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Abstract 
 

 Noninvasive recording of pressure pulse waveform from radial artery can be used 

for obtaining valuable diagnostic information, by analyzing it for temporal 

characteristics, spectral characteristics and its cross-correlation with phonocardiogram 

and ECG. The pulse waveform can be obtained by the transducer of electronic 

stethoscope or phonocardiograph as well as a piezoelectric transducer. The pulse 

waveform obtained using phonocardiograph sensor is found to be noisy, and further 

processing needed signal enhancement. Spectral subtraction method, reported earlier for 

enhancement of noisy speech, was used for enhancement of pulse signal. The noise 

spectrum is estimated using a noise recording from a nearby site, and it is used during the 

entire duration of signal to be enhanced. Next, quantile-based estimate of noise spectrum 

from the noisy pulse waveform itself is used for continuous updating of noise spectrum 

for spectral subtraction. The effect of physical exercise on the pulse waveform and its 

cross-correlation with phonocardiogram is studied.  
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Chapter 1 

Introduction 
 

1.1  Background 
Noninvasive recording of pressure pulse waveform from the radial artery can be 

used for obtaining valuable diagnostic information, by analyzing it for temporal 

characteristics, spectral characteristics, and its cross-correlation with phonocardiogram 

and ECG. In most traditional systems of medicine, e.g. nadishastra (a branch of 

ayurveda, ancient and well established medical system of India), sensing of arterial pulse 

pressure forms an essential part of diagnosis. Normally physician's palm supports the 

patient's wrist and pulse examination is carried out using finger tips [1][2][3]. The 

diagnosis requires a long period of study and practice by the individual physician, 

without the benefit of any physical recordings and analysis aids. 

Early studies on pulse waveform have used Dudgeon's sphygmograph [3][4]. Its 

use involved a tedious process of preparation of tracings and measurements from the 

tracings. Further, it had other limitations like poor dynamic response. Several instruments 

have been developed and reported for sensing the pulse waveform and giving the output 

as an electrical analog voltage or as digitized samples and built-in analysis 

[5][6][7][8][9][10][11].  

 

1.2  Project objective 
Recording of pulse waveform using the transducer of an electronic stethoscope or 

phonocardiograph has been investigated. The main advantage of this technique is a good 

dynamic response. But the transducer has relatively poor low frequency response. The 

signal is corrupted by noise, environmental sounds as well as the vibrations from various 

smaller blood vessels. The objective of this project is to use pulse sensing and investigate 

signal processing methods for obtaining clean pulse waveform for its analysis. As the 

noise has essentially the same band as the signal, it cannot be reduced by filtering 

techniques. Hence the spectral subtraction method, generally used for enhancement of 

noisy speech, is used for noise reduction in the pulse waveform. For this purpose, 



 2 
 

 

estimate of noise spectrum can be obtained using noise recording from a nearby site or by 

using a quantile based spectral estimate of noise from the noisy pulse waveform itself. 

Compared to phonocardiograph sensor, relatively better pulse waveform is obtained by 

using piezoelectric transducer. Cross-correlation of the pulse waveform with 

phonocardiogram has been investigated for change in the delay in the cross-correlation 

peak as an indication of change in arterial blood flow rate. 

 

1.3  Dissertation outline 
The different sensors used for acquisition of pulse waveform along with the 

analysis of pulse waveform are discussed in Chapter 2. Chapter 3 describes the 

experimental set up used for investigation. The pulse waveform obtained by using 

phonocardiograph is noisy and Chapter 4 provides a description of the various signal 

enhancement techniques, including band-pass filtering and centre-clipping method and 

spectral subtraction method using averaged and quantile-based noise estimation (QBNE). 

The effect of physical exercise on the pulse waveform is presented in the Chapter 5. 

Chapter 6 gives summary of the work carried out and scope for future work 

.
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Chapter 2 

Acquisition and analysis of pulse waveform 
 

In nadishastra based diagnosis, three fingers are used as sensors. Several sensors 

giving electrical output have been reported. Some of these are described here. This 

chapter also presents a review of the analysis of the pulse waveform. 

 

2.1  Dudgeon's sphygmograph 
In 1882, Dudgeon designed sphygmograph for measuring blood pressure from the 

radial artery at the wrist as shown in Fig 2.1 [3][4]. The instrument is made of a starter on 

its upper surface, two pulleys at the two ends of a small rotatory bar, a freely hanging 

needle and a key which is set in the back of the body of the instrument. The instrument is 

used for pulse tracing by rotating key in anticlockwise direction. A rectangular piece of 

smoked paper is fitted in between the two pulleys for pulse wave recording. When the 

starter is set, pulleys start working by rotating the small bar. Thus the smoked paper is 

moved forward and pulse tracing is done by means of the hanging needle. Dudgeon's 

sphygmograph was used by Upadhyay [3] for obtaining pulse tracings and quantitative 

measurements for pulses classified in accordance with nadishastra. Fig 2.2 shows some 

sample pulse tracings.  

 
Fig 2.1 Dudgeon's sphygmograph [4] 
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Fig 2.2 Pulse tracings using Dudgeon's sphygmograph as obtained by Upadhyay [3] 

 

2.2  Arterial tonometer 
The arterial tonometer is an instrument used for measuring arterial blood pressure. 

Typically, it is placed over a superficial artery e.g., the radial artery on the wrist [5]. 

Fig 2.3 shows the schematic diagram of simple arterial tonometer sensor. The sensosr 

assembly is held by a strap with hold-down force of F1. The tonometer sensor is modeled 

as an assembly of springs with spring constant K. The arterial rider senses arterial 

pressure. Side structure allows the sensor to rest on the arterial wall. Design of sensor is 

based on following assumptions [5].  

• The artery above which sensor is placed is supported from below by bone (e.g. the 

radial artery is supported by radial bone) and the thickness of the skin over the 

artery is insignificant compared to the diameter of the artery.   

•  The arterial rider as shown in Fig 2.3 is smaller than the flattened area of the 

artery, and is placed over the flattened area of artery. It is about 0.2 mm wide. 

• The spring constant K of the force transducer is large as compared to the effective 

spring constant of the artery.  

Recording of pulse signal is done by adjusting appropriate hold down force F1. The 

procedure involves increasing the hold-down force and simultaneously pulse signal is 

recorded as shown in Fig 2.4. The pulse amplitude slowly increases as shown in part A, 

becoms maximum as shown in part B, further reduces in part C, irrespective of any 

increase in F1. Hence F1 used for acqusition of pulse signal as shown in part B, is 

selected as optimum hold-down force. The tonometer sensor uses strain gage transducer, 

semiconductor pressure transducer, or a capacitive transducer [5][10]. Fig 2.5 shows the 
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block diagram of the strain gage based tonometer sensor. Strain gages (gage factor = 110) 

are attached to miniature diaphragm supporting the arterial rider of area 0.25" × 0.065". 

Side plates are integral part of the transducer body. The pressure in the air chamber is 

controlled by a pressure regulator. Straps are attached to the air chamber. The pulse 

amplitude increases with increase in pressure in the air chamber up to a certain value, and 

thereafter it reduces irrespective of any increase in pressure. The pulse waveform 

obtained by using strain gage based tonometer sensor is as shown in Fig 2.6. The signal 
�	��
����
�������� � ������� �!�#"%$�&�'!(*)+%,-�.�0/21�(*)430)(6527#)4598:)�;3�(<7%$�3�$��>=	�?(A@�$��B1�(<�C10D�(*)FEHG�I�JHK  

An arterial rider present in simple tonometer requires accurate placement over the 

superficial artery, hence requires a skilled operator. A multiple-element arterial tonometer 

sensor [5] is shown in Fig 2.7. It consists of an array of minimum 25 arterial riders with 

interelement spacing of about 0.2 mm [5]. The sensor requires precise positioning over 

the artery such that some elements of the array are centered over the artery. Then a 

computer automatically selects the sensor element that is correctly positioned over the 

artery for acquisition of pulse pressure. It searches for the largest pulse amplitude, the 

corresponding sensor element will then be chosen for further acquistion. Multiple-

element tonometer sensor uses piezoresistive strain gages attached to diaphragm of 10 
L MONPRQAS�T.U:VRWYXBZ\[�M-]^[2_#NP	]a`C]�b\`C[2cH`%d2ef`;]hgi[�bje�c:N4]�c4QAe�klN4[2b	[2Mm]0Nc:npo�c4Q<b�S�Qqo�kA]re�c;]rg�]f`;S�c?Q*d�]hg
here. 

 
Fig 2.3 Schematic diagram of simple arterial tonometer [5] 
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Fig 2.4 Procedure for obtaining optimal hold-down force in simple tonometer [5] 
 

 
Fig 2.5 Strain gage based tonometer sensor [10] 

 

 
Fig 2.6 Pulse signal obtained by using strain gage based tonometer sensor [10] 

 

 
Fig 2.7 Schematic diagram of multiple-element arterial tonometer [5] 



 7 
 

 

"MediWatch" is a recently reported [6][7] non-invasive device designed to 

continuously monitor the blood pressure and pulse rate. It comprises of the sensor 

system, the strap system and the watch head as shown in Fig 2.8, it has a pressure sensor 

housed in a special casing, which contains a plunger that is 'free-floating' as it applanates 

the radial artery. The strap provides constant force for effective applanation and ensuring 

the position of the sensor housing to remain constant after any wrist movement as shown 

in Fig 2.9. Change in the electrical signals due to change in pressure is detected as a 

result of the piezoresistive nature of the sensor and coupled to the watch head via three 

small cables along the strap. The arterial pulsations are captured as digitized with a 

sampling rate of 32 Sa/s and analyzed [6]. MediWatch provides continuous beat-to-beat 

wrist arterial pulse rate measurements such as heart rate, systolic and diastolic blood 

pressure (range = 10 to 300 mmHg), mean arterial pressure and pulse pressure. The 

sensitivity of MediWatch is reported to be consistent in both the low and high pressure 

conditions [7]. Fig 2.10 shows the sample pulse waveform obtained by using MediWatch.  

