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An ECG Acquisition System Prototype Design
With Flexible PDMS Dry Electrodes and
Variable Transform Length DCT-IV
Based Compression Algorithm
Ching-Hsing Luo, Wei-Jhe Ma, Wen-Ho Juang, Shin-Hung Kuo, Chih-Yuan Chen,
Pei-Chen Tai, and Shin-Chi Lai

Abstract— In this paper, a system is designed using flexible
poly-dimethylsiloxane (PDMS) dry electrodes instead of wet
electrodes to acquire electrocardiogram (ECG) signals. This
flexible PDMS dry electrode (FPDE) is revised from the hard
commercial biopotential conductive snap to a flexible electrode
using a replica method that provides a reliable attachment
for the ECG measurement method. The measurement result
shows the proposed FPDE, which has the ability to acquire
ECG signals, is comparable with the traditional wet electrodes
applied in medicine. In addition, an acquisition circuit design
integrated with commercial ICs and an field-programmable gate
array (FPGA) platform is built for the development of longterm ECG monitoring. A variable-transform-length DCT-IVbased ECG compression algorithm with a higher quality score
(QS) and a better compressing ratio (CR) is further proposed to
significantly reduce the large amount of recording data in both
storage and transmission. The QS parameter, which denotes a
ratio of a CR value to a percent rms difference (PRD) value,
is another key index applied to fairly evaluate the performance
of various compression algorithms. DCT-IV is used as a unified
transform kernel for ECG signal encoding and decoding, because
the forward DCT-IV formula is the same as its inverse. It can be
easily converted into a compact hardware accelerator with fewer
hardware resources. To fairly evaluate the proposed compression
algorithm, ECG signals sourced from MIT-BIT arrhythmia
database with a sampling rate of 360 Hz are employed as the test
patterns. The simulation results show the averages of CR, PRD,
and QS to be 6.86, 0.18, 2.60, 1.68, 32.19, and 39.86, respectively,
for all 48 lead-II patterns of the MIT-BIH database. Compared
with Lee et al.’s DCT-II based algorithm, the QS value of the
proposed method exhibits a 76% improvement. The experimental
results clearly show that the proposed system would be a better
choice for achieving ECG signal acquisition in the future.
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I. I NTRODUCTION

