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ABSTRACT

The pulse transit time (PTT) is a parameter which can
be used to characterize the functional state of the cardio-
vascular system. The PTT, which is closely connected to
the blood pressure, can be derived from an electrocardio-
gram (ECG) and a simultaneously recorded photoplethys-
mogram (PPG) signal. In contrast to conventional non-
invasive blood pressure measurements, the PTT can be cal-
culated quasi continuously, giving instant feedback to con-
dition changes. Many proposed systems use cables to con-
nect ECG and PPG sensors. This is sufficient for station-
ary applications. This paper presents a system for wireless
PTT measurements that permits patient mobility and thus
makes new application scenarios possible. The main chal-
lenge of wireless time synchronization, necessary for precise
PTT results, is solved using the IEEE 802.15.4 beacon en-
abled mode.
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1. INTRODUCTION

Chronic hypertension (elevated arterial blood pressure)
is an important risk factor for heart attacks and strokes.
Therefore, the monitoring of the blood pressure (BP) is an
essential measure of preventive medical examination. Espe-
cially long term monitoring during a whole day or even week
is of high medical relevance.

The current practice of conventional non-invasive BP mea-
surement is the sphygmomanometer (blood pressure meter).
This device uses a cuff to restrict the blood flow at the pa-
tient’s arm and a manometer to measure the pressure. Au-
tomatic systems determine the pressure at what the blood
flow is just starting by oscillometric detection. One of the
main drawbacks of these cuff based systems is the limitation
to discrete BP measurements in intervals of 15 minutes dur-
ing the daytime and 30 minutes during the night [4, p. 90].
They can not be used for continuous measurements to track
short time variations.

The most accurate way of recording the BP continuously
is the invasive measurement. Thereby, the pressure within
the artery is directly measured using a fluid filled system
and a pressure-sensing transducer [10, p. 58]. In practice,
this method is not applicable for long term monitoring due
to intense restriction for the patients (e.g. risk of artery
thrombosis) and the limitation to clinical applications.

Thus, alternative parameters which can be recorded with-
out these restrictions are given precedence. A commonly
used method for non-invasive beat-by-beat BP estimation is
based on the Pulse Transit Time (PTT) [6, 7, 13].

The PTT is the time difference between drive out of the
blood from the heart and the arrival of the generated blood
pressure wave at a distal point of the body. The PTT varies
inversely with blood pressure.

Several studies can be found assuming a linear correla-
tion between PTT and systolic BP [6]. While Payne et al.



rate the PTT in [23] as an unreliable parameter for direct
BP calculations, it might be useful to record and investi-
gate BP variations on an individual basis [5]. One of the
main challenges for BP estimation is the calibration [19].
Besides BP calculation, the PTT is used as a parameter for
psycho-physiological stress monitoring in [13] and for arousal
detection in sleep monitoring [24, 20].

A commonly used method for PTT calculation makes use
of the electrocardiogram (ECG) and the photoplethysmogram
(PPQG), recorded simultaneously for one patient. The ECG
sensor is mostly located on the patient’s chest, while the
PPG sensor is often placed near a finger. To connect both
sensors, the majority of the available systems use cables.
This approach is acceptable for stationary measurements
but turns out to be impractical if patient mobility is given
priority.

To overcome these limitations, we present a PTT moni-
toring system with dedicated ECG and PPG sensors, that
communicate wirelessly. One of the main challenges is the
exact time synchronization within the network. This is nec-
essary to calculate precise PTT values.

Several groups work on implementing PTT or cuff-less BP
measurements in wearable devices [26, 25, 21, 12]. As an ex-
ample, Zhang et al. propose a health-shirt for long-term BP
monitoring in [32]. Results are displayed on a wrist watch.
[28] presents a hardware prototype for PTT based blood
pressure measurements that uses Bluetooth to transmit the
acquired data to a PDA-phone for calculation and visual-
ization. [27] presents a wearable wrist device with manual
PPG measurements and Espina et al. present a wireless
PTT monitoring system that uses IEEE 802.15.4 [8, 9].