 
 

Fig 2.8 Pulse sensor "MediWatch" [7]  Fig 2.9 Top view of MediWatch [7] 

 

 
Fig 2.10 Pulse waveform obtained by MediWatch [7] 
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"Model 7000" is developed by Colin Medical Instruments Corp [8] for providing 

beat-to-beat blood pressure values with arterial pressure waveform. Fig 2.11 shows its 

working. This sensor contains array of piezoelectric pressure transducers of length 

0.2 mm and separated by 0.2 mm. The sensor is placed on the wrist over the radial artery. 

A pneumatic pump and bellows press the transducer array against the skin and tissue 

above an artery. This pressure is known as the hold-down pressure. To determine optimal 

hold- down pressure, the monitor searches through a range of pressure values until it 

measures the largest pulse pressure value, the procedure is as shown in Fig 2.12. When 

the artery is partially flattened, a graph called tonogram, can be plotted to show the pulse 

amplitude versus transducer number. The sensor element whose pulse amplitude is near 

the maximum pulse amplitude is calibrated to the systolic and diastolic values obtained in 

the oscillometric cuff measurement and used for pulse acquisition. 

 
Fig 2.11 Sensor used in Model 7000 [8] 

 

 
Fig 2.12 Procedure for obtaining optimal hold-down pressure in Model 7000 [8] 
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2.3  Force transducer based sensor 
Sudheer Shah implemented a blood pressure measurement system based on a 

capacitive transducer, as part of his M.Tech. dissertation at IIT Bombay [11]. The block 

diagram of the system is as shown in Fig 2.13a. The sensor converts arterial force into 

displacement and the displacement into an electrical signal. Fig 2.13b shows a schematic 

of the capacitive transducer, which was used for sensing the arterial deflection. The 

capacitance between 1 and 2 is the capacitance of the main transducer. The capacitance 

between 1 and 3 and 2 and 3 are fixed and small. Fig 2.13c shows a sectional view of the 

transducer. The capacitor is made of a deflectable corrugated diaphragm and a fixed 

electrode. The deflectable diaphragm is made of Phosphor Bronze, parallel planes with 

clamped edges. The fixed electrode is made of stainless steel and has a plane surface 

parallel to the undeflected diaphragm across an air gap. The diaphragm is stuck with the 

rider at its center. For free movement of rider, a narrow gap is kept between it and the 

other side structure. A perspex ring is used for providing insulation of the electrode from 

the side structure. The side structure and rider, come into contact with the body. In 

between the fixed electrode and diaphragm, a thin mylar sheet of 25 microns is kept for 

providing insulation between the diaphragm and the side structure. By using the nylon 

strap, the transducer was tied to wrist, on the radial artery and the blood pressure 

waveform was obtained which is shown in Fig 2.13d. 

 

Fig 2.13a Block diagram of blood pressure monitoring system [11] 
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Fig 2.13b Electrode capacitor [11] 

 

 
Fig 2.13c Transducer assembly [11] 

 

 
Fig 2.13d Blood pressure waveform sensed by transducer [11] 

 

2.4  Microphone based system 
Binghe and Jinglin [9] and Lee and Wei [12] have reported a microphone based 

system for detecting pulse signal from the radial artery, which is as shown in Fig 2.14. It 

is composed of the sound-coupling cavity, condenser microphone (B&K- 4147), 

preamplifier (B&K- 2639), microphone power supply (B&K- 2804) and the data 

recorder.  The condenser microphone was used as a transducer to convert pulse on the 

wrist into electrical signals. The microphone used has 0.5" diameter with a flat frequency 

response in the range of 0.1 Hz to 20 kHz. It was tightly sleeved into a Teflon tubing, 

whose opening was about 5 mm from the diaphragm of the microphone. The sleeve 
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opening was put in direct contact with the skin of the wrist at the specific position [12]. 

The pulse in the artery is transmitted through the tiny enclosed air space onto the 

diaphragm of the microphone and outputted as an electrical signal, and the analog 

waveform is digitized for further analysis. The power spectra of four different types of 

pulses: normal pulse, smooth pulse, wiry pulse and slow-intermittent pulse, obtained by 

using the microphone based system are as shown in Fig 2.15. 

 
Fig 2.14 Microphone based pulse sensing system for pulse signal, 

reported by Binghe and Jinglin [9] 

 

 
Fig 2.15 Power spectra of pulse signals (a) normal pulse (b) smooth pulse 

(c) wiry pulse (d) slow-intermittent pulse [9] 

 

2.5 Analysis of pulse waveform 
Upadhyay [3] used Dudgeon's sphygmograph for pulse sensing and quantitative 

measurements. The pulse wave was obtained for a large number of normal subjects as 

well as patients at different time duration during the day. The analysis of pulse waveform 

involved study of following parameters [3]. 

• Pulse period (time taken by each pulse wave).    
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• Length of percussion wave from the point of its start to the highest point of its 

top, which represents the amount of pressure exerted on the blood flow due to the 

contraction of left ventricle. 

• Distance between two nearest top points of the wave. It is due to rate of 

contraction of left ventricle.  

• Angle of deviation of percussion wave. 

•  Distance of dicrotic notch from the base line. 

According to ayurveda, by using nadishastra technique, one can predict about the 

three doshas:  vata, pitta and kapha in the body [1][2]. Upadhyay studied the above 

parameters for pulse waves with the three doshas. Fig 2.16a, Fig 2.16b and Fig 2.16c 

shows the sample pulse wave obtained from normal subjects with vata, pitta and kapha 

dosha respectively. Table 2.1 shows the measurements of parameters corresponding to 

vata, pitta and kapha pulses of sample recording. 

 
Fig 2.16a Vata Pulse obtained using Dudgeon's sphygmograph [3] 

 

 
Fig 2.16b Pitta Pulse obtained using Dudgeon's sphygmograph [3] 

 
 

 
Fig 2.16c Kapha Pulse obtained using Dudgeon's sphygmograph [3] 
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Table 2.1 Measurements on vata, pitta and kapha pulses [3] 

Type of 
pulse 

Pulse period 
(s) 

Length of 
percussion 
wave (cm) 

Time of 
percussion 
wave (s) 

Angle of 
deviation 

(°) 

Distance of 
dicrotic 

notch (cm) 
Vata 0.73 0.40 0.21 65° 0.15 
Pitta 0.81 1.40 0.76 81°48' 0.8 

kapha 0.94 0.62 0.27 77°30' 0.30 
 

From Table 2.1, the vata pulse takes minimum pulse period and has smallest 

length of percussion wave. It has least angle of deviation and minimum distance of 

dicrotic notch from the base line of pulse wave. The pitta pulse has medium pulse period, 

highest length of percussion wave, maximum deviation of angle in bending towards the 

base and maximum distance of dicrotic notch from the base line of pulse wave. The 

kapha pulse indicates maximum pulse period, medium length of percussion wave, 

medium deviation of angle in bending towards the base and medium distance of dicrotic 

notch from the base line. 

 

Dasrao et al [6] used Mediwatch for pulse sensing and measurement of arterial 

pulse rate, systolic and diastolic blood pressure. An acquired pulse waveform is as shown 

in Fig 2.17. At the beginning of the cycle, the minimum pressure Pa, foot of pulse occurs 

at time Ta. The pulse waveform rises from minimum pressure till the first peak where it 

forms a first shoulder with pressure Pb at time Tb and proceeds to a second shoulder with 

pressure Pc at time Tc. Further pulse wave decreases with a notch Pd, incisura at time Td, 

after which pulse wave decreases gradually. Pa indicates diastolic pressure, which rises 

corresponding to the onset of systole. Pb occurs due to maximum blood flow during 

systole and Pc represents systolic pressure. Pd corresponds to the closure of aortic valve. 

Based on these parameters, the arterial system of subject was described which involved 

following parameters [6]. 
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Fig 2.17 Pulse wave analysis using MediWatch [6] 

   

• Augmented pressure is defined as the pressure difference between the first peak, 

Pb and second peak, Pc.  

• Systolic (tension) pressure time index is the integral of pressure multiplied by 

time throughout systole. 

• Diastolic pressure time index is the integral of the diastolic part of the pressure 

wave. 

• Sub-endocardial viability ratio is the ratio of diastolic pressure time index to 

systolic pressure time index. 

• Pulse pressure is the pressure difference between the systolic pressure Pc and end-

diastolic pressure Pa. 

• Mean arterial pressure is the area under curve of a whole pulse wave cycle 

divided by time period of cycle. 

( )
T

P
mmHgMAP

eT

aTj
j∑

==  

 where T = time period of pulse wave ( Te - Ta) 

• Mean systolic pressure is the average pressure between the foot of pulse, Pa and 

incisura, Pd. 

( )
ad

dT

aTj
j

TT

P
mmHgMSP

−
=

∑
=

 

• Mean diastolic pressure is the average pressure between the incisura, Pd and 

beginning of next pulse wave. 
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 MediWatch is used for ambulatory pressure monitoring [6][7], in which 

continuous blood pressure readings are taken during the patient's normal daily activities. 

The blood pressure readings for whole day are obtained and plotted which gives the 

indication of type of blood pressure pattern [6][7]. Fig 2.18a shows normal blood 

pressure pattern. The normal blood pressure pattern falls within the range [7] as given in 

Table 2.2. Isolated systolic hypertension pattern is as shown in Fig 2.18b. It shows high 

systolic blood pressure (BP) while diastolic BP remains normal. Nocturnal hypertension 

is as shown in Fig 2.18c. It has day-time BP in normal range but night-time BP increases. 