R

ECENTLY, monitoring the physiology of patients and
personal health care has been integrated in modern
wireless e-health systems. This is essential for long time
monitoring or to obtain 24-hr nonstop recordings in the case
of electrocardiogram (ECG), electroencephalogram (EEG),
and various other bio-signals. The electrodes used for signal
acquisition directly affect the quality of the biomedical signal.
One of the significant issues in measuring ECG signals is
how to comfortably detect these using dry electrodes in lieu
of wet electrodes. This is because wet electrodes contact
and cover the skin through the use of an electrolyte gel,
which causes itchiness, reddening and swelling. Bio-potential
electrodes can transform signals from the skin tissue to the
acquisition device. Bio-electrodes (e.g., wet electrodes) have
traditionally been used to record bio-potential signals by using
electric gels that improve electric conductivity. While these
gel substances can fix the electrode on the skin, they can
also provoke dermal irritation and even allergies. Furthermore,
the conductivity of electrolytic gel decreases gradually due
to hardening, subsequently degrading the data acquisition
quality. Therefore, exploiting the use of various materials for
the purpose of fabricating bio-compatible electrodes is worth
consideration.
In recent years a great deal of attention has been
focused on dry electrodes [1]–[9] designs that are operated
without electrolyte gel and skin preparation, such as MicroElectro-Mechanical-Systems (MEMS) dry electrodes (intrusive) [1]–[7], and soft dry electrodes (nonintrusive) [8].
Another type of dry electrode was made using polydimethylsiloxane (PDMS) material [9], [33], which can fit the
curved surface of the human body and do not damage the skin.
Since electrode sensors were discussed above, the design
of acquisition system should also be considered. Recently,
the ECG acquisition system literature has been paying
increased attention to integration with low power acquisition chips [6], [7], [10], [11]. Moreover, a novel power
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management method has been developed for a physiological
signal acquisition device that can greatly reduce system power
consumption [6]. Nemati et al.’s design [10] obtained long
battery life by using low-power consumption components and
developing battery-saving control techniques. Chang et al. [7]
and Wang et al. [11] proposed an analog front-end circuit for
bio-potential acquisition with low power consumption. These
systems were composed of an instrumentation amplifier (IA),
a band-pass filter, and a gain stage. Because noise interference
with ECG signals will be coupled to the human body, frontend circuits with a high common mode rejection ratio (CMRR)
and power supply rejection ratio (PSRR) are very important
for signal acquisition. Power consumption is another critical
issue for portable physiological acquisition systems. Based on
previous studies, most of the power consumption involved in
acquisition is caused by the radio frequency transceiver data
transmission. This implies that a great amount of power could
be saved if the transmitted data could be compressed. Long
time monitoring results in a huge amount of information,
and thus data compression would be useful not only for
wireless data transmission, but also for data storage, especially
when the physiological signals are acquired and utilized for
medical diagnostic and health care purposes. As such, many
approaches [12]–[19] were used to significantly reduce the
memory space needed for storing medical recordings, shortening communication times and have lowering the power
consumed by monitoring devices.
Gan et al. [12] proposed a design incorporating lowcomplexity ECG signal compression, and Chen et al. [13] also
provided an adaptive power conserving algorithm and a data
compressing method with a four-level hierarchical wireless
body sensor network. This method is very suitable for lowpower implementations of a physiological acquisition system,
although it requires a small hardware overhead. The results
showed compression rates for body temperature, pulse oxygen,
and blood glucose signals of up to 3.33, and compression
rates for blood pressure, ECG, and EEG signals of 1.92. This
also demonstrates that the power consumption related to data
transmission will be greatly reduced using such systems.
Generally speaking, compression methods are classified as
either lossy or lossless. Lossy methods for compressing ECG
signals has been widely used because of the high compression
ratio performance. Previous research in this area can be
divided into three categories [14]. The first computes the
redundancy from the signals and then removes this to achieve
a higher data compression ratio. The second is the transformation method [15]–[20], which converts a time domain
signal into a frequency or other domains and compresses the
spectral or energy components, such as FFT, DCT, DWT,
and so on. The third is the parameter extraction compression
method, which includes the peak picking method and the linear
prediction method.
Alam and Rahim [16] proposed an improved transform
method that achieves better CR and PRD metric results
than those of Batista et al. [15]. The above-referenced
algorithms perform quantization of the DCT transform.
However, a common shortcoming of Batista et al. [15]
and Alam and Rahim [16] is the inability to compute the

8245

algorithms in real time. This results in a long and
costly time delay when executing the data compression
of large amounts of ECG samples in the offline mode.
Recently, Lee et al. [17], [18] proposed an efficient DCT-IIbased algorithm for ECG compression, where the acquired
N-point ECG signal is firstly downsampled by a factor of two. The downsampled sequence is then processed
using a backward differential procedure to achieve a 75%
reduction of original data. The processed samples between
R-R intervals are then transformed using the DCT-II, and the
fractional parts of the transformed coefficients are discarded
to obtain the compressed bit stream using Huffman coding.
Mukhopadyay et al. [21], [22] proposed another algorithm that
converts the original signals into ASCII bits and compresses
these bit streams using ASCII algorithms [23].
In contrast to the algorithms referenced above, this paper
extends previous work [24] by proposing an effective ECG
compression algorithm which can be run in real-time on
any portable device to access and transmit bio-signals for a
personal health system application. This algorithm analyzes
the corresponding spectral and energy components of ECG
samples through the DCT-IV frequency domain. The processed
samples have smaller dynamic range characteristics as a result
of using backward differential computation and non-uniform
quantization to reduce the amount of representative sample
data. An additional step is used for recording irregularly
interleaved transformed coefficient sign bits after the DCT-IV
procedure to further decrease the total number of data
samples. The lossless Huffman encoding technique [25]
is finally employed to obtain the compressed bit stream.
Compared to the latest algorithms for compressing ECG samples, 48 instances in the MIT-BIH arrhythmia database [26]
are used as the test samples for evaluation of the proposed
algorithm in this work. In addition, we also implement a
DCT-IV hardware accelerator to reduce the computational
complexity of ECG compression in the algorithm. Here, we
can utilize the nature of a recursive algorithm [27], [28]
to obtain a small, compact DCT-IV structure, and then
achieve a variable-transform-length DCT-IV application in the
future.
The proposed design in this study focuses on the following
topics: 1) the PDMS material is used to fabricate a sensor substrate through MEMS technology and replica methods. There
is no damage to the skin, and it is more suitable for long-term
wear than other alternatives; 2) the proposed system utilizes
some commercial ICs as key components, such as a front-end
circuit, an analog-to-digital (ADC) converter and digital signal
processing circuits, using Altera FPGA. Additionally, a Nios2
processor is built for data control and task management.
To shorten the time required for data compression and avoid
overloading the Nios2 processor, a concept for both hardware
and software co-design is employed to achieve a compression
algorithm; 3) a new, efficient DCT-IV-based ECG compression
algorithm with a higher QS and a better CR is developed and
executed using a Nios2 processor. A fast recursive DCT-IV
hardware accelerator is then implemented using Altera FPGA,
and is integrated with Nios2 for the proposed ECG acquisition
system.
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Fig. 1.

