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ABSTRACT This paper reduces the delay in wireless transmission of electrocardiogram (ECG) data while
protecting their essential elements to produce a clinically usable trace. The ECG data are divided into nine
layers according to the signal amplitude resolution (6, 8, and 11 bits per sample) and sampling frequency
(75, 300, and 2400 Hz). To avoid retransmission, each layer is delivered with a dynamic link adaptation
scheme that provides the different levels of error protection in a forward error correction process according
to layer importance. This scheme is built on the conservative modulation and coding, as well as on the
machine-type communication (MTC) protocol, from LTE-Advanced. Simulations show that our proposed
system delivers ECG data that sufficiently support a clinical diagnosis with significantly low latencies
(less than 10 ms) under severely erroneous channel conditions.

INDEX TERMS Biomedical telemetry, electrocardiography, Internet of Things, machine-to-machine
communications, layered error protection.

I. INTRODUCTION
Recent advances in semiconductor technology have enabled
the development of lightweight, portable, and wearable sen-
sor devices that can be used to acquire physical data, whereas
wireless technology can now provide continuous connectivity
and a high degree of mobility. Moreover, the proliferation
of the Internet of Things (IoT) concept, in which numerous
heterogeneous mobile sensor devices are connected to remote
servers on the Internet, has made it possible for medical
sensors to provide telemetry for remote patient monitor-
ing [1], [2]. In this paper, we introduce a cardiac telemetry
system, based on cellular IoT technology that achieves low
latency without compromising the diagnosis quality [1], [2].

In particular, cellular wireless sensors enable 24-hour, con-
tinuous, real-timemonitoring of electrocardiographic signals,
and can send the patient location to emergency serviceswhen-
ever necessary. This type of service allows a physician to fol-
low a cardiac condition more closely. In addition, emergency

medical technicians at the scene can be advised to administer
appropriate first-line treatments, including injections of drugs
such as epinephrine or lidocaine [3]. However, some medical
conditions require a hardwired system to provide immediate
display of cardiac data. The American Heart Associa-
tion (AHA) recently observed that most wireless electrocar-
diogram (ECG) systems exhibit clinically significant delays
that can compromise patient safety [4]. Therefore, the AHA
recommends the use of hardwired telemetry systems when
ECG data must be available without delay.

Thus, to extend the applicability of wireless ECG, the end-
to-end latency of current systems needs to be reduced, but
the trace observed by the clinician must still be of sufficient
quality for medical diagnosis. The work reported in this paper
aims to develop a real-time wireless ECG monitoring system
that allows outpatients to be monitored just as closely as
patients in a hospital without compromising the diagnosis
quality. We achieve this objective by extending our existing
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adaptive framework [5]–[7] to incorporate modern cellular
machine-to-machine (M2M) technology.

Our work is based upon long-term evolution (LTE)
machine-type communication (MTC) technology, which
was recently announced by the 3rd Generation Partnership
Project (3GPP) to support various M2M scenarios with LTE
networks [8]–[10]. This study was initiated with an analysis
of the timing aspects for real-time ECG monitoring, from
ECG signal acquisition and sampling, to LTE MTC com-
munication procedures. As a result, three major sources of
significant nondeterministic delays, largely caused by unnec-
essary buffers, were identified and eliminated. First, any ECG
data encoding steps that require significant buffering were
bypassed. Second, a dedicated channel allocation schemewas
used in order to yield a substantial reduction in the latency
of the packet-scheduling process and to render the remaining
latency deterministic. Finally, we eliminated retransmissions
performed by an error-control system used by LTE MTC,
known as hybrid automatic repeat request (HARQ). The
result was a highly reduced end-to-end latency.

Although these modifications reduce the end-to-end pro-
cessing time, the use of fewer error-control processes
inevitably results in a significant increase in the error rate.
This problem was addressed in two ways. First, by deter-
mining the minimum resolution of ECG data required in
different clinical situations, three M2M service profiles were
constructed: 1) a mandatory profile for real-time LCD (liquid
crystal display) monitors; 2) a standard profile for diagnostic
printouts; and 3) a high-precision profile to deliver high-
resolution ECG that facilitates detailed feature detection in a
trace, such as ventricular late potentials or narrow pacemaker
pulses. Then, the ECG data was arranged into layers, a pro-
cess that by itself incurs no delay and allows the three service
profiles to be supported on a unified platform. Second, using
both a novel resolution-frequency scalable ECG encoding
and a prioritized transmission scheme that identify the most
important data layers in the stream to build the three ECG
service profiles, the profiles are arranged in levels that reflect
their priority. Then, bandwidth is preferentially allocated to
the most important layers, providing them with increased
error protection.