Table 2.2 Blood pressure range for normal subject [7] 

BP 
Day-time range  

(mmHg) 

Night-time range  

(mmHg) 

Systolic 115 to 140 95 to 125 

Diastolic  65 to 90 55 to 75 

 

 
Fig 2.18a Normal blood pressure pattern obtained by using MediWatch [6] 

 

 
Fig 2.18b Isolated systolic hypertension pattern obtained by using MediWatch [6] 
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Fig 2.18c Nocturnal hypertension pattern obtained by using MediWatch [6] 

 

Binghe and Jinglin [9] have used the microphone based pulse detecting system for 

sensing arterial pulse at wrist and analyzed the power spectra of four types (according to 

traditional Chinese medicine system) of pulses. The pulse has been classified as normal 

pulse, smooth pulse, wiry pulse and slow-intermittent pulse [9]. The pulse signal was low 

pass filtered with cut-off frequency 50 Hz. Further analog pulse signal was digitized by 

using sampling frequency fs of 128 Sa/s with a sampling length T of 16 s. The power 

spectrum of pulse signal was obtained by using FFT length of 2048 (= fs T) as shown in 

Fig 2.19.  

 
Fig 2.19 Power spectra of pulse signals (a) normal pulse (b) smooth pulse  

(c) wiry pulse (d) slow-intermittent pulse [9] 
 

Power spectra show that spectral density extends up to 25 Hz, with the envelope 

decreasing with increase in frequency. The spectral energy of pulse is approximately 

concentrated below about 10 Hz. Hence the spectral energy within 10 Hz, total energy 

was obtained by integrating the energy over 0 Hz-10 Hz and 0 Hz-40 Hz respectively. 

The spectral energy ratio (SER) of the normal pulse within 10 Hz was above 99% of the 

total energy, the corresponding values for wiry pulse and smooth pulse were 97% and 

83.7% respectively. 
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 Lee and Wei [12] analyzed the spectrum of pulse at radial artery at wrist and 

correlated its spectral features with health condition of subject. In traditional Chinese 

medicine, the pulse is sensed at three different points: Tsun, Guan and Chy along the 

radial artery on the wrist of both hands [12]. By applying maximum and minimum 

pressure at these three points, physician detects the condition of the internal organs of the 

patient as indicated in Fig 2.20.   

 
Fig 2.20 Position for pulse sensing used in traditional Chinese medicine [12] 

 
Fig 2.21 Pulse spectral graphs for the pulses obtained from the left wrist of normal 

subject by using condenser microphone ("Bruel & Kjar 4147")  [12] 

 

By keeping the condenser microphone ("Bruel & Kjar 4147") at Tsun and Guan 

positions, using approximately minimum and maximum pressure the analog waveforms 

of pulse were sensed at both the wrist and digitized for its spectral analysis in terms of 

spectral energy ratio (SER). The recording of pulse at Chy position was avoided in order 

to prevent inconvenience to patient by applying pressure to three close points for long 
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duration. SER is defined as the ratio of the energy of pulse spectral graph (PSG) below 10 

Hz to that above 10 Hz [13].  

( ) ( )∫∫
==

=
50

10

10

0 ff
dffSdffSSER  

where S(f) is the spectral energy density. 

The PSG of normal subject at two different points: Tsun and Guan of left hand is 

as shown in Fig. 2.21. The pulse signal is present in the range of 0 Hz- 25 Hz and 

decreases gradually. However the energy has been measured from 1 Hz to 50 Hz, 

assuming the signal below 1 Hz to be due to motion artifact [12]. The power spectra at 

eight different points are approximately coinciding with each other. It indicates the pulse 

waveforms taken from all positions are almost similar for normal person [12]. The SER 

values calculated for large number of normal subjects showed that the maximum energy 

of pulse signal is concentrated below 10 Hz [12].           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19 
 

 

Chapter 3 

Experimental set up 

 

3.1  Introduction 
This chapter discusses the experimental set up used for acquisition of pulse signal. 

For this project, an electronic stethoscope or phonocardiograph, which is normally used 

for recording of the heart sounds and murmurs, was used. The main advantage of this 

technique is a good dynamic response. The diameter of the chest-piece (1.5") of 

phonocardiograph is comparatively larger than the diameter of the radial artery. Hence 

along with the pulse signal, the noise: environmental sounds and the vibrations from 

various smaller blood vessels were picked up. Further a piezoelectric transducer 

(diameter = 0.5") was used for pulse pick up. The obtained pulse waveform was much 

less noisy as compared to that from the phonocardiograph sensor.  

  

3.2 Pulse pick up using phonocadiograph 

In the beginning of this project, it was decided to use an electronic stethoscope or 

phonocardiograph, which is normally used for recording of the heart sounds and 

murmurs, which gives diagnostic information about the heart valve actions [14]. The 

principle instrument clinically used for recording of PCG is the acoustical stethoscope. 

The stethoscope housing is in the shape of a bell. It makes contact with the skin of chest 

wall, which serves as the diaphragm at the bell rim [15]. Applied pressure causes 

displacement of the diaphragm. An improvement over the acoustal stethoscope, which 

usually has low fidelity, is an electronic stethoscope [14]. It has a microphone, an 

amplifier and a head set. The commonly used microphones for recording PCG are contact 

microphone and air coupled microphone. They are further classified into crystal type and 

dynamic type. The crystal microphones contain a wafer of piezoelectric material, which 

generates an electrical output when subjected to mechanical stresses due to heart sounds. 

They are smaller in size and more sensitive. The dynamic type microphone consists of a 

moving coil having a fixed magnetic core inside it. The coil moves with the heart sounds 

and gives a voltage output. The amplifier used for PCG has a wide bandwidth with the 
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frequency range from about 20 Hz to 2 kHz. The amplifier usually has a gain 

compensation circuits [14] to increase the amplification of high frequency signals, which 

are usually of lower intensity. It is to be noted here that the PCG transducer will act as a 

differentiator for the pulse signal. It does not record low frequency components properly. 

However it provides a boosting of high frequency components. 

The PCG and pulse waveform were acquired by using two different electronic 

stethoscopes, "Medetron" and "Stethmate" [16], available phonocardiographic 

instruments in our lab. Medetron and Stethmate are denoted as Tm and Ts and are made 

of air-coupled crystal microphone. Both the instruments have two outputs: binaural 

acoustic output and auxiliary electrical output. From binaural output the sound of the 

signal, which is being recorded can be heard, by connecting it to ears. We record the 

auxiliary electrical output through a DSO or the line input of PC sound card. DSO model 

("Agilent 54621D") could be used for recording length of 2000 samples and pulse 

amplitude range of 300-500 mV. PC sound card can be used for very large length 

recordings. A sampling rate of 11.025 k Sa/s was used (11.025 k Sa/s, followed by 10:1 

decimation). The specifications of sound card are given in the Appendix [17][18]. Hence 

by listening to the sound from the binaural output, the approximate positioning of the 

chest pieces were done on the chest and at radial artery on the wrist for PCG and pulse 

waveform respectively. The waveform can be stored in the binary format as 16-bit data 

[17]. Fig 3.1 shows PCG recorded using Tm and Ts respectively. Magnitude spectra of 

PCG obtained using Tm and Ts are as shown in Fig 3.2. 

(a) PCG using Tm  

Voltage range: ± 800 mV 

 

(b) PCG using Ts 

Voltage range: ± 500 mV 

 
Fig 3.1 PCG recorded using phonocardiograph sensors 
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(a) Spectrum: PCG 

recorded using Tm 

 

 

 

 

(b) Spectrum: PCG 

recorded using Ts 

 
Fig 3.2 Magnitude spectra of PCG obtained using phonocardiograph sensors 

 

3.3  Pulse pick up using piezoelectric transducer 
The pulse waveform was also acquired by using a piezoelectric transducer 

("Pamtrons"). It generates an electrical output when subjected to mechanical stresses due 

to the vibrations at the radial artery, and this electrical output is recorded. The transducer 

is kept in place over radial artery by closing the Velcro strap firmly around the wrist. 

Positioning is adjusted in order to get the optimal signal strength. The pulse waveform 

was recorded on a DSO. The amplitude of obtained pulse waveform is generally in the 

range of 400 mV-500 mV. Record with DSO has record length of 2000 samples. Fig 3.3 

shows pulse waveform obtained by using Ts and piezoelectric transducer respectively. 

Magnitude spectra of the same are shown in Fig 3.4. 

(a) Pulse using Ts 

Voltage range: ± 900 mV 

 

 
(b) Pulse using 

piezoelectric transducer 

Voltage range: ± 400 mV  
 

  Fig 3.3 Pulse recorded using phonocardiograph sensor and piezoelectric transducer 
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(a) Spectrum: Pulse 

recorded using Ts 

 

 

 

 

(b) Spectrum: Pulse 

recorded using 

piezoelectric transducer 

 
Fig 3.4 Magnitude spectra of pulse waveforms obtained using phonocardiograph sensor 

and piezoelectric transducer 
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Chapter 4 

Signal enhancement 
 

The signal obtained by using phonocardiograph is corrupted by noise, 

environmental sounds as well as the vibrations from various smaller blood vessels. This 

chapter outlines the noise reduction techniques for obtaining clean pulse waveform. 

Bandpass filtering did not show significant enhancement of pulse signal. Further it was 

decided to make use of spectral subtraction algorithm for enhancement of noisy pulse 

waveform and PCG. This algorithm is used for enhancement of noisy speech [19]. The 

algorithm takes a single input, which has two steps of operation, namely the noise 

estimation step and noise subtraction from the noisy signal, resulting in better quality 

output. For this purpose, estimate of noise spectrum can be obtained using noise 

recording from a nearby site or by using a quantile based spectral estimate of noise from 

the noisy pulse waveform itself.  

 

4.1 Noise reduction by bandpass filter 
 For noise reduction, bandpass filtering was used. The bandpass filter was a FIR 

256 coefficients digital filter having lower and upper cut-off frequencies 20 Hz and 

200 Hz respectively. Fig 4.1 shows the magnitude response of bandpass filter. It has 

linear phase response. Fig 4.2 show PCG and pulse waveform, recorded by using the two 

phonocardiograph sensors and the band pass filtered versions.  

