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ABSTRACT
Recently, Wireless Body Area Network (WBAN) has drawn vast interest to many researchers due to its
potential in healthcare and medical fields. In this paper, we propose the energy efficiency model of Time
Diversity communication in Rician and Rayleigh fading channels emphasizing the optimal packet size.
The optimal packet size to maximize energy efficiency is investigated for on-body and in-body channels.
Four modulation techniques are considered including the recently proposed 16-ary Quadrature
Amplitude Position Modulation (QAPM). In addition, the closed-form expression of the energy efficiency
model in multipath fading is derived. Here, three evaluation metrics including the energy efficiency, the
normalized throughput and the average end-to-end delay are adopted and compared to the existing 1-hop
and Cooperative communications as well as our previously proposed 2-hop communication. The results
show that our proposed Time Diversity communication scheme outperforms the existing ones in deep
fading channel except for the average end-to-end delay.
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1. INTRODUCTION
Wireless Body Area Network (WBAN) is one of the wireless networking technologies having a
lot of applications in healthcare, medical field, sports, military and entertainments. It consists of
wireless sensing nodes that are placed on, in or around the human body. Typically, WBAN
nodes are classified into three groups: (i) Sensing nodes that comprise wearable and implanted
nodes depending on their location on the human body. The former [1] are placed on the human
body and mainly used to monitor a person's health conditions while the latter [2] are located
inside the human body, and mainly used to collect image information inside the human body.
(ii) Coordinator node (CN) which is responsible for sending the control message to, and
gathering information from the sensing nodes. (iii) Access point or monitoring station. In
general, the communication types of WBANs can be classified into on-body and in-body
channels. The on-body and in-body channels are the communications between wearable and
coordinator nodes, and implanted and coordinator nodes, respectively. Due to the potential
applications in WBANs, IEEEs have standardized IEEE 802.15.6 for WBANs [3] speci fying

physical and MAC layers.
Generally, energy efficiency is one of the challenging issues in WBANs, since WBAN nodes
are expected to operate continuously for a long period of time even though they are small size,
light weight and energy constraint. Moreover, replacing and recharging their batteries may not
be practical when they are in operation. Similar to Wireless Sensor Networks (WSNs),
DOI: 10.5121/ijcnc.2018.10504
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multipath fading cannot be ignored in WBANs as well. In [4] and [5], multipath fading in
WBANs is evaluated, and it is shown that multipath fading can be modelled closely by using
Rician distribution in the on-body channel. In addition, in [6], Rician distribution is also used to
model multipath fading in the on-body channel to evaluate the performance of a RAKE
receiver.
It should be stated that WBAN has different channel characteristics from other networks. For
example, in [2] a specific path loss model for WBANs is proposed because the signals are
transmitted along or through the human body, which has the totally different path loss model
from typical wireless channels. Furthermore, WBANs also have strict resource constraint and
low transmission power [1]. Under these circumstances, packet size is one crucial factor that
influences the energy efficiency in WBANs. By selecting the appropriate packet size [7]-[10]
corresponding to network conditions, a packet error rate can be reduced, thus improving the
energy efficiency. Another way to improve the energy efficiency in high path loss and
shadowing fading channels is a multi-hop communication [11]-[14], because it provides more
reliable and effective communication, comparing to a direct long-distance communication.
Moreover, diversity technique is widely used as an efficient solution to mitigate the impact of
multipath fading in WBANs [15]-[19].
Consequently, in [20] we proposed the energy efficiency model of ARQ protocol for 2-hop
communication in order to select the energy-efficient packet size in WBANs. The average endto-end delay was also analyzed to evaluate the performance of our proposed 2-hop
communication in [21]. Interestingly, the results show that our proposed 2-hop communication
does not only significantly improve the energy efficiency, comparing to the existing 1-hop and
Cooperative communications, but also provides the average end-to-end delay close to the
Cooperative communication. However, the energy efficiency of Time Diversity communication
and the normalized throughput performance have not been explored yet. Therefore, in this paper
we extend our previous studies as follows: We first propose the energy efficiency model of
Time Diversity communication in multipath fading. The optimal packet size to maximize the
energy efficiency is then investigated. In addition to Binary Phase Shift Keying (BPSK) and 16ary Quadrature Amplitude Position Modulation (QAPM)[22][23] considered in [20], two
modulation techniques recommended in IEEE 802.15.6 [3], namely Differential Binary Phase
Shift Keying (DBPSK) and Differential Quadrature Phase Shift Keying (DQPSK) are also taken
into account. After that, the closed-form expressions of the energy efficiency models of 1-hop,
Cooperative, 2-hop and Time diversity communication schemes in multipath fading are
explicitly derived for the above-mentioned modulation techniques further. Finally, we evaluate
the normalized throughput of all communication schemes with their optimal packet sizes by
computer simulations in addition to the average end-to-end (E2E).
According to the numerical results, it is clear that for poor channel conditions (S-D distances
exceed a certain threshold), the optimal packet size of our proposed Time Diversity
considerably improves the energy efficiency comparing to all communication schemes in inbody channel while our previously proposed 2-hop communication has the best performance in
LOS (Line-of-Sight) and NLOS (Non-Line-of-Sight) on-body channels. For Time Diversity
communication, the energy efficiency cannot always be improved by increasing the diversity
channel since the optimal diversity channel depends on the S-D (Source-Destination) distance.
Regarding the performance of modulation techniques, it is obvious that 16QAPM provides the
maximum energy efficiency in the in-body channel for all communication schemes excluding
Time Diversity communication. On the other hand, BPSK has the best performance in LOS and
NLOS on-body channels for all communication schemes.
Next, the simulation results show that Cooperative communication provides the highest
normalized throughput in LOS on-body channel. However, our proposed Time Diversity
64

