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Abstract— In angioplasty with stent placement, re-

narrowing of the artery within the stent site may occur due to 
the body’s natural response to "heal" the stented area. This re-
narrowing, also known as "in-stent restenosis", usually occurs 
within 6 months after surgery. To monitor and diagnose in-
stent restenosis, passive telemonitoring using smart stents has 
been already proposed. In this paper, we present a feasibility 
study and advocate the use of an alternative method, namely 
active telemonitoring, which uses an integrated circuit 
embedded on the smart stent. Electromagnetic simulations and 
in-vitro measurements are presented to find the suitable range 
of frequency to wirelessly transfer power to the active device 
embedded on the smart stent. Furthermore, the range of 
induced power levels are simulated and experimentally verified.  

I. INTRODUCTION  

Coronary angioplasty is a method commonly used to treat 
clogged coronary arteries and sometimes followed with the 
placement of a stent. A stent is a mesh-like tubular structure 
which holds open the narrowed section of the blood vessel. 
However, re-narrowing of the artery (in-stent restenosis) at 
the stented site may occur a few months after surgery (on 
average 6 months [1]) by the mechanism of thrombosis, i.e., 
clotting of the blood inside a blood vessel, and/or excessive 
tissue growth at the inner wall of vessel at the stented site 
(body’s response to the external stent). Despite the successful 
reduction of re-narrowing by utilizing drug-eluted stents 
(DES), such stents only delay the re-narrowing process. A 
recent study on restenosis using different types of DES shows 
that the restenosis rate per stent is 3.5% after 1 year reaching 
to 4.9% after 2 years and that the risk of restenosis is higher 
in patients with diabetes mellitus [2]. Ongoing monitoring of 
in-stent restenosis is important and conventional monitoring 
approaches rely on imaging techniques which are either 
invasive such as angiography-based techniques [3] or non-
invasive such as contrast-enhanced transthoracic 
echocardiography [4]. In either case, such techniques are 
typically costly and some level of patient discomfort is 
associated with such techniques. Therefore, many research 
and development activities have been focused on 
implementation of non-invasive and lower cost chronic 
monitoring systems for diagnosing restenosis. In particular, 
the use of wireless telemetry systems in conjunction with 
stents with embedded capacitive pressure sensors has 
attracted interest in recent years [5]‒[12]. By tracking the 

blood pressure difference between the two ends of the stent 
the status of restenosis can be monitored. We refer to stents 
with embedded sensors as ―smart stents‖. This idea has been 
studied in [5] to diagnose the restenosis in an aneurysm with 
an Endosure wireless pressure measurement device [8, 9] 
which has been implanted with the stent. However, due to the 
large size of such sensors they cannot be used in a coronary 
artery. A similar technique is used to monitor cardiovascular 
system stents with implantable sensory devices powered by 
implanted batteries [10]. However, this approach was a proof-
of-concept and due to the large size of the battery using them 
in stents is not still quite practical and would increase the 
chance of restenosis. 

To eliminate the need for a battery, a passive approach 
using an inductive stent has been presented in [13]. In this 
paper, the feasibility of an alternative approach with an 
improved sensitivity in monitoring the pressure difference is 
presented. In this technique, it is envisioned that a thinned 
integrated circuit (IC) with two on-chip oscillators is 
embedded on the stent structure. The oscillators will be 
powered wirelessly through the stent (acting as an inductor). 
The blood pressure on each side of the stent changes the 
capacitance of the corresponding embedded pressure sensor, 
which in turn change the transmitting frequency of the 
integrated capacitance to frequency converter (CFC) circuit. 
The CFC circuit transmits the signals using inductive stent 
presented in [14].  

The structure of the paper is as follows: Section II 
presents the basic design and structure of the smart stent. This 
section also studies the electromagnetic properties and 
geometry of tissues located between the external monitoring 
device (the ―reader‖) and the smart stent.  Simulation results 
along with in-vitro experimental results are provided in 
Section III. Finally, Section IV provides concluding remarks. 

II. ACTIVE  TELEMONITORING USING SMART STENTS 

In the proposed telemetry approach, referred to as active 
(tele)monitoring technique, an IC whose substrate is thinned 
so that the thickness of the die is approximately 100 μm or 
lower will be embedded on designated small platform on the 
stent (refer to Fig. 2). The IC includes a CFC circuit 
consisting of an LC oscillator. The inductor (L) of CFC is 
integrated on-chip and the capacitance (C) is the capacitance 
of the pressure sensor capacitor. In this case, the stent acts as 
an inductor and has an important role in the overall system, 
i.e., it acts like an antenna both to receive power and send 
data to the external reader. Therefore, it is critical to find the 
suitable range of operation frequency for such wireless 
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power and data transmission to improve the performance and 
reliability of the smart stent. 

