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ARTICLE INFO ABSTRACT

Fibrosis represents an open issue for medium to long-term active implants, such as pacemakers,
given that this biological medium surrounds the stimulation electrodes and can impact or modify
the performances of the system. For this reason, Embedded Impedance Spectroscopy (EIS)
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techniques have been investigated these last years to sense the fibrosis. The following article
introduces a new technique for EIS derived from multi-carrier digital communication methods.
Due to its properties of flat spectrum and fast generation the Orthogonal-Frequency Division
Multiplexing (OFDM) technique for EIS represents an efficient and a low foot-print alternative
compared to the classical sweep frequency technique. This article focuses on this approach and

also proposes a solution that reduces the effect of high crest factor typically found in OFDM
systems. An embedded implementation is also presented. This designed prototype is used here to
characterize the impedance spectrum of a pacemaker's electrode achieving an accuracy of 99%
when measuring with 64 OFDM subcarriers and with a sampling frequency of 12 kHz.

1. Introduction

echnological advances in micro-nano-electronics permit

the development of implantable devices that help in the

treatment of health disorders. Implants like pacemakers,
cochlear prosthesis, cardiac defibrillators, deep-brain
neuro-stimulators, insulin pumps, etc. are generally placed
under the skin or implanted deeply in the body. However, this
intervention produces an immune response that involves
inflammation and the growth of a dense tissue encapsulation,
known as fibrosis, which affects the electrical capabilities of
the device. Fibrosis could be medically or electrically
compensated only after being sensed [1].

With some medical treatments the fibrosis can be reduced,
but its effectiveness depends on the accurate diagnosis.
Histology represents the standard method for determining the
degree of tissue reaction surrounding the electrodes, but this
method is not in situ and requires an invasive extraction of
tissue material. The immunohistochemical technique enables
the visualization of specific markers like collagen, fibronectin
or smooth muscle actin [2]. Most of them are inappropriate to
follow the tissue reaction in real time in vivo [3].

Alternative methods, like optical ones, have been
investigated. The most efficient of this kind is based on the
conjunction of Late Gadolinium Enhancement and Cardiac
Magnetic Resonance (CMR) techniques. This procedure is
used to detect fibrosis in cardiac tissues, even if it is scattered
and in low concentration [4]. However, its effectiveness
decreases when the patient carries a pacemaker. This latter has
the particularity to sparkle and to cause some artifacts on the

image. In addition, due to risk factors, it is contraindicated to
apply CMR in patients with PCM, and even if this is done, it is
recommended to carry it out weeks after post-implant surgery,
which allows a considerable accumulation of fibrous tissue on
the electrodes [5].

Chronic monitoring of tissue alteration around implanted
electrodes could be a first step to understand this long-term
biological process. This advance could be used to ascertain the
treatment effectiveness or to test new biocompatibility
strategies of materials. For instance, electrical impedance
spectroscopy (EIS) has proven to be a useful technique in the
continuous monitoring of biological tissues that, together with
electrical modeling, enables the detection and
parameterization of biological activities [6].

A typical EIS system consists in an electronic device, that
generates stimulations over different frequencies and that
senses the electrical signal, coming from the Sample Under
Test (SUT), usually by using a metallic electrode that has a
physical contact with the SUT. The most common
implementation, even in commercial instruments, is the
frequency sweep technique. Here the stimulation signal is a
sine wave whose frequency is modified in each impedance
calculation.

There are several challenges for the implantable integration
of rapid measurement of fibrosis by EIS. The frequency sweep
technique requires an extensive exploratory time, especially at
low frequencies [7]. For the detection of pacemaker-induced
fibrosis, the measurement time should be shorter than the time
between cardiac pulsations. Therefore, a faster method is
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needed. Multi-frequency signals such as multi-sine have been
investigated, for instance in [8] and [9], to accelerate the
measurement, but they suffer from a large foot-print memory
that limits the integration.

