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Abstract—This paper presents a low complexity high
efficiency decimation filter which can be employed in
EletroCardioGram (ECG) acquisition systems. The decimation
filter with a decimation ratio of 128 works along with a third
order sigma delta modulator. It is designed in four stages to
reduce cost and power consumption. The work reported here
provides an efficient approach for the decimation process for
high resolution biomedical data conversion applications by
employing low complexity two-path allpass based decimation
filters. The performance of the proposed decimation chain was
validated by using the MIT-BIH arrhythmia database and
comparative simulations were conducted with the state of the art.
Keywords—decimation filter; polyphase filter; halfband allpass
filter; ECG signal; health monitoring; low power; low complexity.

I.

INTRODUCTION

One of the main research interests in the medical
engineering field is the acquisition and processing of the
ElectroCardioGram (ECG) signals for long term real-time
health monitoring. ECG signals are the electrical
representation of contractile activity of the heart that have very
low signal amplitude ranging from 100 µV to 4 mV and low
frequency bandwidth spanning between 0.1 Hz and 250 Hz,
making them susceptible to noise [1]. The Sigma-Delta (Σ∆)
oversampling Analog-to-Digital Converters (ADCs) are
commonly used for biosignal acquisition systems which are
suitable for low-power and low-voltage applications and can
easily achieve 12-16 bits or higher resolution with simple
hardware architecture [2]. The modulated pulse signal from
the Σ∆ ADC is fed into a decimator being composed of
cascaded Finite Impulse Response (FIR) or Infinite Impulse
Response (IIR) filters and downsamplers which plays an
essential role in de-modulating the signal and attenuating the
out-of-band quantization noise. The decimation process
reduces the number of samples to be processed, reducing the
hardware complexity and power consumption.
Several decimators have been studied in the literature for
ECG monitoring that employ Canonical Signed Digit (CSD)
representation for their decimation filter coefficients in order
to reduce the hardware complexity and power consumption. In

[3] a four stage decimator was described and implemented
comprising a fourth order ‘comb filter’, two Half- Band (HB)
FIR filters, and a compensation filter which were implemented
using a one multiplier FIR structure. In this work the filter
coefficients were stored in a memory unit and a general
purpose multiplier was used to perform the multiplications
required for the filtering process. In [4], a three stage
decimator without a compensation filter was presented.
Similar to [3] a fourth order Cascade Integrator-Comb (CIC)
assumed to be assumed the same as the so called ‘comb’ filter
followed by two 22nd order half-band filters was proposed.
Studies in [1] and [5] both have presented a 3 stage decimation
filter containing a CIC, and two half-band FIR filters, where
[5] implemented its coefficients in CSD in order to reduce the
hardware complexity. In addition to these, [6] presented a 4
stage decimator containing a ‘comb filter’, followed by a
compensator and two FIR filters.
In all of these works cited in the previous paragraph, the
decimation chain is built around higher order FIR or IIR
filters, which in turn increase the number of multiplications
required per output sample. On the other hand reducing the
number of multipliers as in [3] only contributes towards low
hardware complexity but because the number of
multiplications stays the same, power dissipation savings is
minimal. CSD only helps replace multiplications with a series
of additions/subtractions avoiding the use of general purpose
multiplier units. Therefore it is only an efficient
implementation rather than a solution to avoid the need for
higher order digital filters in the decimation stage for ECG
monitoring.
This paper describes the design of a highly efficient
decimation filter to be deployed in ECG signal acquisition
systems using all-pass based polyphase IIR filters. These
filters have shown great success in reducing the number of
filter coefficients, and therefore reducing the number of
multiplications as well as the additions within the filtering
process in various applications [7]. The main objective of the
work reported in this paper is to achieve low power
consumption therefore; the proposed design consists of four
stages being a Slink filter (also spuriously referred to as a CIC

filter [8]) and two all-pass based polyphase HB IIR filters with
multiplier free structures and a compensation filter. These
stages are described in detail in section 2. Section 3 presents
the floating-point precision simulation results of the decimator
together with a third-order single loop Σ−Δ modulator and the
performance comparisons between the proposed decimator
and the decimator provided in [6].
II.

