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Abstract—The paper aims at exploring advantages and 
drawbacks of using high-frequency inductive links to transmit 
power wirelessly to implanted biosensors. A system with an 
external transmitting coil located into a skin patch and a 
receiving coil embedded into a fully implanted biosensor is 
simulated. The effects of the geometry of the coils on the optimal 
working frequencies and on the power gain have been analyzed. 
For applications dedicated to elderly and chronic patients, 
attention has been posed to the effects on link efficiency of 
different implantation sites and possible misalignments between 
the coils.  

I. INTRODUCTION 
Remote and continuous monitoring of relevant human 

metabolites, such as glucose and lactate, is of crucial 
importance for chronic and elderly patients. It enables a 
constant monitoring of their status by returning a “telemetry” 
of their health condition. This scenario may be feasible by 
using subcutaneous biosensors, implanted into the interstitial 
regions of different parts of the body, depending on the 
different diseases. The size of such devices is a key feature to 
reduce their invasivity and to enable a long-time monitoring of 
chronic patients at home. The use of remote powering 
techniques can avoid the presence of embedded batteries, thus 
reducing the invasivity of the system and the discomfort of the 
patients.  

Inductive links are widely used for remote powering of 
implantable biosensors [1-8] and typically operate at 
frequencies below 10 MHz. This upper limit is often proposed 
to minimize the quantity of power absorbed by the tissues and 
to increase the link efficiency. Recent works based on full-
wave analysis [9,10] have questioned this assumption by 
showing that the penetration depth of the electromagnetic 
fields into the human body is asymptotically independent of 
the frequency. Thus, ref. [11] has proposed an inductive link 
operating at 915 MHz, in the microwave range.  

 
Figure 1.  In the envisaged scenario the trasmitting coil, embedded into a 
patch, transmits power and data to the implanted biosensor. Data returned by 
the biosensor are read by the patch and sent to a remote station. 

The use of high frequency links enables a drastic reduction 
in the size of the implanted coil; for example, the receiving 
coil realized in [11] is just 4 mm². The reduction of the 
implanted coil is a key feature to reduce the pain of the 
patient. 

The goal of this work is to explore the use of high 
frequency inductive links to power an implanted biosensor. 
The powering of that sensor is achieved by means of a patch 
attached to the skin, directly over the implantation zone, as 
shown in Fig. 1. 

The paper is organized as follows. Section 2 introduces the 
model used to calculate the electrical properties of the body 
tissues. Section 3 shows the results returned by the 
simulations. Finally, Section 4 concludes the paper. 

 
II. ELECTRICAL PROPERTIES OF THE BODY TISSUES 

In order to study the efficiency of inductive powering 
through different body tissues, it is necessary to define their 
electrical properties over a wide range of frequencies. A large 
number of tissues have been modeled at different frequencies 
by means of the Cole-Cole dispersion model [12]. This model 
returns the complex permittivity of a tissue as a function of the 
angular frequency ߱ of the incident electromagnetic field: ̂ߝሺ߱ሻ ൌ ஶߝ ൅ ෍ Δߝ௡1 ൅ ሺj߱߬௡ሻሺଵିఈ೙ሻ௡  ൅  ,  ଴ߝ୧j߱ߪ 
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where ߬ is a time constant characterizing the polarization 
mechanism, ߙ is a measure of the broadening of the 
dispersion, ߝ଴ is the permittivity of the vacuum, and ߪ௜ is the 
static ionic conductivity of the tissue. The term ߝஶ is the 
permittivity of the tissue at field frequencies where ߱߬ ب 1. 
Finally, Δߝ௡ ൌ ௦ߝ  െ  ௦ is the permittivity of theߝ ஶ , whereߝ
tissue at field frequencies where ߱߬ ا 1. The value of the 
parameters just introduced is reported in [12] for a large 
variety of body tissues. 

Different implantation sites have been investigated by 
means of the Visible Human Server [13] that enables 3D real 
time navigation inside the human body (Fig. 2). The different 
tissues have been modeled in the simulation tool Agilent 
Momentum [14], in order to perform full-wave analyses in 
different parts of the human body. 

The following implantation zones have been considered in 
the simulations: arm, forearm, abdomen, and leg. The 
description of the tissues present in these different 
implantation areas is reported in Table I, including the 
location of the coils. 

