which is evaluated from the energy

stored in the human body. According to the IEEE C95.3
standard [34], the SAR value of a WPT system should not
exceed 1.6 W/kg to preserve patient safety. In this study, the
SAR investigation is performed on the proposed WPT system
for a 1g average of the human body. Furthermore, the results
are examined according to the power changes in the transmitter
to find the maximum input power before that meets SAR
considerations. The changes of SAR are compared in two cases
basic WPT and WPT with double MS. From the results of Table
3, it is obvious

that considering 1W of power in the transmitter SAR results in
2.05W/kg SAR for basic WPT. However, using double MS in
the WPT system increases SAR to 7.94W/kg which is due to
the high focus of the wave energy to the receiver location. This
is illustrated in Figure 11 where a high concentration of power
loss around the receiver antenna after embedding the double
MS could be distinguished. Obviously, the SAR value could be
reduced by decreasing the input power. Finally, the values of
SAR are calculated for different input powers of the WPT
system with double MSs and tabulated in Table 3. It is shown
that the input power of the transmitter antenna, in this case,
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should be kept under 0.2 W to ensure the SAR value would be
in the specified standard range. This illustrates the advantage of
using MS in WPT system, which reduces the input power from
more than 0.5 W in the case of WPT without MS, to 0.2 W in
the case of WPT with MS, while keeping the output SAR level
at 1.6 W/kg. It should be noticed that in the implementable
WPT systems the allowed SAR density is limited due to the
safety standards. However, WPT systems with higher
efficiencies need less input power to reach this limitation.
Furthermore, a human body phantom is used to calculate the
SAR value as shown in Fig. 11(c). As can be observed, the
proposed double MS suceeded in focusing transmitting power
to tha reciever location, which prevents harming other parts of
the body.

Table 3. Calculated 1 g average SAR (W/kg)

Input power (W)  Without MSs With MSs
1.00 2.05 7.94
0.50 1.02 3.97
0.25 0.51 1.98
0.20 0.28 1.59

In Table 4, the results of this paper are compared with

other reported works on metasurface-based WPT systems.

All the references are designed for implementable
applications working at the ISM frequency band. As
shown, all of them use relatively high-gain, low-profile,
narrowband microstrip antennas for transmitting end,
while low-gain, small antennas with wider bandwidth are
used for receiving end. The transmission improvement
made by the metasurface with respect to the case without
the metasurface is also compared for all references.
Although some references achieve higher transmission
improvement than this paper, their transfer distance is
much lower than what is presented here. Consequently,
the proposed design can be regarded as a good candidate
for WPT charging of implementable WPT sensors.

Table 4. Comparisons among WPT systems

Antenna Gain  Bandwidth Imbrovement Transfer
Ref (dB) (%) ApS B Distance
TX Rx Tx Rx 2 (dB) (mm)
[25] N.M* 32 15 139 11 50
[26] 75 19 05 4 5.62 60
[27] 2 23 23 9 8 14
[31] 7.8 -14 2 452 6 53
This 75 -18 1.3 80 8.4 100
work

*N.M. means not mentioned in the reference.

6. Conclusion

In this study, a double metasurface has been employed to
improve the efficiency of the wireless power transfer
(WPT) system. The obtained results show that using
double MS enhances power transmission and efficiency
percentage respectively about 8.4 dB and 600%. Also, a
comprehensive  sensitivity analysis is performed
including the effect of displacement and rotation of the
receiving antenna and uncertainty in the human body
parameters where an acceptable robustness is observed.
Furthermore, the performance of the proposed system is
investigated through a theoretical analysis based on a
two-port network model where the theoretical predictions
are well matched with simulation results. Finally, a safety
analysis is carried out which shows that the calculated
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SAR value meets its standard range if the input power of
the WPT system does not exceed 0.2 W. The overall
results show that the designed system is suitable for
improving the efficiency and safety of the WPT system.
The proposed WPT system is a good candidate for
implementable medical electronic devices.
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