Function blocks of the proposed ECG signal acquisition system.

The rest of this paper is organized as follows: Section II
proposes a flexible PDMS dry electrode (FPDE) and ECG
acquisition circuit design. Section III introduces a novel ECG
compression algorithm and the proposed DCT-IV hardware
accelerator. Section IV discusses the results of the FPDE
performance analysis and shows the entire ECG acquisition
system. Section V provides a detailed performance analysis
for the proposed ECG compression algorithm, and compares
the differences with a state-of-the-art approach. Finally, the
conclusions of this work are given in Section VI.
II. P ROPOSED F LEXIBLE PDMS D RY E LECTRODE AND
ECG ACQUISITION C IRCUIT D ESIGN

Fig. 2.
Schematic of skin structures and different kinds of electrode
penetration concepts.

In this section, an FPDE with an acquisition circuit is
applied for the purpose of measuring ECG signals without
skin preparation or conductive gel usage. The function blocks
of the proposed acquisition system, as shown in Fig.1, is
comfortable and effective for ECG signal measurement, since
it has been integrated with the DE0-nano FPGA platform,
where some digital signal processing methods, such as the
ECG compression algorithm, can be developed.
A. Flexible PDMS Dry Electrode Fabrication Process
The quality of the biomedical signal is affected by using
the relative acquisition electrodes. Some dry electrodes are
made of stiff substrates that can damage skin tissue when
the electrode is removed. Gruetzmann et al. [8] proposed a
soft and flexible electrode to address the effects of motion
artifacts in order to reduced contact impedance during ECG
measurement. Under slight pressure, the soft and flexible dry
electrodes on the skin better stabilize contact with the skin as
compared to hard electrodes. Recently, soft electrodes made
by PDMS have proven to be bio-compatible and are made
of a durable material that does not damage human skin.
In addition, a soft electrode can increase the contact area,
which reduces contact impedance with the skin. A comparison
of an electrode-skin interface standard wet electrode with other
kinds of dry electrodes is shown in Fig. 2.
PDMS is widely used in various biomedical applications
because of its flexibility and the fact that it is made of a good
biocompatible material. Baek et al. was the first to propose
a PDMS-based flexible dry electrode [9] for bio-potential
measurement. Kim et al. [32] and Moon et al. [33] used same
material to fabricate a sensor substrate using MEMS technology. However, connecting the wire to the PDMS electrode is
challenging, and thus far conductive glue has been used as the
connective interface between the wire and the PDMS surface.

Fig. 3.

PDMS molding process flow.