2. METHODS

2.1 Pulse Transit Time

As mentioned before, the PTT is the time, a BP wave
needs to travel from the heart to a distant point of the body.
Therefore, many PTT systems make use of an electrocardio-
graph and a photoplethysmograph to measure this time [6,
7, 13]. Another option is the utilization of bioimpedance
sensors as done in [7]. We stick with the analysis of ECG
and PPG signals for this work.

The typical curves of both examined signals are shown in
Figure 1. The R-wave peak represents the electrical depo-
larization that results in the contraction of the heart, initi-
ating a pressure wave that is released to the arteries. There-
fore, the R-wave peak can be considered as the time of the
starting pulse wave. The measurement of the arriving blood
pressure wave at the distant point is done as follows: The
generated PPG AC signal reflects the volume of blood lo-
cated between the light emitter and the photo detector of
the PPG sensor. The resulting curve, shown in the lower
part of Figure 1, represents the passing by blood pressure
wave.

Analyzing the existing literature, one can find several dif-
ferent points in the PPG signal used to calculate the PTT.
Possible options are the minimum [7], the maximum, the
point of maximum slope, a virtual base point [13] or 50% of
the maximum [20]. We decided to use the point of maximum
slope of the signal as it represents the maximum slope of the
pressure signal as well and can be interpreted as the time of
arrival of the pressure wave. Furthermore, this point is easy
to detect.

R-Wave Peak

ECG

PPG

Figure 1: Calculation of the PTT defined as the time
delay between the R-wave peak in the ECG and the
characteristic point of maximum slope in the PPG.

To ensure minimal detection jitter even under harsh con-
ditions like movement artifacts, weak signals or noise, we
used a wavelet transform based fiducial point detection al-
gorithm for ECG and PPG signals. These algorithms are
described in section 2.5.1 in detail.

2.2 System Concept

The system was designed for a small group of people doing
gymnastic exercises in a gymnasium. During their workout,
several vital signs are recorded and analyzed. Figure 2 shows
an overview of the projected system. It consists of two small
devices per person and a central base station (coordinator).
The first device is a two lead ECG monitor which is capable
of sampling at 250 Hz. This ECG monitor is attached to a
textile chest strap with integrated dry electrodes by several
snap fasteners. The use of textile straps and dry electrodes
turned out to be beneficial for several reasons. In contrast
to the utilization of conventional adhesive electrodes, they
can be easily applied by the patient without any help. Dry
electrodes provide a sufficient signal quality for PTT anal-
ysis. Textile straps are convenient, even if used for several
hours, and easy to clean.

The second device is a photoplethysmography sensor that
utilizes a conventional finger probe. The red transmission
signal is digitized at 250 Hz.

The desired system shall work for at least 16 hours with-
out recharging the internal lithium polymer battery. The
complete design cycle geared towards maximum energy con-
servation. This results in a hardware using ultra low power
microcontrollers, an energy efficient wireless protocol and
optimized sensor electronics.

Rather than transmitting the complete ECG and photo-
plethysmogram to the base station, the data is directly an-
alyzed on the device using specialized algorithms which are



Network
Controller

ECG-Sensor

Wireless
Link

Photoplethys-
mography
Sensor

Figure 2: The concept of the wireless PTT monitor-
ing system. ECG-sensors and PPG-sensors trans-
mit time stamps of detected R-wave peaks and PPG
peaks to the base station that calculates the PTT.
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Figure 3: Building blocks of the wireless PTT-
System.

executed on a microcontroller. To keep the network traf-
fic low, only relevant results are periodically transmitted to
the base station. This approach significantly reduces the en-
ergy consumption of the system since calculation costs are
in general substantially smaller than transmission costs [16].

The final calculation of the PTT is carried out on the cen-
tral base station, which might be a conventional personal
computer. The results are displayed for each individual pa-
tient during the exercise in a ”“Live View”mode and are saved
for further analysis. The resulting PTT graphs are enriched
by additional data (acceleration, temperature, etc.) that is
gathered by the two devices.