A. Optimum Frequency Range for Passive and Active 

Monitoring Techniques 

Most of the reported inductively coupled bio-telemetry 
devices operate in sub-GHz frequencies [5, 8, 9, 13, 15] 
which is based on the fact that live tissues have more 
absorption for incident electromagnetic waves at higher 
frequencies. However, due to the sudden change of medium 
on the skin surface of the patient (air to skin interface) a 
portion of incident wave reflects from the surface of skin and 
as a result reduces the intensity of the signal penetrating into 
the body. Lower frequency signals experience more 
reflection. Thus, considering both absorption and reflection, 
there exist a frequency range over which the transmitted 
power gain is acceptable. A recent study [16] and 
measurement results [6, 7, 10] confirm that the attenuation of 
electromagnetic signals in tissue becomes significant at 
frequencies above 10 GHz. On the other hand, considering 
the size of the stent and its role as a receiver antenna, for 
frequencies lower than 0.1 GHz, the antenna loss becomes 
significant. Thus, one can expect that the optimum 
transmission frequency lies between 0.1 and 10 GHz (the 
lower limit depends on the size and structure of the stent 
which in this case acts dually as an antenna).  

 

 

Fig. 1. Different layers of the torso. Note that the coronary 

arteries are not covered by lung (front view) 

B. Modeling the Environment 

In this study, we have used two popular electromagnetic 
3-dimensional (3D) simulators, namely, Comsol 
Multiphysics

®
 and ANSYS HFSS

®
 (high-frequency structure 

simulator). First, we consider the geometry of the tissue 
surrounding the implanted smart stent. Fig. 1 shows a 
simplistic view of the layers of tissues in the human torso 
around the site of the coronary arteries where such stents are 
typically implanted. Note that the lungs do not cover the 
heart. 

Table 1 lists different tissues between the outer surface of the 
epidermis (skin) and the coronary artery. These tissues and 
their average thickness are as follows: skin with 1.22 mm 
average  thickness, adipose  (fat)  with 10 mm, Ribs with 20 
to 25 mm, pericardium with 1.15 mm and finally coronary 
artery-wall with average thickness of 1.2 mm. The average 
distance between heart and exterior of the skin is around 
39 mm [17]. 

 
Fig. 2. 3D view of the antenna stent applied in this study 

To model the tissues’ absorption, the loss tangent of each 
type of tissue is calculated in different frequencies. In this 
study, the following equation for equivalent complex 
permittivity of tissues at a given frequency, i.e.,  ̂( ), is used 
[18]: 
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where the magnitude of dispersion is described as      
      ,    is the permittivity at field frequencies 

where     ,    is the permittivity at     ,    is the 

static ionic conductivity and    is the permittivity of free 

space,   is time constant of polarization mechanism and    is 
the angular frequency of the electric field. This model has 

been developed based on measured electric permittivity of 

different tissue types over the frequency ranging from 10 Hz 

to 100 GHz [18]. The values for permittivity of different 

tissues at different frequencies are extracted and summarized 

in Table 1 (j is the imaginary unit   √  ). In this work the 

stent is made of stainless steel AISI 4340 which has a sheet 

resistance of             . 

TABLE I.    RELATIVE PERMTIIVITY OF DIFFERENT TISSUES AT VARIOUS 

FREQUENCIES 

Tissue Thickness 
Relative Permittivity (εr) 

1 MHz 100MHz 1 GHz 3 GHz 

Skin-Dry 1.22  mm 
990.8 –

j234.3 

72.93 –

j88.27 

40.94 –

j16.17 

37.3 –

j10.40 

Adipose 10  mm 
27.22 –

j270 

6.07 –

j4.73 

5.45 –

j0.78 

5.20 –

j0.73 

Rib 25 mm 
144.5 –

j437.7 

15.28–

j11.56 

12.36 –

j2.8 

10.97 –

j3.07 

Peri-

cardium 
1.15 mm 

1836 –

j9036 

65.97 –

j127.2 

54.81–

j17.58 

51.86 –

j12.91 

Blood 

Vessel 
1.2 mm 

3 –

j1654 

3 –

j16.54 

3 – 

j1.65 

3 –

j0.523 

Blood 5 mm 
3026 –

j14777 

76.81–

j221.6 

61.06 –

j28.45 

57.08 –

j18.26 

 

III. SIMULATION AND EXPERIMENTAL  RESULTS 

For the purpose of simulation, the external coil is assumed to 

have a distance of 4 mm from the skin surface, while the 

smart stent is oriented in parallel with skin surface as well as 

the external coil axis. The 3D view of the stent used in this 

simulation is shown in Fig. 2. The stent has a diameter of 
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1.7 mm and a length of 20 mm. For proper operation of 

embedded monitoring IC, a certain amount of power should 

be induced on the stent. The intensity of transferred power 

depends on the mutual coupling between the two coils (i.e., 

the external coil and the stent) and the magnitude of the 

excitation power of the external coil which is part of the 

monitoring device. 