Finally, we modified the mapping process of the channel
quality indicator (CQI) to activate conservative modulation
and coding in LTE MTC systems so that the essential part of
the ECG stream can be protected against channel errors more
effectively. Overall throughput is reduced by conservative
modulation and coding, but this provides a usable ECG trace,
even under severely erroneous channel conditions, while
keeping the overall delay extremely short. Although this
scheme appears to overconsume system resources, we found
that protecting the essential portions of ECG data signif-
icantly reduces signal distortion, especially under severely
erroneous channel conditions, as assessed by using a com-
parison with other schemes to assess the diagnosis quality.

The main contribution of this study is as follows. Although
numerous approaches have been proposed for real-time ECG

transmission over various wireless technologies, such as
wireless body area network (WBAN), wireless personal area
network (WPAN), wireless local area network (WLAN), and
cellular technology, they are mainly focused on reducing
the overall signal distortion and enhancing the quality of
the delivered ECG patterns [11]–[13]. To the best of our
knowledge, this paper introduces the first delay-optimized
approach to ECG transmission, based on LTE MTC, which
achieves low end-to-end system latency without sacrificing
the signal quality needed for clinical interpretation.

The remainder of this paper is organized as follows. The
motivation for this study is briefly described in Section II
and some related work is presented in Section III. An anal-
ysis of the system latency and signal quality, as well as a
delay-optimized M2M ECG signal processing scheme, are
presented in Section IV. In Section V, the service archi-
tecture used in this study is introduced, and a resolution-
frequency scalable coding scheme for ECG data is proposed
along with a prioritized MTC channel coding scheme that
responds to bandwidth fluctuations and can tolerate severely
erroneous channel conditions. In Section VI, our evaluation
environment is detailed, and the effectiveness of the proposed
prioritized transmission scheme is investigated. Section VII
concludes the paper.

II. RESEARCH MOTIVATION
A. CLINICAL REQUIREMENT FOR
INSTANTANEOUS MONITORING
According to a recent advisory from the AHA [4], most
current wireless ECG systems are likely to exhibit clini-
cally significant delays in displaying continuous ECG data
on patient monitoring displays. Given that these delays can
threaten the safety of patients, the advisory recommends
the use of hardwired systems for instantaneous monitoring
situations.

In general, excessive delay in displaying a patient’s car-
diac status and corresponding ECG patterns can lead to
inappropriate medical assessments and incorrect treatment.
For example, an adverse event report from the U.S. Food
and Drug Administration describes unnecessary defibrilla-
tion resulting from a slow cardiac condition assessment [14].
In this case, a physician misjudged a successful electric
cardioversion as a failure because the wireless ECG mon-
itor continued to display a series of atrial flutters that had
actually occurred several seconds before the shock. In fact,
the patient had already been cardioverted to normal status, but
the normal sinus rhythm appeared several seconds later, after
a second shock was administered. Examples from the AHA
advisory [4] of clinical situations that require instantaneous
monitoring are given in Table 1.

On a standard LCD display with a refresh rate of 60 Hz,
the image is updated approximately every 17 ms. Therefore,
our first goal in this study was to design a cellular M2M ECG
monitoring systemwith a latency lower than this single-frame
delay to enable low-latency, real-time monitoring for cardiac
signals equivalent to a hardwired level.
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TABLE 1. Clinical situations where instantaneous ECG monitoring is
recommended.