In this work, a new fabrication method is proposed
that transforms a commercial bio-potential conductive snap
(MEDI-TRACETM, COVIDIEN, USA) into an FPDE using
a replica method. It provides a convenient wire connection
method that produces a stable signal and can be combined
with conventional hospital ECG measurement instruments.
The FPDE structure was fabricated using 35 × 35 mm2 printed
circuit board (PCB), with a commercial circuit board plotter
machine (ProtoMat C40, LPKF Laser & Electronics, North
America) has been used. First, the circle was fixed on one
side as a master by using ProtoMat C40. After the master
was finished, it was cleaned using deionized (DI) water and
acetone, and the ProtoMat C40 was used to drill the master
design. The PCB master has two main uses: (1) an FPDE
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Fig. 4.
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The proposed front-end signal acquisition circuit.

structural definition, and (2) a metal deposition definition.
This technique was applied to fabricate the FPDE, and universal electrode manufacturing methods are used that employ
photolithography and metal etching processes. The proposed
method fabricates a high aspect ratio 3D structure and can
define a metal pattern on the PDMS surface, greatly reducing
metal etching and environmental pollution. Since the PCB
master can be reused, production time is also reduced. The
PDMS solution in this work was prepared from a mixture of
a Sylgard 184 silicon elastomer base and a silicon elastomer
curing agent (from Dow Corning) with a weight ratio of 10:1.
After mixing, the PDMS was placed into a vacuum chamber
at 750 mmHg for 30 minutes to eliminate air bubbles. The
PDMS solution was poured into the master and cured at 85° C
for 1 hour. After curing, the PDMS structure was peeled off
the master. On the PDMS surface, we used a biopsy punch
and deposited Ti (100nm) and Au (300nm) metal by E-beam
evaporation [29]. The PDMS replica molding process when
using the master is shown in Fig. 3.
B. Front-End Signal Acquisition Circuit Design
An acquisition circuit was proposed in this paper to measure
ECG signals. An instrumentation amplifier (LT1789, Linear
Technology Corporation) was used as the pre-amplifier for
the purpose of sensing ECG signals in the circuit. LT1789
has a number of advantages, including high CMRR, high
PSRR, high accuracy, and a rail-to-rail input and output range.
Some environmental noise can be cancelled with a highinput-impedance and high CMRR commercial IA. In order
to amplify the input ECG signals to the desired amplitude,
the gain needs to be adjusted (2000∼3000 V/V), and a bandpass filter (0.1–100Hz) is designed for the ECG acquisition.
Additionally, the proposed front-end signal acquisition circuit
could be powered by a rechargeable 3.7V battery. A schematic
view of the front-end circuit is shown in Fig. 4, and the
related parameters of all elements are also given in detail.
The proposed pre-amplifier provides a DC gain of 5 V/V;
the frequency ranges of the proposed band-pass filter, which
consists of a high-pass filter and a low-pass filter, is from
0.1 to 100 Hz, and the gain stage provides a maximum DC
gain of 100 V/V.
C. DE0-Nano FPGA Platform within Nios2 Processor and
Analog-to-Digital Converter
In the proposed design, we utilize the DE0-nano FPGA
platform to create a Nios2 processor and a compact

Fig. 5. Functional blocks of the proposed front-end circuit and a DSP unit
based on Altera DE0-Nano platform.

DCT-IV hardware accelerator. The Nios2 processor can be
easily created using an SOPC builder in Quartus2 software
for an Altera FPGA device. It can be treated as a powerful
Digital Signal Processing (DSP) unit, where programmers
can use C/C++ language to develop some programs and
functions on the processor. Since the Nios2 processor and
the DCT-IV accelerator are both composed of FPGAs, the
structure is reconfigurable, which creates a huge advantage
related to flexibility with respect to functional usage and
algorithm development. This also implies that we can develop
the proposed ECG compression algorithm by using a hardware
and software co-design concept. Figure 5 demonstrates the
functional blocks of the proposed DSP unit with 2 Mega-Bytes
DRAM and 8-channel 12-bits ADC on the FPGA platform.
Therefore, it is an extremely compact, useful, and powerful
development board, especially suited to ECG compression or
biomedical signal processing.
III. P ROPOSED ECG C OMPRESSION A LGORITHM AND I TS
H ARDWARE ACCELERATOR D ESIGN
As shown in Fig. 6(b), there are a total of eight processing
procedures for ECG data compression and decompression. The
original ECG signal is sampled by an ADC first and then is
sent to the Nios2 processor through the I2 C interface. The
details are introduced as follows:
A. 1/2 Downsampling and Normalization
In this work, the ECG signal from the MIT-BIH database
is employed for algorithm development. The sampling rate
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Fig. 7.