In this article we propose a new method for EIS
measurement that can be implemented in a low cost device,
but still maintaining a good performance in the calculation of
the impedance. It is based on the OFDM technique,
well-known in digital communications [10], that simplify the
design of the stimulation signal by choosing the appropriate
OFDM symbol's properties. Furthermore, since the main
drawback of the OFDM method is the probability of high crest
factor (CF) of the modulated signal [11], we also propose the
use of squared related phases OFDM symbols as a solution. A
high CF, which is the ratio between the maximum amplitude
and the Root Mean Squared (RMS) of a signal, is not desirable
because this implies the appearance of high amplitude peaks in
the stimulation signal that could induce heart palpitations
during the measurement.

Although OFDM was first developed in the 1960s, only in
recent years, this method has become available and used for
telecommunications due to the increased performance of
reconfigurable hardware, like FPGAs, and programmable
devices such as general purpose microprocessors and
dedicated Digital Signal Processors (DSP).

DSP provides fast vector multiplication by SIMD
instruction and hardware, and some flexibility in the design
could be achieved. However, the development of efficient
solutions requires a great effort in programming [12]. Besides,
FPGAs combine the speed power and density advantage of
ASICs and the flexibility and reprogram ability of general
purpose processors. Therefore, FPGAs are a better option for
OFDM systems in telecommunications applications, where
high speed processing is required at both low cost and low
foot-print [13]. However, while the FPGA represents the best
candidate to implement an efficient massive parallel
architecture, its energy efficiency is reduced for floating point
computations which could limit the implementation of our
proposal.

Giving that our OFDM method has floating point
computation in the last part of the impedance estimation, as it
will be shown in Section 4, this proposed OFDM technique
has been implemented here in sequential devices.
Additionally, since low-power microprocessor architectures
are available in the market, such as Cortex MO, these ones
represent a good alternative for the design of an integrated
version of the OFDM technique for a low cost and low power
consumption OFDM-based Electrical Impedance
Spectroscopy (OFDM-EIS) solution, with a minimum of
development time.

The article is structured as follows: It begins with a state of
art of EIS techniques and our new method for impedance
measurements of pacemaker-induced fibrosis. The next
section describes the implementation of the method in a
general purpose microprocessor, follows the description of its
functionalities and the method for calibration and impedance
estimation. The OFDM-EIS method is then analyzed through

experiments carried out with an accurate known impedance
and with a real pacemaker electrode. In this section the crest
factor is measured as well. At the end, this study is concluded
with a brief synthesis and the presentation of the future works.

2. EIS overview

The EIS applied to the analysis of a biological material
consists of injecting an alternating current or voltage into the
tissue under study, and then measuring the resultant (voltage
or current, respectively) that appears through the stimulation
electrodes. There are several alternating signal generation
methods for EIS used for this purpose, with their advantages
and disadvantages. These will be discussed next.

2.1. Classic methods for EIS

The most common signal found in almost all commercial
available EIS instruments, due to its implementation
simplicity, is the fixed frequency sinusoidal signal. Here the
measurements are carried out at a specific frequency, as in the
case for these full-custom designs [10, 11], or in a small set of
frequencies such as it is found in the commercial instrument
XCELLigence [14] which measures the impedance at three
discrete frequencies.

When the frequency sweep technique is used, the
spectroscopy could be performed within a larger set of
determined frequencies. The impedance analysis on a large
frequency range provides more insights regarding the tissue
features. Gabriel et al. measured the impedance of various
organs of the human body in different conditions. The
obtained frequency responses are specific signatures for each
tissue [15]. This technique presents some limitations in the
estimation of time-varying systems or when the impedance
estimation of multiple electrodes or samples are needed in a
short time frame by the same device. Due to these restrictions,
this method does not meet the requirements of the proposed
strategy.

2.2. Broadband EIS

Different methods for the generation of broadband signals
have been investigated to overcome the limitation of classic
approaches.

