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Abstract: Wireless body area networks (WBANs) are attracting attention as an important technology
for realizing the Internet of Medical Things (IoMT). In addition, ultra-wideband (UWB) is one of
the wireless communication technologies suitable for the IoMT and WBANs. Our previous study
investigated the feasibility of WBANs utilizing UWB under ideal and static wearable WBAN channel
models. The present research applies a dynamic on-body UWB channel model to a WBAN as a
more realistic channel model. The feasibility of a high-reliability UWB-WBAN is demonstrated
by evaluating the physical layer performance. Numerical results reveal the maximum number of
retransmissions needed to achieve the desired transmission failure ratio for each link type and the
corresponding energy efficiency and average number of retransmissions. These findings contribute
to the realization of a highly reliable IoMT utilizing UWB-WBANs in a practical environment.

Keywords: wireless body area network; ultra-wideband; physical layer; dynamic channel model;
error controlling scheme

1. Introduction

The Internet of Medical Things (IoMT) presents new physical and temporal challenges
for the application of the Internet of Things (IoT) paradigm in the medical field for devices
that do not have an established network, such as smart appliances and smart cities [1–5].
It can mitigate communication restrictions and realize medical care and healthcare that
meet the needs of users. Key fundamental technologies for the IoMT include wireless
sensors, smartphones, communication modules, edge computing, extended reality (XR),
blockchain, and artificial intelligence (AI). Based on these IoMT technologies, applications
in healthcare, early diagnosis, and remote monitoring are emerging. From a technical
point of view, these systems need to exchange data quickly in real time, and in the future,
safer mechanisms and high-speed, highly reliable wireless communication technologies
will be needed. The global epidemic of COVID-19 is transforming people’s lifestyles and
promoting the further development of IoMT technologies. For example, systems that
support exercise and dietary improvement using a wearable device, remote medical care,
drug delivery to home caregivers, and patient information sharing in local governments
are being developed. In the future, it is expected that communication between people and
machines and between machines and machines will become more active in terms of both
hardware and software. It is also expected that an increasing number of new technologies
that can detect health problems and improve treatment in the early stage will continue to
be realized.

One of the key technologies for configuring the IoMT is wireless body area network
(WBAN) technology [6–15]. ‘WBAN’ is a general term for a short-range wireless network
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that is constructed with sensors and devices placed on or near the surface of the human
body or inside the body and includes human communication. In February 2012, the
wireless communication method for WBANs was internationally standardized as IEEE
802.15.6 [16]. In April 2015, the European Telecommunications Standards Institute (ETSI)
formulated the technical specifications for a Smart Body Area Network (SmartBAN) [17,18].
These international standards are still being revised. WBANs can be roughly divided into
“implanted” or “in-body” WBANs, which target the inside of the body, and “wearable” or
“on-body” WBANs, which target the surface and vicinity of the body. The use of implanted
WBANs, which rely on implantable devices, has not been very widespread to date because
they are specialized for the medical field. On the other hand, the sensors and wireless
modules used in wearable WBANs remain a focus of active research due to technical issues
such as size. Nevertheless, with the progress achieved in IoT research in recent years, the
size problem of these sensors and modules is being solved, and efforts to utilize WBANs for
medical care and healthcare are accelerating against the background of an aging population
and increasing awareness of health.

Ultra-wideband (UWB) is a wireless communication technology suitable for the IoMT
and WBANs [16,19–22]. In particular, impulse radio (IR)-UWB based on short duration
pulses on the order of a few nanoseconds has received much attention in both academia and
industry. In recent years, IR-UWB wireless positioning and ranging functionalities have
been applied for keyless entry in automobiles and in mobile devices such as the iPhone 11
and Android 12, and the commercialization of services that are difficult to realize with
other wireless communication technologies has begun to spread. Taking advantage of its
ultrawide frequency band and very short pulse, IR-UWB has the following features not
found in other wireless communication methods: (1) ultrahigh speed and large capacity,
(2) ultrahigh-precision positioning and distance measurement, (3) simultaneous realization
of communication and positioning or distance measurement, and (4) coexistence with
other wireless systems through frequency sharing. As an example of an IoMT application
utilizing IR-UWB, behavior monitoring of patients with ataxia is being investigated [23].
Ataxia is a condition in which various movements related to the desired movement become
uncoordinated and cannot be smoothly performed. For diagnosis, the patient needs to
confirm the intended movement, and the walking movement is especially important. To
address this challenge, IR-UWB technology can help detect human walking activity and
track human movements.