Computational flowchart of the pre-processing stage.

B. Peak Detection and Segmentation

Fig. 6. Block diagram of the proposed ECG acquisition design. (a) Block
diagram of the proposed ECG acquisition system. (b) Block diagram of the
compression and decompression procedures.

of each 11-bit ECG signal is 360 Hz and then restore as
two bytes to temporal data. After the 1/2 downsampling
process is completed, a 50% reduction in total data can be
easily achieved. However, the reconstructed ECG signal loses
a little accuracy in order to obtain this benefit. The ECG signal,
which ranges from 0 to 2047, is normalized by dividing a
factor of the maximum input data, i.e. 2048. The dynamic
range of the normalized ECG signal ranges from 0 to 1. The
normalization formula is shown as (1).
Nor mali zed Signal =

Origi nal Signal
2048

(1)

T hr ⎧
eshold
avg(X5[1 : i + 100]),
⎪
⎪
⎪
⎪
⎪
i = 1 ∼ 100;
⎪
⎪
⎪
⎨avg(X5[i − 100 : i + 100]),
(2)
=
⎪
i = 101 ∼ (TotalLength − 100);
⎪
⎪
⎪
⎪
⎪avg(X5[i − 100 : TotalLength]),
⎪
⎪
⎩
i = (TotalLength − 100) ∼ TotalLength;

The peak detection (PD) algorithm is applied to segment
the ECG signal into a repeating and time-interval signal. This
method is useful for R-wave signal location under each time
interval. In the proposed method, there are two main stages,
i.e. pre-processing and decision stages, in the PD algorithm.
The first one uses a 2-order median filter and a smoothing
filter. Then a 15-order median filter and average computation
are both required. The computational flowchart of this preprocessing stage and its corresponding waveform are shown
in Fig. 7 and Fig. 8, respectively. First, the X0 waveform,
as shown in Fig. 8(a), uses a 2-order recursive median filter
to lower the magnitude of R-wave and T-wave. Figure 8(b)
shows that the signal of X1 after the median filter has a
lower magnitude. Second, the X1 waveform further uses a
smoothing filter, as shown in Fig. 8(c), to generate the X2
waveform, which also retains the trend of the X0 waveform.
Third, the X3 waveform, as shown in Fig. 8(d), is the result
of X2 passing through a 15-order median filter. Fourth, the
X3 waveform retains most of the T-wave, but eliminates a
part of R-wave compared with the X2 waveform. Fifth, the
X4 waveform, as shown in Fig. 8(e), used the X3 waveform
to subtract the X2 waveform, and then the locations of the
T-wave and R-wave can be efficiently eliminated. After taking
the square and avenge operations for the X4 waveform, the
results of the pre-processing stage are shown in Fig. 8(f).
Finally, a threshold calculation formula (2) is employed in the
decision stage. Since the X5 waveform, as shown in Fig. 8(f),
is regular, we can easily recognize the first greater peak to be
the R-wave location. All the magnitude values on the y-axis of
Fig. 8(a) to Fig. 8(f) are digitized quantization values sampled
by 11-bit ADC according to the MIT-BIH database. To make
sure that the R-R interval (RRI) is limited to 512 samples, a
cutting segment computational flow is shown in Fig. 9.
C. Variable-Transform-Length DCT-IV Computation and
Uniform Quantization
An N-point DCT-IV formula is defined as (3), where
x[n] and X[k] are, respectively, time-domain sequence and
frequency-domain coefficients.