Fig. 1. Block diagram of the decimation filter.

SPECIFICATIONS AND STRUCTURE OF THE ADC AND
DECIMATION FILTER SIMULATION MODELS

The block diagram of the decimation filter chain is shown
in Fig. 1. As mentioned before, the proposed decimation filter
consists of four stages, which are the fourth order slink, two
tenth order all-pass based HB IIR and compensation filters
with a decimation ratio of 128. Performing decimation in
multiple stages balances the trade-off between the hardware
complexity and computational efficiency [9]. In the following
subsections more details are provided on the simulation
models of the Σ-∆ ADC and decimation filtering stages.

Fig. 2. Double Polyphase HB Lowpass filter structure

A. The Σ−Δ ADC Modulator Used
In this work, a single loop sigma-delta modulator is
employed together with the proposed digital decimation filter
in order to provide the appropriate single-bit input to the
decimator. In most ECG signal applications, the desired
dynamic range can be up to 60 dB and the minimum required
resolution is 8-bits [2]. Thus to meet these requirements a 3rd
order single-loop Σ-∆ ADC with l-bit quantization and an
oversampling ratio (OSR) of 128 is modeled. The system level
simulation is performed in the MATLAB environment.
B. First Stage Decimation – Slink Decimator
Considering the high sampling rate at the first stage of the
decimation filter, a slink filter is preferred with a large
decimation ratio and a low circuit complexity. It has the
advantage of being multiplier free and the shifted
downsampler in between the accumulators and differencers
enable the filter to operate at rates lower than the input rate.
The order of the slink filter is determined with respect to the
order of the Σ∆ modulator used. The decimator gain should
roll-off faster than the Σ∆ modulation noise rises, which
necessitates the use of
1
order slink filter following
an
order modulator [8]. A higher order filter will cause
additional droop in the in-band magnitude response.
Therefore, a 4th order slink filter with decimation factor of 32
was designed. The z-domain transfer function of the
aforementioned filter is given in (1) and the corresponding
magnitude response is given in Fig. 4 (a) [8].
(1)
C. Second and Third Stage Decimation – Polyphase All-pass
Based HB IIR Decimator
The next two stages of the decimation filter are the
polyphase all-pass based HB IIR filters where each stage
decimates the signal by two in order to return back to

Fig. 3. Structure of the compensation filter.

baseband. These filters are very high fidelity minimum-phase
lowpass filters which introduce only minimal group delays
with micro-dB passband ripple and deep stopband attenuation
in the region of signal activity. The polyphase IIR decimators
are implemented as a two-path structure by using two HB
allpass filters, which are then cascaded as shown in Fig. 2, in
order to get higher level of stopband attenuation, without
deteriorating the passband characteristics.
The z-domain transfer function for HB all-pass filters are
given by (2), where the coefficients for both top and bottom
branches are powers-of-two [10].
1

2

Where
1,2 .According to the system requirements the
second and third stage of decimation are implemented as 10th
order double polyphase lowpass HB IIR filters with two
coefficients. Each stage provides a passband ripple of
1μ
and stopband attenuation of 140 . The magnitude
responses of the 5th (single) and 10th (double) order polyphase
IIRs are shown in Fig. 4 (b).
D. Compensation Filter
The passband roll-off caused by the slink filter distorts the
passband characteristics which necessitates a roll-up filter.
Thus, the final stage of the decimation process is the
compensation filter with an inverse slink response in the band
of interest from DC to 200 Hz. The structure of the
compensation filter has a similar structure to an allpass filter
and requires only one coefficient, i.e.
as shown in Fig. 3
[10, 11].

TABLE I. SPECIFICATIONS OF EACH STAGE OF THE DECIMATION CHAIN
Parameters

(a)

Filter order
Sampling
Frequency (Hz)
Decimation Rate
Passband edge
(Hz)
Stopband edge
(Hz)
Passband ripple
(dB)
Stopband
attenuation (dB)
Output Sampling
Frequency (Hz)

Slink
Filter

HB Filter II

4

This
Work
10

14

This
Work
10

51200

1600

1600

800

III.