III. RELATED WORK
A. ECG MONITORING USING WBANs AND WPANs
Recent surveys on low-power body-area networks [15] sug-
gest thatWBANs andWPANs are currently themost common
wireless technologies used for medical telemetry in appli-
cations such as wearable sensors and smart implants [16],
monitoring systems for the elderly [11], and wearable health
monitoring systems [17]. In recent studies on WBANs for
health monitoring, several low-power WBAN technologies
to prolong the network lifetime for intra-, on-, or off-body
communications were compared [15]. In addition, a Rasp-
berry Pi implementation of ECGmonitoring based onWBAN
was recently introduced [18]. Likewise, WPANs have also
been used in various recent telemetry studies, including a
method of traffic redirection that addresses the coordinator
bottleneck issue of real-time ECG monitoring systems [19]
and an outdoor monitoring system for the elderly based on
ZigBee [20]. Other recent developments using Bluetooth
include an algorithm to reduce ECG acquisition noise [21]
and a wireless monitoring system based on a field-
programmable gate array [22].

WBAN and WPAN systems do not consume much energy
because they are based on low-power, short-range radio
technology. Thus, these technologies are regarded as the
most suitable substitutes to wired communication for patients
using ECG monitors in an indoor environment. However,
they are not adequate outdoors. Furthermore, the point-to-
point connections required by WPAN protocols involve a
complicated pairing procedure to initialize, and it must be
repeated as a patient moves around. Moreover, the unsta-
ble characteristic of the narrow communication bandwidth
inhibits the widespread acceptance of WPAN-based systems
for critical medical applications.

B. ECG MONITORING USING WLANs
WLANs, which benefit from the popularity of Wi-Fi tech-
nology, provide much more stable radio resources for ECG
systems than WPANs [23]. Recent developments based on
WLAN technology include a multi-parameter vital sign mon-
itor [24], an ECG transmission control system based on the
media access control (MAC) layer [25], and a delay-sensitive
handoff control scheme [26]. In general,WLAN technologies
allow greater systemmobility thanWPANs and frequent pair-
ing procedures are not required. However, WLAN systems
demand more complicated and physically larger hardware.
In addition, although WLAN-based systems provide longer
range, they have limited utility outdoors or within moving
vehicles. Considering these factors related to the different
networking technologies, we decided to use cellular networks
for our development.

C. ECG MONITORING USING CELLULAR NETWORKS
Systems based on cellular networks are the only truly fea-
sible way to provide emergency functionality, because these
networks provide wide coverage with high levels of mobility
and reliability [23]. In particular, cellular networks provide
more reliability to support mission-critical clinical tasks,
as they can ensure a certain level of quality of service (QoS).
Recent developments in this area include a novel frame-
work to measure the QoS in mobile health networks [27],
a continuous-time, low-pass sigma-delta analog-to-digital
converter (ADC) for cellular networks-based ECG monitor-
ing [28], and a service framework for medical-grade, real-
time ECG monitoring over cellular networks [7]. However,
the higher running cost of cellular systems, more complicated
system architectures, and higher power consumption restrict
their potential for 24-hour real-timemonitoring. In certain sit-
uations, seamless ECG data transmission is essential. These
situations include telemetry systems for ambulances and
monitoring systems for patients at high risk of cardiac failure
as the primary applications for LTE MTC in wireless ECG
monitoring.

D. EMERGENCE OF LTE MTC
Recently, the 3GPP announced a series of standards [8], [9],
[29], [30] to extend LTE of communication services by sup-
porting a range of scenarios for M2M and MTC. The Euro-
pean Telecommunications Standards Institute (ETSI) also
published several technical standards [31], [32] to address the
increasing demand for various types of M2M applications.
Part of the upcoming release of the 3GPPLTE standard is LTE
MTC,which is an effort to optimize LTE-Advanced forMTC.

Figure 1 shows an overall system architecture for
MTC [10]. MTC is mainly designed to provide an ade-
quate uplink channel for smart metering and smart grids, and
thus achieve low-power consumption, small feature size, and
a simplified antenna architecture [33]. The 3GPP MTC is
expected to supply sufficient reliable wireless channels to
cover a wide area, as well as to provide low-cost, small-sized,
and energy-efficient mobile hardware [34], [35].
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FIGURE 1. MTC system architecture.

The preamble to LTE MTC highlights the many advan-
tages of this approach, including: the reliability, pervasive-
ness, security, and performance of LTE networks, signifi-
cantly increased battery life in devices with reduced cost and
enhanced coverage, and the ability to benefit from future
innovations in its underpinning LTE-Advanced technologies.
It is expected that LTE MTC will play a key role in realizing
the IoT for various healthcare applications [36], [37].

