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REAL TIME QRSDETECTOR BASED ON FIELD PROGRAMMABLE ANALOG ARRAY

In some applications it is important to detect QRS complex in the ECG waveform with possibly low dirdelay.
Traditional software detectors of the QRS compleglément algorithms usually based on cascades @hbfiters that introduce
delays up to parts of a second. On the other Haardware QRS detectors fulfil the low delay requieats, but have worse adaptive
features for the changing ECG shape. In this papgw approach to QRS detection is presented. Tpoged detector is based on
a Field Programmable Analog Array (FPAA). This simin makes it possible to modify the parameterparticular blocks of the
detector or even the whole structure without angng/es in hardware, while the processing path iy fahalog and does not
introduce an additional delay. The most interesfeafure of the FPAA is the dynamic reconfigurdbiliThe parameters can be
changed during runtime without any reset of theuifror any other disturbances of the system fonetiity. The prototype QRS
detector was built using the AN221E04 circuit frdme Anadigm company.

1. INTRODUCTION

In some medical devices, such as cardiac assistedevartificial heart chambers, defibrillators macemakers, the
device should be synchronized with the proper pbésecardiac cycle. Usually, to fulfil this regeiment, the QRS complexes
should be detected with a small delay, for exarmfipiartificial heart chambers - less than 50 man8ard software detectors
[2] use digital filters that may introduce signditt time delay up to parts of a second. Hardwaedogndetectors allow to
avoid this disadvantage.

2. STRUCTURE OF A CLASSICAL HARDWARE QRS DETECTOR

A classical hardware QRS detector contains sevenalog blocks like amplifiers, filters, peak detest and
comparators [1]. In typical applications these kfoare built using operational amplifiers (OA). Baxf them requires one or
two OAs and several additional components — rasist@apacitors or diodes. Such a structure fulfissrequirements but any
changes of the parameters are rather difficult ninty of the parameters requires changes in hardgeage potentiometer
settings). Field Programmable Analog Array (FPAApws to solve this problem by means of softwareordiguration.
The parameters and other settings can be changdteann during normal operation of the device. lack diagram of
a classical analog QRS detector is shown in Fig. 1.
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Fig. 1. Classical hardware QRS detector — blockrdiag 1]

The bandpass filter is tuned to the most signiticgectral components of the QRS complex. Its imsk eliminate the
baseline fluctuation and reduce the high frequencise. The rectifier with a lowpass filter createsipolar response
regardless of the input signal polarity. The peatedtor holds the maximum peak voltage. Its outppliage decreases with
the preset decay time constant and is used focdhgarator threshold setting. The comparator gikespulse on its output
when the actual peak value crosses the threshblwBveforms in particular nodes of the detecterslwiown in Fig. 2.
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Fig. 2. Waveforms in important nodes of the har@@RS detector

3. QRS DETECTOR IMPLEMENTATION IN FPAA

The main idea of our work is to implement the QRSedtor structure in a programmable device. Fietgfammable
Analog Arrays (FPAA) give the constructors new ploifies in analog circuits design. There are saleendors of the
FPAA circuits that offer different amounts of resoes and principles of operation. This researchkwsrbased on the
AN221E04 circuit from the Anadigm company [5, 6héelcircuit operates on the switched capacitor (8®xiple. It contains
8 operational amplifiers, 4 voltage comparators ametwork of digitally controlled switches and aajpors. There are also
additional resources like SAR AD converters, logktable and others. The configuration for the AN2@4 device can be
created and downloaded to the device using anteasge “drag-and-drop” CAD tool named AnadigmDesit®2 available
on the Anadigm homepage. AN221E04 can be recordtydynamically (“on the run”). The microcontroliesnnected to the
AN221E04 device can calculate new component vadmesload the new configuration data to the deviidevgorking in its
previous configuration. The configuration data tizen be swapped in a single clock cycle.

3.1. ANALOG PART

The resources available in the AN221E04 device sufficient to implement nearly all blocks that awmsed
in a hardware analog QRS detector. The block dingrathe QRS detector implemented in FPAA generadigresponds to
the basic structure shown in Fig. 1. The implemona created in AnadigmDesigner®2 is presented ig. &
(AnadigmDesigner®2 screenshot).
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Fig. 3. The schematic of the QRS detector
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The initially amplified signal is applied to thepint cell (pins 11 and 12) comprising an amplifiadan antialiasing
filter. Then specific filtering is applied to thegeal by SC filters F1 & F2. The band-pass filtathacentre frequency of 16Hz
(F1) is used to eliminate baseline drift and toasafe QRS components from the input signal. Addtily, a second-order
low-pass filter with cut-off frequency of 20Hz (F2¢duces high frequency components. A full-wavdifiec (R1) with
a smoothing filter is the next block of the QRSed&br. The rectified signal is supplied to a peahtedtor (D1) with
a programmable output voltage slew rate and anfpbiutput signal time constant. Small offset vadtégyadded to the detector
output voltage to enhance detector’s immunity tis@oWhen the rectifier output voltage exceedsvtiitage value held in the
peak detector, the comparator generates a pulsmiimd) that the QRS complex is detected. The coatpaoutput waveform
can be standardized to a constant width pulsessiyle monostable multivibrator or a microconolbutside the FPAA.