SIMULATION RESULTS

In order to validate and evaluate the proposed decimation
filter’s performance an overall behavioural floating point
model of the decimator shown in Fig. 1 as well as the
aforementioned Σ-∆ modulator were implemented using
MATLAB. The magnitude response of the proposed
decimator at the input, third decimation stage and output are
shown in Fig. 5 (a), (b) and (c) respectively. For evaluation
purposes the proposed decimator was tested using the ECG
data records from the MIT-BIH database which were digitized
at a sampling frequency of 360 Hz via a unipolar ADC with
11-bits resolution [12, 13]. According to the American Heart
Association recommendations the minimum bandwidth for
ECG recordings is 150 Hz [14]. Considering these
recommendations, the input data was resampled with an
oversampling ratio of 128 and was fed into the 1-bit single
loop 3rd order Σ-∆ modulator.
The performance of the proposed decimator is also
compared with the decimation filter chain designed in [6]. The
specifications for both filters are given in Table I. For
comparative simulations, floating point models of the
decimation filter was implemented using MATLAB. The 3rd
and 4th stages of this decimator were implemented using the
symmetric HB FIR filter structure where the number of the
distinct coefficients for each filter can be calculated via (5).
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Fig. 4. Magnitude response of (a) 4th order slink and compensation filter as
well as the achieved overall response and (b) the 5th and 10th order polyphase
HB IIR filter.
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where T is the number of taps in an FIR filter, and N is the
number of non-zero coefficients of an HB FIR filter. The HB
FIR filters given in [6] require 5 and 20 distinct coefficients
respectively. In addition, the number of multiplications and
additions per input sample for 3rd stage FIR are 5 and 8 and for
4th stage FIR are 20 and 38 respectively.
However, our proposed 10th order polyphase HB all-pass
based IIR filters require only two distinct coefficients. The
number of additions per input sample for each decimation
stage is 10. For these filter multiplication is not required since,
the coefficients of the all-pass sections are powers-of-two
which can be implemented by using simple hard wired shiftand-add method without using any multipliers thus reducing
the cost and power consumption. The simulation results of the
two aforementioned decimators when the MIT-BIH data 105
is fed into the Σ-∆ modulator are shown in Fig. 6 and 7. Fig. 6
(a) illustrates the first ten seconds of the MIT-BIH data set
105, where (b) and (c) show the data at the output of the two
decimation chains. On the other hand, Fig. 7 (a) and (b) show
the magnitude error between data set 105 and output of the
proposed decimation filter and decimation filter given in [6].
The magnitude error introduced by our proposed decimator is
calculated as 0.48% where this percentage rises to 0.83%
with the decimator given in [6]. As mentioned in the previous
paragraph the number of additions and multiplications
required by [6] is much higher than our decimator. Therefore,
a better performance with a lower complexity and power
consumption compared to what is reported in [6] is achieved
in this work.
IV. CONCLUSION
A decimation filter with a highly effective filtering
performance with a low hardware complexity that can be
deployed in wearable ECG acquisition systems is proposed.
The proposed decimator satisfies the requirements for data
processing of 180 Hz baseband ECG signal with stopband
attenuation sufficient enough to attenuate the out-of-band high

Fig. 7 Magnitude error between the MIT-BIH data and the output from the
(a) proposed decimator and (b) decimator given in [6].
Fig. 5. Magnitude response of the proposed decimator, (a) full band, (b) at
the third stage of decimation and (c) at the output.