            
Fig 4.1 Magnitude response of bandpass filter 
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(a) PCG, acquired using 

Tm  

 

(b) Bandpass filtered PCG 

 

 
 

(c) Pulse waveform, 

acquired using Tm 

 

(d) Bandpass filtered pulse 

waveform 

 
                Fig 4.2 PCG and pulse waveform, recorded by PCG transducer 

 

4.2 Cross-correlation after center clipping  
 Since the pulse waveform was corrupted with noise, center clipping [20] was 

done on band pass filtered pulse waveform, to enhance the contribution by peaks to the 

cross-correlated signal. Center clipping removes a certain fraction of the waveform. Let 

Vmax be the maximum amplitude of the signal and Vth be the clipping level. Therefore, the 

output from the center clipper is 

( ) ( )txty =   for ( ) thVtx >  

       0  for ( ) thVtx <=  

Hence for pulse signal below the clipping level, the output is zero, and for pulse signal 

above the clipping level, the output is equal to the actual recorded signal minus the 

clipping level. 

 Fig 4.3 show the PCG, pulse waveform and their processed versions. The band 

pass filter used is FIR type with lower and upper cut-off frequencies 20 Hz and 200 Hz. 
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As the PCG is relatively strong and noise free, center clipping is not needed for this 

signal. The pulse waveform recorded by using Ts is as shown in part c of Fig 4.3 and the 

processed pulse waveforms are as shown in part d, part e of Fig 4.3. Pulse signal is band 

pass filtered prior to center clipping. The threshold selected for clipping level is around 

20% of maximum peak occurring in preprocessed pulse signal.  

 
(a) PCG 

 

 
 

(b) Bandpass filtered PCG 

 

 
 

(c) Pulse waveform 

 

 

 
(d) Bandpass filtered pulse 

waveform 

 

 
(e) Bandpass filtered and 

center clipped pulse 

waveform 

 

 
Fig 4.3 Processed (bandpass filtered, center clipped) PCG and pulse waveform 

 

Fig 4.4 shows the cross-correlation between the unprocessed PCG and processed 

pulse waveforms, and center clipped pulse. For BPF waveform, the cross-correlation 

signal around the peaks is partly reduced. For center clipped waveform, it has almost 

disappeared. This indicates the peaks are enhanced in cross-correlation signal after center 

clipping. In order to observe the effect of band pass filtering of PCG on cross-correlation 

signal, the BP filtered PCG was cross-correlated with BPF pulse and BPF center clipped 
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pulse and results are shown in Fig 4.5. We see that the peaks are enhanced in cross-

correlation with BPF center clipped pulse. However, bandpass filtering of PCG is less 

effective in enhancing the peaks in cross-correlation signal, indicated by comparing 

Fig 4.4 with Fig 4.5. Zoomed versions of cross-correlation between PCG and processed 

pulse are shown in Fig 4.6. Maximum peak of the correlation occurs at 18.1 ms, as shown 

in part a of Fig 4.6, indicating time delay between PCG and pulse waveform. In parts b 

and c of Fig 4.6, delay between PCG and BPF pulse, between PCG and BPF, center 

clipped pulse respectively occur at 19.2 ms. Parts d, e of Fig 4.6, indicate delay between 

BPF PCG and BPF pulse, between BPF PCG and BPF, center clipped pulse as 18 ms. 

(a) Cross-correlation with 

pulse (waveform of 

Fig 4.3a) 

  

(b) Cross-correlation with 

BPF pulse (waveform of 

Fig 4.3b) 

 
(c) Cross-correlation with 

BPF and center clipped 

pulse (waveform of 

Fig 4.3a)  

Fig 4.4 Cross-correlation between PCG and processed pulse waveform 
 

 
(a) Cross-correlation with 

BPF pulse 

 
 

(b) Cross-correlation with 

BPF and center clipped 

pulse  
Fig 4.5 Cross-correlation between bandpass filtered PCG and processed pulse waveform 
(delay in s) 
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(a) Between PCG and 
pulse  

 
 

(b) Between PCG and BPF 
pulse 

 
 

(c) Between PCG and BPF, 
center clipped pulse 

 
 

(d) Between BPF PCG and 
BPF pulse 

 
 

(e) Between BPF PCG and 
BPF, center clipped pulse 

 
Fig 4.6 Zoomed version of cross-correlation waveform between PCG and processed 
pulse (delay in s) 

 

However, both the methods did not show significant improvement on the pulse 

waveform. Hence it was decided to use the spectral subtraction algorithm, which is used 

for enhancing noisy speech signal.   

 

4.3 Spectral subtraction  
 The basic assumption in spectral subtraction method [19][21][22], developed for 

enhancement of speech corrupted by noise, is that the clean signal and the noise are 

uncorrelated, and therefore the power spectrum of noisy signal equals the sum of 

magnitude spectrum of noise and clean signal. Let x(n) be the windowed noisy signal 

consisting of the clean signal s(n) and the additive noise l(n). Hence the signal becomes, 

 ( ) ( ) ( )nlnsnx +=        (4.1)  
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Taking short-time Fourier transform on both sides, we get 

 ( ) ( ) ( )jw
n

jw
n

jw
n eLeSeX +=       (4.2) 

Assuming s(n) and l(n) to be uncorrelated, we get 

 ( ) ( ) ( )222 jw
n

jw
n

jw
n eLeSeX +=      (4.3) 

The basic spectral subtraction algorithm works in two steps (i) noise spectrum is 

estimated and (ii) the estimated noise spectrum is subtracted from that of the noisy signal 

to get  

 ( ) ( ) ( )222 jw
n

jw
n

jw
n eLeXeY −=      (4.4) 

The resulting magnitude spectrum is then combined with the original phase spectrum to 

resynthesize the "cleaned" signal. Using FFT for implementation, the steps can be written 

as 

 ( ) ( ) ( )222 kLkXkY nn −=       (4.5) 

 ( ) ( ) ( )[ ]knXj
nn ekYIFFTmy ∠=      (4.6) 

 When the estimate of the noise spectrum is subtracted from the actual noise 

spectrum, all the spectral peaks are shifted down while the points lower than the estimate 

are set to zero. Hence, noise spectrum obtained after subtraction has peaks. The wider 

peaks give broadband noise and the narrower peaks give the musical noise. Thus the 

spectral subtraction method is modified for minimizing this noise [19].  

 ( ) ( ) ( ) 222 kLkXkY nn α−=   

and 

 ( ) ( ) 22' kYkY nn =        if ( ) ( ) 22 kLkYn β>      

                           2)(kLβ        otherwise    (4.7) 

where α is the subtraction factor and β is the spectral floor factor. 

 A block diagram of the modified spectral subtraction algorithm is as shown in 

Fig 4.7. 
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Fig 4.7 Block diagram of modified spectral subtraction algorithm [19] 

 

With α > 1, the noise will be over subtracted from the noisy signal. However over 

subtraction increases signal distortion. This is taken care by the spectral floor factor β. 

The spectral components of ( ) 2' kY n are prevented from going below ( ) 2kLβ . The 

implementation via FFT requires technique like overlap-and-add in order to prevent 

discontinuities at frame boundaries [18][21]. 

 

4.4 Noise estimation by averaging 

 For simultaneous acquisition of PCG and noise, sensor Tm was kept on the 

position of heart on the chest and sensor Ts was kept over chest only, but away from the 

position of the heart. Hence PCG and noise on the chest were recorded simultaneously. 

Similarly, for pulse waveform, sensor Ts was kept over radial artery on the wrist and 

sensor Tm was kept on the same hand but away from the radial artery. A sampling rate of 

1.1, 025 k sa/s (11.025 k sa/s, followed by 10:1 decimation) was used. The averaged 

noise spectrum was computed over different averaging durations, using 1.6 s window 

with 50% overlap. This average spectrum is used for spectral subtraction. 
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4.4.1  Effect of averaging duration, selected for noise estimation over PCG and 

pulse waveform 

 In spectral subtraction algorithm, the averaging duration is the time interval over 

which recorded noise signal is windowed and averaged for estimating the noise. Hence 

by selecting averaging duration as T = 2, 4, 16 s, the signals were analyzed for different 

values of α. 

 

Effect of averaging duration of noise over PCG 

 In order to analyze the effect of averaging duration used for noise estimation, the 

spectral subtraction algorithm is used on PCG, by estimating noise over 2, 4 and 16 s. 

The unprocessed PCG and noise are shown in Fig 4.8. Average and standard deviation 

(S.D.) of the magnitude spectra of noise were obtained for different durations. It was 

observed that S.D. decreased with the averaging duration. Fig 4.9 shows the S.D. for T = 

2 s and 16 s, and we see that for the larger duration it is much less for almost all 

frequency samples. The noise spectra averaged for T = 2, 4 and 16 s were used for 

spectral subtraction and the processed PCG output is shown in Fig 4.10 and 4.11 for α = 

1 and 5 respectively. We see that oversubtraction occurs on the PCG processed with 

noise estimated over lesser averaging duration, and a more uniformly enhanced PCG is 

obtained for the larger averaging duration.  

 

Effect of averaging duration of noise over pulse waveform 

 The spectral subtraction algorithm was also used on pulse waveform by 

estimating noise over T = 2, 4 and 16 s. Fig 4.12 shows unprocessed pulse waveform and 

noise over a 5 s duration. Average and standard deviation of the magnitude spectra of 

noise were obtained for different durations. It was observed that S.D. decreased with the 

averaging duration. Fig 4.13 shows the S.D. for T = 2 s and 16 s, and we see that the one 

for the larger duration is much less for almost all frequency samples. The noise spectra 

averaged for T = 2, 4 and 16 s were used for spectral subtraction and the processed pulse 

output is shown in Fig 4.14 and 4.15 for α = 1 and 5 respectively. We see that 

oversubtraction occurs on the pulse waveform processed with noise estimated over lesser 
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averaging duration, and a more uniformly enhanced pulse waveform is obtained for the 

larger averaging duration. 