The first approach is dated back to 1975 where
pseudo-random binary signals were used for the measurement
of the impedance of an electrode in a wide frequency band
[16]. The impedance impulse response is obtained by
correlating the SUT signal output with the pseudo-random
stimulus signal. In the case of Maximum Length Sequence
(MSL) a more efficient method than correlation has been
proposed in [17] based on the Fast Hadamard transform. This
kind of signals contains a large range of frequencies and for
this reason allows a fast impedance spectrum measurement. In
addition, pseudo-random signals or MLS are preferred instead
of the Dirac pulse, whose high amplitude peak is not desirable
for the stimulation of biological samples [18, 19]. The main
drawback of this method is the signal amplitude variation at
each frequency. The spectrum of an MLS signal is also
random and it is possible that the energy at a desired frequency



could be too low or equal in amplitude to the noise, which
would induce errors in the measurement.

2.3. Multi-sine approach

Multi-sine approach for impedance spectrum measurement
of biological samples, reported for instance in [20, 21] and
[22], provides also a fast estimation with the advantage that
the CF can be improved when using random phases and also
that the frequencies can be selected as required, i.e. linear or
logarithmic [23]. Such approach is simple, however does not
scale easily with higher numbers of frequencies. The memory
required for the generation of the multi-sine increases with the
number of tones [24].

The stimulation part of a multi-sine system could be
implemented in digital form by storing in memory the
externally created multi-sine signal. However, the receiving
part requires a more complex hardware for the demodulation
of the signal, usually implemented by the use of a data
acquisition board or system, such as an oscilloscope, and a
Personal Computer (PC) for the impedance computation.

2.4. OFDM

Finally, OFDM combines a wide spectrum and a rapid
impedance estimation in a large frequency bandwidth of
interest, with the generation of a unique waveform. The
generation of this kind of signals could be efficiently
implemented by using the FFT algorithm [25]. This OFDM
technique is successfully used in the field of digital
communication, however its application to impedance
measurement is a novelty and requires modifications, such as
those presented in Section 3.

The OFDM method controls the spectrum of the
stimulation signal with great flexibility by defining the values
of the OFDM symbols, the use of an appropriate modulation
scheme and / or the manipulation of the system parameters,
such as the sampling frequency.

The memory resources required to embed the OFDM-EIS
method is analyzed by comparing it with previously described
EIS techniques, for instance frequency sweep and multi-sine.
Table 1 and Figure 1 show the amount of memory in words (16
bits in our application) for these approaches as a function of
the quantity of measuring frequency N/2.

For the frequency sweep approach, there are N/2 different
sinus to store in memory. Taking the same frequencies as the
generated by the OFDM and if the sampling frequency is Fs,
then the smaller frequency is Fs/N, the highest is Fs/2 and the
frequency separation is also Fs/N. Therefore, for the creation
of the tables containing one period of each sinus, it is needed:
N samples for the frequency Fs/N, N/2 samples for the
frequency 2Fs/N, and so on up to the frequency Fs/2 with only
2 samples in one period. However, in practice the sampling
frequency is fixed at 10 times higher than the maximum
frequency of the sweep requiring, in this case, even more
memory.

The multi-sine approach is analyzed in two cases. The first
one is the worst case scenario design where N/2 sinusoids are
independently stored in memory and added for the creation of

the multi-sine. For the reduction of the crest factor, it is
advisable to apply different random phases to each sinus of the
multi-sine signal. Considering that the multi-sine has the same
quantity of samples that one symbol of the OFDM signal,
which is N, then total required memory is & x N =4

The second case of the multi-sine involves storing the sum
of the N/2 sinus, previously and externally calculated. Here the
required memory is N. However, in this case the flexibility of
modifying the spectrum of the stimulation signal is lost,
requiring the recalculation of the multi-sine signal and the
reprogramming of the system whenever, for instance, some
frequencies are canceled or the frequency resolution is
changed.