Fig. 6 10 seconds of ECG signals, (a) MIT-BIH data, (b) output of the
proposed decimation chain, and (c) output of the decimation chain given in
[6].

frequency noise while demodulating the Σ-∆ modulated signal.
Moreover, the proposed decimator is cost effective for
hardware implementation due to the filter structures used that
do not require any multipliers.
ACKNOWLEDGMENT
The authors wish to thank the University of Westminster
Faculty of Engineering for PhD Studentship and Dr S.
Cetinsel for his valuable advice on improving the work
presented here.
REFERENCES
[1] X. Liu, Y. Zheng, M. W. Phyu, F. Endru, N. V and B. Zhao, "An ultra-low
power ECG acquisition and monitoring ASIC system for WBAN
applications," Emerging and Selected Topics in Circuits and Systems,
IEEE Journal On, vol. 2, pp. 60-70, 2012.

[2] S. Ha, C. Kim, M. Chi, A. Akinin, C. Maier, A. Ueno and G.
Cauwenberghs, "Integrated Circuits and Electrode Interfaces for NonInvasive Physiological Monitoring," 2014.
[3] S. Lee and C. Cheng, "A low-voltage and low-power adaptive switchedcurrent sigma–delta ADC for bio-acquisition microsystems," Circuits
and Systems I: Regular Papers, IEEE Transactions On, vol. 53, pp.
2628-2636, 2006.
[4] K. Muthusamy, T. Hui Teo and Y. P. Xu, "A 1-V 32-µW 13-bit CMOS
sigma-delta A/D converter for biomedical applications," in ASIC, 2009.
ASICON'09. IEEE 8th International Conference On, pp. 207-210, 2009.
[5] T. H. Teo, X. Qian, P. Kumar Gopalakrishnan, Y. S. Hwan, K. Haridas, C.
Y. Pang, H. Cha and M. Je, "A 700-W Wireless Sensor Node SoC for
Continuous Real-Time Health Monitoring," Solid-State Circuits, IEEE
Journal Of, vol. 45, pp. 2292-2299, 2010.
[6] S. Y. Lee, J. H. Hong, C. H. Hsieh, M. C. Liang, S. Y. Chang Chien and
K. H. Lin, "Low-power wireless ECG acquisition and classification
system for body sensor networks," IEEE J. Biomed. Health. Inform., vol.
19, pp. 236-246, Jan, 2015.
[7] I. Kale, R. C. Morling, A. Krukowski and D. A. Devine, "A high fidelity
decimation filter for sigma-delta converters," 1994.
[8] R. Morling, I. Kale, C. Tsang, S. Morris, G. Hague and C. Foran, "The
design of a sigma-delta codec for mobile telephone applications," 1994.
[9] S. Chang Chien, C. Hsieh, M. P. Lin, Q. Fang and S. Lee, "Implementation
of a real-time ECG signal processor," in Bioelectronics and
Bioinformatics (ISBB), 2014 IEEE International Symposium On, pp. 14, 2014.
[10] R. C. Morling, I. Kale, S. Morris and F. Custode, "DSP engine for ultralow-power audio applications [codec application]," in Circuits and
Systems, 2003. ISCAS'03. Proceedings of the 2003 International
Symposium On, pp. V-357-V-360 vol. 5, 2003.
[11] S. Cetinsel, R. C. Morling and I. Kale, "An FPGA based decimation filter
processor design for real-time continuous-time Σ− Δ modulator
performance measurement and evaluation," in Circuit Theory and
Design (ECCTD), 2011 20th European Conference On, pp. 397-400,
2011.
[12] G. B. Moody and R. G. Mark, "The impact of the MIT-BIH arrhythmia
database," Engineering in Medicine and Biology Magazine, IEEE, vol.
20, pp. 45-50, 2001.
[13] A. L. Goldberger, et al, "PhysioBank, PhysioToolkit, and PhysioNet:
components of a new research resource for complex physiologic
signals," Circulation, vol. 101, pp. E215-20, Jun 13, 2000.
[14] P. Kligfield,et al. "Recommendations for the standardization and
interpretation of the electrocardiogram: part I: the electrocardiogram and
its technology a scientific statement from the AHA Electrocardiography
and Arrhythmias Committee, CLCD; the ACC Foundation; and the HRS
endorsed by the International Society for Computerized
Electrocardiology," J. Am. Coll. Cardiol., vol. 49, pp. 1109-1127, 2007.

