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Abstract

ECG signal tele-monitoring that uses WLAN has been investigated and developed in recent years in order to
enhance the efficiency of cardiovascular disease treatment and monitoring. However, there are several
problems that may occur during the ECG signal transmission-receiving process, including bit errors and data
packet loss. The causes of such problems include obstructions signal weakening due to far distances, larger
number of users accessing the network at the same time, the presence of different WiFi networks operating
at the same frequencies as that of ECG-WLAN and especially transmitted data packet sizes, of which
significant changes will result in data loss on the transmission line. ECG signal compressing before
transmitting is, therefore, critical. A two-state ECG compression algorithm has been proposed by the same
group of authors in [1] and [2]. This paper describes the experiment and evaluation of the efficiency of the
proposed WLAN-based two-state ECG compression algorithm. ECG data used in this experiment was from
an arrhythmia ECG database. The results of experiment were evaluated by comparing some parameters
such as packet error rate-PER, signal throughput, percentage of RMS difference (PRD), PRD Normalized
(PRDN) and time delay between compressed and uncompressed signals and showed that the two-state

compression algorithm helped to improve efficacy in ECG signal- WLAN transmission.
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1. Introduction

Cardiovascular disease is among the most fatal
diseases, with the sudden death rate up to 50% [1].
Therefore, quick, on-time and efficacious responses
from doctors to any suspected symptoms are vital.
That leads to the development of a number of ECG
tele-monitoring systems using WLAN (wireless local
area network) [1-5], a simple, low-cost and common
wireless network being currently in operation in most
of the hospitals in Vietnam and over the world.

WLAN offers a bandwidth up to 100MHz and a
data rate of 600Mbps (IEEE 802.11n) [6,7] that is
suitable for monitoring a large number of patients
from distance. However, network congestion can still
occur when too many devices accessing the network
in one time causing delay in data transferring.
Furthermore, noise interference from surrounding
environment can likely be serious enough to cause
errors in data or data packet loss. A common solution
for tackling these problems is to compress the ECG at
the transmitters which helps reduce the bandwidth
usage, the transmission delay, the network congestion
and errors in data [8]. Recently, we have developed a
compressing method, called two-state ECG
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compression algorithm, which achieves a good
balance between high compression ratio and low
error in decompression [9,10]. This algorithm’s
advantage lies in its flexibility, with its compression
ratio being adjustable to suit the WLAN condition.
The concept of the algorithm is to divide the ECG
into two periods: (i) the simple period including P and
T waves (low-frequency fluctuation) compressed with
higher compression rate ACR, and (ii) the complex
period including QRS complex (high-frequency)
compressed with lower compression rate ICR [9,10].
In publication [10], the algorithm was tested with
different pairh CR-ICRs of 2-2, 4-2, 6-2, 8-2, 10-2, 6-
3, 9-3, 12-3, 15-3, 8-4, 12-4, 16-4, 20-4, 10-5, 15-5,
20-5 and 25-5 in 48 MIT-BIH ECG recordings and 9
CU ventricular tachyarrhythmia ECG recordings [11].
The most compromised compression ratio in the test
was 15-3 with good compression ratio, low PRD
(Percentage RMS Difference) and low distortion in P,
R and T peaks (low PMAE) [10].

In this paper, the algorithm is tested in the
realistic  WLAN transmission environment with
different compression ratios and different packet
lengths. The concept of the experiment will be
presented in the next section.

2. WLAN ECG Transmission experiment using
Two-state ECG Compression Algorithm.
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2.1. The experiment scenario

In this experiment, the simple Client-Server
topology is used for testing the ECG compression
algorithm. The model of a Client-Server WLAN ECG
transmission using the compression algorithm is
shown in Fig.1. The ECG database is the ECG
arrhythmia recording set, which can be found in [11].
In the transmitter (Client) side, after the signal
processing stage to reduce the power-line noise and
baseline drift from the signal, the ECG is compressed
using the two-state compression algorithm [10] and
then fed to a WiFi module (integrated in Client) and
sent to a router. In the receiver (Server) side, the ECG
signal received from the router will be decompressed
for storing and/or displaying.