E. LOW LATENCY REAL-TIME CARDIAC MONITORING
OVER LTE MTC
The latency of LTE MTC has been analyzed [38], [39] and
evaluated [40] in various previous works. In addition, sev-
eral studies have been proposed to control or minimize the
latency of various signal acquisition systems. For example,
a low-power, low-latency processor design to implement a
local mean decomposition method for nonlinear and nonsta-
tionary ECG signal processing was proposed to reduce the
energy cost and execution time for an ECG signal-acquisition
chip [41]. A scheme was introduced in [42] to balance the
tradeoff between power saving and latency of LTE-Advanced
networks by switching the discontinuous reception cycle and
inactivity timer based on traffic level. A design scheme for a
low-latency, highly reliable wireless communication system
to support sensing and control applications was proposed
based on the use of reliable broadcasting, semifixed resource
allocation, and low-rate coding [43]. However, none of these
previous works directly provide an adequate solution for low-
latency, real-time cardiac monitoring over LTE MTC.

IV. SYSTEM ANALYSIS AND DESIGN
A. SYSTEM-LEVEL LATENCY ANALYSIS AND
A DELAY-ENHANCED M2M ECG SIGNAL
PROCESSING SCHEME
With the goal of designing a cellular cardiac monitoring
system with lower latency than a single-frame delay of

a 60 Hz display, we first analyzed the timing of a real-time
ECG monitoring system based on LTE MTC. The end-to-
end latency (dtotal) of that type of system can be expressed
as follows:

dtotal = dA + dD + dP (1)

where dA, dD, and dP are the delays in acquisition, delivery,
and presentation, respectively.

FIGURE 2. System-level latency in real-time ECG transmission over
LTE MTC.

As shown in Fig. 2, dA is mainly caused by the media
encoder. The LTE system latency is largely responsible
for dD, which includes the time required for packetizing,
scheduling, and waiting for retransmission. The last delay,
dP, depends largely on the characteristics of the display hard-
ware, which are beyond the scope of this study.

For data acquisition, the latency due to media encoding,
represented as d1 in Fig. 2, can be eliminated by omitting the
data compression procedure, and the packetizing delay, d2,
can be reduced below 1 ms by using smaller data pack-
ets. Data compression is lengthy because data segments are
compared within a packet to identify redundancy. If these
comparisons are omitted, buffering delays can be substan-
tially shortened. However, without any data compression,
the bitrate necessary for the transmission of ECG data could
become excessive; therefore, we adopted a layered coding
scheme as discussed in Section V-A.

The LTE communication system for data delivery typically
has two service planes [30]: a control plane (C-Plane) for
signaling and control functions, and a user plane (U-Plane)
for the actual delivery function. The C-Plane latency is the
time taken by the user equipment (UE) to shift between idle
and active states, before initiating the U-Plane communica-
tion. It has been estimated that this delay can reach 77.5 ms
in standard LTE systems [38]. This high C-Plane latency can
be avoided by operating the monitoring system in contention-
free mode with pre-allocated system resources. Furthermore,
the U-Plane latency can be decreased to 1 or 2 ms by reducing
the scheduling delays, represented as d3 in Fig. 2. This is
achieved by using the dedicated service mode of the U-plane
with a preset channel bandwidth.
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The standard LTE HARQ process involves a long and
nondeterministic buffering time, represented as d4 in Fig. 2,
because it can attempt up to three retransmissions whenever
necessary [30]. Therefore, we replaced the HARQ retrans-
mission process with a novel physical-layer (PHY) modula-
tion scheme, named prioritizedMTC channel coding for error
control, which is discussed in Section V-B. This reduces d4 to
the few milliseconds of processing time required for forward
error correction.

We have also reduced other delays associated with the
encoding, scheduling, and error-control layers by reducing
the amount of buffering to achieve total transmission latency
below a single-frame delay in 60 Hz displays. Our pro-
posed policy for buffer management involves maintaining
each buffer at its lowest level and emptying it at an exactly
scheduled timing point. To implement this minimum buffer-
ing policy, all the components of our system are synchronized
by a system-wide clock signal.

