
 
Figure 1. Signals of ECG pre-processor using Quadratic Spline wavelet 

transform 
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Abstract—In recent years, wavelet transform is applied to ECG 
signal processing for ECG characteristic points detection. 
However, most of the published algorithms are offline algorithms 
running in personal computer. This paper proposes the QRS 
complex detection design in Field Programmable Gate Array 
(FPGA). Although there are a few papers about implementing 
QRS detection design in FPGA, most of them employ embedded 
processor in FPGA, resulting in that the parallel processing 
advantage of FPGA can not be fully utilized. The proposed 
design utilizes the parallelism of FPGA and can operate in the 
maximum throughput of 57.534MSa/s in real time, while the 
sampling rate of input ECG signal is only several hundred 
samples per second. 
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I.  INTRODUCTION 
The QRS complex detection is important in ECG 

automatic analysis, for it can help determine the heart rate of 
patient, and it is the basis to determine the other characteristics 
of ECG, too. Many methods are applied to QRS complex 
detection, including Pan-Tompkins method [2, 4], Hamilton-
Tompkins method [1], etc. An extensive review of the 
approaches proposed in the last decade can be found in [3]. 

In recent years, wavelet transform is applied to ECG signal 
processing [8-12], which helps improving the ECG 
characteristic point detection performance. However, most of 
the published algorithms are offline algorithms running in 
personal computer. 

Field Programmable Gate Array (FPGA) is a kind of 
reprogrammable integrated circuit, other than processor unit, 
for data processing. It mainly consists of configurable logic 
blocks, configurable I/O blocks and programmable 
interconnects. The difficulty of using FPGA is significant, 
because of many reasons. First, FPGA is a kind of hardware 
circuit. Thus the aspects of algorithm, parallel processing 
method and hardware architecture of the system are all needed 
to be considered in design. It is different to the Von Neumann 
type of device, which serially executes the instructions stored 
in memory. Second, the design tools, testing tools and the 
design methodology are not well developed for using FPGA. 
Although there are a few papers about implementing QRS 
detection design in FPGA [6-7], most of them employ 
embedded processor in FPGA, resulting in that the parallel 
processing advantage of FPGA cannot be utilized. However, 

FPGA has many advantages including low price, inherent 
parallelism, flexible for design and testing, and feasible to be 
transformed to Application Specific Integrated Circuit (ASIC) 
design. Comparing to the implementations in microprocessor 
or Digital Signal Processor (DSP), the proposed design can 
work with much higher throughput, can flexibly integrate with 
other modules in FPGA and has more processing power for 
further developing the system. 

Pahlm and Sornmo observe that most QRS detectors can be 
separated into two stages, pre-processing stage and decision 
stage. Up to now, using FPGA for processing ECG signal are 
not common, especially the detection rules implementation in 
FPGA. This paper proposes the hardware implementation of 
the QRS detection decision stage in FPGA, utilizing the 
parallelism of FPGA. The corresponding pre-processing stage 
will be briefly mentioned in section II. 

II. ANALYSIS OF PRE-PROCESSING STAGE 
The ECG signal pre-processor [12-13] acts as a module of 

the full ECG QRS recognition system to perform baseline 
wandering elimination and five-level Quadratic Spline wavelet 
transform. The ECG signal pre-processor and the QRS 
complex detection system mentioned in this paper can be 
cascaded in FPGA to perform the full flow of QRS detection.  
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Figure 2. Block Diagram of Detector System 

The related signals of ECG signal pre-processor are 
showed in Figure 1. Through observation, we can find that the 
QRS complex reflects in various levels of wavelet coefficients 
as positive-maximum-negative-minimum pairs. The zero-
crossings of wavelet coefficients correspond to the QRS peak. 
According to this relation, the QRS detection system is mainly 
implemented to recognize the zero-crossings of wavelet 
coefficients.  

According to the Heisenberg uncertainty principle [15], we 
can find that the lower level of wavelet coefficients contains 
more noise but provides more accurate positioning of QRS 
complex, while the higher level of wavelet coefficients 
contains less noise but provides less accurate positioning of 
QRS complex. Thus we can find level 1 of wavelet 
coefficients (D1) can provide the highest time resolution. 

TABLE I.  BANDWIDTHS OF VARIOUS LEVELS OF  
 QUADRATIC SPLINE WAVELET TRANSFORM [9] 

 Q1(�) Q2(�) Q3(�) Q4(�) Q5(�) 
3dB 

bandwidth 
(Hz) 

90.00~ 
180.00 

29.92~ 
84.24 

11.52~ 
38.88 

5.76~ 
19.44 

2.88~ 
9.36 

 

The research of Tompkins showed that the optimal 
bandpass filter for QRS detection considering Signal-to-Noise-
Ratio is with a center frequency of 17Hz and Q equals to 3 [4-
5]. According to the frequency bandwidth of Quadratic Spline 
wavelet transform for sampling rate of 360Hz, the level 4 (D4) 
is the best level to detect QRS complex considering Signal-to-
noise ratio. 