The router used in the experiment is the Tenda
W311R with the transmit power of 17dBm and gain
of 5dBi. The reception sensitivity to different rates is:
54M:-74dBm@10% PER; 11M:-85dBm@8% PER,;
6M:-88dBm@10% PER; 1M:-90dBm@8% PER. The
Server is a Dell Vostro 2440 (Intel Core i15-3210M @
2.50GHz, Windows 10 64bit), while the Client is
aDell Inspiron 3548 (Intel Core i5-4200@1.6GHz,
Windows 7 64bit, card Wifi Intel Wireless-N 7260).
The transmit power of the Client is set at 20dBm.

signal processing " Compress and § A
to fiter ECG pack ECG Wik
Transmitter (Client) \§

I 1
P A
store and/or :I decompress ] d
display ECG < f\ _—
Cable

Router
Receiver (Server)

Fig. 1. The model of the Client-Server WLAN ECG
transmission experiment with decompression.

The most widely used WLAN standard in
Vietnam is IEEE 802.11 due to its flexibility,
simplicity and low cost [4]. There are four sub-
standards in IEEE 802.11 including 802.11a, 802.11b,
802.11g and 802.1ln. 802.11a uses the transmit
frequency of SGHz which is not popular in Vietnam,
while 802.11n is complicated and high-cost compared
to other three, although it can uses both transmit
frequencies of 5Ghz and 2.4GHz [6]. The rest two
(802.11b and 802.11g) use only 2.4GHz but they
provide good noise immunity (802.11b), good data
rate and throughput (802.11g) [12]. Meanwhile, ECG
signal with a normal sampling rate of 200-500Hz and
the sample resolution of 11-16bit [5] often requires
such characteristics of 802.11b and 802.11g to be
preserved in the Server side. As a result, the
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combined topology 802.11b/g is wused for the
experiment. We only intervened the Application layer
(in the OSI model) since testing the compression
algorithm is our sole focus. We also chose both TCP
and UDP protocol in transmission depending on the
kind of package. TCP protocol though possesses a
mechanism of controlling  congestion, such
mechanism increases significantly the transmission
delay when used in a noisy environment (high bit
error rate - BER) in hospitals [13]. Meanwhile, the
allowable delay time for the real-time patient
monitoring applications does not exceed 3 seconds
[13]. UDP, on the other hand, guarantees the real-time
application but provides no package controlling
mechanism (no retransmission when an error occurs).
In fact, UDP is used in most of the wireless patient
monitoring devices. Hence, the package loss and the
transmission delay of UDP were also evaluated in the
experiment.

Waiting for
™| connection Request|

Transmission
Channel
Setting

l

Data receiving

a)

b)
Fig. 2. Handshaking stage at the Server (a) Client (b)

The process of sending-receiving is described as
below:

First stage: handshaking. Server has to finish
the handshaking process with Client to start a data
communication channel. In this stage, Client will
send information related to the compression to Server
containing signal sampling rate, compressed or full
signal, the two compression rates hCR-ICR if
compressed signal. Because of the importance of
these information, this handshaking stage is done in
TCP protocol. The stage is described in Fig.2.

Second stage: data sending. In this stage, Client
starts sending ECG to Server using UDP protocol.
The effect of different compression ratios on the
decompressed signal’s quality will be evaluated here.



Journal of Science & Technology 123 (2017) 036-042

Third stage: end the channel. A notification
package is sent from Client to Server using TCP
protocol to close the channel

2.2. Experiment setup and parameter selection

2.2.1. Package
selection

length and compression ratio

It is obvious that there is a delay in getting all
the samples before operating the compression.
However, this delay time is counted into the overall
transmission delay which is not allowed to exceed 3
seconds in the real-time applications [13]. Choosing a
small package length each time helps reduce the bit
error [8] that leads to the package loss in the
Application layer [6]. However, too small packages
on the other hand increase the header-data length
ratio and hence waste the bandwidth resources. In the
experiment, two different package lengths of 90
samples and 180 samples are chosen, which are not
too small and whose delay times are 90*1/360=0.25s
and 180*1/360 = 0.5s (the sampling rate is 360Hz).
The process of communication regarding the package
length is shown in Fig. 5.

