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ABSTRACT We introduce a novel RF to DC wireless power transmission implantable rectenna system at
Industrial, Scientific and Medical bands (ISM 902.8-928 MHz). An embedded circular antenna receives the
externally emitted energy from a patch antenna and converts it toDC power by a rectifying circuit. The system
is associated with a metallic reflector which is placed behind the human body enhancing the reception. The
rectifying circuit efficiency and the total system’s efficiency are determined for different external antenna
to human body distances and various embedded depths with or without the reflector. Experimental results,
obtained in a realistic environment, validate the predicted performance and provide an initial evaluation of
the transmission link. Porcine tissue and bovine tissue are both used during the measurements and results
are compared against simulations.

INDEX TERMS Industrial, scientific and medical (ISM) bands, rectenna, rectifying efficiency, wireless
power transmission system.

I. INTRODUCTION
Wireless energy transmission has gained significant atten-
tion in biomedical domain in recent years. An implantable
medical device (IMD) could have various implementations
including among others condition monitoring, drug deliv-
ery, information exchange [1]. In comparison with near-
field inductive charging, far-field radiative (or microwave)
charging can be used with a higher implantable depth and is
much more robust to antenna location changes, orientations
and surrounding environment. Furthermore, since it operates
at high frequencies, the supporting antennas can be small
and the implanted devices miniaturized. Thus, they can be
implanted deeply inside the human body without affecting
patients’ comfort. Patients can also have more freedom while
device charging, since relative position between the charger
and the implanted antenna is not as important as in inductive
charging. Finally, due to the strict limits in the power density
regulation for the power emitter, RF power transmission is
much safer than inductive charging.

A Radio Frequency (RF) medical energy transmission
system normally consists of two parts: an antenna for cap-
turing energy and a circuit for converting alternating cur-
rent (AC) power to direct current (DC) power. There are many
scientific publications on the antenna design [2], [3] and the
efficiency of the microwave transmission link [2], [4]–[7].

The associate editor coordinating the review of this manuscript and
approving it for publication was Abdul Halim Miah.

Moreover, the rectenna system has been also studied by many
research teams in the world: For example, in [8], an equiv-
alent global circuit simulation of a rectenna was proposed.
H. W. Cheng et al. have studied in [9] a rectenna system that
operates at 400MHz with an unrealistic circuit input power
of 10dBm and rectifying efficiency of 76%. In reality, in such
systems, available power is of the order of −20dBm. Indeed,
most of the researchers focus on such power levels. For exam-
ple, B. J. DeLong et al. are proposing a rectenna structure
that operates at 2.4GHz in free space, but the efficiency at
−20dBm is only around 7% [10]. Also, C. Liu et al. have
worked on a rectenna system which is implanted in body
that only has an efficiency of 20% with an input power of
−20dBm and implantation depth of 4mm [11].

It is expected that an implanted rectenna system is efficient
at low power levels. In [12], a free space compact rectenna
system for ambient energy harvesting is proposed. However,
the introduced system is not dedicated to biomedical applica-
tions. As for implanted rectenna systems, D. Vasisht et al.
have studied the back-scattering method for communica-
tion and localization, in which signal reflection, attenuation,
phase change and refraction are discussed [13]. X. Fang et al.
propose a system working at Ultra High Band (UHB,
3.1- 5.1GHz). However, at this frequency region, losses could
be very high even with a small implantation depth (−42dB
at 18mm) [14]. Recent wireless power transfer rectenna sys-
tems have been investigated at 2.45GHz or various other
frequencies in the GHz range but with a total footprint larger
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FIGURE 1. Rectenna system topology and elements used.

than 5cm2. In conclusion, due to its high operating frequen-
cies and low input power level, the design of a miniaturized
deep-implanted and efficient energy transmitting rectenna
remains a challenge for researchers [2].

In [15], the authors presented a wireless power
transmission implantable rectenna system. An external
half-wavelength dipole was used as a power emitter. For an
embedded depth of 10mm and skin to external dipole distance
equal to 175mm, the power received by the implanted antenna
was around −20dBm.

In this work, we introduce a novel design of a deep-
implanted practical rectenna system. The power transmission
link is enhanced by an additional external metallic reflector
and an improved design of the embedded antenna is detailed
to avoid instability issues. Following a realistic approach,
a patch antenna that resonates at the operating frequency is
chosen as the emitter and the complete transmission scenario
with the presence of the enhancing reflector is evaluated.
A global co-simulation involving both the transmission part
and the rectifying part is performed. The system is analyzed
in a 3D realistic simulation environment: the entire rectenna
system is embedded in a three-layer (skin, muscle and bone)
cylindrical human arm model. Numerical and experimental
results are presented and discussed in detail.

