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Abstract—A new inductive coupling based wireless system is
being developed to monitor the condition status of aortic stent-
grafts. It relies on the measure of the stent-graft’s outer pressure
using a capacitive sensor placed in a LC resonant circuit. The
work presented herein addresses the testing of the LC sensor
circuit to diagnose whether observed pressure deviations are due
to defects occurring in the sensor’s inductor and capacitor or to
an actual degradation of the stent-graft.

I. INTRODUCTION

AN abdominal aortic aneurysm is a localized widening
(dilation) of the aorta resulting from a loss of strength of

the vessel’s walls. The treatment of this dangerous weakness
by means of surgical reconstruction, though effective, is nev-
ertheless responsible for a significant morbidity and mortality
rate (3% to 7%) [1].

Endovascular stent grafting provides a less invasive
and safer treatment in many cases. However, in spite of
improvement of stent-grafts’ technology, deficient healing
between the grafts and the blood vessels may lead to
several problems. Reintervention after endovascular repair
(EVAR) of abdominal aortic aneurysms (AAAs) is required
in up to 10% of patients until 30 days after the first
intervention [2]. Traditional stent-graft monitoring include
computed tomography (CT) and magnetic resonance imaging
(MRI) [2]–[4]. These are expensive, raise risks to patients’
health, and may be incompatible with some stent-grafts
technologies. Some other proposed methods present less
health impacts, but many of them require some degree of
surgical invasion [2], [3] and take long time to be performed,
leading in some cases to false positive findings [5].

Despite improvements in stent-grafts over the last decade
one of the most frequent complications is still the occurrence
of endoleaks [6]. These are defined as the persistence of blood
flow outside the lumen of the endoluminal graft but within the
aneurysm sac and can be identified in 15% to 52% of patients
after endovascular repair. Often the pressure in the aneurysm
sac in patients with an endoleak is the same as systemic arterial
pressure, raising concerns of possible aneurysm enlargement
and rupture. The need for monitoring intrasac pressure after
endovascular repair is widely accepted, and there is currently
great interest in the possibility of intraprocedurally implanting
sac pressure sensors that can subsequently be interrogated
remotely either intermittently or continuously. The sensor
would measure the pressure within aneurysm thrombus around
itself.

A. Remote Monitoring System

A wireless based endoleakage monitoring system is being
developed which allows avoiding additional intervention after
the first EVAR. The monitoring principle is based on the
detection of pressure variations within the aneurysm sac by
means of a cluster of capacitive pressure sensors attached
to the stent-graft (figure 1). Each sensor comprises an LC
resonant circuit, whose oscillation frequency is sensitive to
pressure variations. An external reader delivers energy and
detects sensor’s resonance frequency through an inductive-
coupling link.

Sensor Cluster

Aortic Artery

Stent-Graft

Figure 1: Sensor cluster in an abdominal aorta stent-graft.

The use of passive resonant LC sensors and their inductive-
coupling based reading and powering by has been explored
as a means for monitoring different processes [7]–[11]. A
transformer is commonly used to model the established com-
munication link 2. The secondary circuit includes a parallel
resonant loop formed by the pressure sensitive capacitor Cs

and inductor Ls. Rp and Rs model inductors parasitic series
resistances, and Rvs represents the voltage source vvs internal
resistance. Figure 2 shows the resulting circuit when the
transformer is replaced by its T equivalent version. Inductor
Lm represents the mutual inductance created between the
primary and secondary windings. It is determined by Lp and
Ls inductors’ values and on the magnetic coupling which
depends on the distance and the medium existing between
them. The use of a group of sensors placed in the same stent-
graft maximizes the system sensitivity to leakages, which is an
advantage comparing to the system presented in [5] which uses
only one sensor. The communication with the sensor cluster
uses the 12.5 MHz to 20.0 MHz frequency band, specifically
allocated for use in medical applications [12].

Despite conceptual simplicity, this monitoring system
presents actually some technical challenges. Since the sensor
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Figure 2: T equivalent model of the inductive-coupling.

circuit is powerless the operating energy needs to be trans-
mitted via inductive-coupling. This and the communication
efficiency are affected by the type and thickness of the bio-
logical tissue transmission medium. An important aspect to
be considered concerns the frequency shift due to the sensor’s
inductor bending after placement in the stent. Consequently
the corresponding inductance can change [13] due to bending.
This deformation may have a direct impact on variations of
the sensor’s oscillation frequency, producing uncertainty in the
pressure detection.