In terms of compression ratio, a number of pair hCR-
ICRs have been validated in [9] to have acceptable
errors in decompression including hCR-ICR={4-2, 6-
2, 8-2, 10-2, 6-3, 9-3, 12-3, 15-3}. These ratios are
also picked for this experiment.

There are 500 packages of ECG in total in one
experiment of transmission with one compression
ratio and one package length.

2.2.2.Software

Two different software are also written separately for
Server and Client with their GUI shown in Fig.3 and
4.

2.2.3.Evaluating parameters

Some common parameters are often used for
evaluating  compression  algorithms  including
Compression Ratio — CR, Packet Error Rate — PER,
throughput, Percentage RMS Difference — PRD,
Percentage RMS Difference Normalized — PRDN and
amd the total delay.

= Compression Ratio (CR)

Bytes before compression
CR =

Bytes after compression

= Packet Error Rate (PER)

sent packages — received packages

PER(%) = .100% (2)

sent packages
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The number of sent packages here is 500 packages,
while the number of received packages is recorded in
a .csv file generated by the Server software. The
packages are numbering from 0-255 and the number
is reset back to 0 after the 256th package.

For each compression rate and each package length,
we repeat 10 times of the transmission and take the
average PER.

According to [6], the maximum allowable package
loss is 5% in the ECG real-time application, or it will
lead to fault diagnosis. The cause could be some
objects staying in between Client and Server, the
distance

or the network congestion, and the package will be
discarded if the Datalink layer cannot fix the error
bits [7].

sunn T -_— T - -_— - -
-80dBm (1-69/730)*100% = 5.48%
C;m Blocksize  hCR-ICR DBownload Vil -
yes 72 4 -2 167 (bytels) 25m Dang
T
2 H L9 il Bl Ml ] < | L L

Fig. 3. GUI of the Server’s software displaying PER
and the pair hCR-ICR

Y Axis

Fig. 4. GUI of the Client’s software while sending
ECG to Server.

= Throughput:

Throughput (byte/s) is calculated at the output of the
Client’s Application layer.
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ECG Data Reading

Samples number: = 0
Packets number: = 0

Sampling with 360Hz;
number ++ |€—

amples numbei
= 90(180)?

Two-state
Compression/
No compression

Transfer to transport
layer for transmitting;
Packets number ++

Fig. 5. The communication process regarding

different package lengths

After each second, the total sent bytes is stored
in .csv file generated by the Client’s software. After
all 500 packages are sent, an average throughput is
calculated.

= Percentage RMS Difference ( PRD):

PRD compares the original signal before
compression and the signal after the decompression.
In this experiment, PRD represents for the error at the
final output signal at the Server caused by both the
package loss and the compression algorithm
itself. The lower the PRD, the better the signal is
preserved [14]. Similar to PER, PRD here is taken
average of the 10 transmissions for each compression
ratio and each package length.

2o i — 9)?
2ot )?
yi, Vi are respectively the ith sample of the original

ECG and the ECG after being decompressed. N is the
total samples.

= Percentage RMS Difference Normalized (PRDN)

PRD(%) = 100% . 3)

PRDN is another parameter for evaluating the
error and is calculated as in (4).

20t = 9)?
0t =)

¥is the average value of the original ECG sample.

PRDN(%) = 100%. 4)

] The total delay (Tpeiay)

Tpelay = tcompression+ packing + teransmission

+ tdecompression (5)

The compression and packing time is calculated
in Client, while the decompression time is recorded in
Server. The transmission time is approximated as a
half of the Round Trip Time (RTT), also called Round
Trip Delay Time (RTD), which is the time finishing
sending the package from the transmitter to the
receiver plus the time of confirming the package
arrival. All the numbers are taken average from 500
packages and stored in a .csv file.

2.2.4. Experiment setup

The system is tested in two conditions: with
obstructions and without obstructions staying in
between Client and Server. In the case with
obstructions, Server and the router are placed inside
the room 306 as shown in the Fig.6, while Client
stays outside in the corridor with the objects
containing the brick wall of 20cm thickness, glass
door and windows with iron bars.

In the transmission without obstructions
experiment, Server and Client are placed on the same
line and in an open space, with the distance of 150m
away from each other.