This paper explores a complete scenario of a wireless
power transmission system including the power reception
antenna and the rectifier. In comparison with work in [11],
we combine all the parts comprising the two antennas and
the rectifier while we analyze the transmission capabilities
and the power availability. Changes in the initially presented
designs are also applied for reliability and better adaptability.
In addition, a metallic reflector behind the human arm is
proposed, for the first time, enhancing the power transmission
efficiency. Results are experimentally validated.

II. RECTIFYING SYSTEM DESIGN
A. GLOBAL SYSTEM STRUCTURE
Figure 1 shows the rectifying system including all the com-
ponents and their values. The system has four parts. The first
part refers to power transmission and is presented in the next
section: an external rectangular patch antenna transmits the
microwave power to a circular dual-band antenna which is
embedded in body and resonates at 402MHz and 915MHz.
Higher frequencies are not used because of increased losses
inside the human tissues. As mentioned in [16], the external

FIGURE 2. Detailed design of the reception antenna.

patch antenna operates at 902.8-928MHz. The second part
deals with the impedance matching circuit, minimizing the
mismatch loss and reducing the reflections. Ideal values are
firstly calculated for the components. More accurate cal-
culations are carried out when the entire printed circuit is
obtained. The third part refers to designing a standard voltage
doubler using the SMS 7630 Schottky diode fabricated by the
Skyworks company combined with two capacitors of 56pF.

The final part is the supported device emulator which is
a 18K� load here. Certainly, the real load could consider-
ably variate depending on the kind and number of supported
electronic devices. Authors have chosen an optimum load
value for which the rectifying efficiency is maximized. From
our calculations, the efficiency can variate from 27% to 31%
when load takes values in the 5K� - 25K� range. A detailed
discussion dedicated to the rectifier design is provided in [17].

B. RECEIVING ANTENNA DESIGN
The implanted antenna is a circular antenna. The detailed
design is shown in Figure 2.

The antenna is made up of a radiating slot patch with a
ground plane. Initial design of the antenna was introduced
in [15]. The radiating metallic patch had the same size as
the substrate and the superstrate so that it would touch the
surrounding tissue. This allowed for better matching to the
feeding. However, the direct contact between the radiating
patch and the surrounding tissue environment could lead to
instability due to the impedance variations and also reduce the
gain. Thus, the patch has been redesignedwith 0.1mm smaller
radius than the equivalent ones of substrate and superstrate.
Therefore, the patch is encapsulated by the dielectric material
and it is never in contact with the lossy tissue. It is noted that
the ground plane is equal in size with the substrate. The patch
is grounded by a wire of radius = 0.15mm, located at point
W (see Figure 3). Two circular slots are cut away from the
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FIGURE 3. Power transmission link design.

TABLE 1. Antenna parameters.

patch. The patch is printed on a layer of Rogers RO 3210
(εr = 10.2, tanδ = 0.003) substrate which has a thickness of
t1 = 0.64 mm. The antenna is fed by a coaxial cable at point F
and the patch is covered by a circular superstrate which uses
the same material and has the same size as the substrate. All
parameters are presented in Table 1.

It is worth pointing out that the feeding port is designed
as 110� instead of the standard 50� in order to optimize the
reflection coefficient at both frequencies. Since the proposed
antenna is coupled to a matching circuit connected to an
upconverter, the input impedance can take arbitrary values.
Extensive simulations have shown optimum behavior for
110Ohm input impedance.

C. POWER TRANSMISSION LINK DESIGN
Power transmission scenario is presented in Figure 3. A three-
layer cylindrical human arm model (radius: Bone 25mm;
Muscle 47.5mm; Skin 50mm, see Table 3 for Dielectric
Properties) is employed. In order to save calculation time,
the length of the armmodel is set to theminimumvalue so that
it does not affect the results. An external rectangular patch
antenna represents the emitter. A metallic wave reflector is
placed behind the human arm model in order to enhance the
implanted antenna’s power reception. The implanted antenna
is embedded along the direction of the muscle fiber in order
not to hamper the arm’s movement and to have a better
gain with the presence of the reflector. The half-cylindrical
reflector (length = 380mm, open angle = 180◦, thickness
= 1.2mm) is placed at 5mm distance (taking into account
clothes thickness) from skin surface (see Figure 3) at the
opposite to the patch antenna side. The open angle value is
optimized for maximizing the enhancing effect. The reflector
is made of copper and has a thickness larger than the pene-
tration depth. For simplification and robustness, the reflector

is cylindrical instead of elliptical and its radius is chosen
according to the following formula [18]:

f =
d
4
cot(

θ0

2
) (1)

where f is the reflector’s focal distance, d is the reflector’s
width and θ0 is half value of the reflector’s open angle.