The Anadigm AN221K04 Development Board Kit [7] wased for implementation of the prototype deteciorud.
Apart from FPAA, the development board comprisepuinand output buffering amplifiers (level transls) and
a microcontroller PIC used to transfer configunatitata from a PC computer to the array. The dewedmp board is designed
in such a way that it is easy to reconfigure thaditioning amplifiers, connect additional devicesdaurn off not used
hardware components.

Some limitations of the AN221K04 Development Bo#itl cause problems that had to be solved duringdtsign
process. The details of these solutions are destiibthe following subparagraphs.

Clock signal frequency: All SC blocks of the analog array are clocked igyals obtained as a division of the standard
clock signal applied to ACLK input. For the AN221&K@evelopment Board Kit the standard clock freqyescl6MHz. For
the maximum division factor of 510 the obtainedckldrequency is too high for the QRS detection psgs. Therefore an
additional quartz oscillator with a frequency o3z was built. For the division factor of 480, thascillator provides the
clock signal frequency of 6,25 kHz. Such frequerkcjow enough to implement filters with corner foemcies required for
QRS detection purpose.

Peak detector: The maximum output voltage decay time constant sfaadard PeakDetect2 module is about 20ms,
which is insufficient to achieve required parametef the detector. Therefore the PeakDetectExt teofftom an external
library) was implemented in the QRS detector. Twtemal capacitors connected outside the circ@traacessary to ensure
proper time constant. An important advantage ofapglied module is the possibility of independesguiation of the peak
slew rate and the decay time constant.

Offset voltage source: To enhance the noise immunity a small offset gadtavas added to the exponential decay
voltage at the output of the peak detector. Theneoi adjustable constant voltage source in the ARPZ standard module
library. Therefore a constant voltage source ofwgs applied to a summing amplifier input with trergset to the minimum
value of 0,011. That results in detector offsetagé of 33 mV.

3.2. DIGITAL PART

The digital part of the QRS detector is realizedngisthe ADuC7020 microcontroller from Analog Dewce
The processor core is based on ARM7 architecturéhé prototype version of the QRS detector onby blasic tasks are
handled by the software of the microprocessor. Heweats resources allow to implement many morefioms.

The microcontroller performs the following tasks:

— Downloading the primary configuration to the FPAA @set via the SPI interface;

- Forming the standardized square pulses accorditigetsignal received from the comparator;

- Measuring the RR intervals and sending the retuiltise host computer via RS323link.

— Preparing the reconfiguration data and downloadimgm to the FPAA in the dynamic reconfiguration mod

on-the-run.

The program for the microcontroller is written inl&guage in the IAR Embedded Workbench environrfrem the
IAR Systems AB [8]. Primary FPAA configuration atite reconfiguration data are created using thecsdfiles generated by
AnadigmDesigner®2 software according to so call@gdrithmic method”. These files contain functidhat allow to change
parameters of any CAM block implemented in the FPA& an example there can be shown a function chahges the
parameters of a second order bandpass filter. @ageghany parameter of this filter (or all of thesgdther) one should call
SetBQBandPassFilterll function. Its declarationt pawks as follows:

voi d an_Set BBandPassFilterll(an_CAM cam double Fo, double G double Q;

The function has the following parameters: an_CAN -of the CAM module, Fo - center frequency inokiértz,
G - maximum gain and Q - the quality factor. Thadtion body is written in ANSII C language, so a@ycompiler that
implements the floating point arithmetic should @il it correctly and include it into a larger peof. As a result, this
function generates a string of the reconfiguratidata that should be sent through the SPI link te HPAA.
AnadigmDesigner®2 generates similar functions fbbkcks used in the project and also for confahle input and output
cells. In the prototype solution the dynamic changéwo parameters was tested: the gain of theviale rectifier and the
decay time constant of the peak detector.

185



MEDICAL MONITORING SYSTEMSAND REMOTE CONTROL

4. EXPERIMENTAL RESULTS

4.1. TUNING THE DETECTOR

The parameters of particular blocks of the detewatere tuned using the reference ECG waveform geabiay the
Arbitrary Generator DG2000 from Rigol. The settingsre optimized for the proper detection of the Qie&plexes of the
amplitude range from 40m)\, up to 1V, It gives the dynamic range for the noise-free E€ignal of about 28dB.
Pulses with lower level are not always detectedentlly, while for signals higher than the top lintitere can be seen
saturation effects. For the optimal operation thgut conditioning amplifier should amplify the mee=d voltage level to
about 200mY.,.

4.2. QRS DETECTION VERIFICATION USING ECG SIGNALS FROMATABASE

The source ECG signal was taken from the Physigh&tBIH Arrhythmia Database [3, 4]. As a generatdrthe test
waveforms the PC analog I/O card PCI6221 from Nionstruments was used. The 1/0O card was coettobly an
application prepared in the LabVIEW [9] environmailgo from the National Instruments Corporatione Tontrol panel of
the virtual instrument is shown in Fig. 4.