B. GENERALIZED M2M ECG SERVICE PROFILES
FOR DIFFERENT CLINICAL SITUATIONS
Medical data, especially vital signals, are usually allocated
plentiful computing resources given their clinical signifi-
cance. Redundant system resources are provided to guar-
antee appropriate safety margins for medical applications.
However, this can have catastrophic consequences when a
lack of communication resources fails to deliver full and
intact data packets. Hence, it is necessary to carefully con-
sider both the actually required output and the clinical pur-
pose of a system. We now examine the medical information
required for an ECG application by considering the specifi-
cations of the devices on which a trace is produced.

The actual length, LxP, in millimeters, along the x axis of
an ECG pattern displayed on a presentation device P can be
expressed as follows:

LxP =
N x
P

λP
(2)

where λP is the number of pixels per millimeter on P, and N x
P

is the display width of the device in pixels. IfND ≥ N x
P , where

ND is the number of successfully transmitted samples using
delivery systemD, then every pixel will be fully utilized. The
total number, NA, of samples acquired from electrode A is
given by

NA = fAτA (3)

where fA is the ECG sampling frequency, and τA is the
data acquisition period. To deliver a sufficient number ND of
samples from acquired samples NA, the sampling frequency,
fD, of the delivery stream should match or exceed the width of
the presentation device in pixels divided by the presentation
duration, τP, which is the timespan for a signal to traverse the
screen:

fD ≥
N x
P

τP
(4)

where

τP =
LxP
SP

(5)

and SP is the display speed, which is standardized at
25 mm/s [44]. By substituting (2) and (5) into (4), the fol-
lowing relationship is obtained:

fD ≥ SPλP. (6)

Likewise, the height of the display, LyP, in millimeters, along
the y axis can be expressed as follows:

LyP =
N y
P

λP
(7)

whereN y
P is the display height of the device in pixels. To fully

utilize this height, the number of levels, ηD, in the discretized
signal should at a minimum equal this number of pixels,
so that:

ηD ≥ N
y
P . (8)

If the peak-to-peak voltage of the signal is VPP, then the
presentation density, σP, in volts per millimeter is given by

σP =
VPP
LyP
. (9)

By substituting (7) and (9) into (8), we obtain

ηD ≥
VPPλP
σP

. (10)

VPP and σP are standardized [44] to 10 mV and 100 µV/mm,
respectively, but pixel density λP differs from one device to
another. As is shown in Table 2, a standard LCD display
for real-time ECG monitoring has 72 ppi (i.e., pixels per
inch) or 2.83 pixels/mm. A 300 dpi (i.e., dots per inch) inkjet
printer has 11.81 pixels/mm, and a 2400 dpi laser printer has
94.49 pixels/mm.

TABLE 2. Requirements for presentation device type.

TABLE 3. ECG delivery profiles.

Table 3 lists the sampling frequency, fD, and the number of
resolution levels, ηD, for various devices, and Fig. 3 shows
example traces acquired using the standard and mandatory
values of fD and ηD. The horizontal length of both graphs,
which represents 2 s, should be scaled to 5 cm on any display
form according to the ECG standard [44].
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FIGURE 3. Example ECG traces obtained using the (a) standard and
(b) mandatory profiles.

The 6 most significant bits of an ECG signal delivered at
75 Hz have been found adequate [45] to make full use of a
72 ppi LCD display, because any extra information does not
enhance the diagnostic value of the ECG pattern on that type
of device.

Therefore, a 6-bit data stream at 75 Hz is the mandatory
profile for real-time ECGmonitoring.Moreover, an 8-bit data
stream at 300 Hz is the standard for a 300 dpi inkjet printer,
and an 11-bit data stream at 2400 Hz for high-resolution
traces on a 2400 dpi laser printer. The latter is the highest
resolution of any standard profile for ECG data.

V. LOW-LATENCY M2M ECG MONITORING
SYSTEM BASED ON LTE MTC
Fig. 4 shows a service scenario for remote ECG monitoring.
The patient’s heart is monitored by a wireless ECG sensor
that consists of multiple electrodes, a wireless transmitter,
and a receiver. If the electrical signals from the heart are
acquired by N electrodes, and sampled by the ADC at a rate
of f (# samples per second) with a sample size of η bits,
the transmitter sends the data packets with the following data
rate:

µECG = Nf η. (11)

The digitized ECG stream is packetized for wireless commu-
nication and transmitted to remote nodes over a secure LTE
MTC channel.