This system operates at 915MHz (ISM / Industrial,
Scientific, and Medical band).

D. RECTIFYING CIRCUIT DESIGN
Once the power transmission model is established, the choice
of the non-linear component for the rectifying circuit is of
vital importance. The chosen diode must be adapted to high
frequency and have low power consumption. The Schottky
diode SMS 7630 fabricated by Skyworks company has good
low-power performance. By using circuit simulation, it is
shown that SMS 7630 has better rectifying efficiency than
HSMS 2850 diode which has been extensively used in the
past. Thus, it is chosen.

Furthermore, a matching circuit between the embedded
antenna and the rest of circuit is optimized to reduce the
reflection loss and the power consumption of the components.
The element values are initially obtained from simulations.
Then off-the-shelf components are employed. As mentioned
in section II B, the feeding port of the antenna should be
normalized to 110�. Hence, the rectifying circuit is also
designed to match this value. Also, in order to satisfy the
patient comfort constraint, the entire rectenna has to take as
less space as possible. Since the embedded antenna radiates
at broadside, the rectifying circuit could be placed at top or
bottom side of the antenna. Therefore, two designs, as shown
in Figure 4, are proposed in this paper. In each design, the cir-
cuit is printed on the same material as the antenna substrate.
The connections are all vias (radius = 0.15mm) in order to
electrically connect ground planes together.

In the first design (see Fig. 4a), a feeding line penetrates the
antenna superstrate in order to connect the antenna feeding
point with the circuit feeding. The antenna’s ground plane,
the circuit’s ground plane and grounded point on the patch
are all connected through a single via. In the second design
(see Fig. 4b), antenna’s ground plane and circuit’s ground
plane are electrically connected and the circuit’s feeding point
is connected with the patch by a feeding line. Both solu-
tions are technically feasible. Since the antenna is electrically
very small, it behaves like a dipole. As shown in section III,
the antenna radiates towards its lateral direction. This presents
us with the possibility of combining the rectifier at top side
or bottom side to the antenna. The two ways are thus all
theoretically possible. However, due to the considerations
of feasibility and complexity, the second combination is
employed here.

Due to dimension constraints, the circuit patterns need to
fit in the small size of the substrate. A design of the circuit is
shown in Figure 5, with all the components mentioned above.

The parameters values are adjusted to the parasitic capaci-
ties and edge effect that are generated from the circuit pattern
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FIGURE 4. The structure of the rectenna. Two alternate and feasible
positions for rectifying circuit are provided. Either at the top of the
radiating patch (a) or below the ground plane (b).

FIGURE 5. Rectifying circuit pattern with all components and their values.

by integrating the electromagnetic model of the circuit into
the electromagnetic simulation.

III. NUMERICAL RESULTS
The global simulation is performed with CST [19] for elec-
tromagnetic modeling and ADS [20] for circuit simulations.

A. ANTENNA SIMULATION RESULTS
As a key factor, the reflection coefficient describes the global
characteristics of the antenna. Figure 6 shows the S11 of this
antenna with an input port impedance of 110� for various
implantation depths.

As seen in Figure 6, the antenna has two distinct resonant
frequencies at around 402MHz and 915MHz where S11 has
values below −10dB. The resonant frequencies are almost
independent on the implantation depth.

Meanwhile, since the antenna will be utilized as energy
receiver, its radiation pattern and gain in the human tissue
model and for different implantation depths are also impor-
tant for achieving the most optimized performance. The real-
ized gain at different depths with and without the presence of

FIGURE 6. Reflection coefficient of the implanted antenna for various
depths in the arm tissue model.

FIGURE 7. 2D horizontal radiation pattern of the antenna for different
implantation depths (with and without reflector).

the reflector for the 915MHz energy transmission frequency
band and at horizontal plane is given in Figure 7. As shown,
the gain of the embedded antenna is around−29.8dB without
reflector and −23.2dB with reflector at 16mm implantation
depth while at 10mm implantation depth, it is −30.9dB
without reflector and −26.5dB with reflector respectively.

