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Abstract: An application that uses ZigBee modules to transmit signals of ECG
(Electrocardiogram), Intraventricular Pressure (IVP) and Intraventricular Volume
(IVV) from a Conductance Catheter System (CCS) is presented. Wireless interface
is developed using ZigBee modules. One of these modules (‘COORDINATOR’)
is connected to a PC and receives signals from the remote module. The last,
configured as an ‘END DEVICE’, collects signals from the digital CCS. Data
including biomedical signals are previously processed using a Field Programmable
Gate Array (FPGA) device. ZigBee technology ensures robust communication
with very low power consumption, a feature that makes it suitable for implantable
biomedical devices.

Keywords: CCS; conductance catheter system; wireless transmission; ZigBee;
FPGA.
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1 Introduction

In a broad sense, Telemedicine or Telehealth generally refer to the use of communications and
information technologies for the delivery of clinical care. Telehealth adds a new paradigm
in healthcare where the patient is monitored between physician office visits or continuously
at home.

Through wireless technology, patient’s vital signs are monitored embedding sensors
into wireless biometric devices at home (Jung and Lee, 2008; Junnila et al., 2008; Kim
et al., 2007; Dagtas et al., 2007) or even into clothes (Kuryloski et al., 2009; Seppa
et al., 2008; Lahtinen et al., 2008; Vuorela et al., 2008; Seppa, 2007). Then, the collected
information is transmitted through a communication network to a remote station for
medical analysis.

Step further, implantable wireless medical devices have made possible the management
of patients with health chronic disorders. In this context, Congestive Heart Failure (CHF)
— a disorder that affects the ability of the heart to efficiently pump the blood — is the disease
that produces the greatest number of hospitalisations in the USA and Europe (San Roman
Teran et al., 2008; Fang et al., 2008) and also results in pathological conditions that require
monitoring and medical management.

Data from clinical trials have shown that a large number of patients hospitalisation for
CHF occurs as a result of venous congestion and volume overload (Fonarow et al., 2007,
2008; Allen et al., 2008). It has been suggested that remote monitoring of ambulatory CHF
patients could improve the long-term management of them (Hunt et al., 2001).

A recently evaluated implantable device makes it possible to monitor fluid accumulation
in chest (congestion) using impedance intrathoracic measurements (OptiVol, Medtronic Inc)
(Yu et al., 2005).

Other developments are able to transmit vital signs such as blood flow, pressure, ECG
and temperature (Axelsson et al., 2007).

To assess the haemodynamic state in CHF patient, pressure in the right heart side is
recorded and transmitted using transvenous leads, but dissociation between changes in this
parameter with progression of CHF was reported (Shaha et al., 2002).
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Another technique used to assess CHF progression is the CCS. By means of left
heart catheterisation, CCS records left IVP and IVV. This invasive technique can only be
implemented during surgery or in haemodynamic rooms. In this way, our research group is
developing an implantable fully digital CCS (Goémez et al., 2010), which transmits [VP, I[VV
and ECG signals wirelessly to a remote station.

This paper presents the design and evaluation of a wireless transmission system for
cardiac signals (IVP, VIV and ECG) and the necessary amendments implemented in the
digital CCS previously developed on FPGA-based conductance catheter design (Gomez
Lopez, 2008).

2 Design

The telehealth devices incorporate short-range and low-power consumption wireless
transmission protocols, being Bluetooth and ZigBee the most commonly used.

Even though only the ZigBee protocol — based on the IEEE 802.15.4 standard — contains
specifications for medical applications, there are a large number of approved medical devices
that use both protocols.

In our case, ZigBee protocol has been chosen because it optimises power consumption,
and thus, maximises battery life.

Figure 1 presents a complete system scheme including:

e  The FPGA-based CCS, which incorporates the logic functions required for data
transmission and a ZigBee transmitter module.

e The ZigBee receiver module connected to a PC, which displays signals.

A ZigBee evaluation kit (XBee PRO ZB, Cika Digi) is used. It includes two wireless
communication modules and two USB2UART boards used to create a serial port from a USB
port. Each module is a configurable modem that implements the ZigBee communication
standard protocol.