There is a difficulty that there are many wavelet coefficient 
levels. In this design, only D4 and D1 are used for detection. 
The D4 is first examined to detect QRS complex. After that, 
the D1 is examined around the position near the position of 
QRS complex detected in D4. This method provides good time 
resolution of QRS position than only detecting in D4. 

III. ALGORITHM & IMPLEMENTATION 
The input of QRS complex detection module is the 

coefficients after Quadratic Spline wavelet transform, and the 
output is the delayed indication of R-peak. Within the QRS 
complex detection module, there are several circuits for 
abstracting the characteristics of the wavelet coefficients, 
including zero-crossing detection, peak detection, threshold 
adjustment, state machine for R-peak recognition. And there 
are several techniques used in the state machine, including 
refractory blanking, direct state transition, etc. 

A. Zero-crossing detection 
The Zero-crossing detection circuit checks the zero-

crossings of the input wavelet coefficients, and outputs the 
indication of it. If the input wavelet coefficient is zero, the 
Zero-crossing detection circuit will directly outputs the 
indication, specifying the zero point in input data. In another 
more common condition, if the neighboring two samples of 
data are with opposite sign, the indication of zero-crossing will 
be outputted when the latter sample is inputted to the circuit. 

B. Peak detection 
The peak detection circuit checks the positive or negative 

peaks in the input wavelet coefficients by detecting the 
stationary points, which are the zero-crossing points of the first 
derivative of input signal. It employs a filter circuit with 
coefficients of [1 -1] and the Zero-crossing detection circuit to 
realize this function. 

C. Threshold adjustment 
The threshold adjustment circuit classifies the recent peaks 

of the input wavelet coefficients into peaks induced by noise 
and peaks induced by QRS complexes, and then stores the 
heights of these peaks. According to the heights of recent 
classified peaks, the threshold adjustment circuit estimates the 
height of coming peaks induced by QRS complex and the 
height of peaks induced by noise. By multiplying an 
experiential coefficient for threshold (TC), the threshold is 
generated. The equation for threshold calculation is showed 
below.  

DT=ANPL+TC*(ARPL-ANPL)                  (1) 

In the equation, DT is the detection threshold; ANPL is the 
averaged height of peaks induced by noise, namely averaged 
noise peak level; ARPL is the averaged height of peaks 
induced by QRS complex, namely averaged R peak level and 
TC is the threshold coefficient. TC is selected to be 0.18 in this 
design. Through observation, eight samples averaging is 
employed for calculating the ANPL and ARPL for its fast 
response.  

The classification of peaks induced by QRS complexes and 
peaks induced by noise in input wavelet coefficients is 
according to the heights of peaks. The maximum peak in one 
second time is recognized as the height of QRS complex. If the 
current detected peak is lower than 3/4 of the ARPL, the 
current peak is classified to be induced by noised. The peaks 
can further classified to positive peaks and negative peaks. 
Two set of circuits cope with the positive and negative peaks 
separately.  

The wavelet coefficients are delayed by 15 samples 
comparing to the thresholds calculated. Thus if the noise level 
or QRS peak level of input wavelet coefficients suddenly 
change, updated thresholds is applied to wavelet coefficients 
before the changes of wavelet coefficients. The effect is 
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similar that the threshold adjustment circuit can predict the 
changes in input wavelet coefficients. 

D. QRS complex detection using state machine 
By feeding the characteristics of wavelet coefficients 

collected in previous mentioned circuits, including Zero-
crossing, Stationary point position, thresholds, into the state 
machine of this system, QRS complex can be recognized. The 
output of the state machine is the delayed indications of QRS 
complexes.  

1) State transition of R-peak recognition 
As we know, the representation of QRS complex in 

Quadratic Spline wavelet coefficients is positive-maximum-
negative-minimum pair. The state machine examines the 
characteristic information of each input sample, and makes the 
annotation of R-peak.  

The state transition graph is showed in Figure 3. First, the 
state machine enters the Seen_none state, meaning it hasn’t 
detected anything. When there is a peak indication from peak 
detection circuit, the state machine compares the peak height 
with the estimated threshold. If the height of peak is larger 
than the threshold, the peak will be recognized as the first valid 
peak in the peak pair, and the state machine enters the 
Seen_peak state; if the height of the peak is smaller than the 
corresponding threshold, the peak will be ignored. Second, if 
there is a zero-crossing indication from Zero-crossing 
detection circuit, the state machine leaves the Seen_peak state 
and enters the Seen_zero state, and the corresponding sample 
of delayed indication in the delay line will be temporarily 
marked. Third, if there is a peak indication with opposite 
direction to the previous peak, and the height is larger than the 

corresponding threshold, the state machine changes the state 
from Seen_zero state to Seen_opposite, so that the R-peak 
position mark in the delay line is finally confirmed and can be 
output as the R-peak indication. After waiting a specific time, 
which is called the refractory blanking time mentioned later, 
the state machine will return to the original Seen_none state.  