 N−1
2
×
x[n]×cos ((2n +1)(2k +1)π/(4N)) ,
X[k] =
n=0
N
where k is 0 to N − 1.
(3)
By exchanging indices n and k, it can be easily proven
that the inverse of the DCT-IV is the same as the DCT-IV.
Figure 10 shows that the instance (record #100, sampling
index from 1 to 64) transformed by DCT-IV has two particular characteristics. First, the DCT-IV spectrum converges
to zero with increases in the coefficient index. Second, the
amplitude sign bit repeats regularly according to the following

LUO et al.: ECG ACQUISITION SYSTEM PROTOTYPE DESIGN

8249

Fig. 8. The waveform of the pre-processing stage: (a) X0 waveform; (b) X1 waveform (after 2-order median filter); (c) X2 waveform (after smoothing filter);
(d) X3 waveform (after15-order median filter); (e) X4 waveform (after subtraction of X2 from X3); and (f) X5 waveform (after taking square and avenge
operations).

Fig. 9.

Computational flowchart of the cutting segment.

rule, i.e. −, +, . . . , −, and +, although the amplitude
exhibits a slightly unstable rise from coefficient index#1 to
coefficient index#30. Here, we propose a method to separate
the amplitude into one sign symbol (1 bit) and magnitude
(floating point). It can be easily found that the magnitudes
between each index of the DCT-IV coefficients are very close
to each other, and this characteristic can be applied to combine
with the backward differential computation to generate a new
sequence. After we obtain the spectrum sequence, the uniform
quantization procedure can be done. It can be observed from
Fig. 10 that the magnitude of the DCT-IV coefficients will
become very small when the index number is larger than 20.
Each quantitative data unit is represented as an 11-bit sequence
with a quantization number of 0.02. For the hardware accelerator design, an N-point DCT-IV algorithm neglecting the
scaled factor is defined as
out[k] =
=

N−1

n=0
N−1

n=0

i n[n] × cos ((2n + 1)(2k + 1)π/(4N))
x[n] × Ck,n ,

Fig. 10. The characteristics of the DCT-IV spectrum. (a) DCT-IV spectrum
(record no.100, where the data indices are from 39 to 185). (b) DCT-IV
spectrum after quantization.




θk
2k + 1
+ nθk , and θk =
where Ck,n = cos
2
2

π
N

(4)

After expressing the cosine function as a recursive form (5),
we obtain a compact structure of the DCT-IV algorithm as
shown in Fig. 11. The initial condition is defined as (6).
Fc,n = 2 cos θk Fc,n−1 − Fc,n−2

θk
Fc,0 = Fc,−1 = cos
2

(5)
(6)

For the variable-transform-length DCT computation, an
on-line cosine coefficient generator and an accumulator are
designed, as shown in Fig. 11. The input sequence should be
multiplied by a cosine coefficient in every clock, and then the
results are fed into the accumulators to calculate the desired
DCT-IV coefficients. It is clearly seen that the proposed
DCT-IV accelerator requires three registers, two adders, and
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Fig. 11.

Proposed Compact DCT-IV Accelerator Design.
TABLE I

P ROPOSED H UFFMAN TABLE AND H UFFMAN T REE

Fig. 12.
Original ECG signal and its reconstruction after the proposed
compression algorithm (MIT-BIH record no.100).

two multipliers. The FPGA implementation results show that
the proposed DCT-IV hardware accelerator only uses 571 logic
elements, 533 combinational functions, 160 logic registers and
16 multiplier 9-bit elements.
D. Backward Computation and Huffman Encoding
Since the DCT-IV spectrum has a strong and regular oscillation, we can use the following steps, including backward
integration (4) and backward difference (5), for the purpose
of shortening the coming sequence. The output sequence can
thus be fed into the final procedure.
B IQ =

B DQ =

Sq[1] = Fr eq Q[1]
if k = 1
Sq[k] = Fr eq Q[k] + Fr eq Q[k − 1], i f k = 1
(7)
if k = 1
Sq[1] = B I Q [1]
Sq[k] = B I Q [k] − B I Q [k − 1], i f k = 1

(8)

The final procedure of the proposed compression is entropy
coding (also called Huffman coding). In this work, we adopt a
concept similar to the JPEG [25] composed of one differential
table and one Huffman table. After we simulated all of the
ECG patterns in MIT-BIH database, we were able to specify
the Huffman tree according to different occurring probabilities.
Theoretically, the frequently occurring data would be allocated
lower bits. The result shows that the proposed algorithm can
achieve a better compression ratio. Table I shows the proposed
Huffman table.