Figure 1 Scheme of the whole system
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The ZigBee receiver module is configured as ‘COORDINATOR’ while the module connected
to the CCS — transmitter module — is configured as an ‘END DEVICE’ because it can operate
in low-power consumption mode.
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Both modules are operated in Application Programming Interface (API) mode, which
allows better management of network properties.

Data conditioning is implemented in a reconfigurable FPGA device (FLEX10k70RC240,
Altera). Logic equations are configured in the FPGA using MAX+PLUS II development
system. Digital design is performed using graphical editor and hardware description
language (AHDL).

A graphical interface, implemented in LabView, allows reading and saving — in text file
— the data from the emulated serial port. Then, biological signals (IVV, IVP and ECG) are
plotted in the personal computer screen.

3 System description

Digital data (eight binary digits per each value) are recorded in a ROM memory. This memory
provides data to another RAM read/write memory, which is used to generate the message
to be transmitted using ZigBee protocol. Both memories are included in the FPGA device.

When the transmission is requested, each byte of the message, one by one,
is extracted from RAM and it is converted to serial protocol (RS232). Then, it is
inserted into pin 3 (‘DIN’) of the transmitter module (END-DEVICE) (Figure 2). The
END-DEVICE stores data in a buffer until wireless transmission to the destination address
specified in the message is performed. The enable input (START) — which starts the message
transmission — is connected to the END-DEVICE output ‘DIO2’. Pin ‘DIO2’ state is
changed to low wirelessly when transmission is desired. While the ‘DIO2’ output is low, the
end-device keeps awake and the FPGA message generation is activated.

To generate a message, 56 RAM addresses are used (Figure 3). At the first 17 RAM
addresses, a 17-byte fixed header is recorded. Within each message, there are 34 bytes of
IVV, IVP or ECG signals. In the following 34 addresses, 34 bytes of data (provided by
ROM) are written in the RAM. Finally, a check byte is written in the last RAM address.

A guard time of 24 bits (3.5 ms) is generated between messages.

Figure 2 Block diagram to carry out biological signal transmission
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Figure 3 FPGA generated messages description (see details in text)
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4 FPGA-based logic design

Figure 4 shows a block diagram of the FPGA-based logic design implemented in the
FLEX10k70RC240 device. The system has two inputs (START and CLOCK) and one output
(T_x), which is connected to pin ‘DIN’ of the END DEVICE (Pin 3) (Figure 2).

Figure 4 Logic built into the FLEX10k70RC240 device using MAX + PLUSII program
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When the START input changes to low state, the following actions occur:

1 MESSAGE CONTROL module is restarted. This block creates both, CLK1 and
CLK2, from the FPGA main CLOCK.

e CLKI is implemented with a counter. The carry output of this counter is used as
an 872 Hz-synchronous clock. Its frequency is 11 times slower than the RS232
serial protocol frequency (9600 bps). Note that to serialise one byte using RS232
protocol, are necessary 11 CLK2 pulses.

e CLK2 provides a 9600 bps-output frequency. This frequency is used to serialise
the data (RS232 protocol).

2 COUNTER MOD 1001 and COUNTER MOD 56 modules, which control the
addressing of ROM and RAM memories, respectively, are also restarted.

3 SUMA block is restarted. It generates a byte (CHECKSUM) to detect if the message
has been successfully generated. The resulting CHECKSUM byte is written in the
53rd RAM address. A guard-time, where no data are transmitted, is also generated
by SUM module between two consecutive messages to prevent data loss. During
guard-time, COUNTER MOD 1001 module is disabled keeping constant the ROM
address.

4  TRANSMITTER module, which is implemented as a finite-state machine, is
restarted. It is responsible for serialising data provided by RAM memory
(D [7.0]). It also allows adding the start-bit, parity-bit and stop-bit required
for serial communication.

A total of 1001 data bytes corresponding to biological signal (IVV, IVP or ECG) are loaded
into a ROM memory configured in the FPGA device. The 8-bits memory output is used as
an input for RAM memory. Each message is composed by the bytes at the output of this
memory (D [7.0]).