 

(a) Unprocessed PCG 

 
 

(b) Noise 

 

Fig 4.8 PCG and noise recorded simultaneously  

 

 
Fig 4.9 Plot of S.D. of noise estimate vs. frequency used for PCG 
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(a) T = 2 s 

 
 

(b) T = 4 s 

 
 

(c) T = 16 s 

 

Fig 4.10 Processed PCG for α = 1  

 

 

(a) T = 2 s 

 
 

(b) T = 4 s 

 
 

(c) T = 16 s 

 

Fig 4.11 Processed PCG for α = 5  
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(a) Unprocessed pulse 

waveform 

 
 

(b) Noise  

 
Fig 4.12 Pulse waveform and noise recorded simultaneously 

 

 
Fig 4.13 Plot of S.D. of noise estimate vs. frequency used for pulse signal 
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(a) T = 2 s 

 
 

(b) T = 4 s 

 
 

(c) T = 16 s 

 

Fig 4.14 Processed pulse waveform for α = 1  

 

 

(a) T = 2 s 

 
 

(b) T = 4 s 

 
 

(c) T = 16 s 

 

Fig 4.15 Processed pulse waveform for α = 5  

 

4.4.2 Effect of noise site on PCG 

 For analyzing the effect of noise site on enhancement of PCG, noise was acquired 

from two sites, i.e. noise acquired by keeping phonocardiographic instrument on the chest 

but away from the heart position and the noise acquired by keeping phonocardiographic 
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instrument on the hand but away from the radial artery. Fig 4.16 shows the PCG, before 

using spectral subtraction method with noise acquired from the hand and chest. By 

keeping T = 16 s and α = 1, PCG is processed. From Fig 4.17, it is observed the noise 

recorded on the chest results in better enhancement of PCG as compared to that with 

noise recorded from the hand. Hence we decided to use noise estimate from recording 

sites close to signal site. Further, if the noise can be estimated from the signal site itself, it 

is likely to give superior enhancement. 

 

(a) Unprocessed PCG 

 
 

(b) Noise recorded from 

hand  

 
 

(c) Noise recorded from 

chest 

 
Fig 4.16 Unprocessed PCG and noise  

 

 

(a) Processed PCG with 

noise recorded from hand 

 

(b) Processed PCG with 

noise recorded from chest 

 

Fig 4.17 Processed PCG with noise recorded from hand and chest at α = 1 
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4.4.3 Effect of spectral subtraction on cross-correlation waveform 

 The effect of noise is observed by cross-correlating the unprocessed PCG and 

unprocessed pulse waveform. Also the PCG after using spectral subtraction method is 

cross-correlated with processed pulse waveform and effect of spectral subtraction method 

is observed. Fig 4.18 shows PCG and enhanced PCG after using spectral subtraction. 

Unprocessed pulse and processed pulse are shown in Fig 4.19. Fig 4.20 shows cross-

correlation between unprocessed PCG and unprocessed pulse waveform, between 

processed PCG and processed pulse respectively. Zoomed versions of cross-correlation 

waveforms are shown in Fig 4.21. In Fig 4.20 and 4.21, it is observed that the cross-

correlation signal away from the peak is reduced after using the spectral subtraction, 

indicating enhancement of peaks in cross-correlation signal.  

 

(a) Unprocessed PCG 

 
 

(b) Processed PCG 

 
Fig 4.18 PCG (unprocessed and processed) 

 

 

(a) Unprocessed pulse 

 
 

(b) Processed pulse 

 
Fig 4.19 Pulse waveform (unprocessed and processed) 
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(a) Before using spectral 

subtraction 

  

 

(b) After using spectral 

subtraction 

 
Fig 4.20 Cross-correlation waveform between PCG and pulse signal 

 

 

(a) Before using spectral 

subtraction 

 
 

(b) After using spectral 

subtraction 

 
Fig 4.21 Zoomed version of Cross-correlation waveform between PCG and pulse signal 

 

4.5 Quantile-based noise estimation (QBNE) technique 

 In the earlier method, the noise spectrum is taken to be constant over the entire 

duration of the signal to be enhanced. An updated estimate of noise spectrum can be 

obtained by use of quantile-based noise estimation technique [23][24]. It is based on the 

assumption that the frequency bins in the signal spectrum tend not to be permanently 

occupied by the signal. The noisy pulse signal is analyzed on a frame-by-frame basis, to 

obtain an array of power spectral values for each frequency sample, for a certain number 

of frames. Then the magnitude-squared values in this array are sorted for obtaining a 

particular quantile value. The power spectrum of noisy pulse at different values is 

compared with the mean power spectrum of noise recorded from the nearby site for 

obtaining the quantiles in frequency bands for matching the two spectra.  
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Fig 4.22 Noisy pulse waveform and noise 

 

 

Fig 4.23 Averaged noise spectrum and QBNE spectrum for (a) 5 percentile and (b) 70 

percentile. Plot with solid line shows the average power spectrum of noise and plot with 

dotted line shows the quantile-derived spectrum of noisy pulse. 

 

 For QBNE, the radial arterial pulse and noise was recorded at several sites on the 

same hand by using Ts. Fig 4.22 shows the pulse and noise recorded on the same hand. 

Further the averaged spectrum of noise from the nearby site was compared with the 

spectrum of noisy pulse at different quantile values to obtain set of quantile values for 

giving close match. Fig 4.23 shows the averaged spectrum of noise and two quantile-

based estimates. It is observed that a good match could be obtained for 5 percentile for 

frequencies lesser than 32 Hz and 70 percentile for higher frequencies. Further the 

spectral subtraction was carried out on noisy pulse waveform with s  = 0.001 and varying 

α over 0.5 to 5. Fig 4.24 shows an example of one such enhanced pulse waveform using 

QBNE spectrum. 
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(a) Unprocessed pulse 

waveform 

 
(b) Enhanced pulse 

waveform 

 
Fig 4.24 Enhanced pulse waveform by using noise estimation from noisy pulse using 

QBNE, using α = 2. 

 

4.5.1  Effect of noise estimate and oversubtraction 

 It is seen that the value of t  and the type of noise estimate both have significant 

effect on noise reduction as well as over-subtraction. In order to observe this, the spectral 

subtraction was carried out on noisy pulse waveform using u  = 0.001 and varying t  over 

0.5 to 5. Then the results of enhanced pulse waveform using noise estimate by averaging 

and quantile-based spectra were compared. Fig 4.25 shows the unprocessed pulse 

waveform. Fig 4.26 shows processed pulse waveforms using noise estimation by 

averaging and quantile-based spectra at t  = 0.5, t  = 2 and t  = 5 respectively. From 

Fig 4.26, it is seen that the lower value of t  does not result in good noise subtraction, 

while larger values of t  results in oversubtraction. 

In order to establish the effectiveness of the noise subtraction without signal loss, 

we make use of the observation that the pulse signal has a strong peak and very low value 

after the peak. A decrease in the peak can be taken as an indication of signal loss. While a 

decrease in overall signal without decrease in the peak can be taken as reduction in the 

background noise. For this purpose, the RMS value of the overall signal and the RMS 

value of signal samples in the vicinity of the pulse peaks were calculated. Table 4.1 

shows the values of pulse peak and pulse signal for different values of t . Fig 4.27 shows 

the plot of these RMS values as a function of t  for the two types of the noise estimates. It 

is seen that for average-based noise estimate (ABNE), both the RMS values decrease 

with increasing t . For QBNE spectrum, the noise estimation is much more effective. For 
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v  > 2, the peak RMS decreases without any further decrease in signal RMS. Hence we 

can say that we get the best signal enhancement by using QBNE spectrum for v  w9xzy  
Fig 4.25  

Unprocessed pulse 

waveform 

 
 

 

(a) Spectrum: ABNE  
{  = 0.5 

 

(b) Spectrum: QBNE  
{  = 0.5 

 

 

(c) Spectrum: ABNE  
{  = 2 

 

(d) Spectrum: QBNE  
{  = 2 

 
 

(e) Spectrum: ABNE  
{  = 5 

 

(f) Spectrum: QBNE  
{  = 5 

 

Fig 4.26 Processed pulse waveform with noise estimate using ABNE and QBNE spectra 

with {  = 0.5, 2 and 5. 
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Table 4.1 Variation of pulse signal and pulse peak with respect to |  for averaged noise 

estimation and QBNE method. 

 
 
 
 
 
 
 
    

 

 

 

 

 

 
 
Fig 4.27 }F~�~���0���2~ � �2�-�;���f������A�2�������	�2���C�#���������h���  (a) with averaged noise spectrum and 

(b) with QBNE for results in Table 4.1 

 

4.5.2 Effect of spectral subtraction on cross-correlation waveform 

 The effect of spectral subtraction is observed by cross-correlating PCG with 

unprocessed pulse waveform. Also the PCG is cross-correlated with processed pulse 

waveforms with QBNE. Fig 4.28 shows PCG, unprocessed pulse and processed pulse 

waveforms. Fig 4.29 shows cross-correlation between PCG and unprocessed pulse 

waveform, between PCG and processed pulse waveforms respectively. Zoomed versions 

of cross-correlation waveforms are shown in Fig 4.30. In Fig 4.29 and 4.30, it is observed 

Noise estimation  �  Overall RMS  Peak RMS  Peak-to-overall  
ratio  

0.5 0.133 0.226 0.588 
1 0.131 0.225 1.718 
2 0.126 0.221 1.754 
3 0.122 0.219 1.795 
4 0.118 0.217 1.839 

ABNE 
 

5 0.115 0.215 1.870 
0.5 0.118 0.212 1.797 
1 0.097 0.210 2.165 
2 0.075 0.202 2.693 
3 0.067 0.198 2.955 
4 0.063 0.191 3.032 

QBNE  
 

5 0.063 0.184 2.921 
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that the cross-correlation signal away from the peak is reduced after using the spectral 

subtraction, indicating enhancement of peaks in cross-correlation signal. 