Figure 3 shows the hardware building blocks of the PTT
system. The basic hardware layout of ECG and PPG devices
is very similar. The sensor signals are amplified, filtered
and conditioned in the analog front-end and finally digitized.
The microcontroller runs the point detection algorithms and
transmits the resulting time-stamps to the master.

2.3 Signal Acquisition

The acquisition of the plethysmography signal is presented
schematically in the upper half of Figure 4. The electric
current, generated by the photo diode of the sensor, is first
transformed into a voltage and subsequently amplified and
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Figure 4: Schematic overview of the analog section
of the sensor hardware.

low-pass filtered. Finally, the signal is sampled to be digi-
tally processed.

Using standard sensors for pulse oximetry, the system is
able to derive a plethysmography signal from the infrared or
red channel. Depending on the type and placement of the
sensor used, the quality of the signal generated by utilizing
the different wavelengths varies. The current configuration
of our prototypes makes use of the red channel. This is
suitable for finger clip sensors.

The acquisition of the ECG signal is shown in the lower
half of Figure 4. Two independent differential channels offer
the possibility to switch channel in case of a noisy signal.

Both analog front-ends utilize software controlled dynamic
offset correction and dynamic gain adaption to optimize sig-
nal quality. Our analog ECG channel supports a full dy-
namic range of up to 300V at a 12 bit resolution (73nV
per digit). To our experiences, selecting a dynamic range
of around 7mV (1.7 4V per digit) provides good results in
most cases.

2.4 Radio Technology

The selection of an appropriate radio technology is one
of the key aspects in the process of designing a mobile sys-
tem with wireless connectivity. For a short range wireless
body sensor network, the selection is limited to some stan-
dard candidates: WiFi, Bluetooth, IEEE 802.15.4 and Zig-
Bee. Other proprietary radio technologies were not consid-
ered due to the lack of available hardware modules and high
development and testing costs for a stack implementation.

Only recently, the small energy-per-bit values of modern
WiFi solutions enables the usage of this technology in bat-
tery powered devices. Nevertheless WiFi is, from an en-
ergetic point of view, better suited for the transmission of
large chunks of data than for the frequent transmission of
very short messages as we intent to do. This is mainly due
to the overhead for network management and the TCP/IP
protocol.

While Bluetooth was used in several of our other body
sensor network (BSN) projects (Inmusens [30], ECG-Vital
[11], Well.com.e [3]), it can not be used here. The main
reasons are the limitation to eight active devices per net-
work and the comparatively high energy consumption for
datagram transmission.

IEEE 802.15.4 [15] is a standard for low rate wireless
personal area networks (LR-WPAN). The protocol was es-
pecially designed to provide small battery powered devices
with a low energy consuming radio technology. IEEE 802.15.4
defines only the physical and MAC layer of the OSI refer-
ence model. The implementation of higher layers is in the
responsibility of the user. For example ZigBee is based on
the 802.15.4-PHY and -MAC and adds network, security
and application layer functionality. These additional fea-
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Figure 5: The superframe structure in a beacon en-
abled IEEE 802.15.4 network (from [15, p.18]).

tures are not needed for the projected network and would
only introduce additional protocol overhead, resulting in a
higher energy consumption. Finally, IEEE 802.15.4 ideally
matched the requirements and was selected for this system.

The network operates at 2.4 GHz with a gross date rate of
250kBit/s. All devices are organized in a star topology with
the base station working as the 802.15.4 coordinator. The
star topology is less complex than the peer-to-peer mode.
All slave devices can only communicate with the PAN coor-
dinator. The additional benefits of the optional peer-to-peer
mode, like direct communication between devices or multi-
hop communication are not necessary for the desired use
case. Low energy consumption is the main design goal and
the star network simplicity greatly contributes to its reduc-
tion.