During the first 17 states of COUNTER MOD 56 module, the bytes at RAM output
are the message header. In this period, the RAM is set in ‘read mode’. During the next 35
pulses of CLK1, the RAM is set in ‘write mode’ to receive data from ROM memory and
from SUMA module. Therefore, the data are placed in the memory output during the first
52 states of the COUNTER MOD 56 module to be later admitted by the TRANSMITTER
module, where the data are serialised and sent to the END DEVICE. During the
following four states of COUNTER MOD 56 module, the TRANSMITTER output is in
HIGH state (‘idle’ state in RS232 protocol) generating a guard time in which the END
DEVICE does not detect the presence of any bit. Then, the COUNTER MOD 56 is restarted.
Finally, the END DEVICE packs and sends, during the guard time, the 52 bytes previously
received.

The described logic design was developed, compiled and incorporated into the
EPF10k70RC240 device using the MAX + PLUSII program and the UP2 educational
board.
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5 Results

5.1 Transmitted message flow

Figure 5 shows the message flow — from the Coordinator to the computer — on the oscilloscope
screen (TDS 1001B, Tektronik) as a function of time. Channel 2 signal is generated by the
FPGA when COUNTER MOD 56 module is restarted. For each positive pulse of this signal
a message is received by COORDINATOR module connected to PC (Channel 1).

Figure 5

Flow message. Top: Data packets as function of time. Dark area corresponds to the
transmitted data. It can be seen the guard time between packets. Bottom: the sync pulse
that triggers the transmission of each packet
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5.2 LabView-based display

Received data visualisation is performed using LabView-based graphical user interface
(Figure 6), where data packets — corresponding to biological signal — are extracted from
each message. Biological data are stored from 15th to 49th byte in each received packet.

Figure 6

Computer screen where the biological transmitted signals are presented as a function
of time (superimposed) using a graphical user interface LabView-based. ECG, arterial
pressure and intra-ventricular pressure are sequentially presented from top to bottom
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5.3 Transmission rate

To avoid data loss, a transmission period higher than 50 ms (20 Hz rate) is suggested
(ZigBee standard). In this context, it has been proven that no data loss occurs if packets with
a maximum load of 84 bytes are transmitted using a transmission period less than 50 ms
(Pinedo and Garcia, 2008).

In this paper, a 52 bytes message is generated by FPGA. For message transmission,
a 64 ms transmission period is used, which is equivalent to a 15.6 Hz transmission rate.
Therefore, the bit transmission rate is 6500 bps, and the effective transmission rate,
considering that only 34 data bytes of IVV, IVP or ECG signals are transmitted within each
message, is 4250 bps.

5.4  Transmitted data error

A check-byte at the end of each message is included according to ZigBee protocol
(CHECKSUM in Figure 3). Receiver module verifies this byte on received messages to
detect if the data has been transmitted successfully (check data integrity). If no match is
found between generated and received check-byte, a failure message is send to transmitter.
This module resends the message up three times, if the error persists the message is
discarded.

Note that using ZigBee wireless standard protocol, which includes a check-byte in each
message or a similar integrity control system, the message received matches perfectly with
the original one.

6 Discussions

The emphasis has been on developing a wireless transmission system for biological
signals based on the ZigBee protocol. A few considerations regarding the design described
previously deserve to be discussed.

As mentioned, the wireless transmission is performed by data packets. Every packet
must be stored in a buffer in the END DEVICE. In turn, the END DEVICE packs and sends
the data if during the time equivalent to 12 bits serialisation no data is received at pin 3
(DIN). The latter is set by default but is likely to change.

This memory-buffer can become saturated, in which case, the whole packet — in the END
DEVICE’s buffer — is discarded.

To avoid losing information by buffer overflow, a flow control signal called CTS (Clear
To Send), normally active LOW state, is used. In our design, 17 bytes before the buffer fills
up, CTS switches to HIGH state indicating to the FPGA device to stop sending information
to the wireless module.

Another approach for avoiding buffer saturation and packets loss is properly set times
so that the buffer never reaches saturation; this is achieved by in compliance with the guard
time between messages.

ZigBee protocol specifies a maximum load of 84 bytes per message; this can contain
up to 66 bytes of information. To no loss messages, the higher transmission rate must be
20 Hz (which means a 50 ms transmission period). So, the maximum bit transmission rate is
13.440 bps, and the maximum effective bit transmission rate is 10.560 bps.
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The real-time transmission of a biological signal sampled at 200 Hz requires a 1600 bps
transmission rate, hence to transmit three of these signals a 4800 bps transmission rate
would be necessary. Therefore, the ZigBee protocol allows us to transmit online the signals
selected.