Notably, the channel model of a WBAN changes dynamically in accordance with the
positions of the sensor and hub and the movement of the person [24–26]. It is known
from the literature that the received electric field strength follows an inverse Gaussian
distribution, especially in the UWB physical layer [25,26]. However, the performance of a
WBAN in which this channel model is applied has not yet been evaluated. In particular,
under the assumption of the above application, the communication performance changes
depending on the positional relationship between the sensor and the hub; consequently,
data transmission/reception and tracking may fail, and appropriate diagnosis may not be
possible.

To address this problem, this channel model is applied to a WBAN under the assump-
tion of a UWB physical layer in the present study, and the feasibility of such a UWB-WBAN
is demonstrated by evaluating the transmission failure ratio, energy efficiency, and number
of packet retransmissions. The first contribution of this paper is to clarify the performance
for each dynamic category in the UWB-WBAN dynamic channel. The second contribution
is to show that an error-correcting code suitable for UWB-WBAN is also effective in the
dynamic channel model, and to clarify the optimal combination of the error-correcting
code and UWB physical layer parameters. Finally, these contributions are considered to
contribute to the realization of a highly reliable IoMT utilizing UWB-WBANs.

The remainder of this paper is organized as follows. Section 2 presents previous work
related to this research. In Section 3, the UWB physical layer specifications of IEEE 802.15.6
and the system model are summarized. The numerical results of the performance evaluation
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are reported in Section 4. Section 5 discusses the results obtained in the performance
evaluation and their possible implications. Conclusions and suggestions for future research
are presented in Section 6.

2. Related Work

Beyond [24–26], other related studies on WBAN dynamic channel models include
the following. A general empirical system loss model for estimating propagation loss in
WBANs for off-body communications at 2.45 GHz was presented, which was implemented
in dynamic cases [27]. A channel model for time-variant multilink WBANs based on an
extensive measurement campaign using a multiport channel sounder was proposed [28].
The authors of [29] provided a comprehensive mathematical channel model of the surface-
to-surface UWB radio links categorized as channel model (CM) 3 in [30] around a moving
human torso, whose bandwidth was 3.1–10 GHz. An off-body channel model in which the
path loss and multipath fading were entirely determined by the Rician distribution and
linked through a stochastic Rician factor K was proposed [31]. The path loss fluctuations of
some human body links when the human body was walking or running, with a focus on
the millimeter wave (mmWave) band, particularly 28 GHz were analyzed [32].

Notably, a UWB physical layer (PHY) has a very low power spectral density limit,
which is defined as Glim = −41.3 dBm/MHz depending on regulations [16,33]. Therefore,
the dependability of communications in the UWB PHY is required to be ensured. To
improve the dependability of wireless communication, the application of an error control
scheme can be considered. Related studies on the performance evaluation of a UWB-WBAN
PHY are listed as follows. [34] described an energy efficiency optimization model for a
UWB-WBAN based on the IEEE 802.15.6 standard. The proposed model compared the
energy efficiency of uncoded and coded transmissions using different Bose–Chaudhuri–
Hocquenghem (BCH) coding rates. [35] presented an evaluation of various performance
metrics, such as the bit error ratio (BER) and packet error ratio (PER), for various pulse
position modulation (PPM) and demodulation employed in PPM-based IR-UWB receivers
designed to satisfy the specifications of the IEEE 802.15.6 standard. [36] evaluated the
performance of a virtual multi-input and multioutput (VMIMO) design in an infrared
(IR)-UWB-based WBAN system. Our own previous research presented a quality-of-service
(QoS) control scheme utilizing decomposable codes for an IEEE 802.15.6 based UWB-
WBAN [37]. In addition, our previous research reported a performance evaluation in
terms of the transmission failure ratio and energy efficiency for the UWB PHY of IEEE
802.15.6 under the application of a super-orthogonal convolutional code (SOCC) [38].
Ref. [38] confirmed the higher dependability obtained by concatenating an SOCC and a
Reed–Solomon (RS) code under additive white Gaussian noise (AWGN) and the WBAN
channel model referenced in [30].