The central base station is responsible for network man-
agement and especially maintains the central time base for
the entire wireless network. None of the commercial avail-
able technologies provide time synchronization capabilities
on the user level out of the box. To guarantee a reliable
distributed PTT calculation, a maximum synchronization
error of +1ms is required. To archive this, a synchroniza-
tion algorithm was implemented using the 802.15.4 beacon
enabled mode.

Figure 5 shows the superframe structure of a beacon en-
abled 802.15.4 network. The superframe structure is bounded
by beacon frames sent by the PAN coordinator and is di-
vided into 16 equally sized slots [15]. Beacon frames are used
to keep all connected network devices synchronized. The op-
tional inactive period and guaranteed time slots (GTS) are
not used in our configuration.

All slave devices can send data during the contention ac-
cess period (CAP) using the slotted CSMA-CA mechanism.
Devices that have nothing to send within the current super-
frame can enter the power down mode until the next beacon
frame is expected. This further reduces their energy con-
sumption.

To provide the user level time synchronization that is nec-
essary for the generation of precise time stamps, the coor-
dinator maintains a real time base with a 1ms resolution.
This real time value is transmitted in the payload field of
every beacon. Before the transmission, the timer value is
corrected using the internal 802.15.4 symbol counter with a
16 ps resolution to reduce the timing jitter introduced by the
software stack. Beacons are sent every 983 ms (BeaconOrder
= 6).

Whenever a slave device receives a beacon frame, it ex-
tracts the real time data and resets the its own time to the
master time. Finally, a synchronization interrupt is trig-
gered on the MCU using one of the external pins.

2.5 Algorithms

2.5.1 Fiducial Point Detection

The fiducial points from both, ECG and PPG, are ex-
tracted on the basis of the Wavelet Transform (WT).

WT basics: The WT breaks a time dependent signal
z (t) down into different scales a. The wavelet coefficients
X (a,t) are derived by comparing the signal to a scaled and
translated wavelet 1, i.e.

Xao= [ Ly (=) g R*, teR
(a,)—[wx(r)%w<a)r. acR",teR
with @ € RT and t € R. The different scales correspond to
specific frequency ranges so that the WT acts as filter bank.

WT implementation: The numerical calculation of the
WT bases upon a discretization of its parameters. The for-
mulation
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with m € N and n € Z yields a dyadic, shift-invariant WT
(DyWT). In our implementation, the DyWT is performed
by applying the Algorithm & Trous [14]. Thereto, we apply
the Quadratic Spline Wavelet [18]. This choice permits an
implementation of the WT which exclusively relies on bit-
shifts and summations. This renders our implementation
useful for a real-time application under computational con-
straints. Details regarding the computational complexity
can be found in [30].

Peak Detection: The peak detection follows the ideas
of finding modulus maxima pairs in the wavelet coeflicients
across different scales which was, in the field of ECG process-
ing, originally proposed by Li et al. [17]. Compared to Li et
al. a simplified version was implemented which yields high
accuracy while avoiding any back-searches [31]. In both,
ECG and plethysmogram, the wavelet coefficients are com-
pared to adaptive thresholds. The adaptation is based on
previous detections and an actual noise estimate in the re-
spective signal. The search for QRS complexes is carried
out in scale m = 2 and m = 3, respectively. A removal of
artifacts is done out by invoking the scale m = 1. Consider-
ing the plethysmogram, relevant peaks are detected in scale
m = 3. The scale m = 1 is used to separate artifacts from
physiological events.

As a result of processing, for both signals timestamps are
generated which mark the occurrence time of QRS-complexes
and plethysmography peaks, respectively. By that, the im-
plemented processing steps guarantee for a high positive pre-
dictive value of found peaks in the ECG and PPG, respec-
tively.

2.5.2 PTT Calculation

The base station receives data from many slave devices.
As a first step, two corresponding devices must be paired
using their ID and a known patient assignment.

For every device pair, the system keeps two queues of
timestamps. One queue represents the detected ECG peaks
and the other the detected PPG peaks.