In the case of the proposed OFDM method, the length of the
complete stimulation signal is N x M = N?. However, at the
beginning of the cycle N samples are generated for the
computation of the IFFT requiring only N memory words for
the storage of the signal, given that the IFFT algorithm
performs in-place calculation. Once they are sent, the OFDM
system re-computes the new symbol of N samples and
continues in this cycle until reaching M symbols. The IFFT
algorithm has N sine/cosine coefficients (W) in a normal
mode and & +1 coefficients if optimized (avoiding coefficient

redundancies). Adding this FFT memory to the memory for
the storage of the symbol results in 2N in normal and 2N +1

in optimized memory word requirement. Unlike the
pre-calculated multi-sine signal, the OFDM maintains the
flexibility to modify the spectrum of the stimulation signal
without the need to reprogram the system.

TABLE I.
MEMORY USED FOR TRADITIONAL EIS APPROACHES AND THE OFDM.
frequency | Multi-sine | Multi-sine OFDM
Approach sweep worst case |Pre-calculated OFDM Optimized
Memory | N2 |\ 2 5
words Z— N— N 2N | =N +1
(2 bytes) | =1 | 2 4
Memory Words
108 - -

—%— Sweep Freq.

—&— MS worse case

L MS precomputed
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Figure 1. Memory requirements for the generation of the
stimulation signal using the frequency sweep, the
multi-sine (MS) and the OFDM methods.
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Figure 2. OFDM system blocks showing the selected, modified or optional blocks for the OFDM-EIS system.

3. The OFDM technique for EIS measuring

OFDM is a form of signal modulation that divides a
modulating input stream into many modulated narrowband
equally-spaced subcarriers. This transformation creates an
output signal that contains a flat frequency spectrum within a
limited and controllable bandwidth [26]. Therefore, the output
of an OFDM transmitter system could be used as a stimulation
signal for a fast EIS measurement. The spectrum of such
signal can be manipulated by controlling system parameters
such as the sampling frequency or the amplitude and size of
the input data stream. A typical OFDM system is shown in
Figure 2. Here the core of the system are the IFFT/FFT blocks
that make the implementation suitable for digital systems.

The OFDM model is adapted for EIS measuring by
selecting and modifying some of the blocks as follows:

1. "Data Mapping" and "Data Demapping" blocks are not
used in the proposed OFDM-EIS system. Instead, a block
that creates OFDM symbols is used. These symbols consist
of complex values of constant magnitude, but with phases
in quadratic relationship, as shown in equation (1).

G k=1
—j2r(k-1)?
X(K)=1G-e N  2<k<v @
0 N<k<N

where X(k) represents the OFDM symbol, G is a constant
that controls the output signal amplitude, k=1,2,...,N and N
is the IFFT sizes.

The symbol phases produce, at the output of the IFFT, a
signal with a reduced crest factor to avoid peaks with high
amplitudes that could saturate the DAC, the analog
amplifiers or overstimulate biological tissues, such as
myocardial cells, and therefore ensure that heart
palpitations are not induced during the impedance
measurement.

2. Perfect synchronization is required in the OFDM system.
Therefore, a Pilot signal is added. This will be explained
later in the article.

3. The Serial-to-Parallel (S/P) and Parallel-to-Serial (P/S)
conversions are not required in sequential programmable
systems.

4. EIS measuring does not suffer from Multipath
propagation, whose effects are often eliminated by using
the cyclic prefix (CP). Instead, a short guard interval (GI)
with zeros will be used to reduce the hardware complexity.

5. The 1/Q modulation and demodulation are valid and
optional blocks for EIS measuring. However, We consider
testing the OFDM technique using a baseband signal, so
these blocks have not been implemented in our design.
Therefore, even though the output of the IFFT is a
sequence of complex values as a function of time, only the
real part of them is used, which can be expressed in a polar
representation as follows:

Re{x(n)}= %{h %COS(WH 2

or, more conveniently, in the rectangular form:

Re{x(n)}=%§{a(k) -COS(WJ

= 3
+b(k)- Sin(—zn(k —Nl)(n _1)ﬂ

where, X(K)=a(k)+jb(k) , j=+v/~1 andn=1,2,...N.