 
Fig. 3. Simulated and measured power gain for different 

excitation frequencies. 

The value of the mutual coupling is proportional to the 
dimensions of the smart stent, and as explained earlier the 
amount of signal and thus the amount of power transferred to 
the stent is attenuated by the loss in different tissues within 
the body. The maximum excitation power at the external coil, 
set by the Federal Communication Council (FCC), limits the 
maximum radio-frequency radiation exposure (RRE) [19] to 
lower than 5        over the frequency range of 0.1 to 
5 GHz (For frequencies below 1500 MHz the power limit is 
frequency in MHz divided by 300).  

 

Fig. 4. Simulation setup in HFSS®. The 2D contour of specified 

absorption rate (SAR) is shown on the skin surface. This value 

is kept below the maximum allowable of 1.6 W/kg. 

The simulation setup in HFSS
®
 (and COMSOL

®
) is 

presented in Fig. 4. To increase the operational frequency of 
the external reader, a simple coil antenna is designed and 
modeled. Furthermore, the simulation results are compared 
with in-vitro measurement results. As expected (and as 
analyzed in [16]), there is an optimum frequency for power 

gain transmission for smart stent at which the power 
transmission gain reaches –28 dB. Fig. 3 shows that the 
optimum frequency for the smart stent of Fig. 2 is ~0.8 GHz. 
As shown in Fig. 5, by applying             , the 
maximum power density on the skin reaches to 

     m  cm  (which is very close to the maximum 
allowable of 2.66  mW/cm

2 
at 800 MHz). The maximum 

deliverable power to the stent will be: 

  
      

        (1) 

where   
    is the maximum operating power gain of the 

system and      is the input power applied to the reader. As 
shown in Fig. 3 the maximum operating power gain is located 
around 0.8 GHz and is approximately equal to –28 dB 
(confirmed by measurement). By plugging this value into (1), 
the maximum deliverable power to the stent (with 50 ohm 
terminations on both sides) is about 56    at 800 MHz.  

 

Fig. 5. Power density (PD) of the excitation signal, generated by 

reader on the surface of the skin (at 2 GHz). 

Assuming that most of the transferred power will be used for 

the transmission of sensor signals (in this case, 50   ), we 

can calculate the power density of the backward link 

established by internal IC on the surface of the skin. Fig. 6 

presents the 2D map of observable power density on the skin 

surface, transmitted from the smart stent. The power density 

reaches to around           in the vicinity of the skin 

surface (assuming that the stent is implanted at the depth 

39 mm). These simulation results (Fig. 6) provides useful 

information for the design of the reader antenna.  

 

 

Fig. 6.  Power density (PD) of signals transmitted by the stent. 
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To obtain the experimental results, the in-vitro setup 
similar to the simulation model has been used. To mimic the 
surrounding tissues around the implanted stent, the inductive 
stent is surrounded by ground beef with extra fat. The reader 
coil is the same as that modeled for EM simulations and is 
connected to one port of a vector network analyzer (VNA), 
Anritsu MS2034A. The two sides of the stent are connected 
to the other port of the VNA and the scattering parameters of 
the system are measured. The operating power gain is given 
by: 

   
  
   

 
|   |

 (  |  |
 )

|       |
 (  |   |

 )
 (2) 

where     and     are the forward and reverse gain scattering 
parameters of the system and    and     are the load and input 
reflection coefficients.    is the delivered power on the stent 
site and      is the excitation power at the  reader terminal. 
Note that in this measurement (and simulation) setup, all 
system terminals are terminated to a 50   impedance and 
therefore,         . In such conditions, Eq. (2) for 
operating power gain (  ) can be simplified to     |   |

 .  
In this experiment, the stent has been surrounded by ground 
beef of the depth of 39 mm and the reader is located at 4 mm 
distance from the ground beef surface.  

IV. CONCLUSION 

In this work, the feasibility of using active wireless telemetry 

for monitoring in-stent restenosis in smart stents implanted 

in the coronary artery is investigated. The overall system is 

simulated using both HFSS
®

 and COMSOL
®
 Multiphysics 

and in-vitro experiments are conducted using a reader 

antenna and a stent that is surrounded by ground beef. The 

results obtained from simulation and measurement are in 

good agreement and show that a power of       at around 

0.8 GHz frequency can be delivered to the stent which is a 

sufficient power to operate an IC embedded on the smart 

stent for active monitoring of in-stent restenosis. 

Furthermore, simulations studies show that the smart stent 

can use the abovementioned received power to transmit 

information with the power density level that reaches to 

around           in the vicinity of the skin surface 

(assuming that stent is implanted at the depth of 39 mm). 

This information can be retrieved by a properly designed 

reader. 
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