In some positive-maximum-negative-minimum pairs, the 
slope of it is so sharp that the position of zero-crossing point 
detected is the same as the position of the latter positive 
maximum or negative minimum point. Thus in this state 
machine, the state can be directly changed from Seen_peak 
state to Seen_opposite state if a valid peak with opposite 
direction to the previous valid peak is detected.  

2) Gateway variable  
The output indication of QRS complex is controlled by a 

variable called Gateway, which controls the indication marked 
by the state machine whether can be output or not.  

Normally, the Gateway variable is 0, and no QRS complex 
indication can be output. After the state machine entered the 
Seen_opposite state, that means the temporary mark of R-peak 
position is finally confirmed, then the Gateway variable will be 
1, then the R-peak mark will be output through the shifting of 
the delay line.  

There is a variable counting the time during the Gateway 
variable is open. After a specific period which is 0.07s in this 
design, the R-peak indication is assumed to be outputted, then 
the Gateway variable will be shut down to prevent other 
temporary marks mistakenly be outputted. 

 

Descriptions: 
Out_indicate: Indication of potential position of R-peak. Every sample of it is placed in a delay line which shifts in every clock cycle.  
Out_available: It controls the results at the end of delay line whether can be output or not; 
Valid peak: It is a stationary point and the height of this point exceeds the threshold; 
Normal point: Points other than zero-crossing points and valid peaks; 
Tolerance: It stores the number of samples for waiting valid peak and zero-crossing point; 
RP: It stores the number of samples to ignore any points after a QRS complex detected. 
 

Figure 3. State transition diagram of the state machine  for QRS complex detection from Quadratic Spline wavelet coefficients 
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3) Refractory blanking  
After a QRS complex occurs, there is a physiological 

refractory period of about 200ms before another can occur. 
According to this fact, there is a blind period after each QRS 
complex detection, which omits any behavior of the wavelet 
coefficients to decrease the chance of false detection. 

In this implementation, after the state machine enters the 
Seen_opposite state, the state machine will stay in the same 
state in the coming 25 samples. After that time, the state 
machine will switch to the Seen_none state to detect another 
R-peak.  

4) Reset the state machine 
For the normal samples which is not zero-crossing point or 

valid peak, the state machine will ignore it and stay in the same 
state, and will count the number of samples during staying in 
the same state. If there is no zero-crossing point or valid peak, 
so that the state machine stays in the same state for 0.07s, the 
state machine will return to Seen_none state to wait for the 
representation of R-peak in wavelet coefficients, positive-
maximum-negative-minimum pair. The reset function can 
increase the ability of the state machine to resist noise and 
improve the stability of the state machine. 

IV. RESULTS & DISCUSSION 
The QRS complex detector module is designed with Xilinx 

System generator and Xilinx AccelDSP software. The target 
device for implementation is the Xilinx ML402 board with the 
VirtexTM-4 SX35 FPGA chip. The performance of the system 
including the ECG signal pre-processor is tested in the 
simulation in Xilinx System Generator. In the timing analysis, 
the delay of critical path of the QRS complex detector is 
17.381ns. The maximum clock rate is 57.534MHz and the 
throughput is 57.534MSa/s. The famous MIT/BIH arrhythmia 
database [14] is employed for testing the accuracy of the 
system. The testing result of the first 10 records is listed in 
table II.  

TABLE II.  TEST RESULT USING MIT/BIH ARRHYTHMIA DATABASE 

Record 
no. 

Total Beats 
(TB) 

False 
Positive 

(FP) 

False 
Negative 

(FN) 

Accuracy 
1-(FP+FN)/TB 

100 2267 1 1 99.91% 
101 1859 1 6 99.62% 
102 2181 0 374 82.85% 
103 2081 1 0 99.95% 
104 2224 3 198 90.96% 
105 2564 37 345 85.10% 
106 2024 6 77 95.90% 
107 2131 0 64 97.00% 
108 1757 322 970 26.47% 
109 2526 0 32 98.73% 
 

We can find that the extra points (False Positive) in the 
testing result are less than missing points (False Negative). 
This is because the proposed system examines both D4 and D1 
of input Quadratic Spline wavelet coefficients. Only the 
samples marked in D1 with existing marks in D4 within 

specific margin will be recognized as the positions of QRS 
complexes. 

As we can see, for some specific records in MIT/BIH 
arrhythmia database, the detection accuracy is lower than other 
algorithms. This is because the offline algorithms can process 
the future samples while real-time algorithms cannot, and 
some techniques in serial operating devices, e.g. loop-back 
technique [1], are not realized in this hardware design. 
Anyway, further improvement can be made in increasing the 
accuracy of the design. 

V. CONCLUDSION 
This paper proposed the decision stage module to analyze 

Quadratic Spline wavelet coefficients for QRS complex 
detection in FPGA. The detection accuracy is good for 
ordinary QRS complexes. Utilizing the parallel processing 
advantage of FPGA, the throughput of the system is up to 
57.534MSa/s. More other modules can be flexibly 
incorporated with this design to form a larger system with 
more functions.  
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