International Journal of Computer Networks & Communications (IJCNC) Vol.10, No.5, September 2018

communication achieves the best performance in-body channel whereas the previously proposed
2-hop communication does in NLOS on-body channel regardless of S-D distances. In case of
the average E2E delay, Cooperative communication is superior to all communication schemes.
The remainder of this paper is organized as follows: Section 2 briefly reviews the closely related
prior works. In Section 3, the system model is concisely described. The energy efficiency
models of all communication schemes are elaborated in Section 4. The closed-form expressions
of the average bit error rate in multipath fading are derived in Section 5. In Section 6, the packet
size optimization is investigated. In Section 7, the numerical results of the energy efficiency are
demonstrated while in Section 8, the simulation results of the normalized throughput and the
average E2E delay are illustrated. Finally, we conclude this paper in Section 9.

2. RELATED WORK
Recently, multi-hop and cooperative communications have become of interest to many
researchers as effective strategies to improve the energy efficiency and prolong the network
lifetime in WBANs. In [11], the energy usage of adding a relay node for multi-hop
communication is analyzed. In [12], the relay selection scheme based on residual energy and
packet priority for 2-hop communication is proposed. In [13], the authors conduct simulations to
study the energy efficiency performance of a multi-hop topology. Moreover, in [14], the energy
efficient routing mechanism based on a leach protocol is proposed for multi-hop
communications in WSNs. Meanwhile, in [24], the energy efficiency of cooperative
communication is investigated, and the outage performance of three transmission schemes,
namely 1-hop transmission, 1-relay cooperation and multi-relay cooperation is analyzed. In
[25], cooperative transmission with utilization of a diversity technique is proposed in terms of
energy efficiency. Furthermore, in [26], cooperative communication adopting the optimal power
allocation is evaluated while in [27], cooperative communication employing both the optimal
power allocation and the optimal signal-relay location is proposed. However, the issues
regarding the optimal packet size have not been discussed in these existing works. In [7] and
[8], the energy efficiency models of 1-hop and cooperative communications are proposed to
select their appropriate packet size. In [9], the energy efficiency of multi-periodic scheduled
access mode as a function of payload size, which relies on the latest drafted IEEE 802.15.6 is
derived. In addition, the analysis of power consumption with IEEE 802.15.6 CSMA/CA is
carried out to select the optimal packet size in [10]. Nevertheless, it is clear from these works
[7]-[10] that the optimal packet size of 2-hop communication has not been investigated yet.
Furthermore, in [7] and [8], the multipath fading has not been considered in the case of the inbody channel. Therefore, in [20] and [21] we investigate the energy efficiency of 2-hop
communication and then evaluate its performance in terms of the average end-to-end delay.
However, the throughput performance has not still been studied.
Diversity technique is also widely used in WBANs to overcome multipath fading, especially
when a channel is in deep fading. By transmitting various independently faded copies of the
same information to the receiver, the probability that all signal components suffering from deep
fading reduces. The overall Signal-to-Noise Ratio (SNR) also increases [28][29]. Typically,
diversity technique can be classified into frequency [7], space (receive and transmit
diversity)[15]-[18] and time diversity [17]. In [7], frequency technique with the utilization of
wideband Direct Sequence-Code Division Multiple Access (DS-CDMA) is used to derive the
energy efficiency models in multipath fading in on-body channel. In [15], the transmit diversity
with two transmitting antennas being placed on the human body is used in real experiments to
deal with the effect of human movements and multipath fading in on-body channel. In [16], the
probability of error of 𝜋/4 DQPSK with two receiving antennas in in-body channel is analyzed.
In [17], a two-antenna system design for WBAN in on-body channel is introduced. In addition,
the minimum number of antennas and their optimal positions for space diversity in WBAN
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Ultra-Wideband (UWB) is investigated [18]. These works [7][15]-[18] show clearly that
frequency and space diversity can mitigate the effect of multipath fading in WBANs, and high
diversity gain can be achieved. However, frequency diversity requires additional bandwidths,
which may not be compatible with Narrowband on WBANs whereas space diversity may not be
implemented in small devices [28], which is a challenging design in WBANs. Thus, we focus
on time diversity in this work. In [19], coded pulse position modulation using both time
diversity and high dimensional signal constellation over the human abdominal channel and
conventional Rayleigh channel is proposed for in-body channel. Nevertheless, to the best of our
knowledge, the energy efficiency of time diversity and the optimal packet size has not been
explored yet.