Other related research includes: a performance-to-cost analysis of Deterministic and
Synchronous Multi-channel Extension (DSME) and Time-slotted Channel Hopping (TSCH)
medium access control (MAC) modes of IEEE 802.15.4e with 802.15.4 MAC protocol was
presented [39]. Two types of interference mitigation strategies for IEEE 802.15.4 based
WBAN were proposed, which were called as passive schemes and active schemes [40].

In previous research, the performance evaluation of WBAN physical layer and MAC
protocol was performed assuming an ideal channel model and a static wearable channel
model. On the other hand, this work newly evaluates the physical layer performance of
UWB-WBAN assuming an on-body dynamic channel model, which was not done in the
above studies.

3. Materials and Methods
3.1. IEEE 802.15.6 UWB PHY
3.1.1. Operating Frequency Bands and Spectral Mask

The UWB band is classified into two groups: one is a low band (channels 0–2), and
another is a high band (channels 3–10) [16,38]. Those bands are also divided into operating
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channels, each with a bandwidth of 499.2 MHz, as presented in Figure 1. The mandatory
channel of the low band is channel 1, whose center frequency fc is 3993.6 MHz. On the
other hand, that of the high band is channel 6, whose center frequency is 7987.2 MHz.
This research assumes a UWB high-band channel 6. This is because this channel has little
interference with other wireless communication systems and can be used outdoors [33].
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The transmit spectral mask M( f ) for IR-UWB is given by the following equation:

M( f ) =


0

−60[| f − fc|T − 0.5]

−10[| f − fc|T − 0.8]− 18

−20

(| f − fc|) < 0.5
T

0.5
T ≤ (| f − fc|) < 0.8

T
0.8
T ≤ (| f − fc|) < 1

T

(| f − fc|) > 1
T

(dBr), (1)

T = 1/499.2 MHz. (2)

3.1.2. PHY Frame Format

The UWB physical layer protocol data unit (PPDU) is formed of a synchronization
header (SHR), a physical layer header (PHR), and a physical layer service data unit (PSDU),
as illustrated in Figure 2 [16,38].
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The SHR is classified into two parts: The first part is the preamble for timing synchro-
nization, packet detection, and so on. Kasami sequences Ci with a length of 63 are used to
form the preamble [16]. The preamble is composed of 4 repetitions of the symbol Si. Si is
expressed as follows:

Si = Ci ⊗ δL, (3)

Here, δL is (1, 0, 0, · · · , 0)1×L, and the operator ⊗ is the Kronecker product. L depends
on the modulation. The second part of the SHR is the start-of-frame delimiter (SFD) for
frame synchronization. The SFD is based on the symbol Si. Si is obtained by an inversion
of the i-th Kasami bit sequence Ci in Si. The SFD is selected to have low cross-correlation
with the preamble such that the correlation transition from the preamble to the SFD does
not prevent the detection of the SFD. Hence, the length of the SHR is 315 bits.

Information about the data rate of the PSDU, the length of the MAC frame body, the
pulse shape, the burst mode, and so on is described in the PHR [16,38]. The PHR is encoded
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with the International Telecommunication Union (ITU) cyclic redundancy check (CRC)-4
code as an error-detecting code. Additionally, it is encoded with the (40, 28) shortened BCH
code in the default mode or the (91, 28) shortened BCH code in the high-QoS mode as an
error-correcting code. This study supposes the default mode.

In the default mode, a MAC protocol data unit (MPDU) and BCH parity bits included
in the PSDU [16,38]. The MPDU is formed by the concatenation of the MAC header, MAC
frame body, and frame check sequence (FCS). Those lengths are LMACH , LMACFB, and
16 bits, respectively. Then, the MPDU is encoded with CRC-16-CCITT as an error-detecting
code. Additionally, the (63, 51) BCH code applies to the PSDU.

3.1.3. Modulation and Pulse Shaping

The IR-UWB PHY modulates the bits of the PPDU with either on–off keying modula-
tion or differentially encoded binary phase shift keying (DBPSK)/quadrature phase shift
keying (DQPSK) [16,38]. This work adopts DBPSK because this modulation scheme has
higher dependability against bit errors than on–off keying modulation [41–43]. In DBPSK,
the transmitted symbols are expressed by the following equation:

cm = cm−1 exp(jϕm). (4)

Here, cm is the m-th encoded DBPSK symbol, with m = (0, 1, . . . , N), where N is the
number of symbols; c−1 = 1; and ϕ0 is an any phase. The symbol c0 is a phase reference
for the differential encoding of the first bit. The number of symbols is N = P, where P
is the number of bits in the PPDU (g0, g1, . . . , gP−1). The symbol cm transmits one bit of
information. The mapping of information bits onto ϕm is shown in Table 1 [16,38].