B. LINK BUDGET SIMULATION RESULTS
This antenna is designed to realize energy transmission and
information exchange, so it is necessary to evaluate its ability
to receive energy and examine its performances for a realistic
case. Due to the huge gap between the authorized emission
power at MedRadio and ISM bands (−16dBm and 30dBm
respectively) [21], [22], the 902.8-928MHz ISM band is
chosen as the energy transmission band. Higher frequencies
are not used because of increased losses inside the human
tissues. Figure 3 shows the schematic model of the energy
transmission case.

The transmission distance is defined as the distance
between the external antenna’s radiating patch and skin sur-
face. In order to enhance the transmission, a metallic reflec-
tor is placed behind the human tissue to reflect wave to
the implant. In the results below, the transmission distance
is fixed at 400mm. Figure 8 show the S21 figures versus
frequency at implantation depths from 10mm to 16mm.

As seen, S21 values are nearly immune to the implantation
depth. This may be an advantage for patients since it is not an
easy task to control accurately the embedded depth during a
chirurgical operation.
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FIGURE 8. S21 for different implantation depths.

FIGURE 9. S21 for 16mm implantation depth and 400mm transmission
ditance of the external antenn with and without the reflector.

FIGURE 10. S21 for different tranmission distances at 16mm
implantation depth when reflector is used.

Figure 9 shows the S21 valuewith andwithout the presence
of the reflector. The presence of reflector improves S21 by
8 dB (−40.7 dB against −48.7 dB) at 16mm implantation
depth and 400mm transmission distance. As compared to the
maximum gain enhancement of 6.8dB when the reflector is
added, the even higher enhancement of S21 is justified by the
beam narrowing that the cylindrical shape reflector achieves.
Indeed, the reflector not only adds to the gain of the implanted
antenna, but it also acts as a focus lens for the power reception
of the external – internal antenna link.

For other transmission distances and at 16mm implanta-
tion depth, the S21 maximum value at 200mm is around
−34.9dB as compared to −40.7dB of 400mm transmission
distance (see Figure 10). Table 2 contains all the SAR value
of previous transmission scenarios when implantation depth
is 16mm. According to [23], [24], those values are all in the
safe range.

C. GLOBAL SYSTEM SIMULATION RESULTS
The circuit simulation is based on the electromagnetic mod-
elling of the circuit and components available in ADS
library. Antenna’s simulated performance is also integrated in

TABLE 2. SAR values for different scenarios.

FIGURE 11. Global system effciency and output voltage when external
patch is at 400mm far (rectifying efficiency = 59.703%, output voltage =

0.754V with 30dBm input power at the patch and for 10K� load).

FIGURE 12. Global system effciency and output voltage when external
patch is at 200mm far (rectifying efficiency = 68.912%, output voltage =

1.367V with 30dBm input power at the patch and for 8K� load).

ADS model. As mentioned in [22], the maximum allow-
able fed power to an antenna at 915MHz band is 30dBm.
Simulation results for the global rectenna system are shown
in Figures 11 and 12, in which the relationship between the
rectifying efficiency, output voltage and input power into the
external antenna is presented for various transmission dis-
tances. In this simulation, mismatch losses between antenna
and circuit are also taken into account.

When the external patch antenna is fed by 30dBm power
and radiates from 400mm away (transmission distance),
the rectifying efficiency of the circuit is 59.7%. The value of
load is chosen in order to maximize the power transmitting
efficiency. The DC voltage at the load is 0.754V and the
power consumed by the load is 56.9µW at this distance.

When the patch antenna is only 200mm away (transmis-
sion distance) from the patch, the rectifying efficiency of
the circuit is increased to 68.912% due to the increase of
the power received by the implanted antenna. The output
voltage at load is 1.367V and the final rectified DC power is
233.6µW.
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FIGURE 13. Experiment antenna model (porcine meat).

FIGURE 14. Experiment transmission model (porcine meat), [a] without
reflector [b] with reflector (not real transmission distance).

IV. EXPERIMENTAL RESULTS
A. EXPERIMENTAL SETUP
For this kind of experiments, animal tissues are preferred
because of the similarity of their electromagnetic properties
to human tissues [25]. In this paper, two type of tissues
are tested as measurement environment for the implanted
antenna: ground porcine meat and ground bovine meat.
Figure13 and Fig 14 show the experimental model for the
porcine meat. The experimental setup is built in an anechoic
chamber (7.2 × 10 × 5.8 m3).