308-C9 Room 307-C9 Room 306-C9 Room

UL

Client

‘/

Client

39

5m 15m

Fig. 6. The scenario of the transmission with
obstructions between Client and Server.

3. Rerults

3.1. Transmission with obstructions between Client
and Server

During the experiment, the results are
interestingly different between the working days and
the weekends.

On the working days:

The distance between Client and Server was
25m (Fig.6). The signal power at this position was -
80dBm with a chosen Wifi network shown in Fig.7.

With package length of 90 samples: the average
delay time (74z) with all compression ratios was

373ms. It proves that the compression and
decompression were simple enough for the
application. =~ With  the sampling time of

90*1/360=0.25 seconds, the total delay was 287,3ms
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which is also accepted for a real-time monitoring.
The results of the experiment with different
compression ratios is presented in table 1. As can be
seen, in the case of sending data without
compression, the PER is 8.6%, PRD=0.62423% and
PRDN 34.3185% indicating it the worst case
among others. With compression and with the
increase of CR (hCR-ICR=4-2, 6-2, 8-2, 10-2, 6-3, 9-
3, 12-3, 15-3), better PERs, PRDs and PRDNs were
achieved. In the least CR of hCR-ICR = 4-2, PER was
7.2%, Throughput was 5 times lower (only 146
byte/s) compared the uncompressed case. While in
the highest CR of hCR-ICR =15-3, PER was down to
merely 1% and Throughput was nearly 1/10 of the
uncompressed case. The delay time 7.z although
fluctuated among cases, the numbers were generally
low (below 52ms) which is fast enough for the real-
time applications. Fig. 8 displays the ECG received
and decompressed on working days, in case of the
highest CR of hCR-ICR =15-3 and the signal power
of -80dBm.

Chosen Wifi network

ESSID BSSID Channel  Security Code Network type  RSSI

wal 3. WPA_PSK TKIP+AES  Infrastructure -80 dbm
il ASEFI0 WPA2_PSK TKIP+AES  Infrastructure -72dbm
aill Admin WPA2_PSK TKIP+AES  Infrastructure -84 dbm
il WIFT-HUST Open Nene Infrastructure  -70 dbm
Al WIFI-HUST Open None Infrastructure 65 dbm
il WIFT-HUST Open None Infrastructure  -71dbm
il BM-QQDT-C9 7 WPA_PSK TKIP+AES  Infrastructure 68 dbm
Al WIFI-HUST 6C:FA:89:18:C2:20 11 Open None Infrastructure  -61dbm
il WIFI-HUST 6C:FA:89:18:BC:B0 & Open None Infrastructure 69 dbm
willl TP-LINK_DSDFEE 00:1D:0F:D9:DF:C0 6 Open None Infrastructure  -68 dbm
M D-Link 2 WPA2_PSK TKIP+AES  Infrastructure 47 dbm
il BMQTKD 3 WPA2_PSK TKIP+AES  Infrastructure -81dbm
il WIFI-HUST 1 Open None Infrastructure  -71 dbm
M WIFI-HUST 1 Open None Infrastructure  -51 dbm
Al WIF-HUST 1 Open None Infrastructure 66 dbm
il BM QLTC 1 WPA2_PSK TKIP+AES  Infrastructure -74dbm
il TP-LINK [ Open None Infrastructure  -78 dbm
il P702 6 WPA2_PSK TKIP+AES  Infrastructure -77 dbm

Fig. 7. Available Wifi networks at the place of the

Thetay
@R PER ThroughPut (ms)
) (Bytesfs) PRD PRON
Orly Compression nly
. Compression Tranamizsion | Comgression
e 100 |86 728 062423 [0 343185 0 7.1
comprassion
42 196 |72 146 055150 | 011238 30,8599 618129 512
52 541 |48 13 037147 | 013677 204224 750603 461
Compression g5 658 |35 10 036435 014242 200314 7.83362 253
Ratio
53 EER E3 032055 | 014271 176233 7.84580 305
(NCRICR)
102 |83 |26 3 032458 | 014811 178448 812873 232
o3 88 |17 2 029822 | 014965 163953 823143 249
123 [ss |13 ) 027165 | 017152 14.9347 943433 513
153 |es2 |10 7 023130 | 018248 12.7164 1001458 | 157

Table 1. Results with the packet length of 90 samples
on working days and with obstructions between
Client and Server.