Table 1. Mapping of information bits onto ϕm for DBPSK.

gm ϕm

0 0
1 π

After generating the DBPSK symbols, pulse shaping is applied to generate a pulse
waveform in accordance with the symbol structure. The transmitted signal is given as
follows:

x(t) =
N

∑
m=0

cmw
(

t−mTsys − h(m)Tw

)
. (5)

Here, w(t) is the pulse waveform, Tsys is the symbol time, Tw is the pulse waveform
duration, and h(m) is the time-hopping sequence. w(t) is represented as follows depending
on the pulse option:

w(t) =


p(t)

(
single pulse option, Tw = Tp

)
Ncpb−1

∑
i=0

(1− 2si)p
(
t− iTp

) (
burst pulse option, Tw = NcpbTp

) (6)

Here, p(t) is a fixed pulse waveform, si is obtained by the static scrambling sequences,
and Tp is the duration of p(t). The single pulse option transmits a single pulse per symbol.
On the other hand, the burst pulse option transmits a repetition of pulses per symbol. The
burst pulse option can improve the received power by correlating multiple pulses while
lowering the data rate [16,38]. Figure 3 presents a signal transmission example when the
burst pulse option is utilized.

3.2. UWB-WBAN Dynamic Channel Model

This subsection introduces the dynamic on-body UWB channel model supposed in
this study [25].
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Figure 4a shows the eight spots chosen on the body for the antenna locations. The
test person was located in an anechoic chamber, as shown in Figure 4b. Initially, the
person was standing still. He or she started to walk back and forth, changing directions
randomly when the measurement was launched. In practice, the armored measurement
cables and the fragile structure of the antenna connectors limited the movements to an area
of approximately 1 m by 1.5 m.
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The link categorization is summarized in Table 2 for the case of uniform antenna
installation. The links were categorized into three groups to obtain statistical information
on the dynamic channels. The links with high dynamics (HD) are links for which both
antennas are placed in highly mobile locations. For the medium dynamics (MD) channels,
only one antenna is attached to the end of a limb, while the other antenna is on the head or
torso. For the low dynamics (LD) links, both antennas are sited on the head or torso. The
cases involving the left shoulder are also categorized as LD.

Table 2. Link categorization.

Link Type

HD MD LD

RW-LA, LA-LW, RW-LW LA-LE, LA-RE, AB-LW,
CH-LW

LE-RE, AB-CH, AB-LS,
CH-LS, LW-LS

It is known from the measurement results of [25] that these dynamic channels can be
well fitted by the inverse Gaussian distribution. The probability density function (PDF) is
expressed as follows:

f (x|α, β) =

√
β

2πx3 exp
{
− β

2α2x
(x− α)2

}
, x > 0. (7)

Here, x is the channel impulse response (CIR), and α > 0 and β > 0 are the mean
and shape parameters, respectively. Then, the cumulative distribution function (CDF) is
expressed as follows:

F(x|α, β) = Φ

(√
βx
α
−
√

β

x

)
+ Φ

(
−
√

βx
α
−
√

β

x

)
· exp

{
2β

α

}
, (8)

Φ(x) =
1

2π

x∫
−∞

exp
{
−t2

2

}
dt. (9)

The parameter values for each category in the case of uniform loop antennas and a
UWB high-band channel 6 are shown in Table 3. The numerical values in each cell are to be
multiplied by a factor of 10−4.

Table 3. Link categorization.