In our application, ‘real time’ is defined as the ability to display data on a PC with a
maximum delay time that coincides with the time required for the generation and transmission
of ‘one’ packet information; this is 64 ms.

7 Conclusions

The ZigBee-based wireless interface has been developed and successfully probed using
the previously designed FPGA-embedded CCS. Besides the XBee modules, no digital or
electronic component has been added to CCS.

Because of ZigBee protocol, END DEVICE can be wirelessly configured reducing the
power consumption.

It also allows implementing security mechanisms to increase system reliability; because
of the ‘ckeck-byte’ included at the end of each packet, the reception and visualisation of
erroneous messages is no possible.

The major conclusion is that the ZigBee protocol easily and accurately implements
wireless transmission of biological signals. Also, the possibility of configure security
systems and reduce power consumption makes this protocol very suitable for implantable
biomedical devices.

Furthermore, heart failure patient monitoring by wireless data transmission could be
improved by the ability of the developed system to achieve data collection without patient
interventions or catheterisation. Finally, this system requires an exhaustive analysis in the
near future.

References

Allen, L.A., Metra, M., Milo-Cotter, O., Filippatos, G., Reisin, L.H., Bensimhon, D.R. Gronda,
E.G., Colombo, P., Felker, G.M., Cas, L.D., Kremastinos, D.T., O’Connor, C.M., Cotter, G.,
Davison, B.A., Dittrich, H.C. and Velazquez, E.J. (2008) ‘Improvements in signs and symptoms
during hospitalization for acute heart failure follow different patterns and depend on the
measurement scales used: and international, prospective registry to evaluate the evolution of
Measures of Disease Severity in Acute Heart Failure (MEASURE-AHF)’, Journal of Card Fail,
Vol. 14, pp.777-784.

Axelsson, M., Dang, Q., Pitsillides, K., Munns, S., Hicks, J. and Kassab, G.S. (2007) ‘A novel, fully
implantable, multichannel biotelemetry system for measurement of blood flow, pressure, ECG,
and temperature’, Journal of Application Physiological, Vol. 102, pp.1220-1228.

Dagtas, S., Pekhteryev, G. and Sahinoglu, Z. (2007) ‘Multi-stage real time health monitoring via
ZigBee in smart homes’, Paper presented at the 27st International Conference on Advanced
Information Networking and Applications Workshops IEEE, Niagara Falls, Canada, pp.782—786.

Fang, J., Mensah, G.A., Croft, J.B. and Keenan, N.L. (2008) ‘Heart failure-related hospitalization in
the US’, Journal of Am. Coll. Cardiol., Vol. 52, pp.428—-434.

Fonarow, G.C., Abraham, W.T., Albert, N.M., Stough, W.G., Gheorghiade, M., Greenberg, B.H.
O’Connor, C.M., Pieper, K., Sun, J.L., Yancy, C.W. and Young, J.B (2008) ‘Factors identified
as precipitating hospital admissions for heart failure and clinical outcomes: findings from
OPTIMIZE-HF’, Journal Arch. Intern. Med., Vol. 168, pp.847-854.



ZigBee-based wireless transmissions interface 29

Fonarow, G.C., Heywood, J.T., Heidenreich, P.A., Lopatin, M. and Yancy, C.W. (2007) ‘Temporal
trends in clinical characteristics, treatments, and outcomes for heart failure hospitalization, 2002
to 2004: findings from Acute Decompensated Heart Failure National Registry (ADHERE)’,
Journal of Am. Heart, Vol. 153, pp.2001-2008.

Gomez Lopez, M.A. (2008) Equipo Para Mediciones en el Sistema Cardiovascular: Tecnologia FPGA
Aplicada a la Determinacion de Voluimenes Cardiacos, Magister Thesis, Universidad Nacional de
Tucuman, Tucuman, Argentina.

Gomez Lopez, M.A., Olivera, J.M. and Herrera, M.C. (2010) ‘Real time conductance catheter system
based on FPGA’, Paper presented at the 32nd Annual International IEEE EMBS Conference,
Buenos Aires, Argentina, pp. 2525-2528.