6. The "Channel Estimation" is modified and called
"Impedance Estimation”. The method of impedance
estimation is explained in section 3.3.

The objective to design X(k) with a first constant value,
followed by (N/2)-1 complex values and N/2 null values is that
this one enables the complete recovery of the real and
imaginary values of the symbol, a(k) and b(k), at the reception
of the OFDM system. This is shown in the equation (6). Here,
only half of the FFT output is required to recover the N/2
complex OFDM symbols.



At the reception the FFT of size N is performed as shown in
equation (4).

—i2z(q-1)(n-1)

Y(q)= i Re{x(n)}-e N 4)

Where replacing equation (3) in (4), result in

N N/2 _ _ —j2z(q-1)(n-1)
Y(q)=%22{a(k)-COS(W)e N

n=1 k=1

+b(k).sin(W)e-jznux1xmi|

and finally equation (6) represents the output of the FFT at the
receiver side, with qin [1,2, ..., N].

®)

a()=G q=1
Y(@)=13(a(@) + b(@) .2<a<% ©)
irrelevant N<q<N

4, Method

4.1. The OFDM-EIS low cost solution

The OFDM-EIS method is suitable for embedded systems
since it can be fully implemented in digital form with high
efficiency through the FFT algorithm. During this research
work, this technique has been tested experimentally by using a
prototype  designed for EIS  measurement.  This
implementation uses the capabilities of a "Simblee" module
for a compact, wireless, and low power consumption
OFDM-based measuring system.

The Simblee RFD77101 module is a high performance
Bluetooth radio transceiver with a built-in ARM Cortex MO

microcontroller that can be programmed using the Arduino
IDE. The clock frequency is 16 MHz and it includes a 128 kB
user application Flash and a 24 kB RAM.

The OFDM-EIS system is based on the Simblee module
programmed with a symbol generation block implementing
equation (1), a custom 16-bits IFFT/FFT block configurable
up to a size of 256, an averaging block, an impedance
calculation block and a number of communication routines, as
shown in Figure 2. The maximum possible sampling
frequency is about 12.05 kHz limited by the 16 MHz Simblee
clock frequency and the Bluetooth communication speed [27].
The impedance calculation block performs complex floating
point division of the N/2 complex calibration samples with the
N/2 SUT samples after averaging.

As an interface for the analog world a 12-bit digital to
analog converter (DAC, MCP4822), a 12-bits analog to digital
converter (ADC, MPC3202) and an Analog Front End (AFE)
are used. The AFE adapts the signal for the EIS measurements
on biological samples, for instance it has an output voltage
with a configurable amplitude achieving values in a range
from tens to hundreds of millivolts, a low output impedance,
near-zero offset of the stimulation signal and an adjustable
gain. The electronic board is shown in Figure 5 and measures 6
cmXx 7 cm.

4.2. OFDM-EIS function description

As depicted in Figure 2, at every measurement, the
mentioned symbol is introduced into the IFFT to create a
sequence of N samples that is converted in a voltage signal x(t)
by the DAC and then applied to the SUT. Subsequently, the
current signal is recovered and digitized by the ADC. The
recovered data is converted back to frequency domain by the
FFT.

The output of the FFT is a complex value of 2N samples: N
real samples and N imaginary samples. However, as shown in
equation (6), only half of the sample are needed. The

OFDM-EIS VDD = 3.3V
((‘* Bluetooth| | symbor | | X® IFFT A0 DAC
X(t
Rx | Block [} N Gl Size N N | 12bits F,EF ©
f. = 60 Hz
Yeo(k) Yci(k) SUT
N SPI AFE
Rc
1_ t 1 YK | re R I
— N2 [< ] FFT (n) R
y(n
Bluetooth Complex Y(K) N/2 Size |- ADC br
Tx YeolY + N N 12 bits LPE
- Zi(k) | ] Y(k-1) Yi(k) Im 1
N/2 —] | —] o= LMz Vee =5V
T_ T ¥ N/2
Yi(K) Yi(k)
N
|:| OFDM Algorithms |:| Interface Routines |:| Memory

Figure 2.