Fig. 13. (a) Proposed FPDE. (b) The FPDE placed on skin for measurements
and the FPDE package.

E. Reconstruction of the Compressed ECG Data
The reconstruction of the compressed ECG signal is
achieved using the reverse procedures from those on the right
side of Fig. 6. The results show that the compressed bit-stream
is well received and perfectly reconstructed using the proposed
decompression. Figure 12 shows that the reconstruction of the
ECG signal is quite similar to that of the original ECG signal.
IV. P ERFORMANCE T ESTS FOR THE P ROPOSED
FPDE AND ECG ACQUISITION S YSTEM
A. Proposed FPDE package
The FPDE is fabricated using a replica method. Ti (100nm)
and Au (300nm) films are deposited stably on the PDMS
surface, and the metal patterns are created through the use
of a PCB mask, as described in Fig. 13(a). The metal film
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Fig. 14.
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Impedance measurement result for the proposed FPDE.

is uniformly deposited on the structure, and the area is
about 78.5 mm2 . The PDMS electrode makes it easy and
convenient to measure ECG signals, and Steri-StripTM
(3M Company, U.S.A) tape is used to fix the FPDE on the
skin, as shown in Fig. 13(b).
B. Measurement Results for the FPDE impedance
The impedance versus frequency measurement of the FPDE
and the wet electrode are shown in Fig. 14. The precision LCR
meter (Agilent E4980A precision LCR meter) is adopted for
measuring both the FPDE and wet electrode impedances. The
impedance analyzer can support the impedance measurement
of two terminal components, such as capacitors, inductors, or
resistors [30]. The wet electrode and the proposed FPDE are
both placed on the forearm with a separation of 10cm, center
to center, and then a voltage is applied to the electrode pair
to measure the impedance changes. To guarantee reliable and
reproducible results, the test signal for the impedance is set
at 5mV, with the frequency ranging from 20 Hz to 10 kHz.
Ten tests are performed on five different subjects, and the
impedance value of the FPDE is similar to that of the wet
electrode under the biomedical frequency band [9], [31].
C. Measurement Results for Medical Wet Electrode and the
Proposed Flexible PDMS
The measured ECG data are transmitted to the DE0-nano
FPGA platform using an I2 C bus. The size of the front-end
acquisition circuit is 38×39 mm2 in Fig.6 (a), and the device
is powered by a single 3.7V battery power supply. For the
ECG acquisition experiment, the proposed front-end circuit
is combined with a medical wet electrode and the proposed
flexible PDMS, respectively. A digital storage oscilloscope,
Agilent DSO-X 2012A, is then employed to record and to
observe the analog output signal coming from the front-end
circuit. The analog output signal is also transformed into a
12-bit digitized sequence using the proposed DSP unit, i.e. the
DE0-nano platform. Figure 15 shows two experimental results
from the same subject when using wet and dry electrodes.
The results clearly show that the detecting signal of the
proposed dry electrode is comparable to that of the medical
wet electrode under the same conditions. Additionally, the

Fig. 15. ECG signal acquisition results for the wet electrode and the proposed
FPDE using the Agilent oscilloscope.

Fig. 16. ECG signal acquisition results for (a) wet electrode and (b) the
proposed FPDE dry electrode using the proposed acquisition system.

proposed flexible PDMS will not lead to any itchiness or
inflammation. Figure 16 presents the digitized signal corresponding to the one shown in Fig. 15, and the digitized
quantization values shown on the y-axis are sampled by the
12-bit ADC of the proposed acquisition system. The top of
Fig. 16(a) is for the wet electrode, and that of (b) is for the
proposed dry electrode. Compared with Fig. 15, it can be
found that the proposed ECG acquisition system can correctly
convert the analog signals into digital data.
V. P ERFORMANCE T ESTS FOR VARIOUS ECG
C OMPRESSION A LGORITHMS
In this section, six performance metrics from (9) to (15)
are employed to evaluate the proposed ECG algorithms and
other methods. These numerical measurements are, respectively, Compressing Ratio (CR), Root-mean-square (RMS),
Percent RMS Difference (PRD), Percent RMS Difference
Normalized (PDRN), Signal to Noise Ratio (SNR), and
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TABLE II