Hunt, S.A., Baker, D.W., Chin, M.H., Cinquegrani, M.P., Feldman, A.M., Francis, G.S., Ganiats, T.G.,
Goldstein, S., Gregoratos, G., Jessup, M.L., Noble, R.J., Packer, M., Silver, M.A., Stevenson,
L.W., Gibbons, R.J., Antman, E.M., Alpert, J.S., Faxon, D.P.,, Fuster, V., Gregoratos, G., Jacobs,
A K., Hiratzka, L.F., Russell, R.O., Smith, and S.C. Jr (2001) ‘ACC/AHA task force on practice
guidelines’, Circulation, Vol. 48, No. 4, pp.149-246.

Jung, J.Y. and Lee, J.W. (2008) ‘ZigBee device access control and reliable data transmission in ZigBee
based health monitoring system’, Paper presented at the /EEE 10th International Conference on
Advanced Communication Technology, Gangwon-Do, Korea (South), pp.795-797.

Junnila, S., Defee, 1., Zakrzewski, M., Vainio, A. and Vanhala, J. (2008) ‘UUTE home network
for wireless health monitoring’, Paper presented at the /EEE International Conference on
Biocomputation, Bioinformatics, and Biomedical, Bucharest, Romania, pp.125-130.

Kim, B.,Kim, Y., Lee, I. and You, I. (2007) ‘Design and implementation of a ubiquitous ECG monitoring
system using SIP and the zigbee network’, Future Generation Communication and Networking
(FGNC), Vol. 2, pp.599-604.

Kuryloski, P., Giani, A., Giannantonio, R., Gilani, K., Seppd, V.P,, Seto, E., Gravina, R., Shia, V., Wang,
C., Yan, P, Yang, A., Hyttinen, J., Sastry, S., Wicker, W. and Bajcsy, R. (2009) ‘Dexternet: an open
platform for heterogeneous body sensor networks and its applications’, Paper presented at the 6th [EEE
International Workshop on Wearable and Implantable Body Sensor Network, Berkeley, CA, pp.92-97.

Lahtinen, O., Seppd, V.P., Viisédnen, J. and Hyttinen, J. (2008) ‘Optimal electrode configurations for
impedance pneumography during sports activities’, Paper presented at the 4th European Congress
for Medical and Biomedical Engineering, Antwerp, Belgium, pp.1750—-1753.

Pinedo, F. and Garcia, J.A. (2008) ‘An experimental analysis of Zigbee Networks’, Paper presented at
the 33rd IEEE Conference on Local Computer Networks, Montreal, Canada, pp.723-729.

San Romén Teran, C.M., Guijarro Merino, R., Guil Garcia, M., Villar Jiménez, J., Martin Pérez, M.
and Gomez Huelgas, R. (2008) ‘Analysis of 27,248 hospital discharges for heart failure: a study
of an administrative database’, Journal Clin. Esp., Vol. 208, pp.281-287.

Seppd, V.P. (2007) Bioimpedance in a Wireless Wearable Device, Magister Thesis, Universidad de
Tecnologia de Tampere, Tampere, Finlandia.

Seppd, V.P., Lahtinen, O., Viisdnen, J. and Hyttinen, J. (2008) ‘Assessment of breathing parameters
during running with a wearable bioimpedance device’, Paper presented at the 4th European
Congress for Medical and Biomedical Engineering, Antwerp, Belgium, pp.1088—1091.

Shaha, M.R., Hasselblada, V., Stinnetta, S.S., Kramera, J.M., Grossmanb, S., Gheorghiadec, M.,
Adams, Jr. K.F., Swedberge, K., Califfa, RM. and O’Connora, C.M. (2002) ‘Dissociation
between hemodynamic changes and symptom improvement in patients with advanced congestive
heart failure’, Eur: Journal of Heart Fail, Vol. 4, No. 3, pp.297-304.

Vuorela, T., Hinnikéinen, J. and Vanhala, J. (2008) ‘Plaster like physiological signal recorder — design
process, lessons learned’, Paper presented at the International Scientific Conference on Smart
Textiles — Technology and Design, Boras, Sweden, pp.89-96.

Yu, C.M., Wang, L., Chau, E., Chan, R.H., Kong, S.L., Tang, M.O., Christensen, J., Stadler, R.W. and
Lau, C. (2005) ‘Intrathoracic impedance monitoring in patients with heart failure: correlation

with fluid status and feasibility of early warning preceding hospitalization’, Circulation, Vol. 112,
pp.841-848.