With package length of 180 samples: the
average delay time (7.s) with all compression
ratioswas 35ms, similar to the case of 90-sample
package. With the sampling time of 180*1/360=0.5
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seconds, the total delay was 535ms, still low
compared the maximum allowable delay time of 3
seconds. The results in this package length case can
be found in table 2 with a same trend in 90-sample
package case. It is, along with the increase of the CR,
the lower PER, Throughput, PRD and PRDN we get.
Throughput results were lower than in 90-sample
case that is understandable because of the lower
number of headers throughout the whole
transmission.

In order to observe a heavy distorted signal, we
increased the objects by placing Client in the Room
306 (Fig.6) and repeated the transmission with the
package length of 90 samples and hCR-ICR = 15-3.
The distorted ECG in this situation is shown in Fig.9,
with PER of 16.28% and the signal power of -90dBm
only. Some periods went missing which was the
result of the transmission only, not of the
compression algorithm.

Table 2. Results with the packet length of 180
samples on working days and with obstructions
between Client and Server.

Tielay
® T.Ej Té;fi}:" PRD PRON ms)
Compreon+ Only Comprezzion + only
Tramision | Compresson | Transmsion | Compression
No

e m | 58 m | s | o 18574 0 | as
0| 2 0 | 085 | 0lo | 2653 | 63504 | 81
& |80 | 41 ® | 0sbn | ol | BS6 | e | 3
R B | a0 | 067 | A% | Tamm | 242
mrfa;?;’“’" 53 | 891 | 23 o 0918 | 06l | 1602 | 8039 | 95
02 0% | 15 T | oaow | aHes | DeMs | gy | B4
OO o Tun | 17 5 00651 | 0I5 | 106 | a47d | 516
ARG © | omm | e | GeB | 91w | 13
53 |G| 08 S | oums | e | 1ame | sl | A8

- E—— =

T (1 - 495/500)*100% = 1%
T e e
yes 90 15- 3 0 /(byte/s) 25m =

Fig. 8. ECG after being decompressed in the
experiment with obstructions between Client and
Server on working days. The package length was 90
samples, the compression ratio was hCR-ICR = 15-3
and the signal power was -80dBm.

On weekends:

In the same position with the signal power of -80dBm
(the distance between Client and Server is 25m),
PERs were found to be small (below 5%) even in the
uncompressed case, so it is hard to recognize the
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effect of the compression algorithm. Hence, Client
was moved further to a distance of 30m (Fig.6) where
the signal power was -85dBm. The results
corresponding with the packet length of 90 and 180
samples are respectively presented in the table 3 and
e ——

——

SgmalSerenges

(1-72/86)*100% = 16.28%

- 90dBm
Com  Bedze KCR-KR  Dowiosd  uist
yes 90  15-3 110 (bytels) = —

e

Due to Package loss

Fig. 9. Distorted ECG when increasing obstructions
between Client and Server.

Table 3. Results with the packet length of 90 samples
on weekends and with obstructions between Client
and Server.

Toelay
b Comprnion Comprion

m“p"’:ﬂ_ . 100 |80 728 060662 |0 33.3503 0 29
4 495 |74 146 057021 | 0.01238 313489 618129 509

& 641 |58 113 03920 | 013677 241463 7.50603 572

EM';VEE‘O" 82 658 |23 110 0.29707 0.14242 16.3322 7.83362 256
o 3 738 |23 ] 030841 | 0.24271 16.9557 7.84980 5273

(RCRICR)

0z |82 |19 28 025989 | 0.04812 142882 812873 4732
53 883 |17 8 030177 | 0.14%5 165906 823143 5263
123 |89 |11 a1 024063 | 007152 13229 543433 1006
153 992 |06 ) 021838 | 018248 12.0059 1001458 | 1847

Table 4. Results with the packet length of 180
samples on weekends and with obstructions between
Client and Server.