Link Type

HD MD LD
Parameter 10−4 10−4 10−4

α 10.26 26.88 67.09
β 2.22 1.30 10.23

3.3. System Model

The system model is illustrated in Figure 5. On the transmitter side, after the PHR
and PSDU are generated, they are modulated with DBPSK. Pulse shaping is applied to
the modulated PHR and PSDU, and the PPDU is generated by adding the SHR to the
beginning. A transmitter sends the PPDU to a receiver through the dynamic channel.
On the receiver side, the receiver detects the SFD from the received PPDU. Then, DBPSK
demodulation is performed on the extracted PHR and PSDU. Decoding is performed on the
demodulated PHR and PSDU for error correction and detection. If no bit errors are detected,
an acknowledgment (ACK) packet is sent back to the transmitter, and the transmitter sends
the next PPDU. On the other hand, if bit errors are detected, a no-acknowledgment (NACK)
packet is sent back to the transmitter, and the transmitter retransmits the current PPDU.
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Figure 5. Block diagram representing the system model.

Figure 6a,b show a block diagram of the procedure for application on the error-
correcting and error-detecting codes to the PHR and PSDU. Firstly, the CRC encoding of
the PHR frame is carried out, and then whether to be encoded by the shortened BCH or RS
code is determined. Next, it is determined whether to apply an SOCC. Similarly, the CRC
encoding of the MAC header and MAC frame body is performed, and then whether to be
encoded by the BCH or RS code is determined. In addition, whether to apply an SOCC is
also determined. Hence, concatenated encoding with a BCH or RS code as the outer code
and an SOCC as the inner code is carried out when those error-correcting codes are applied.
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Figure 6. (a) PHR construction for transmission. (b) PSDU construction for transmission.

Here, not only a BCH or RS code but also an SOCC is applied. An SOCC has a very low
coding rate and consequently possesses very strong error-correcting capabilities [38,44–48].
Therefore, an SOCC is compatible with UWB communication because it uses a very wide
bandwidth [38,48]. The coding rate RSOCC of an SOCC is 2−(K−2). Here, K represents the
constraint length.

4. Results
4.1. Computer Simulation Parameters

This section shows the performance of the IR-UWB PHY in terms of the transmission
failure ratio, the energy efficiency and the average number of retransmissions as deter-
mined through computer simulations. Table 4 lists the main parameters of the computer
simulations. The UWB-WBAN dynamic channel model introduced in Section 3.2 is applied
as the channel model [25]. As a compared scheme, computer simulations are also per-



Electronics 2022, 11, 3491 9 of 21

formed to evaluate the case in which the (11, 5) shortened RS code and the (31, 25) RS code
are used for the PHR and PSDU, respectively, as error-correcting codes with coding rates
approximately equal to those of the BCH codes utilized in IEEE 802.15.6. The simulator
was built by MATLAB.

Table 4. Computer simulation parameters.

Parameter Details

Channel model UWB-WBAN dynamic channel model [25]
Link type LD, MD, HD

Center frequency 7987.2 MHz
Bandwidth (BW) 499.2 MHz

Modulation DBPSK

Forward error correction (PHR) (40, 28) shortened BCH code, (11, 5) shortened RS
code, SOCC ( K = 3 ∼ 7)

Forward error correction (PSDU) (63, 51) BCH code, (31, 25) RS code, SOCC
( K = 3 ∼ 7)

Power spectral density emission (Glim) −41.3 dBm/MHz
Thermal noise density (N0) −174 dBm/Hz
Implementation loss (IdB) 3 dB

Receiver noise figure (NFdB) 5 dB
Information bit length (Lin f o) 540 bits

Duration of p(t) (Tp) 2.003 ns
Pulse option Single pulse option, burst pulse option

Uncoded symbol rate of the single pulse option (RS) 7.8 Msps
Maximum number of retransmissions (Nmax) 1~9

Ncpb 1, 2, 4, 8, 16, 32

The energy efficiency in the PHY is derived from [34,38,49–52] as follows:

η ≡
PsuccLin f o(
N + 1

)
Elink

. (10)

In Equation (10), Elink is the energy consumption of the communication link, N is the
average number of retransmissions and Psucc is the transmission success ratio. Psucc can be
expressed as follows [38,49]:

Psucc = 1− Pf ail = 1−
{

Pf , SHR +
(

1− Pf , SHR

)
Pe, PHR +

(
1− Pf , SHR

)
(1−Pe, PHR)Pe, PSDU

}(Nmax+1)
. (11)

In Equation (11), Nmax is the maximum number of retransmissions, Pf ail is the trans-
mission failure ratio, Pf ,SHR is the SFD detection failure ratio, Pe, PHR is the PHR error
ratio, and Pe, PSDU is the PSDU error ratio. Additionally, Elink can be simply described as
follows [38,49]:

Elink = LPPDU(Ptx + Prx)/Tw+(εenc + εdec), (12)

LPPDU = LSHR + LPHR + LPSDU . (13)

In Equations (12) and (13), LPPDU , LSHR, LPHR, and LPSDU are the lengths of the PPDU,
SHR, PHR, and PSDU, respectively; Ptx and Prx are the amounts of power consumed by
the transmitter and receiver, respectively; and εenc and εdec are the encoding and decoding
energies, respectively [34,38,49–52].