TABLE III

P ERFORMANCE R ESULTS OF THE P ROPOSED A LGORITHM

P ERFORMANCE C OMPARISON R ESULTS OF THE P ROPOSED A LGORITHM
AND S OME R ELATED A PPROACHES

 N−1
P R D N(%) = 100 ×


Number o f Origi nal Data Bi ts
,
Number o f Compr essed Data Bi ts
 N−1
2
n=0 [X s (n) − X r (n)]
P R D(%) = 100 ×
,
 N−1
2
n=0 X s (n)
CR =

 N−1
P R D_wb(%)=100×

n=0

 N−1
n=0

[X s (n) − X r (n)]2
[X s (n) − 1024]2

,

(9)
(10)

(11)

(12)

[X s (n) − X r (n)]2
,
(13)
N
 

N−1
2
n=0 [X s (n) − X m ]
S N R(d B) = 10 × log  N−1
, (14)
2
n=0 [X s (n) − X r (n)]
CR
,
(15)
QS =
P RD
where Xs(n) represents the original signal; Xr(n) represents the
reconstructed signal, and Xm represents the average of Xs(n).
Note that the quality score (QS) parameter denotes the ratio of
a CR value to a PRD value, which is given by (15). In general,
the larger the CR value, the better; the smaller the PRD value,
the better. Higher QS represents a better compression rate and
lower signal distortion. In this paper, we use QS as another
key parameter applied to fairly evaluate the performance of
various compression algorithms. For these test patterns, each
record from the MIT-BIH database contains two leads, and it
should be noticed that each lead has 650,000 units of data.
We convert the amplitude of each unit of data into a 16-bit
format as in Lee et al. [18], and the proposed compression algorithm programmed using MATLAB software is then
executed. To obtain the minimum distortion for this lossy
compression, we only adopted the 100% window size [18]
to develop the proposed algorithm.
Table II lists various performance metrics of the proposed
method with all 48 lead-II patterns from the MIT-BIH database, respectively. The CR, PRD, PRDN, RMS, SNR, and
QS averages are 6.86, 0.18, 2.60, 1.68, 32.19, and 39.86,
respectively.
Table III shows the analytic performance results for various
related works and the proposed algorithm. The CR value of
the proposed algorithm is higher than that of Lee et al.’s
method [18]. Additionally, the proposed algorithm has the
lowest PRD value and the highest SNR value. These results
clearly show that the proposed compression algorithm has the
advantages of high accuracy and a high compression rate, so
it can obtain a very high quality score of more than 39. Compared with Lee et al.’s algorithm, the QS value of the proposed
method is greatly increased by 76%. This also implies that the
proposed algorithm would be a better solution if employed on
a portable device or a system in e-health care, as it requires
much less power consumption, especially in data transmission.
RM S =

Quality Score (QS), which can be obtained as follows.

 N−1

2
n=0 [X s (n) − X r (n)]
,
 N−1
2
n=0 [X s (n) − X m ]

n=0

LUO et al.: ECG ACQUISITION SYSTEM PROTOTYPE DESIGN

VI. C ONCLUSIONS
In this paper a bio-potential conductive snap is successfully applied to an FPDE by using MEMS technology.
It increases sensing stability and is comfortable for long-term
use. The proposed FPDE fabrication process shown in this
work provides a stable method that can be used to define a
metal pattern on a PDMS substrate, and the FPDE can clearly
acquire ECG signals with skin touch. Additionally, a new
compression concept based on a DCT-IV computation, which
is different from the traditional DCT-II-based compression
algorithm, is proposed to achieve higher CR and QS than other
approaches. We also designed a compact, smaller DCT-IV
accelerator on the Altera DE0-Nano FPGA platform, and it
uses fewer hardware resources in implementation. Overall, the
method presented in this work is very suitable for prototype
design of portable personal health monitoring devices.
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