A. RESOLUTION-FREQUENCY SCALABLE ECG
CODING FOR PRIORITIZATION
As discussed in Section II, the data acquisition latency can
be reduced by omitting data compression. In this section,

FIGURE 4. Scenario for M2M ECG monitoring based on LTE MTC.

FIGURE 5. Priorities from 1 to 9 assigned to different elements of the ECG
data in our transmission scheme, with resolution-frequency scalability.

we introduce an ECG transmission format that is scalable
in both the amplitude resolution and sampling frequency
domains.

The continuously fluctuating voltage acquired by each
ECG electrode is converted to digital data at given amplitude
resolution and sampling frequency by an ADC. To make
full use of the given bandwidth available for transmission,
this study uses a simple dynamic range optimization scheme.
The digitized samples are normalized to the range between
the minimum and maximum values occurring over a moving
time window. Information on these values, which is included
in a media packet header, is periodically delivered. Then,
the amplitude resolution for transmission of the normalized
samples can be scaled by varying the number of transmitted
significant bits.

Likewise, the sampling frequency can be scaled by vary-
ing the number of transmitted samples. Fig. 5 shows these
operations: the minimum amount of data transmitted consists
of a 6-bit value every 1/75 s, with the amplitude resolution
increasing to 8 and 11 bits as more bandwidth becomes
available.

Then low-resolution intermediate values are transmitted
every 1/300 s, and their amplitude resolution is increased
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in the same manner until 11-bit data are being transmitted
every 1/300 s. Furthermore, if the bandwidth permits, more
frequent intermediate values are transmitted at 1/2400 s, and
their amplitude resolution is also increased. Finally, the max-
imum bitrate is reached when 2400 samples per second with
11-bit amplitude resolution are being transmitted. Thus, there
are nine possible resolution-frequency configurations, corre-
sponding to the numerals 1 to 9 shown on the bars in Fig. 5.

The bitrate, B(i, j), required to deliver the ith sampling
frequency level and jth amplitude resolution can be expressed
as follows:

fD(0)= 0

B(i, j)= fD(i−1)max(ηD)+ {fD(i)− fD(i−1)} ηD(j) (12)

where fD(i) is the ith sampling frequency, ηD(j) is the number
of bits for the jth level of amplitude resolution, and max(ηD)
is the highest number of bits available. The corresponding
bitrates are shown in Fig. 6.

FIGURE 6. Resolution-frequency scalable ECG encoding scheme.

B. CONSERVATIVE CHANNEL CODING TO PROTECT
PRIORITIZED LAYERS
LTE systems use adaptive modulation and coding (AMC),
in which the modulation scheme and code-rate vary to fit the
channel conditions. Higher-order modulation schemes, such
asm-ary quadrature amplitudemodulation (m-QAM) provide
increased spectral efficiency, whereas lower-order schemes
such as binary phase-shift keying (BPSK) are more robust
under severely erroneous channel conditions. In anMTC sys-
tem that complies with the LTE-Advanced standard [8], [30],
the base station estimates the quality of the uplink channel
from the UE, using sounding reference signals of the highest
order that the channel quality permits, and assigns the modu-
lation and coding scheme (MCS) that maximizes throughput.
There is no attempt to eliminate all transmission errors in this
scheme, and the LTE-Advanced standard specifies a residual
block error rate (BLER) up to 10%. The residual errors are
further reduced by forward error correction, followed by
retransmission when necessary, to maximize the overall data
rate. For this reason, in the case of standard LTE specification,

TABLE 4. Four-bit MCS table.

the lowest-order MCS is limited to quadrature phase-shift
keying (QPSK). Table 4 lists the standard mappings from
a CQI to an MCS. Fig. 7 shows the BLER and through-
put of a simulated MTC uplink using MCSs selected from
this table. Further details on this simulation are presented
in Section VI.