The reading process is commonly based on the measurement
of the transformer’s input impedance with a network analyzer,
after which one extracts the sensor capacitance value. The
approach being used here relies on the direct analysis of LC’s
resonant frequency. This allows decreasing the sensitivity to
angle misalignments between the two inductors. However,
interpreting the captured oscillation frequency cannot be made
in a simple single observation. The pressure in the stent-
graft varies periodically with the arterial blood pressure. In
consequence, what one actually captures is a distribution of
resonant frequencies, modulated, on one hand, by the cardiac
beating (60 to 100 beats per minute for a healthy heart) and
the range of pressures it generates. On the other hand, the
frequency is also affected by the operating condition status of
the pressure sensor. Therefore, in case an abnormal resonant
frequency distribution is observed how can one distinguish
a defective stent-graft from a defective sensor? The work
presented here addresses this problem in order to improve the
reliability of the proposed endoleakage monitor.

II. A DIFFERENTIAL READING APPROACH

The resistive elements in the model shown in figure 2 can
be ignored in the calculation of the oscillation frequency. If
the mutual inductance Lm is replaced by k

√
LpLs, k being

the magnetic coupling factor, the equivalent inductance can
be described as Leq = (1 − k2)Ls = (Ls − Lm) + (Lp −
Lm)‖(Lm), and then one obtains equation 1 for the equivalent
natural frequency of the resonant LC circuit.

Figure 3 shows the variation of the oscillation frequency
using three different approaches: equation 1, Agilent ADS
simulations, and by means of the transfer function of the
circuit presented in figure 2. One can see that the oscillation
frequency shifting due to k variations is relatively small,
particularly if k is smaller than 0.1 – in fact that is the case
for the sensors placed a few centimetres underneath the skin
in an environment comprising biological tissue [14].
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Figure 3: Variation of oscillation frequency with k.

fosc =
1

2π
√
(1− k2)LsCs

. (1)

A reader circuit based on the inductive coupling presented
in figure 2 has some limitations regarding signal’s quality.
Since the captured signal has a very small amplitude, it
is difficult to differentiate it from noise and harmonics. A
new circuit has been developed (figure 4) which resorts to
a twin circuit added to the first part of the reader in order to
provide a differential detection of the reflected oscillation. By
duplicating the undesired signal the common-mode noise is
also eliminated, increasing the output signal’s quality.
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Figure 4: Remote pressure variation detector circuit.

Equation 2 gives the transfer function found between volt-
ages vvs and vo when a capacitor is placed between vo and
ground. This corresponds to a band-pass filter function that
converts into a low-pass filter (eq. 3 and figure 5) if Rs

is small, which is actually an objective. Both the natural
frequency and quality factor of this function depend on the
stimulus generator internal resistance Rvs. The higher this
resistance the wider and flatter the passing band of this
function becomes. Figure 5 shows the transfer characteristic
obtained with a value of Rvs = 1kΩ. This allows for reducing
the variation of the detected oscillation frequency with the
coupling factor and provides a means to minimizing amplitude
variation when different frequencies are to be detected in a
specified bandwidth.
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Vo

Vs
(s) =

sLmRvs

RpRs +RsRvs + s(CpRpRsRvs + LpRs + LsRp + LsRvs)+
(...)

(...)
+s2(CpLsRpRvs + CpLpRvsRs + LpLs − Lm2) + s3(CpLpLsRvs − CpRvsLm2)

(2)

Vo

Vs
(s) =

LmRvs

LsRp + LsRvs + s(CpLsRpRvs + LpLs − Lm2) + s2(CpLpLsRvs − CpRvsLm2)
(3)
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Figure 5: Transmission gain frequency responses for different cou-
pling coefficients given by the third order function and it’s second
order approximation.

III. FAULT DETECTION

As this detection process provides an indirect pressure
measurement, the occurrence of defects in the capacitor may
mask the detection of anomalies in the stent-graft. Possible
capacitor defects could be: a capacitor stuck at a constant
value, a reduction of capacitor’s nominal measurement range,
a large deviation of capacitor’s nominal value, and a collapsed
capacitor. A stuck capacitor would lead to a constant resonant
frequency measurement; a reduction of capacitor’s nominal
measurement range would allow detecting pressure deviations
but these could be taken as still admissible; a large deviation
of capacitor’s nominal value could lead to a false defective
stent-graft detection (e.g. a leaking stent-graft); and a collapsed
capacitor would show no oscillation frequency. The work
presented herein addresses the implementation of additional
measurements and operations which allow diagnosing the
occurrence of defects in the LC sensor.

The aortic blood pressure (ABP) waveform (figure 6)
conveys information about the cardiovascular system such
as heart rate, systolic, diastolic and mean arterial pressures.
Moreover it provides information on possible complications in
the endovascular stent-graft. Reading the stent-graft pressure
(LC resonant frequency) at a 100-200 Hz sampling frequency
allows reconstructing the ABP signal for future features ex-
traction.