In Figure13, the antenna is embedded into a cup of
minced pork. The plastic cup whose thickness is negligible
is used to maintain the cylindrical shape of the porcine tis-
sue. The antenna is fed by a coaxial cable which is folded
behind the antenna in order to minimize the radiating effect
(see Figure 13). Then the coaxial cable is connected to
the Vector Network Analyzer Agilent E8363b. The detailed
feeding structure is shown at the right-bottom corner of
Figure13. Printed antenna as compared to one-euro-cent for
demonstration purposes is shown at the left-top corner.

The transmission model is presented in Figure14. The
embedded antenna receives power from an external antenna

FIGURE 15. Antenna’s measured reflection coefficient while embedded
into different type of animal tissue agains simulation results.

TABLE 3. Dielectric properties of human muscle, skin and bone, bovine
and ground pork tissues.

that is placed in the far field region. Furthermore, a metal-
lic reflector is also placed behind the meat cup. It should
be noted that the distance of the transmitter shown in
Figure 14 is shorter than the one measured. The figure is only
demonstrating the experimental setup.

B. EXPERIMENTAL RESULTS
The antenna has been designed to be implanted in the muscle
layer. The ground pork meat has 20% to 30% of fat inside.
The ground beef meat used has less than 5% of fat inside.
It is noted that ground pork meat has a lower permittiv-
ity than lean meat because of fat presence. Subsequently,
the antenna’s resonant frequencies shift to higher values (than
the corresponding ones in simulations). Figure 15 shows the
antenna’s measured reflection coefficient when is embed-
ded into porcine tissue and bovine tissue against simulation
results.

As seen, the antenna’s resonant frequencies when
implanted into bovine tissues (5% fat) slightly shift to higher
values. The shifting may be caused by two possible reasons:
the 5% fat in the tissue and random air bubbles that exist
among the tissue. Both factors will decrease the permittivity
of the environment and alter the resonant frequency of the
antenna. A comparison between human tissues, ground pork
and bovine meat is provided in Table 3 as follows [26]–[28]:

Generally, in measurements, porcine ground meat with fat
is usually considered to represent the human tissue thanks
to its availability and its similarity to dielectric properties
of human tissues [25]. In simulations, a homogenous human
muscle is used as embedding environment. Therefore, when
the bovine tissue (with less fat) is used, results are closer to
the simulated ones. Nevertheless, in real life, people with only
5% of fat is a relatively rare case, so the results using the
ground pork should be closer to the reality.

Due to this probable frequency shifting, it is necessary
to study the performance of the rectifying circuit under
different frequencies in case of minor frequency shifting.
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FIGURE 16. Rectifier efficiency for the 900-950MHz frequency range.

FIGURE 17. Experiment transmission results (bovine tissue).

The performance of the rectifier at 900MHz to 950MHz with
−11dBm input power to the circuit is thus analyzed in sim-
ulations and shown in the following Figure 16. As observed,
the rectifying efficiency changes slightly for various operat-
ing frequencies. For circuits’ input power from −10dBm to
−20dBm, this change is no higher than 4%.

Since the bovine tissue has less fat and is more similar
to human muscle environment, it is used for the rest of the
measurement. The external antenna is a log periodic antenna
ESLP 9145 from Schwarzbeck company. Due to the tiny size,
the far field size of the implanted antenna is much smaller
than the external one. The length of the external antenna is
50cm. It has a gain of around 6dBi and is linearly polarized.
According to the definition of the Fresnel distance, the far
field distance for this antenna is around 1.5m.

Figure 17 shows the measured S21 parameters with and
without the presence of the metallic reflector for a transmis-
sion distance of 1.5m. As seen, the S21 could be enhanced by
around 7dBwith the presence of the reflector, which validates
the simulation results.

The experimental process and results regarding the
rectifying circuit are presented in [17].

V. CONCLUSION
A miniaturized wireless RF to DC implantable power recti-
fying system for biomedical applications is presented in this
paper. The system operates at 915 MHz ISM band supported
by a dual band miniaturized circular antenna. A metallic
reflector is considered for enhancing the power reception.
Realistic scenarios are investigated. Experimental results
obtained in an anechoic chamber are analyzed and validate
the efficiency of the transmission link.

Implantable Medical Devices are used in various cases in
the biomedical domain. Compared to a nearfield wireless
energy transmission which is more often used for rather
large devices like pacemakers, the power transmission sys-
tem proposed in this paper occupies less space and should
be thus used in supporting miniature sensors. It has been
discussed and shown in [17] that such a system can support
small sensors which require low energy and low voltage to
operate [29]–[31].

In future work, the combined antenna-circuit system will
be fabricated and measured in order to evaluate the global
power transmission efficiency.
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