4.2. Single Pulse Option

Figures 7–9 show the transmission failure ratio, energy efficiency and average number
of retransmissions, respectively, as functions of the maximum number of retransmissions
in the case of the single pulse option for each link type.
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As the maximum number of retransmissions increases, the average number of retrans-
missions also increases, while the transmission failure ratio and energy efficiency improve.
The reason is that the transmission success ratio increases as the maximum number of
retransmissions increases. For example, the transmission failure ratio is 0.2, the energy
efficiency is approximately 75 information bits per microjoule (µJ), and the average number
of retransmissions is approximately 2.4 in case that the link type is MD, the RS code is
applied, and the maximum number of retransmissions is set to five. On the other hand,
the transmission failure ratio is 0.07, the energy efficiency is approximately 80 information
bits per µJ, and the average number of retransmissions is approximately 3.0 when the
maximum number of retransmissions is set to nine under the same conditions.

As the K value of the SOCC increases, the transmission failure ratio and the average
number of retransmissions improve because the error-correcting capability increases with
decreasing RSOCC. On the other hand, the energy efficiency decreases because the number
of redundant bits in the is PPDU increased. Taking LD links as an example, it is necessary
to set the maximum number of retransmissions to eight when error-correcting code is not
applied, while the maximum number of retransmissions should be 4 when RSOCC is 1/4,
and that should be two when RSOCC is 1/32 to achieve the transmission failure ratio of 10−3.
On the other hand, the energy efficiencies are approximately 145, 85, and 20 information
bits per µJ when error correcting code is not applied, RSOCC is 1/4, and RSOCC is 1/32,
respectively, under the above conditions. In a comparison of concatenated encoding with a
BCH code and an SOCC against concatenated encoding with an RS code and an SOCC, the
energy efficiency and average number of retransmissions are almost the same. However,
the transmission failure ratio is more greatly improved by concatenated encoding with
an RS code and an SOCC than by concatenated encoding with a BCH code and an SOCC
because the error-correcting capability in the former case is larger. For example, in case
that the link type is LD and RSOCC = 1/4, the maximum number of retransmissions should
be set to three when concatenated with the BCH code to achieve the transmission failure
ratio of 10−2, while the maximum number of retransmissions may be set to two when
concatenated with the RS code.

As seen by comparing each link type, LD links show much less performance degra-
dation than the other link types. The transmission failure ratio for LD links is less than
10−3 even without error-correcting coding when the maximum number of retransmissions
is fewer than nine. In addition, the average number of retransmissions is less than one
under the same conditions. On the other hand, MD and HD links deteriorate greatly in
performance in terms of each metric compared to LD links. When the maximum number of
retransmissions is fewer than 10, the transmission failure ratio is below 10−2 unless RSOCC
is 1/16 or less for MD links or 1/8 or less for HD links. In addition, the average number of
retransmissions is required to be more than 1 for the transmission failure ratio to be less
than 10−2. Furthermore, the transmission failure ratio does not fall below 10−3 in MD links
under the same conditions. Additionally, the energy efficiency of MD and HD links is less
than 60% of that of LD links.

4.3. Burst Pulse Option

Figures 10–12 show the transmission failure ratio, energy efficiency and average
number of retransmissions, respectively, as functions of the maximum number of retrans-
missions in the case of the burst pulse option for each link type. Here, the processing gain
NcpbR−1

SOCC is fixed at 32.
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Similar to the single pulse option, LD links show significantly less performance
degradation, whereas MD and HD links show greatly degraded performance in each
metric. In particular, when the maximum number of retransmissions is two or fewer in LD
links, the average number of retransmissions is very close to zero, and the transmission
failure ratio reaches 10−3. On the other hand, the transmission failure ratio in MD links
does not reach 10−3 even when the maximum number of retransmissions is set to nine,
depending on RSOCC.