Due to the block transfer of data packets, there is always
a bulk of incoming peaks. In addition, peaks may be miss-
ing due to the impossibility of peak detection during heavy
movement of the patient. This demonstrates, that not ev-

. (Zim - n) — X(m,n)



Figure 6: Printed circuit boards of the prototype
hardware. The left side shows the ECG device and
the case with snap fasteners, the right side shows
the PPT sensor.

ery time stamp in one queue has necessarily a corresponding
time stamp in the other queue.

PPG peaks are expected to succeed ECG peaks within an
interval of 50 ms to 400 ms. The algorithm works as follows:
Incoming data is a bulk of either PPG peaks or ECG peaks
and is inserted into the corresponding queue. While both
queues are not empty, the system continuously tries to match
the two peaks at the head of the two queues.

If the time stamp of the current PPG peak lies before the
time stamp of the current ECG peak, or their time difference
is lower than 50 ms, no corresponding ECG peak could be
found and the PPG peak is discarded. If the time difference
of the ECG peak to the PPG peak passes a threshold (cur-
rently fixed to 400 ms) the system certainly missed a PPG
peak and the ECG peak gets discarded. Whenever the time
difference falls within the expected range, both peaks be-
long together and are removed from the queues. Their time
difference is the wanted PTT.

3. RESULTS

3.1 Hardware Prototypes

The first prototypes of the ECG and PPG hardware can
be seen in Figure 6. Both devices use the ultra low power
microcontroller TT MSP430F1611 [29], running at 8 MHz.

The wireless connectivity is provided by an Atmel AT-
megal28RFA1L [2]. The ATmegal28RFA1 is a 8-bit MCU
with an integrated IEEE 802.15.4 transceiver for the 2.4 GHz
band. The firmware of the transceiver module uses a cus-
tomized version of the Atmel 802.15.4 MAC-Stack [1] and
especially implements the time synchronization on user-level
feature.

Each device is equipped with a micro SD card that is used
to save firmware files and to buffer all data that could not
be delivered to the base station in time due to interference,
packet collision or while the sensor is out of range of the
coordinator. Additionally, all recorded data can be saved to
the card to keep raw data for potential analysis and algo-
rithm optimization.

The modular firmware of the sensor nodes uses an em-
bedded real time operating system. The code and the oper-
ational modes were optimized for low energy consumption.
The sleep modes are used as often as possible to hit the op-
eration time requirements. Additionally, the firmware of all

Figure 7: A pair of devices for the wireless PTT
system in a typical configuration. The ECG recorder
is worn around the chest using a textile strap, the
PPG sensor around the arm.

processors can be updated over the air using the network
management tool.

Figure 7 shows the final system as it will be used by the
patient. The ECG sensor is attached to the textile strap
containing dry electrodes. The PPG sensor is worn around
the arm. Commercial finger probes can be used with our
system.

Since the coordinator can not enter the sleep mode be-
cause the 802.15.4 inactive mode is not used, the base sta-
tion is the device with the highest energy consumption. It
has to receive and process the slave data and coordinate the
time synchronization. Therefore, the base station is simply
a small hardware module connected to the USB port of a
conventional, wall-powered PC. This module consists only
of the transceiver running a special base station firmware.
Incoming data is simply forwarded to the network manage-
ment tool, that has sufficient computational power to calcu-
late and display the PTT.

The time synchronization was tested with the first ten pro-
totype devices. An oscilloscope was connected to the syn-
chronization pins of several spatially separated transceiver
modules. The screen shot in Figure 8 shows the delay (syn-
chronization error) between two devices. The histogram
on the left side, calculated over 1000 beacon intervals, re-
veals synchronization error boundaries of around -600 ps and
400 ps. This is well within the desired range of £1 ms.

3.2 Measurement and Results

Figure 9 shows a short snippet of the signals generated
by the two sensors. This record was taken using a special
debug configuration of the sensor system. Using this opera-
tional mode, we were able to verify and optimize the signal
acquisition of the sensors. When operating normally, nether
the ECG nor the PPG curves are transmitted to maximize
the energy conservation.