 (a) Unprocessed PCG 

 
 

(b) Unprocessed pulse 

 
 

(c) Enhanced pulse, using 

QBNE 

 
Fig 4.28 PCG and pulse waveform (unprocessed and processed) 

 

(a) Before using spectral 

subtraction 

 
(b) After using spectral 

subtraction 

 
Fig 4.29 Cross-correlation waveform between PCG and pulse waveform 
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(a) Before using spectral 

subtraction 

 

(b) After using spectral 

subtraction 

 

Fig 4.30 Zoomed version of cross-correlation waveform between PCG and pulse signal 

 

4.6 Sample results 

 Pulse waveforms were recorded using Ts on two different subjects. Further, 

enhanced pulse waveforms are obtained by using noise estimate from nearby site and 

QBNE technique with �  = 2. Fig 4.31 shows unprocessed PCG and pulse waveform 

recorded from S1_Ma, enhanced pulse waveforms by using noise estimate from nearby 

site and by using QBNE technique respectively. Magnitude spectra of unprocessed pulse, 

enhanced pulse with noise estimate from nearby site and QBNE technique respectively 

are shown in Fig 4.32. The effect of spectral subtraction on cross-correlation waveform is 

observed by cross-correlating PCG with unprocessed and processed pulse waveforms 

with noise estimated from nearby site and QBNE. Fig 4.33 shows cross-correlation 

between PCG and unprocessed pulse waveform, between PCG and processed pulse 

waveforms respectively. Zoomed versions of cross-correlation waveforms are shown in 

Fig 4.34. The noisy pulse waveform recorded from S2_Pr, enhanced pulse waveforms by 

using noise estimate from nearby site and QBNE technique are shown in Fig 4.35. 

Magnitude spectra of the same signals are as shown Fig 4.36. Fig 4.37 shows cross-

correlation between PCG and unprocessed pulse waveform, between PCG and processed 

pulse waveforms respectively. Zoomed versions of cross-correlation waveforms are 

shown in Fig 4.38. 
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(a) Unprocessed PCG 

 
(b) Unprocessed pulse 

waveform  

 

 
(c) Enhanced pulse signal, 

using ABNE 

 
(d) Enhanced pulse signal, 

using QBNE 

 
Fig 4.31 PCG and pulse waveforms recorded from subject S1_Ma (M, 30 years) 

 

(a) Noisy pulse 

signal 

 
 
 

(b) Pulse signal 

enhanced using 

ABNE 

 
(c) Pulse signal 

enhanced using 

QBNE  
Fig 4.32 Magnitude spectra of pulse waveforms for subject S1_Ma 
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(a) Before using spectral 

subtraction 

 
 

(b) After using spectral 

subtraction (ABNE) 

 
(c) After using spectral 

subtraction (QBNE) 

 
Fig 4.33 Cross-correlation waveform between PCG and pulse waveform for subject 

S1_Ma 

 

(a) Before using spectral 

subtraction 

 
 

(b) After using spectral 

subtraction (ABNE) 

 
(c) After using spectral 

subtraction (QBNE) 

 
Fig 4.34 Zoomed version of cross-correlation waveform between PCG and pulse signal 

for subject S1_Ma  
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(a) Unprocessed PCG 

 
(b) Unprocessed pulse 

waveform 

 

 

(c) Enhanced pulse signal, 

using ABNE 

 
 

(d) Enhanced pulse signal, 

using QBNE 

 
Fig 4.35 PCG and pulse waveforms recorded from subject S2_Pr (M, 38 years) 

 

(a) Noisy pulse 

signal 

 

 

(b) Pulse signal 

enhanced using 

ABNE 

 
(c) Pulse signal 

enhanced using 

QBNE  
Fig 4.36 Magnitude spectra of pulse waveforms for subject S2_Pr 
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(a) Before using spectral 

subtraction 

 
(b) After using spectral 

subtraction (ABNE) 

 
(c) After using spectral 

subtraction (QBNE) 

 
Fig 4.37 Cross-correlation waveform between PCG and pulse waveform for subject 

S2_Pr 

 

(a) Before using spectral 

subtraction 

 
(b) After using spectral 

subtraction (ABNE) 

 
(c) After using spectral 

subtraction (QBNE) 

 
Fig 4.38 Zoomed version of cross-correlation waveform between PCG and pulse signal 

for subject S2_Pr 
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Chapter 5 

Effect of physical exercise on PCG and pulse waveform 
 

5.1 Introduction 
 Cross-correlation of pulse waveform with PCG has been investigated for change 

in the delay in the cross-correlation peak as an indication of change in arterial blood flow 

rate. The recordings were done for pulse signal and PCG simultaneously by using 

phonocardiograph as well as the piezoelectric transducer. The subject exercised on an 

exercise bicycle, so that the pulse rate increased. Recordings were made on normal 

subjects during the post-exercise relaxation, at different pulse rates until the rate returned 

to normal. Table 5.1 gives the information about subjects who participated in the 

recording. 

Table 5.1 Subjects' information 

Subject code S1_Ma S2_Pr S3_Pi S4_Ju 

Age (years) 30 38 24 24 

Sex M M M F 

 

5.2 Recording with phonocardiograph 
 The subject S1_Ma exercised on an exercise bicycle, so that the pulse rate became 

high. During the post-exercise relaxation, PCG was recorded by using transducer Tm and 

the pulse waveform was obtained by using transducer Ts simultaneously at different 

pulse rates until it returned to normal. The signal acquisition was done using PC sound 

card at sampling rate = 11.025 kSa/s and 16-bit, as described earlier in Section 3.2. 

Fig 5.1 and Fig 5.2 show PCG and pulse waveform respectively obtained at different 

pulse rates, showing variation in the amplitude with respect to change in the pulse rate. In 

order to study delay between PCG and pulse waveform as a function of pulse rate, a 

cross-correlation of the two was computed. Fig 5.3 shows cross-correlation waveforms. 

Zoomed versions of cross-correlation are shown in Fig 5.4. From Fig 5.4a, the maximum 

peak of the cross-correlated waveform is obtained at a value of 12.5 ms. It means that the 

time delay between PCG and pulse waveform, at 116 bpm is 12.5 ms. Similar recordings 
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and analysis were carried out for another subject, S2_Pr. Fig 5.5 shows enhanced pulse 

after using spectral subtraction with QBNE technique. Cross-correlation between PCG 

and enhanced pulse waveforms at different pulse rates was computed. Fig 5.6 shows 

cross-correlation waveforms. Zoomed versions of cross-correlation are shown in Fig 5.7. 

The location of cross-correlation peak, obtained from cross-correlation between PCG and 

enhanced pulse is approximately equal to that of between PCG and pulse before using 

spectral subtraction. The location of cross-correlation peak with respect to the pulse rate 

during relaxation from exercise is presented in Table 5.2 for two subjects and results are 

plotted in Fig 5.8.  

 

(a) PCG at 116 bpm 

 
 

(b) PCG at 114 bpm 

 
 

(c) PCG at 108 bpm 

 
Fig 5.1 PCG at three different pulse rates for subject S1_Ma 
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(a) Pulse at 116 bpm 

 
 

(b) Pulse at 114 bpm 

 
 

(c) Pulse at 108 bpm 

 
Fig 5.2 Pulse at three different pulse rates for subject S1_Ma 

 

 

(a) Cross-correlation at 116 bpm 

 
 

(b) Cross-correlation at 114 bpm 

 
 

(c) Cross-correlation at 108 bpm 

 
Fig 5.3 Cross-correlation between PCG and pulse at different pulse rates for 

subject S1_Ma 
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(a) Zoomed cross-correlation at 116 bpm 

 
 

(b) Zoomed cross-correlation at 114 bpm 

 
 

(c) Zoomed cross-correlation at 108 bpm 

 
Fig 5.4 Zoomed version of cross-correlation between PCG and pulse at different pulse 

rates for subject S1_Ma 

 

 

(a) Enhanced pulse at 116 bpm 

 
 

(b) Enhanced pulse at 114 bpm 

 
 

 

(c) Enhanced pulse at 108 bpm 

 
Fig 5.5 Pulse after using spectral subtraction at three different pulse rates for subject 

S1_Ma 
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(a) Cross-correlation at 116 bpm 

 
 

(b) Cross-correlation at 114 bpm 

 
 

(c) Cross-correlation at 108 bpm 

 
Fig 5.6 Cross-correlation between PCG and enhanced pulse at different pulse rates for 

subject S1_Ma 

 

 

(a) Zoomed cross-correlation at 116 bpm 

 
 

(b) Zoomed cross-correlation at 114bpm 

 
 

(c) Zoomed cross-correlation at 108 bpm 

 
Fig 5.7 Zoomed version of cross-correlation between PCG and enhanced pulse at 

different pulse rates for subject S1_Ma 
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Table 5.2 Relation between cross-correlation peak delay and pulse rate during post- 

exercise relaxation for two subjects S1_Ma, S2_Pr 

Pulse rate (bpm) 116 114 112 110 108 Subject 

S1_Ma Delay (ms) 12.5 13.4 13.6 14.3 14.7 

Pulse rate (bpm) 120 110 100 84 76 Subject 

S2_Pr Delay (ms) 5 6.2 6.7 7.1 11 

 

 
Fig 5.8 Plot of cross-correlation delay vs. pulse rate for results in Table 5.2, for two 

subjects S1_Ma, S2_Pr 

 

5.3 Recording with piezoelectric transducer 
 The pulse signal was also acquired by using piezoelectric transducer. The subject 

exercised to increase the pulse rate. Recordings were made using a DSO (model "Agilent 

54621D") with 8-bit quantization and a recording length of 2000 samples, during the 

post-exercise relaxation at different pulse rates until it returned to normal. The PCG was 

obtained by using transducer Tm and the pulse waveform was obtained by using 

piezoelectric transducer. Fig 5.9 shows PCG obtained at different pulse rates for 

subject S3_Pi. It shows a variation in the amplitude with change in the pulse rate. Pulse 

waveform obtained at pulse rate from maximum to normal is as shown in Fig 5.10. It also 

shows a decrease in the magnitude as the pulse rate reduces to normal. In order to study 

delay between PCG and pulse waveform at corresponding pulse rate, a cross-correlation 

of the two was computed. Fig 5.11 shows cross-correlation at different pulse rates. 