The LTE-Advanced link adaptation scheme has been mod-
ified in various ways by other authors [46]–[49]. We have
already stated that our aim is to reduce the end-to-end latency
below a single-frame delay of 60 Hz displays. Moreover,
we aim to maintain the transmission quality required for ECG
data by providing extra protection for higher-priority layers at
some cost in overall throughput.

Fig. 6 shows how we segment ECG data into layers to pro-
vide resolution-frequency scalability. The core layer delivers
the amount of data mandated by the AHA advisory, the main
layer delivers data up to the standard profile level, and
the enhance layer delivers data quality above the standard
profile.

Fig. 8 shows the block diagram of the proposed conserva-
tive channel coding scheme. As described in Section IV-A,
there is no retransmission, and the bandwidth usually
reserved for retransmission is reassigned to the more impor-
tant core and main layers of our scheme.

Because the bandwidth required for the core layer is only
1 or 2% of that required for all layers, BPSK modulation
can adequately protect the core-layer data without additional
error control.

The data in the main layer is transmitted with a lower MCS
for a given CQI, and we call this scheme conservative CQI
mapping. By reducing the MCS level by one, the received
BLER can be reduced by a factor on the order of 10−3.
However, the corresponding reductions in bandwidth are
relatively modest; for example, changing from MCS #14,
which has an efficiency of 5.1152, to MCS #15 with an
efficiency of 5.5547, only reduces the available bandwidth by
7.91%. The maximum bandwidth reduction is 37.82% when
MCS #3 is substituted with MCS #2.
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FIGURE 7. Simulation of an MTC with AMC with a bandwidth of 1.4 MHz
and a 2.4-GHz carrier frequency compromised by additive white Gaussian
noise (AWGN): (a) BLER, and (b) throughput against signal-to-noise
ratio (SNR).

FIGURE 8. Conservative channel coding scheme to protect higher-priority
layers.

VI. PERFORMANCE EVALUATION
A. SIMULATION ENVIRONMENT
Simulations were performed on a Vienna LTE-Advanced
uplink link-level simulator [50], using ECG data from
PhysioBank [51].

TABLE 5. Simulation parameters.

The main parameters of the simulated LTE MTC system
are listed in Table 5. The carrier frequency of the simulation
platform is 2.4 GHz, and we limited the MTC channel band-
width to 1.4MHz tomeet the requirements of LTE category-0
for low-powerM2Mdevices [10].We also limited the antenna
configuration to single-input single-output (SISO) mode,
according to the recommendation of LTE MTC [9]. Both
AWGN and WINNER II (Wireless World Initiative New
Radio) channel models [52] were adopted to simulate ade-
quate channel errors. In our simulation, a single-user device
moving at a speed of 3 km/h was assumed. The maximum
number of HARQ retransmissions for both a standard LTE
scheme and real-time streaming scheme without prioritiza-
tion was set to three, as in the LTE standard, and the retrans-
mission for the proposed prioritized transmission scheme
was disabled. In the simulation, the transmission time inter-
val (TTI) was 1 ms, and the number of slots in one sub-frame
and the number of sub-frames in one frame were 2 and 10,
respectively, as in the LTE standard [10].

We utilized the MIT-BIH (Massachusetts Institute of
Technology - Boston’s Beth Israel Hospital) arrhythmia
database [53] and the ANSI (American National Standards
Institute)/AAMI (Association for the Advancement of Medi-
cal Instrumentation) EC13 data [54]. The former contains 48,
30-minute excerpts of two-channel ambulatory ECG record-
ings obtained from 47 patients studied at the BIH Arrhythmia
Laboratory between 1975 and 1979. Twenty-three recordings
were selected at random from a set of 4,000, 24-hour ambu-
latory ECG recordings collected from a mixed population
of inpatients (approximately 60%) and outpatients (approx-
imately 40%) at BIH. The remaining 25 recordings were
selected from the same set to include less common but clin-
ically significant arrhythmias (such as complex ventricular,
junctional, and supraventricular arrhythmias and conduction
abnormalities) that would not be represented well in a small
random sample. The recordings were digitized at 360 samples
per second per channel, with 11 bit resolution, over a 10 mV
range, as listed in Table 6.