OFDM-EIS System Scheme.



averaging algorithm performs the summation of the previous
N/2 real and N/2 imaginary values with the current ones from
the output of the FFT. Next, the impedance calculation block,
whose algorithm is detailed the Section 3.3, is fed with the
measurement data and the calibration data resulting in the final
impedance values.

The impedance value is sent via Bluetooth to a personal
computer (PC). The PC runs a software interface, coded in
Matlab, for the control of the system and the storage and
visualization of the data received wirelessly. The process from
the symbol generation up to the FFT computation could be
repeated many times in order to reduce noise by averaging.

The custom IFFT/FFT routines are coded for speed
improvement and for memory utilization economy. They
allow the in-place computation of a complex signed 16-bits
data and storing the results in the same input memory space.

4.3. Impedance and crest factor calculation

Since the received signal is an electric current signal, by
using the comparison between the calibrated current signal
and the SUT current signal the impedance could be calculated,
as follows,

Y
— ¢ 7
Z(a))—RCY ()

SUT

Where Y is the N/2 complex calibration data, Ysyr the N/2
complex SUT data, Rc is the calibration resistance and Z is the
calculated impedance which is a function of the frequency
o = 2xf, being f the frequency subcarrier of the OFDM-EIS
system.

For the calculation of the crest factor (CF) the following
equation is used,

_ max(x(t)) —min(x(t)) (8)
2-X(1)qus

Where x(t) is the stimulation signal and x(t)rwus is the root mean
squared values of x(t) as shown in equation (9).

x(t)wf«fﬁﬁxa)r dt - ©

being T; and T, the initial and final time instants when
measuring of x(t), respectively.

CF

4.4. Calibration and system synchronization

A critical step during the calibration stage is the
measurement of the system delay. This information is used for
the correct synchronization of the system. This
synchronization is essential to ensure that the selected data
block of the FFT corresponds to the IFFT transmitted symbol
block.

The method for calibration is the following: before
calibration, a pilot signal is used which generates voltage
peaks at known intervals. The generated peak can be detected
using an appropriate threshold. This method allows the
recording of, on one hand, the delay of the transmitter output

signal, and on the other, the joint delay of the analog-digital
conversion blocks, the AFE and the receiver.

The selection of pilot amplitude is limited by the maximum
value allowed for the measurements of biological samples
which in our case is limited to 200 MVeax.

5. Experimental setup and results

The proposed OFDM-EIS technique is evaluated by means
of the system performance, the quality of the stimulation
signal and through experimentation with pacemaker
electrodes. For these analyses, the OFDM-EIS system was
configured with an IFFT/FFT size N of 64, a sampling
frequency Fs of 12.05 kHz and a symbols quantity of 64 with a
constant gain G = 200. The other specific aspects of the setup
are detailed on their respective section.

5.1. OFDM-EIS system performance

The performance is evaluated through measurement of a
electric test circuit with a resistive-capacitive impedance
response like the one found on real electrodes [28].

Figure 3 shows the impedance of a test circuit (Rs+Rp||Cp,
Rs = 680 Q, Rp = 4.7 kQ, Cp = 100 nF) measured by the
OFDM-EIS system. Because N = 64 and Fs = 12.05 kHz, there
are 32 measured impedance points at the frequencies of n-4
, where n=0,1,...,(N/2)-1, and %4 = 188.3 Hz is the minimum
frequency and also the frequency separation of the points.

The highest measure is at the frequency of 5826.7 Hz. By

comparing the measured impedance with the test circuit
impedance values the average error of 4.36% was calculated.