When the sensor is calibrated and ready to be placed around

the stent-graft all the circuit elements (Ls, Rs and Cs) values
are known. However, these components’ performance may
change overtime due to bend, wear and friction. In cases where
the measured ABP is outside the nominal range, distinguishing
that these values are caused by the pressure applied on the stent
and not due to changes in the sensor components’ values are
of utmost importance.

Figure 6: Aortic blood pressure waveform.

Figure 7: Distributions of good and degraded stent-graft pressure
measurements.

The set of resonant frequencies captured during a number of
ABP cycles allows to build an histogram of the captured values
distribution. The shape of this histogram is a preliminary
indicator of the occurrence of anomalies. Figure 7 shows
three distributions obtained with a signal that mimics the ABP
waveform – the nominal case (Cs = 8.5 ± 3.5 pF) and two
defects (Cs = 4 ± 0.5 pF and Cs = 8.5 pF). Just from
the observation of the defective distributions one cannot infer
whether the defect has occurred in the stent-graft or in the
sensor.
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A. System Description

To distinguish between each possible situation, one can
resort to the measure of the power transmission from the
sensor to the reader circuit, as well as of the impedance seen
at node vo(ω). These additional measurements combined with
the measured oscillating frequency enable the determination
of the circuit components values.

Figure 8: Circuit used to measure coupling power and impedance.

Using the circuit presented in figure 8 one can perform
a frequency sweep to obtain the characteristics of input
impedance (ZL) and power (P ) as functions of frequency –
power is proportional to the product of vo(ω) and vi(ω) and
ZL = vo

vi
nRi. With m frequency sweeps one can obtain the

inductive coupling power spectrum (figure 9) which allow us
to obtain the quality factor (Q = 1

Rs

√
Ls

Cs
) of the resonant

circuit.

P =
1

m

m∑

j=0

vo(ω)i(ω) ≡
1

m

m∑

j=0

vo(ω)vi(ω)

nRi
(4)

Figure 9: Mean transmitted power.

The real and imaginary parts of the impedance obtained
from the frequency sweep (figure 10) are given by equations 5.

Once power and impedance measurements have been per-
formed, one can estimate preliminary values for the coupling
factor k and Rs, using fo and Q equations and the nominal
Ls and Cs values as a first guess ("seed") values. The Ls

and Cs values are then estimated by means of a fitting
process of the measured impedance real and imaginary parts
to equations 5. This process is then iterated until a specified
estimation error (difference between measured and estimated

Figure 10: Real and imaginary parts of impedance ZL.

resonant frequencies) is verified. The following pseudo-code
summarizes this approach.

Introduce the estimated values
start_points =
=[k=0.06, Rs=50, Cs=8.5e-12, Ls=12.5e-6]
WHILE (abs(fo_meas-fo_calc))>f_step
k_iter = 1-1/2*pi*fo_meas*sqrt(1/Ls*Cs)
Rs_iter = 1/Q_meas*sqrt(Ls/Cs)
k = k_iter
Rs = Rs_iter
FUNCTION curvefitting(ZL_real, ZL_imag)

estimate Ls_iter
estimate Cs_iter
Ls=Ls_iter
Cs=Cs_iter

fo_calc=1/2*pi*sqrt(Ls*Cs*(1-k^2))
END

This data modelling assumes capacitor’s value Cs remains
constant during the measurements but in a real time measure-
ment it varies with the pressure inside the aneurysm sac. A
sequence of operations must be performed in order to acquire
the needed data (transmitted power and impedance) during
a time interval corresponding to a known pressure when the
capacitor has a low variability (figure 11). The telemetry
system comprises an electrocardiogram (ECG) equipment to
record a real time electrocardiogram and the fault detection
circuit to measure the transmitted power and impedance. The
ECG acquisition has two purposes, the assessment of the
patient’s cardiac condition and to provide the fault detection
triggering signal. The ECG is a widely used exam in patients
with diseases associated with cardiac function, and is an
important factor in the determination of risk of open surgery
and EVAR [15]. To guarantee that the transmitted power and
impedance measurements are carried out during a period when
the capacitance is almost constant, the measurements must
start in the onset of the systolic pressure and stop when the
blood pressure drops again. The systole occurs around 0.2s
after the contraction of the ventricles (QRS complex), so if
the ECG is recorded in real time it is possible to determine
the QRS occurrence and start the fault detection measurements
during the systole. Then, the recorded transmitted power and
impedance are used for the data modelling to extract the
nominal values of the sensor’s components. With this approach
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(5)

the small variability of the capacitor sensor is assured and
the signal acquisition is carried-out during the most critical
situation when the pressure is maximum. The fault detection
system enables the assessment of sensor’s components values
and, depending on the fault gravity, it could help recalibrate
the reading system so the sensor’s readings are used instead
of its dismissal.