Toetay
@® PER ThroughPut ms)
% Byeesse) FRD FRDN
Oy
Compression
= - 00 |78 m 05668 |0 EYREr ] 620
compression
42 [602 |54 120 045426 (011608 | 27173 | 638204 | 243
52 |820 |45 E 036126 | 012531 198610 | 692260 | 582
Compression [z~ |49 |33 5 0314|0167 | 176717 750865 | 555
Ratio
3 [sa1 [24 a1 0284% | 014611 162163 803295 | 212
{hCRACR)
02 |1003 |23 7 031895  |0146%8 | 17534 | &o8s7 | 525
93 |11t |15 65 0511 (015346 | 162044 | 843721 275
73 [1165 |13 62 026411  |016679 | 145201 | 81710 | 2977
53 |24 |11 58 024073 047598 |13348 967531 | 260

As clearly seen in table 1, 2, 3 and 4, with both
options of package lengths in the transmission with
objects between, the compression ratio of 15-3
produced the best outcome of CR, PER, Throughput,
PRD and PRDN.

3.2. Transmission without obstructions

In this experiment, the distance between Client and
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Server is 150m where the measured power signal is -
78dBm in average but there was a big fluctuation in
the power signal. Table 5 and 6 exhibits the results
with the package length of 90 and 180 samples on
working days.

Table 5. Results with the packet length of 90 samples
on working days and without obstructions between
Client and Server

Toelay
@R PER ThroughPut {ms)
) (Byees/s) PRD PRON
oy only
Compression | Trans Comprezsion
e 100 60 724 053968 o 29,3951 0 326
Compressian
42 | 486 52 16 048532 011238 267364 618129 | 347
&2 | 64l 38 13 033204 0.13677 12545 750603 | 414
Compression g | 6358 30 110 031278 014242 171957 783362 513
Ratio
63 | 738 32 £ 033015 0.14271 181507 7584560 | 173
(hCR-ICR)
02 | 83 26 88 032734 0.14812 18087 812673 | 185
53 | 883 24 82 033023 014365 181551 823143 | 368
123 | 8% 18 81 029854 017152 164128 943433 | 256
153 | a9 12 3 024840 | 018248 13.6563 100145 | 205
Table 6. Results with the packet length of 180

samples on working days and without obstructions
between Client and Server

= '[’.E'; T;'ézfg:;" PRD PRON (ms)
Comprsions compesn

Em:";m 100 54 72 050132 ] 75611 0 256
42 | eoz 51 120 048023 | 0116085 | 264016 638204 | 393

52 | 820 12 28 035026 | 0125918 | 19.262 692260 | 517

50’“;’5“’” 82 849 38 85 037127 0136578 204113 7.50865 447
M:Zm &3 | 891 29 31 03191 | 0146114 752 803295 | 521
102 | 1008 71 72 029312 | 0146961 161149 508057 | 546

e3 | 11 14 65 027691 | 015368 | 152237 843721 | 208

123 | 1165 12 62 025038 | 0166799 | 137651 917010 | 134

153 | 1285 08 58 022653 | 0175988 | 124539 967531 | 151

From table 5 and 6, a same trend with the

transmission with obstructions can be observed,
where PER, Throughput, PRD and PRDN all
decreased when increasing the compression rate from
4-2 to 15-3.

4. Conclusion

In this paper, an experiment for testing the
efficacy of the two-state ECG compression algorithm
in a WLAN transmission is presented. The Client-
Server topology was used using TCP protocol for
handshaking process and UDP protocol for sending
data from Client to Server, which is also used widely
in many available wireless monitoring devices. In the
experiment, PER, Throughput, PRD, PRDN and
delay times were used to evaluate the effect of the
compression on the transmission in two situations:
with obstructions between Client and Server and
without obstructions. The ECG arrhythmia recordings
were used as database for the experiment. From the
table 1 to 6, the results confirm that the compression
algorithm helps both reduce the errors and the
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bandwidth usage with lower PER, PRD, PRDN and
Throughput. The higher the compression ratio the
better the results were. Besides that, the package loss
which could be observed somewhere in the results

was

solely due to the transmission, not the

compression algorithm. Also, the algorithm was
proved its flexibility when adapted to different
package lengths (90 and 180 samples). In conclusion,
the two-state compression algorithm is proved to be
ready for the practice.
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