The data sampled with the frequency of 360Hz an¢ teethe DAC registers. This virtual instrumeribels to output
the whole ECG data from the file or only a selegiad of it. It is also possible to change thevacthannel on the fly, without
reading the whole data to memory.
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Fig. 4. Screenshot of the virtual instrument for EQ@put and data acquisition

Analog to digital converter samples both the detectutput signal and detector input signal. It éguired for
the synchronization and comparison of our deteatisults with the reference signal from the datab@ke block diagram of
the test bench is shown in Fig. 5.
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Fig. 5. Test workbench — block diagram

The final processing of the data was performednirapplication prepared in the MatLab environmenter@ll results
are presented in table 1.
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Table 1. Overall detection efficiency (results)

File Num. Ref. Detect. Lost ORS Additional Premature

MIT-BIH QRS QRS | Correct detections (false negative) detections detections

database | num. num. (false positive) | (50-200ms before
100 2274 2271 2271 99.87% 3 0.13% 0 0.00% d 0.00%
101 1874 1667 1659 88.53% 207 11.05% 2 0.11% 3 90.43
102 2192 2189 2126| 96.99% 5 0.23% 2 0.09% 6D 2.74%
103 2091 2084 2083| 99.62% 7 0.33% 1 0.05% 1 0.05%
112 2550 2543 2513| 98.55% 9 0.35% 3 0.12% 2B 1.1p%
114 1890 1906 1872 99.05% 10 0.53% 26 1.38% 8 0.4P%
115 1962 1953 1952 99.49% 6 0.31% 0 0.00% 4 0.20%
116 2421 2397 2361 97.52% 27 1.12% 3 0.12% 29 1.20%
118 2301 2313 2195 95.39% 21 0.91% 34 1.48% 86 98.74
121 1876 1865 1839 98.03% 12 0.64% 3 0.16% 23 1.28%

The total time of the measurement data collectedun system is about 5 hours. It contains abou4@Q2 QRS
complexes. If the detected point appeared withi@ £ window around the reference point, the resals counted as
a correct detection. If the reference peak wasedise result was counted as false negative, iethes no reference point
around a detected point the result was countedlss [ositive.

4.3. EXAMPLES OF DETECTION RESULTS AND DISCUSSION

Some examples of the signals from database andtideteesults are presented in Fig. 6 and 7. Omesea the raw
ECG signal and the detector output. For betteralization on the ECG trace, reference detectioon{fannotation files) —
stars, and detected points — squares, are added.
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Fig. 6. Sample detection results: a) — high qualigyal, b) — baseline drift

The detector works correctly during slow baseliné,deven when the changes are higher than the @Rflitude —
see Fig. 6b).
It should be noted that there is a relatively higimber of false positive detections. Fig. 7a) abgshow pieces of the

ECG signal incorrectly recognized as QRS complex.
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Fig. 7. Sample detection results: a) — baseling @@nge, b) — high frequency noise
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In Fig. 7a) one can see a step change of the hadélit can be a result of any interference (egnemtary disturbance
of the electrode contact). Unfortunately, the stie@nge of the input signal creates a pulse atahd-pass filter output, which
is detected by the comparator as a normal QRS @mjphere is no way to eliminate this problem ia #nalyzed analog
structure. This disadvantage can be properly dedemtd eliminated offline in digital software detes, however their results
are always delayed against the input signal. Tasreapplications where such a delay is unacceptable

Another reason for false positive detection reswtis the high frequency noise — Fig. 7b). The wrpualge appeared
when noise voltage at the comparator input wasleqube exponentially decreasing voltage of thakpgetector. This kind of
errors could be reduced by the following methodisnerease of the input filter attenuation for héglirequencies, b) increase
of the comparison threshold in the comparator hlogtkncrease of the damping time constant in #ekpletector.

Solution a) requires higher order input filters bubur circuit it is impossible while the hardwaesources utilization
is about 100%. The quality factor of the band fdter can also be increased, but it would createiltations in the filter
output waveform and worsen the quality of the atirpeaks detection. Solution b) leads to decre&#igeccircuit sensitivity
and loss of the dynamic range. The c) approachdvaald to a loss of small pulses that appear shaftir high pulses and
the number of false negative detection would beatgre An optimum solution will have to utilize théynamic
reconfigurability of the Field Programmable Analagay. An adaptive algorithm must be implementedhi@ microcontroller
software. Realization of these ideas is a subjeftttore works in this area.

5. CONCLUSIONS

A new QRS detector structure has been built. Thetstre is based on a Field Programmable AnalogyAAN221E04
form the Anadigm company. The processing path &eddetection process is fully analog, which alldawsavoid delays
typical for most digital detectors. The resultsadbéd in the prototype circuit show that the erade of the QRS detection is
low and can be accepted in most real time applinati

Dynamic reconfigurability of the FPAA gives us tpessibility of building an adaptive QRS detectarcuit as well as
other adaptive analog circuits, which are veryidift to obtain in classic structures. Adaptive Q&Sector is a subject of
further research work.
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