The 10 short recordings of ANSI/AAMI EC13 test wave-
forms available in PhysioBank are specified by the current
American National Standard for testing various devices that

8196 VOLUME 6, 2018



Y. Cho et al.: Scalable Coding and Prioritized Transmission of ECG for Low-Latency Cardiac Monitoring

TABLE 6. Signal parameters of test ECG patterns.

measure heart rate, each of which contains one ECG sig-
nal sampled at 720 Hz with 12-bit resolution. EC13 also
specifies the use of specific synthesized waveforms that can
be created using the ECG waveform generator available in
PhysioToolkit.

FIGURE 9. Differences in delivered ECG patterns in burst erroneous
channel condition: (a) buffering delay in a standard LTE scheme with
reduced buffer and (b) timely delivered pattern with subtle quality
decline using the proposed prioritized transmission scheme.

B. SIMULATION RESULTS
Fig. 9 and Fig. 10 compare the differences between the pro-
posed prioritized transmission scheme and both a standard
LTE scheme with reduced buffer and a real-time streaming
system without prioritization under considerably erroneous
channel conditions (i.e., packet error rate (PER) 5%), respec-
tively. First, the reduced-buffer scheme requires frequent

FIGURE 10. Effect of severely erroneous channel condition on the
delivered ECG trace: (a) signal skipping in real-time streaming without
prioritization, and (b) subtle quality degradation in the proposed scheme,
which ensures trace continuity.

buffering delays that distort the ECG pattern. Then, although
the real-time streaming system is capable of reducing the
communication latency, it cannot handle accidental episodes
of transient errors that cause signal skipping. However, with
the help of highly protective modulation, the proposed system
can successfully deliver the mandatory part of the ECG signal
within 10 ms. Therefore, our scheme not only satisfies the
timing requirement for instantaneous monitoring purposes
but also ensures the basic readability of the transmitted
ECG trace.

FIGURE 11. WDD of the three transmission schemes.

Fig. 11 compares the weighted diagnostic distortion
(WDD), which evaluates the diagnostic features of corrupted
ECG signals [55], [56] between the conventional best-effort
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standard LTE scheme, real-time streaming without prioritiza-
tion, and our proposed prioritized transmission system. The
proposed scheme outperforms the two other schemes because
its protected portion of mandatory ECG data provides a suf-
ficient level of clinically meaningful features, whereas the
random unrecoverable damage of the other schemes leads to
substantial overall quality degradation.

FIGURE 12. ECG patterns rendered on a test monitoring system (PER
of 5%). (a) A trace obtained using a standard LTE uplink shows the
buffering delay effects. (b) A trace obtained by real-time streaming
without prioritization exhibits signal skipping. (c) The proposed
prioritized transmission scheme produces a usable trace.

Fig. 12 shows a simulation of the visual effect on the
displayed pattern for a commonly available multi-parameter
vital monitoring system. As shown in the figure, the ECG
trace rendered by the proposed scheme and displayed on
the LCD of a typical tablet-based monitor appears adequate
for medical purposes, despite the severely erroneous channel
conditions. In contrast, both the pattern skipping of the real-
time stream system without prioritization and the buffering
delay of the conventional best-effort standard LTE scheme
appear to seriously disrupt the clinical usability of the trans-
mitted ECG signals.

VII. CONCLUSION
We introduced a low-latency communication system for con-
tinuous electrocardiographic monitoring. We analyzed the
latency of a real-time ECG monitoring system based on LTE
MTC and proposed a modified transmission scheme with
a reduced delay to meet clinical requirements. The scheme
segments ECG data into layers in both amplitude resolution
and sampling frequency, and provides enhanced protection
by adopting conservative channel coding for prioritized data
layers that are crucial to the clinical interpretation of the
signal. Even under severely erroneous channel conditions,
simulation results suggest that the end-to-end latency of the
proposed system is maintained below 10 ms, which is less
than a single-frame delay of a 60 Hz display. Furthermore,
any distortion of the ECG trace appears to be less likely to
affect diagnosis by using our scheme.

It is clear that no scheme of this type is entirely proven until
it has been tried in practice. However, the implementation

and testing of medical systems is fraught with difficulties,
from patient confidentiality to legal concerns, and cannot
reasonably be undertaken until there is as much confidence
as possible in the techniques and associated parameters being
deployed. It is this confidence that we aim to build in this
study through simulations based on offline data.
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