Zoomed versions of cross-correlation are shown in Fig 5.12. Similar recordings and 
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analysis were carried out for another subject, S4_Ju. The variation of pulse rate with 

respect to the pulse rate during relaxation from exercise is presented in Table 5.3 for the 

two subjects and the results are plotted in Fig 5.13.  

 

(a) PCG at 120 bpm 

 
 

(b) PCG at 90 bpm 

 

 
 

(c) PCG at 66 bpm 

 
Fig 5.9 PCG at three different pulse rates for subject S3_Pi 

 

 

(a) Pulse at 120 bpm 

 
 

(b) Pulse at 90 bpm 

 
 

(c) Pulse at 66 bpm 

 
Fig 5.10 Pulse at three different pulse rates for subject S3_Pi 
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(a) Cross-correlation at 120 bpm 

 
 

(b) Cross-correlation at 90 bpm 

 
 

(c) Cross-correlation at 66 bpm 

 
Fig 5.11 Cross-correlation between PCG and pulse at different pulse rates for 

subject S3_Pi 

 

 

(a) Zoomed cross-correlation at 120 bpm 

 
 

(b) Zoomed cross-correlation at 90 bpm 

 
 

(c) Zoomed cross-correlation at 66 bpm 

 
Fig 5.12 Zoomed version of cross-correlation between PCG and pulse at different pulse 

rates for subject S3_Pi 
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Table 5.3 Relation between cross-correlation peak delay and pulse rate during post 

exercise relaxation for S3_Pi, S4_Ju 

Pulse rate (bpm) 120 102 96 84 66 Subject 

S3_Pi Delay (ms) 14 15 47 58 70 

Pulse rate (bpm) 102 96 90 84 78 Subject 

S4_Ju Delay (ms) 8 12 19 83 97 

  

 
Fig 5.13 Plot of cross-correlation delay vs. pulse rate for results in Table 5.3, for two 

subjects S3_Pi, S4_Ju 

 

5.4 Discussion 
 The recordings were done for PCG and the pulse signal simultaneously on several 

normal subjects by using phonocardiograph as well as the piezoelectric transducer during 

post exercise relaxation. The variation in delay between PCG and pulse signal was 

analyzed by obtaining cross-correlation between PCG and pulse signal, at different pulse 

rates. The plots of pulse rate vs. delay between PCG and pulse signal were obtained. It 

shows decrease in delay with increase in the pulse rate, indicating an increase in arterial 

blood flow rate. Study over a large number of subjects and patients may lead in 

establishing diagnostic information.  
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Chapter 6 

Summary and conclusions 
 

The different sensors used for acquisition of pulse waveform were studied. First, 

the recording of pulse waveform and PCG from subjects were recorded by using 

phonocardiographic instruments. The pulse waveform obtained by using the 

phonocardiograph was corrupted by noise, environmental sounds as well as the vibrations 

from various smaller blood vessels. Hence signal enhancement techniques were used for 

obtaining clean pulse waveform for further analysis. As the noise has essentially the same 

band as the signal, it cannot be effectively reduced by filtering techniques. Spectral 

subtraction method, reported earlier for enhancement of noisy speech, was investigated 

for noise reduction in the pulse waveform. For this purpose, estimate of noise spectrum 

can be obtained using noise recording from a nearby site. The averaged noise spectrum 

was computed over a certain averaging duration, using a 1.6 s window with 50% overlap. 

This averaged power spectrum was used for spectral subtraction. The effect of variation 

of the various parameters used for spectral subtraction was investigated. The effect of 

optimal averaging duration over which noise estimation is done and site from which 

noise is recorded were observed for subtraction factor α of 1 and 5. It was found that 

standard deviation for estimated noise spectrum, decreases with increase in the averaging 

duration, and effective noise estimation could be done with averaging duration of 16 s. 

Also the effect of noise site on the PCG was analyzed by using the noise recorded from 

the chest and noise from the hand, and it was found that for effective enhancement, the 

noise from a site close to the signal pick-up should be used.   

In the earlier method, the noise spectrum was taken to be constant over the entire 

duration of the signal to be enhanced. An updated estimate of noise spectrum was 

obtained by use of quantile-based noise estimation technique (QBNE). For this purpose, 

estimate of noise spectrum was obtained by using a quantile based spectral estimate of 

noise from the noisy pulse waveform itself. For QBNE, the averaged spectrum of noise 

from the nearby site was compared with the spectrum of noisy pulse at different quantile 

values to obtain a set of quantile values for giving a close match. The spectral subtraction 

was carried out with � =0.001 and varying α over 0.5 to 5. From the results obtained after 
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using noise estimate by averaging and QBNE, it was seen that the value of α and the type 

of noise estimate both have significant effect on noise reduction as well as over-

subtraction. As an estimate of the two, the RMS value of the overall signal and the RMS 

value of the signal samples in the vicinity of the pulse peaks were calculated. The 

variation in the RMS values as function of α for the two types of noise estimates was 

studied which indicated that the best signal enhancement is obtained by using QBNE 

spectrum for α ≈ 2. 

Further the pulse waveform was acquired by using piezoelectric transducer. The 

pulse waveform obtained was much less noisy as compared to that by using 

phonocardiograph sensor. Hence the signal enhancement techniques were not used for the 

pulse signal picked up using piezoelectric transducer. Analysis of pulse signal can be 

done in terms of quantitative measurements such as pulse rate, pulse amplitude for more 

number of subjects. Classification of pulse signal number of healthy as well as diseased 

subjects can be done on the basis of spectral energy ratio. Simultaneous blood pressure 

reading can be taken along with the pulse signal at different time instant during whole 

day, which will help in preparing the clinical database of subject.   

 The effect of exercise on PCG and pulse waveform, the recordings were done for 

pulse signal and PCG simultaneously by using phonocardiograph as well as the 

piezoelectric transducer. Cross-correlation of the pulse waveform with PCG has been 

investigated for change in the delay in the cross-correlation peak as an indication of 

change in arterial blood flow rate. The results show that as the pulse rate goes on 

increasing the delay between PCG and pulse signal decreases, indicating increase in the 

arterial blood flow rate. Cross-correlation of pulse signal with ECG and impedance 

cardiograph (ICG) also can be studied. Study of the pulse signal and its cross-correlation 

with ECG and ICG for a large number of healthy subjects and patients with various 

cardiovascular disease need to be carried out in order to establish signal analysis 

technique for obtaining diagnostic information. 
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Appendix A Sound card specifications 
 

Signal acquisition was carried out using a PC sound card, manufactured by 

Creative Technology Ltd. The specifications of sound card are given as below [17][18]:  

1] System requirements a) Intel Pentium class 90 MHz or 166 MHz computer with 

PCI slot for Windows NT 4.0 and Windows 95. 

 b) 16 MB RAM for Windows NT 4.0 and 64 MB RAM for 

Windows 2000 

2] Analog input port  Analog input is a sum obtained through an internal 

characteristics mixer from two analog inputs: 

   a) Microphone (Mic) powered by 2.5 V supply from sound                           

card 

 b) Line-in with voltage range of 0-9V and input 

 �<�% �¡�¢�£�¤	¥�¡B¦�§�¨R©�ª « ¬�¯®±°�²!³  
                                                Bandwidth: 10 Hz to fs/2 Hz 

3] Output a) Speaker Out/Line Out connects non-powered speaker by 

default with outṕ�µ�¶q·%¸�¹�º�»�¼	½�¹B¾2¿ÁÀ�ÂÄÃ�Å�Ã Æ Ç0È�É±Ê�Ë%Ì¯Í!Î*ÈÏ%Ð
Ñ-Ò0Ó�Ó;ÔÖÕ�×�ØÚÙ�Û�Ò�Ü�Ü�×�Ý�Þß2Ø à�á â:ã4ä�å;ä�æçæ�è�ãé�è�ãYêìëBí�â;æ�î�æ2ïRï�ä�î�ã;â
powered speaker and an external amplifier when built-in 

amplifier is disabled by changing jumper setting on the 

sound card. 

4] Digitization                         a) For analog input: 

                                                Sampling rate = 11025, 22050, or 44100 sa/s  

 No. of quantization bits = 8 or 16 

                                                b) For analog output:                                                                                                                           

                                                Sampling rate = settable to a value in the  

                                                range of 5000 Hz to 44100 Hz 

                                                No. of quantization bits = at 8 or 16     
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Appendix B Significance of cross-correlation 
 

The objective in computing correlation between the two signals is to measure the 

degree to which the two signals are similar. The cross-correlation between two signal 

sequences ( )nx  and ( )ny  is a sequence ( )lrxy , which is defined as [25] 

 ( ) ( ) ( )lnynxlr
n

xy −= ∑
∞

−∞=
  ,...2,1,0 ±±=l    (1)  

or, equivalently, as 

 ( ) ( ) ( )∑
∞

−∞=
+=

n
xy nylnxlr   ,...2,1,0 ±±=l    (2) 

 If the two sequences are totally uncorrelated, the cross-correlation will have a low 

value for all 'l'. In case both waveforms have the same signal as the strong constituent, the 

delay for which maximum peak of cross-correlation occurs indicates the delay between 

the two sequences. 

The cross-correlation of ( )nx  and its delayed version ( )dnx +  yield a result that 

has a peak at n = -d. From Fig A.1 and A.2, it is clear that the cross-correlation between 

the unshifted PCG and right shifted PCG gives the maximum peak at negative value. 