104

—— Calculated i Error
< OFDM-EIS ’

0.2 Mean = 4.36%
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103®
0 1000 2000 3000 4000 5000 6000

F [Hz]

Figure 3. OFDM-EIS impedance measurement of the test circuit. The
impedance is compared with the real values of the test circuit.
The error plot is depicted inside.

5.2. Power consumption analysis

The system consumption is analyzed through the study of
the electric current behavior as a function of time of the
OFDM-EIS system, as shown in Figure 4.

The system was tested in the following conditions: it is
powered by a 5 V source, regulated to 3.3 V to feed the



Simblee device, there are 64 tones from 188 Hz to 5837 Hz,
ten cycles of measurement separated by an idle of 100 ms
between cycles, an 560 ohms SUT resistor and the stimulation
voltage is 200 MVpgak-

During the test, the system performed transmission,
reception and impedance estimation on every of the ten cycles.
It can be noticed that the static consumption of the OFDM
board is 15.5 mA. Additionally, the dynamic consumption,
when measuring, is about 4 mA that multiplied by the period
of one complete OFDM measurement time of 506.6 ms results
in a dynamic electric charge of 2.03 mAs or 10.13 mJ, given
that the system is powered by a 5 V supply.

0.024
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e
o
N

19.5 mA
0.018

0.016

rrrrrrrrre
0.014 l ]

0.012
0

Electric Current [A]
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Figure 4. Electric current consumption of the OFDM-EIS system

during 10 complete measurements separated by an idle of
100ms.

5.3. Crest factor and sensing time

The crest factor is calculated by measuring the OFDM-EIS
output voltage signal with a digital oscilloscope (Tektronic
DPO500B).

Figure 5 shows that the amplitude of the signal is below the
200 mVpeak With a very low offset and with a CF of 1.692 that
is very close to the CF calculated by simulation of 1.642. In the
simulation the same symbols of integer values, as in the
OFDM-EIS system, were used, but with an IFFT of larger bits
in their numerical representation. The CF calculation method
is shown in Section 4.3.

The stimulation time is an important factor in our
application. It should be less than the time between heart beats.
It could be calculated from equation (10). As it is shown in
Figure 5, the time of one symbol, when using the OFDM-EIS
system with a IFFT size of 64 and a Fs of 12 kHz, is 5.33 ms
that gives enough margin for the use of many symbols with the
consequent reduction of noise by averaging.

5, = MF' N (10)

S

Where M is the symbols quantity, N is the IFFT size and Fsthe
sampling frequency.

CF = 1.692 « 0.1523]
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Figure 5. Signal output from the OFDM-EIS system when using the

code of equation (1). The CF is calculated and shown as
well.

The study of the processing time for the complete OFDM
measurement execution has also been performed. This
includes the IFFT / FFT computation, the averaging and the
impedance calculation. At the reception, the average of the
symbols is performed on the fly and only one complex
division at the end, hence the time for the calculation of the
impedance estimation is not much higher than the stimulation
time itself. This time depends on the numbers of instruction
required for the averaging and the complex division
algorithms as well as the clock frequency of the device.

In our case there are M-N/2 additions for averaging (N/2
real and N/2 imaginary) and N/2 complex division for the final
impedance estimation executed with a clock frequency of 16
MHz. Additionally, the IFFT/FFT algorithm takes about
(N/2)log»(N) multiplications and the digital to analog to digital
conversion blocks, running at 12 kHz, transmit and receive a
totality of N-M samples. Giving that the clock cycles for each
floating point operation for the Cortex MO processor can be

TABLE 2.
EXECUTION TIME FOR ONE OFDM-EIS MEASUREMENT WHEN N = M = 64

Basic # of 16 MHz Clock

Operations: cycles Time [us]
Addition 102 6.375
Multiplication 166 10.375
Division 475 29.687

Advance # of

Operations: Calculation Operations | Time [ms]
Averaging Additions M-N/2 13.056
DAC/ADC 1/12K sample rate M-N 341.33
IFFT (N/2)LOG,(N) 1 1.99
FFT (N/2)LOG,(N) M 127.48

3 Additions +

Complex 6 Multiplications +
Division 1 Division N/2 3.55

Total  487.406



known from [30], the total theoretical execution time required
to perform one complete OFDM measurement, while using 64
symbols, is calculated as 487.4 ms, as shown in table 2. The
real execution time measured from Figure 4, is 506.6 ms
which a bit higher than the theoretical one. This result is
reasonable considering the time the processor takes for the
loops and decision routines.