Moreover, the effect of BCH or RS coding in improving the transmission failure ratio
and the average number of retransmissions is large. Especially, the best performance is
obtained in the case of concatenated encoding using an SOCC with RSOCC = 1/2 and an RS
code. Hence, simply lowering the SOCC coding rate does not provide better performance.
The reason is that miscorrections increase in frequency when decoding the SOCC in the
case that the received power is insufficient.

The energy efficiency is the highest in the case of encoding using only an SOCC with
RSOCC = 1/2. The performance is better than that in the case with no error-correcting
encoding. This indicates that the increase in the error-correcting capability has a greater
effect than that in the energy consumption for SOCC encoding and decoding. On the
other hand, the transmission failure ratio and the average number of retransmissions
improve while the energy efficiency decreases because of the increase in the number of
redundant bits in the case that the BCH or RS code is concatenated with an SOCC. However,
the difference in energy efficiency between concatenated encoding and non-concatenated
encoding is about three information bits per µJ at most, which is not large.

5. Discussion

This section discusses the results obtained in the performance evaluation and possible
implications of these results.

First, the difference in the performance of each link type is considered. Figure 13
plots the PDF as a function of the CIR attenuation for each link type. In the case of LD
links, the CIR attenuation has a wide distribution, spanning from large to small values.
Hence, the possibility of obtaining sufficient received power is high, and the deterioration
in each performance metric is suppressed. On the other hand, the CIR attenuations are
concentrated at small values for HD and MD links. In other words, the received power
tends to be insufficient, and each performance metric greatly deteriorates. Additionally,
the distribution of the CIR attenuation is more concentrated at smaller values for MD
links than for HD links. Therefore, HD links can provide better performance as long as
the error-correcting capability is sufficient. As shown in Figure 4a, line-of-sight (LOS)
and non-line-of-sight (NLOS) conditions alternate frequently in HD links. That is, the
distribution is considered to be as shown in Figure 13.
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The performance evaluation and the results obtained for each link type are useful for
optimizing the location of each sensor and hub when designing a UWB-WBAN. In addition,
these results can be effectively used when endowing a UWB-WBAN with a multihop
functionality. For example, the average numbers of retransmissions for LD, MD and HD
links are approximately 0.65, 3.0, and 3.25, respectively when the maximum number of
retransmissions is 9 and the RS code is applied in the single pulse option. In other words,
MD or HD links communication requires about 2.5 times the transmission delay time as
compared to LD links. Therefore, it is considered more efficient and highly dependable to
communicate using LD links in two hops than using MD or HD links in one hop.

From the above, Optimization of the positional relationships between the sensors
and hubs can lead to the realization of highly reliable and continuous communication in a
UWB-WBAN. In other words, these results clarify the feasibility of achieving a stable and
highly reliable IoMT environment using UWB-WBANs. As for future prospects, highly
reliable IoMT based on UWB-WBAN is expected to connect with cyber physical systems
(CPS) and digital twin, and to provide more advanced medical and healthcare services in
smart cities [53,54].

6. Conclusions

This research has applied the dynamic on-body UWB channel model to a WBAN
and demonstrated the feasibility of a high-reliability UWB-WBAN by evaluating the trans-
mission failure ratio, energy efficiency, and average number of packet retransmissions.
The numerical results have revealed the maximum number of retransmissions needed to
achieve the desired transmission failure ratio for each link type and the corresponding
energy efficiency and average number of retransmissions. In both single and burst pulse
options, LD links have shown significantly less performance degradation, whereas MD
and HD links have shown greatly degraded performance in each metric. In addition,
the effectiveness of an SOCC and concatenated encoding with an SOCC and an RS code
has also been shown under the dynamic channel model. As the K value of the SOCC
increases, the transmission failure ratio and the average number of retransmissions have
improved, while the energy efficiency has decreased since the number of redundant bits in
the PPDU is increased. The optimal combination of the coding rate of the SOCC and the
number of pulses in the burst pulse option case has also been clarified. Particularly, the
best performance has obtained in the case of encoding using an SOCC with RSOCC = 1/2.

For future work, the cross-layer optimization of the PHY and the access protocol
should be considered. Additionally, it will be necessary to consider performance evalua-
tion in an environment with multiple UWB-WBANs and external devices utilizing UWB
communication.
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