However, the cross-correlation of ( )nx  and its delayed version ( )d-nx  yield a result that 

has a peak at n = d. The cross-correlation between unshifted PCG and left shifted PCG 

gives maximum peak at positive value, as shown in Fig A.3 and A.4. 
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(a) PCG 

 

(b) Right shifted PCG, 

delay = 0.9 s 
 

Fig A.1 PCG and right shifted PCG 

 

 

(a) Cross-correlation  

 

(b) Zoomed version 

 
Fig A.2 Cross-correlation between PCG and right shifted PCG 

 

 

(a) PCG 

 

(b) Left shifted PCG, 

advancement = 0.9 s 

  

Fig A.3 PCG and left shifted PCG 

 

 

(a) Cross-correlation  

 

(b) Zoomed version 

 
Fig A.4 Cross-correlation between PCG and left shifted PCG 
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ABSTRACT
Noninvasive recording of pressure pulse waveform from the 

radial artery can be used for obtaining valuable diagnostic 

information, by analyzing it for temporal characteristics, spectral 

characteristics, and its cross-correlation with phonocardiogram 

and ECG. The pulse waveform can be recorded using the 

transducer of an electronic stethoscope, but the signal is corrupted 

by noise. W e have investigated the use of spectral subtraction 

method, reported earlier for enhancement of noisy speech, for 

noise reduction in the pulse waveform. Enhancement can be 

carried out by taking the noise recording from a nearby site, or by 

using a quantile based spectral estimate of noise from the noisy 

pulse waveform.

Keywords
Signal enhancement, radial arterial pulse, spectral subtraction.

1. INTRODUCTION
In most traditional systems of medicine, e.g. nadisastra (a branch 

of ayurveda, ancient and well established medical system of 

India), sensing of arterial pulse pressure forms an essential part of 

diagnosis. Normally physician's palm supports the patient's wrist 

and pulse examination is done using finger tips [11]. The 

diagnosis requires a long period of study and practice by the 

individual physician, without the benefit of any physical 

recordings and analysis aids. Lately several investigations have 

been reported on noninvasive recording and analysis of arterial 

pressure pulse waveform [3,5,7].  

Analysis of the waveform for its temporal and spectral 

characteristics can give valuable diagnostic information, 

particularly when used together with electrocardiogram (ECG) 

and phonocardiogram (PCG). Cross-correlation of arterial pulse 

with ECG and PCG waveforms may provide important diagnostic 

information about arterial blood flow. 

Early studies on pulse waveform have used Dudgeon's 

sphygmograph [6,11]. Its use involved a tedious process of 

preparation of tracings and measurements from the tracings. 

Further, it had other limitations like poor dynamic response. 

Several instruments have been developed and reported for sensing 

the pulse waveform and giving the output as electrical analog 

voltage or as digitized samples and built-in analysis [1,3,5,7]. The 

arterial tonometer is one such instrument for acquisition of beat-

to-beat blood pressure waveform along with numerical values for 

systolic, mean, diastolic pressure and pulse rate [1]. 

The pulse waveform can be recorded using the transducer of an 

electronic stethoscope or phonocardiograph. The main advantage 

of this technique is a good dynamic response. But the signal is 

corrupted by noise, environmental sounds as well as the 

vibrations from various smaller blood vessels. As the noise has 

essentially the same band as the signal, it cannot be reduced by 

filtering techniques. W e have investigated the use of spectral 

subtraction method, reported earlier for enhancement of noisy 

speech, for noise reduction in the pulse waveform. For this 

purpose, estimate of noise spectrum can be obtained using noise 

recording from a nearby site or by using a quantile based spectral 

estimate of noise from the noisy pulse waveform itself.

2. SPECTRAL SUBTRACTION 

ALGORITHM
The basic assumption in spectral subtraction method [2,4,8], 

developed for enhancement of speech corrupted by noise, is that 

the clean signal and the noise are uncorrelated, and therefore the 

power spectrum of noisy signal equals the sum of power spectrum 

of noise and clean signal. Let x(n) be the windowed noisy signal 

comprising of the clean signal s(n) and the additive noise l(n),

nlnsnx   (1) 
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Taking short-time Fourier transform on both sides, we get
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Assuming s(n) and l(n) to be uncorrelated, we get 
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The basic spectral subtraction algorithm works in two steps: (i) 

noise spectrum is estimated and (ii) the estimated noise spectrum 

is subtracted from that of the noisy signal to get 
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The resulting magnitude spectrum is then combined with the 

original phase spectrum to resynthesize the "cleaned" signal. 

Using FFT for implementation, the steps can be written as 

222
kLkXkY nn  (5) 

kXj
nn nekYIFFTmy  (6) 

When the estimate of the noise spectrum is subtracted from the 

actual noise spectrum, all the spectral peaks are shifted down 

while the points lower than the estimate are set to zero. Hence, 

after subtraction, noise spectrum is obtained with peaks. The 

wider peaks are considered as a broadband noise and the narrower 

peaks are considered as the musical noise. Thus the spectral 

subtraction method is modified for minimizing this noise [2]. 

222
kLkXkY nn

22
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2
kYn

2
kL

2
kL              otherwise (7) 

where  is the subtraction factor and  is the spectral floor factor. 

A block diagram of the modified spectral subtraction algorithm is 

shown in Figure 1. 

Figure 1:  Spectral subtraction algorithm [8]. 

With  > 1, the noise will be over subtracted from the noisy 

signal. However over subtraction increases signal distortion. This 

is taken care by the spectral floor factor . The spectral

components of
2

k'Y n are prevented from going below 

2
kL . The implementation via FFT requires overlap-and-add 

in order to prevent discontinuities at frame boundaries [2]. 

For enhancement of noisy speech signal, a speech / non-speech 

detection is used for updating the noise estimate. In case of 

arterial pressure pulse waveform, the signal and corrupting noise 

both are always present. Assuming that the noise is stationary, its 

average spectrum can be estimated from the noise recorded from a 

nearby site, which does not show the pulse waveform. Recently, 

techniques for speech enhancement without involving speech / 

nonspeech detection have been reported [9,10]. These are based 

on quantile analysis of the signal spectrum. This method can be 

used for noise estimation for enhancement of pulse waveform for 

dynamic tracking of variations in noise spectrum.  

3. NOISE ESTIMATION 
The pulse waveforms were recorded by keeping PCG sensor over 

radial artery on the wrist and adjusting the position for strongest 

signal pick up. The noise was acquired by keeping the sensor on 

the same hand but away from the radial artery at two different 

locations. The waveforms were acquired using PC sound card 

with a sampling rate of 1.1,025 k sa/s (11.025 k Sa/s, followed by 

10:1 decimation). The averaged noise spectrum was computed 

over a record of 16 s, using a 1.6 s window with 50% overlap. 

This averaged power spectrum is used for spectral subtraction. 

In the above method, the noise spectrum is taken to be constant 

over the entire duration of the signal to be enhanced. An updated 

estimate of noise spectrum can be obtained by use of quantile-

based noise estimation (QBNE) technique [9,10]. It is based on 

the assumption that frequency bins in the signal spectrum tend not 

to be permanently occupied. The noisy pulse signal is analyzed on 

a frame-by-frame basis, to obtain an array of the power spectral 

values for each frequency sample, for a certain number of frames. 

Then the magnitude-squared values in this array are sorted for 

obtaining a particular quantile value. The power spectrum of 

noisy pulse at different quantile values is compared with the mean 

power spectrum of noise recorded from the nearby site for 

obtaining the quantiles in frequency bands for matching the two 

spectra. 

4. RESULTS
Spectral subtraction algorithm was used for enhancement of radial 

arterial pulse obtained from the analog electrical output of an 

electonic stethoscope (Stethmate). The effect of noise recorded at 

several sites on the same hand was studied. Fig. 2 shows the noisy 

pulse waveform and noise obtained at two different locations on 

hand. Spectral subtraction was carried out with =0.001 and 

varying  over 0.5 to 5. It was seen that lower values of  did not 

result in good noise subtraction, while larger values resulted in 

over-subtraction and a reduction in pulse peaks. Fig.3 shows an 

example of pulse waveform after spectral subtraction. 
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(a)

(b)

(c)

Figure 2:  Pulse pressure waveform: (a) noisy pulse waveform (b) 

noise at location 1 (c) noise at location 2. 

Figure 3: Enhanced pulse waveform by using noise estimation 

from noise recorded at location 1, using  =2. 

For QBNE, the averaged spectrum of noise from the nearby site 

was compared with the spectrum of noisy pulse at different 

quantile values to obtain set of quantile values for giving a close 

match. It was observed that a good match could be obtained for 5 

percentile for frequencies less than 32 Hz and 70 percentile for 

higher frequencies. Fig. 4 shows the averaged spectrum of noise 

and two quantile based estimates. Fig. 5 shows an example of 

pulse waveform enhanced using QBNE spectrum. 

It was seen that the value of  and the type of noise estimate both 

have significant effect on noise reduction as well as over-

subtraction. As an estimate of the two, the RMS value of the 

overall signal and the RMS value of the signal samples in the 

vicinity of the pulse peaks were calculated. Fig. 6 shows a plot of 

these RMS values as function of  for the two types of noise 

estimates. It is seen that for averaged noise estimate, both the 

RMS values decrease with increasing . For QBNE spectrum, the 

noise estimation is much more effective. For  > 2, the peak RMS 

decreases without any further decrease in signal RMS. Hence we 

can say that, we get the best signal enhancement by using QBNE 

spectrum for  2. 

(a)

(b)

Figure 4:  Averaged noise spectrum and QBNE spectrum for (a) 5 

percentile and (b) 70 percentile. Plot with solid line shows the 

average power spectrum of noise and the plot with dotted line 

shows the quantile derived spectrum of noisy pulse.  

Figure 5: Enhanced pulse waveform by using noise estimation 

from noisy pulse using QBNE, using  =2. 
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(a)

(b)

Figure 6: Effect of  on reduction of noise and peak (a) with 

averaged noise spectrum and (b) with QBNE. 

5. CONCLUSION
Spectral subtraction, reported earlier for enhancement of noisy 

speech, has been investigated for enhancement of arterial pulse 

pressure waveform recorded using PCG transducer. It is seen that 

a quantile based estimation of the noise spectrum from the noisy 

pulse itself can be used. We are carrying out further study of 

cross-correlation of the enhanced pulse waveform with 

simultaneously recorded PCG and ECG waveforms, for possible 

diagnostic applications. 
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