As the experimental setup, we used a subject, equipped
with a set of prototype devices, on a bicycle ergometer.
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Figure 8: The oscilloscope screen shot shows the
time difference measurement of two separate de-
vices, synchronized by the network master. From
the histogram on the left side we find the time de-
lay uniformly distributed from -600 us to 400 us.
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Figure 9: Extract of the PPG and ECG signals
recorded with our hardware.

Table 1: Load levels on the ergomater during the
different stages of the experiment.

start time | duration | load level
[s] [s] (W]
0 100 0
100 120 50
220 120 75
340 120 100
460 60 125
520 60 150
580 240 25
350 Pulse Transit Time
— 20 Point Moving Average
3004

150

100

T T T T T T T T
0 200 400 600 800
time [s]

Figure 10: Results of the wireless PTT measure-
ment experiment in that a subjects uses an ergome-
ter with different load levels. Each point represents
a valid PPT value.

The coordinator was connected to a conventional PC that
recorded and analyzed the received data.

The bicycle ergometer was programmed with rising load
levels to increase the stress level of the subject, resulting in
an increasing heart rate and blood pressure. We used load
levels of up to 150 Watts. Table 1 documents the different
phases of the experiment and the corresponding durations
and load levels.

An advantage of a bicycle ergometer is the fixed relative
elevation of the finger clip to the subject’s heart. Addition-
ally, the subject moves less than on a treadmill which would
negatively affect the detection accuracy of the peaks.

Figure 10 shows the results of the experiment. Every mea-
sured PTT value is plotted over the time. One can notice
a jitter in consecutive PTT values. Therefore, a 20 point
moving average filter was applied to the data and the re-
sults were plotted as well.

The results show an increasing average PTT value for the
first 100s when the subject was, while sitting on the bicycle
ergometer, regenerating from walking before. As the stress
level of the subject is increasing, the average PTT is de-
creasing as expected. During the last four minutes of the
experiment the subject regenerates and the average PTT
value increases.



4. CONCLUSIONS AND FUTURE WORK

In this paper, we presented a wireless system for pulse
transit time monitoring. This system is particularly suited
for mobile applications since the hardware is not disturbing,
easy to use and no cables are needed to connect the ECG
sensor with the PPG sensor.

The presented system can be used to study PTT varia-
tions and might be helpful to further analyze the correlation
function between blood pressure and PTT. The main ben-
efits are precise and most notably continuous PTT values,
that can be used to monitor direct responses to load level
changes.

More complex and more robust methods for the determi-
nation of the time stamp of the arriving blood pressure wave
from PPG signal are to be examined. This could result in
less noise in the resulting PPT signal and so further improve
the system.

One of the main directions of future work will be the re-
duction of hardware size to improve the usability. Further-
more, we want to carry out research regarding the detection
of the most stable point within the PPG to improve the theo-
retical achievable accuracy. Another option is to change the
sampling rate of the ECG and the PPG to 500 Hz or 1000 Hz
to improve the accuracy of the calculated PTT signal. To do
this, we need to switch to a more powerful MCU. Currently
the used 250 Hz resolution is the upper limit for real time
execution of the detection algorithms.

At the moment, we are designing a new PPG sensor that
works without a finger probe but with a reflective sensor on
the forehead. Our experiments showed, that the forehead is
a good place for PPG measurements [22]. This position is
less prone to movement artifacts than the extremities. While
moving the arm up or down using a finger probe changes the
PTT, the position (relative height) of the forehead sensor
stays constant in relation to the heart.

The internal batteries of the next generation hardware
will be charged wirelessly. By removing the charger plug
opening, we are able to completely seal the hardware and
make it splashproof. This greatly simplifies the process of
cleaning and disinfecting the hardware what is an important
feature for medical use.

Finally, we are testing systems that only consist of the
ECG sensor and a PPG sensor. These systems are intended
for personal use and work without a central base station.
The ECG sensor will manage time synchronization, receive
the PPG data and directly calculate the PTT. The results
are written to the internal SD card and can be downloaded
for later analysis.
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