B. Simulation Results

If the measured oscillating frequency is higher or lower
than the expected one, it is possible to estimate the sensor’s
components values to make sure the frequency shift was
caused by the pressure sensor and not by an eventual change
of the inductor value. This situation was simulated using
Agilent ADS to obtain the corresponding transmitted power
and impedance curves for Rs = 12 Ω, Ls = 10 µH, k=0.1 and
the sensor’s capacitance Cs was varied to evaluate the fitting
algorithm performance. The initial guesses were Rs = 12 Ω,
Ls = 10 µH, Cs = 10 pF and k=0.1. The estimated nominal
values for the circuit components are presented in table I for
three different Cs expected values.

Table I: Simulation results obtained for different capacitance values.

Est
Exp

Cs=5 pF Cs=10 pF Cs=15 pF

Rs (Ω) 9.7 (19.5%) 11.7 (2.9%) 11.8 (1.9%)
Ls (H) 1e-5 (0%) 1e-5 (0%) 1e-5 (0%)
Cs (F) 5.02e-12 (.37%) 1e-11 (.19%) 1.5-11 (.11%)

C. Experimental Results

An experimental set-up was used to evaluate the concept. It
comprises a PCB circuit with a planar rectangular inductor, a
resistor and a capacitor emulating the LC sensor. Another PCB
mounted inductance acts as the primary winding. A signal
generator provides a frequency sweeping of a sinewave, being
a GPIB controlled data acquisition system used to capture node
voltages vi and vo (figure 8). ECG and ABP signals from the
MGH/MF Waveform Database [16] are used to synchronize
data capture triggering. The Pan-Tompkins algorithm is used
to filter the ECG signal and detect the QRS complexes [17].

After a few seconds of calibration the system is ready to
start the frequency sweeping. The measurements must be done
in 0.2s (duration of systole) and the system resolution, i.e.
the minimum Cs and Ls detectable deviations, is dependent
on the number of points (frequencies) that can be measured
within this period. A MatLab script is used to control the
GPIB connected devices, the detection of QRS complex in
the ECG, to calculate the primary impedance and transmitted

power after the captured raw data, and to estimate Cs, Ls and
Rs using a data fitting based algorithm.

Table II shows results obtained for Rs=12 Ω, Ls=45.8
µH , a coupling factor k around 0.1 (set by proper separation
between inductors), and for two different Cs values. The initial
guesses for the fitting algorithm were Rs = 12 Ω, Ls = 45 µH,
Cs = 10 pF and k=0.1.

Table II: Experimental results obtained for different capacitance
values.

Est
Exp

Cs=3.68 pF Cs=3.9 pF

Ls (H) 4.5e-5 (1.7%) 4.5e-5 (1.7%)
Cs (F) 3.12e-12 (15%) 3.35e-12 (14%)

The fault detection approach allows detecting a shift in the
sensor’s capacitance Cs although the error was considerable. A
possible reason for the fitting algorithm difficulty to estimate
a Cs value closer to the expected is the noise associated with
the frequency sweeping process. Considering the case of a
cluster of sensors one can take advantage of data fusion to
improve diagnosis. In this case, if a sensor provides a high
pressure reading due to a endoleak or endotension episode
the surrounding sensors must also show an increase on the
measured pressure, but if only a sensor has an abnormal
reading (extremely high or low pressure compared with the
other sensors’ readings) then this sensor is faulty and its
readings should be ignored.

IV. CONCLUSIONS AND FUTURE WORK

A methodology for testing and diagnosing failures in a
inductive-link based aortic stent-graft monitoring system has
been proposed. This telemetry system allows detecting en-
doleaks in aortic stent-grafts with increased detection effec-
tiveness. This detection is performed after the measurement of
the aneurysm sac pressure resorting to the placement of LC
cells in the stent-grafts fabrics, whose resonant frequency is
determined by the variations of the capacitive pressure sensor.
An inductive-coupling link is used to stimulate and detect
the oscillating signal. Nevertheless, as this is an indirect
pressure measurement based approach, detection uncertainty
is prone to occur since variations can be caused either by
endoleaks in the stent-graft or due to degradation of the LC
sensor performance. The work presented here addresses a
methodology to diagnose deviations in the LC values after
measurements of the detected signal power and inductive-
coupling impedance. Preliminary experimental results show
that both L and C values can be estimated with good accuracy.
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Figure 11: Fault detection block diagram.
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