 III. SIMULATIONS AND DISCUSSION 
The effects on the link efficiency of different factors, such 

as geometry of the coils, misalignments due to erroneous 
patch placement, and implantation depth of the receiving coil 
are shown in this section. The efficiency, in terms of power 
transfer, is evaluated by the maximum power gain of the 
inductive link. The maximum power gain is defined as the 
transducer power gain G் of the link when the load and the 
source connected to the system have impedance matched with 
the output and input impedances of the link, respectively [15]. 
The transducer power gain G் can be calculated directly from 
the scattering parameters ௜ܵ௝  of the link, obtained with the 
simulation tool Agilent Momentum [14]: 

 G் ൌ ݁ܿݎݑ݋ݏ ݄݁ݐ ݉݋ݎ݂ ݈ܾ݈݁ܽ݅ܽݒܽ ݎ݁ݓ݋ܲ݀ܽ݋݈ ݄݁ݐ ݋ݐ ݀݁ݎ݁ݒ݈݅݁݀ ݎ݁ݓ݋ܲ ൌ 
 ൌ  1 െ |ΓS|ଶ|1 െ Γ୧୬ΓS|ଶ · |Sଶଵ|ଶ · 1 െ |ΓL|ଶ|1 െ SଶଶΓL|ଶ  , 

TABLE I.  IMPLANTATION SITES 

 
Figure 2.  Slice of the human  abdomen obtained with the Visible Human 
Server [13]. In the slice are visible: spinal cord, kidneys, colon, and small 
intestine.   

where Γ୧୬ ؐ Sଵଵ ൅ SభమSమభ୻LଵିSమమ୻L  . The terms ΓS and ΓL are the 
reflection coefficients of the source and the load, respectively 
[15]. 

The geometry of the internal coil is chosen to be inserted 
together with the biosensor into a needle, like those of the 
syringes. Thus, the biosensor can be implanted containing the 
pain of the patient. The implanted coil is a single-turn, 
rectangular coil. The short side is set equal to 0.9 mm; this 
value is compatible with the diameter of commercial needles. 
The coil has been simulated as a microstrip of copper with a 
thickness of 38.1 µm. The width of the copper track is 
0.2032 mm. The external coil has tracks with width of 
2.032 mm. Similarly to the internal coil, the external coil has 
been simulated as a microstrip of copper with a thickness of 
38.1 µm. 

 
A. Effects  of  the geometry of the coils on the power gain 
This set of simulations is obtained with the receiving coil 
implanted into the arm. The results are shown in Fig. 3. A 
reduced size of the coils causes a higher optimal frequency, 
together with a reduced maximum power gain. For the tested 
geometries, the optimal frequency is located always over 
100 MHz, at least one order of magnitude higher than the 
frequencies commonly used [1-8]. With the largest geometry 
the link efficiency is about 30%. 
 
 

 
Figure 3.  Maximum power gain for different geometries of the coils. A 
reduced size of the coils causes a higher optimal frequency, together with a 
reduced maximum power gain.   

Arm Forearm Abdomen Leg

External Coil 
Air - 1mm 

Skin - 1.5mm 
Fat - 4.5mm 
Air - 1mm 

Receiving Coil 
Air - 1mm 

Fat - 4.5mm 
Muscle - 36mm 
Humerus18mm 
Muscle - 48mm 

Fat - 9mm 
Skin - 1.5mm 

External Coil 
Air - 1mm 
Skin - 2mm 
Fat - 1.5mm 
Air - 1mm 
Receiving 

Coil 
Air - 1mm 

Fat - 1.5mm 
Muscle-12mm 
Ulna - 5mm 

Muscle - 2mm 
Radius - 3mm 
Muscle-12mm 
Blood - 5mm 
Muscle - 4mm 
Blood - 4mm 
Muscle - 8mm 

Fat - 3mm 
Skin - 2mm 

External Coil 
Air - 1mm 
Skin - 2mm 
Fat - 2mm 
Air - 1mm 

Receiving Coil 
Air - 1mm 
Fat - 2mm 

Muscle - 17mm 
Colon - 40mm 

Fat - 40mm 
Intestine-33mm 
Blood - 17mm 
Spine - 56mm 

Muscle - 83mm 
Fat - 10mm 
Skin - 2mm 

External Coil 
Air - 1mm 
Skin - 2mm 
Fat - 3mm 
Air - 1mm 

Receiving Coil 
Air - 1mm 
Fat - 3mm 

Muscle - 45mm 
Femur - 14mm 
Muscle - 45mm 

Fat - 6mm 
Skin - 2mm 
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Figure 4.  Different implantation areas are tested with the geometry of the 
coils constant. The different implantation depth influences the maximum 
power gain. 