5.4. Pacemaker's electrode characterization

The potential of the OFDM-EIS system for the impedance
characterization of a commercial available human cardiac
pacemaker lead (Medtronic CAPSURE VDD-2, bipolar
ventricular sensing and pacing lead), shown in Figure 6, is also
analyzed. The electrodes of the lead (the tip and the ring
electrodes) were both placed into a Phosphate-Buffered Saline
(PBS) solution and first characterized by using a commercial
Network Analyzer (ENA, Agilent E5061B), configured for
impedance measurements, followed by the OFDM-EIS
system.

OFDM-EIS
System

Supply

Pacemaker Lead
Connection

Figure 6. OFDM-EIS system connected to the ventricular sensing and
pacing electrode of the pacemaker lead.

Figure 7 shows the electrode's impedances measured by the
two systems. It also shows the impedance of an electrode
model by taking the OFDM-EIS impedance values as input of
a fitting algorithm. The model is the following:

Zyp =Rt e (11)
1+ (jw)*CLR;,

where Rs [Q] is a serial resistance, Rp [Q] is a parallel
resistance with a no-ideal capacitance Cp [F] that take the
place of a constant phase element that is widely employed in
the characterization of the electrodes-medium interface [29],
and a is dimensionless constant ranging from 0 to 1.

TABLE 3: Model parameters and goodness of fit values

Rs [Q] Rp [Q] | Cp[pF] o R-square RMSE
664 284.8 48.42 0.6106 0.975 8.55
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Figure 7. Impedance of a human pacemaker lead in a PBS solution
measured with the OFDM-EIS system and the ENA as
reference instrument. The impedance of the fitting model
and the error when comparing it with the ENA are plotted as
well.

The fitting model parameters and the goodness of the fit
values are shown in Table 3. The error plot between the ENA
and the model impedance values is also depicted in Figure 7.
Here an average of 0.72% was calculated.

6. Conclusion and future work

The proposed OFDM-EIS measuring technique allows
rapid impedance spectrum estimation with good accuracy. The
OFDM symbols are designed with squared phases and with
the size of N/2 samples that assure a low crest factor and the
proper recovery of the real and imaginary part of the symbols
from only the real part of the IFFT output data. An
ARM-based, custom device implementing the OFDM-EIS
method was presented as a low cost solution (less than 50%$) for
pacemaker-induced fibrosis detection. It was tested with the
OFDM parameters of N = 64, Fs = 12.05 kHz, 64 symbols and
a symbol gain G = 200. The results show that a crest factor of
1.694 is achieved with the length of 5.33ms per symbol. This
time is short enough to even use many symbols for the
reduction of noise and still accomplish the requirement time
for the measurement of pacemaker-induced fibrosis
impedance. Furthermore, an average error of 4.4% is obtained
when measuring a test circuit and an average error of 0.72% is
achieved when characterizing a human pacemaker lead
electrodes by using the OFDM-EIS results as input of a fitting
model. The measurement spectrum could easily be
manipulated from the OFDM system parameters by
controlling the sampling frequency and/or the size of the IFFT,
providing a good flexibility to the method. To further improve
the accuracy of the measurement without much affecting the
CF, the constant gain G could be changed into a variable, as a
function of k, that can be adjusted with the help of a searching



algorithm. Also, a small offset could be added to the symbols
to increase further the subcarriers amplitudes and therefore the
accuracy. These topics are part of a current study in our group.
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