B. Different Implantation Sites 
The implantation sites depend on several factors, such as 

the kind of substances to be detected or the tissues to be 
checked. For instance, the monitoring of glucose in elderly 
patients or diabetics can be performed in the interstitial 
regions of the abdomen, while the monitoring of lactate in 
sportsmen must be performed in the interstitial regions of the 
limbs under stress. Thus, different implantation zones have 
been tested, keeping fixed the geometries of the coils. The 
results obtained are shown in Fig. 4. The optimal frequency 
does not change by implanting the receiving coil in the 
different zones. Moreover, the maximum power gain depends 
on the implantation depth and decreases with deeper 
implanted coils. The differences of tissues in the different 
implantation zones do not affect the maximum power gain. 

 
C. Lateral Misalignment 

Misalignments between the coils can occur due to 
erroneous placement of the patch or difficulties in locating 
the exact implantation zone. Thus, lateral misalignments 
between the coils are simulated for a given geometry (Fig. 5). 
The simulations are realized with the receiving coil implanted 
into the arm. Lateral misalignments strongly affect the 
maximum power gain, while they do not shift the optimal 
frequency. Lateral misalignments over 20 mm seriously 
compromise the efficiency of the inductive link. 
 
D. Multiple-Turn External Coils 

Simulations have been performed using external coils 
with multiple turns. The results are shown in Fig. 6. For two 
simulations (14 turns and 29 turns), the width of the tracks of 
the external coil is fixed at 0.2032 mm, while the spacing 
among the coil tracks is 0.2 mm. In the third simulation (30 
turns) the width of the tracks is 0.254 mm, while the spacing 
among tracks is 0.14 mm. The optimal frequency is always 
lower than in the case where a single-turn external coil is 
used. In the case of a 30 turns external coil the optimal 
frequency is about 10 MHz, at least one order of magnitude 
lower than the optimal frequencies obtained from the 
previous simulations.  

 

 

Figure 5.  Different lateral misalignments between the coils have been 
simulated for a given geometry. The misalignments do not affect the optimal 
frequency. 

 

Figure 6.  Maximum power gain obtained with multiple-turns external coils. 
The number of turns and the geometry of the external coils affect the optimal 
frequency. 

E. Discussion 
The effects of different factors such as geometry of the 

coils, misalignments due to erroneous placements of the 
patch, and implantation depths on the inductive powering 
have been investigated with full-wave simulations. Using 
single-turn rectangular coils, the optimal working frequencies 
are at least one order of magnitude higher than the 
frequencies commonly used for inductive remote powering.  
Fig. 7 resumes the behaviors of the optimal frequency and of 
the maximum power gain as a function of different factors, 
such as length of the coils, lateral misalignments, and 
implantation depths. 

The optimal working frequency is highly influenced by the 
size of the coils, while it is not affected by the implantation 
depth and by lateral misalignments. With smaller coils the 
optimal frequency increases while the maximum power gain 
decreases. Lateral misalignments and implantation depth 
strongly influence the maximum power gain, while they do 
not excessively affect the optimal working frequency.  Finally, 
the use of a larger external coil with multiple turns shifts the 
optimal frequency one order of magnitude lower, close to the 
range of commonly used frequencies.  
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Figure 7.  The behaviors of the optimal frequency and of the maximum power gain versus different factors, such as (a) length of the coils, (b) 

lateral misalignments, and (c) implantation depths are shown. 
 

IV. CONCLUSIONS 
Remote and continuous monitoring of relevant human 

metabolites can be performed by means of biosensors 
implanted in the interstitial regions of different parts of the 
body. The powering of such devices can be realized 
wirelessly through the tissues by means of inductive links. 
The effects of the geometry of the coils on the optimal 
frequency have been investigated. Moreover, the effects of 
lateral displacements between the coils and different 
implantation sites have been taken into account.  

When a pair of single turn coils is used, the optimal 
frequencies are at least one order of magnitude higher than 
the ones commonly used in inductive powering. Furthermore, 
implantation depth and lateral misalignments do not affect the 
optimal frequency, while they influence the maximum power 
gain. 
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