3. SYSTEM MODEL
In this work, we assume that a relay node (R) is the same type as a source node (S). For
example, in on-body channel, both the relay and source nodes are wearable nodes. In addition,
the relay node is approximately located in midway between source and destination (D) nodes,
since this location provides the maximum energy efficiency [7]. In practice, although the
location of the relay node deviates from the midway, its energy efficiency is not so different
from the maximum one. Here, we assume that a TDMA-based access mechanism is adopted,
and packet collision is not considered.

(a) 1-hop

(c) Proposed 2-hop

(b) Cooperation

(d) Proposed Time Diversity

Figure 1. Communication schemes under
consideration

(a) Non-interleaving coding

(b) Interleaving coding

Figure 2. Time diversity technique

There are four communication schemes under our consideration, as shown in Figure 1. The
transmission procedure of any packets in all communication schemes is carried out as follows:
(i) 1-hop communication; the source node directly sends a packet to the destination node in the
1st time slot and so on. (ii) Cooperative communication; the source node broadcasts a packet to
the destination and the relay nodes in the 1st time slot. If the transmission from the source to the
destination nodes fails, the relay node will retransmit that packet to the destination node in the
2nd time slot. Then, this procedure is repeated for the next packets. (iii) 2-hop communication;
the source node sends a packet to the relay node in the 1st time slot and then the relay node
forwards that packet to the destination node in the 2nd time slot and so do the next packets. (iv)
Time Diversity communication; the source node directly sends L copies of the same packet to
the destination node for achieving L diversity channels in L time slots, where L is an integer
number.
For Time Diversity communication, repetition coding, which is the simplest technique is
adopted. In this technique, information is transmitted in different duration while each duration is
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greater than the coherent time (Tc) of the channel to achieve independent fading. In other words,
the gap between consecutive repetition transmissions should be greater than Tc. In order to do
this, the interleaving process is needed, as shown in Figure 2.
In addition, all communication schemes under our consideration adopt ARQ protocol. In this
protocol, the destination node sends an ACK or a NACK packet back to the source node
depending on whether the destination node can receive the packet correctly or not. In this work,
we assume that the transmission of the ACK and NACK packets is error-free because their
packet size is very small, and the destination node is generally located outside the human body,
so the transmission power can simply be adjusted to accomplish the transmission. In case of
Cooperative and 2-hop communications, the destination node broadcasts either the ACK or
NACK packets to both the relay and source nodes as a single-hop transmission.
In multipath fading, slow fading channel is considered since it is assumed that user's speed is
not high, and only flat fading channel is assumed. In addition, Rician distribution is used to
model multipath fading in on-body channel [4] while Rayleigh distribution is adopted in inbody channel since most of the signal components in this channel are transmitted through
human's tissues and organs, thus leading to deep fading.

4. ENERGY EFFICIENCY MODEL
In this Section, the efficiency models are described in detail.

4.1. 1-hop communication
In [7] and [8], the energy efficiency model of 1-hop communication (𝜂1−ℎ𝑜𝑝 ) is proposed and
can be expressed as
1−ℎ𝑜𝑝

𝜂1−ℎ𝑜𝑝 =

(1−𝑃𝐸𝑅1−ℎ𝑜𝑝 )(𝐸𝑡𝑜𝑡𝑎𝑙 )𝑆
1−ℎ𝑜𝑝
𝐸𝑡𝑜𝑡𝑎𝑙 (𝑆+𝐻) + 𝐸𝑇𝑥,𝑎𝑐𝑘 + 𝐸𝑅𝑥,𝑎𝑐𝑘 +𝐸𝑎𝑐𝑡𝑖𝑣𝑒

(1)

where 𝑆 and 𝐻 represent the payload and header sizes of the transmitted packet in bits,
respectively. 𝑃𝐸𝑅1−ℎ𝑜𝑝 is the packet error rate (𝑃𝐸𝑅) of 1-hop communication (between the
1−ℎ𝑜𝑝
source and destination nodes). 𝐸𝑡𝑜𝑡𝑎𝑙
, the total energy consumption per bit of 1-hop
communication, can be expressed as
1−ℎ𝑜𝑝

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝑃𝑇 / 𝑅 + 𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠

(2)

where 𝑃𝑇 is the transmission power. 𝑅 is the data rate (bits per second). 𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 and 𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠
are the transmitter and receiver circuit energy consumption for processing data per bit,
respectively. It is worth mentioning that 𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 and 𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 are taken into account due to
the extremely low transmission power in WBANs. 𝐸𝑇𝑥,𝑎𝑐𝑘 and 𝐸𝑅𝑥,𝑎𝑐𝑘 are the energy
consumption to transmit and receive the ACK or NACK packet, respectively and can be defined
as
𝐸𝑇𝑥,𝑎𝑐𝑘 = (𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝑃𝑇 / 𝑅)𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘

(3)

𝐸𝑅𝑥,𝑎𝑐𝑘 = (𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 )𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘

(4)

where 𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘 is the packet size of the ACK or NACK packet in bits. 𝐸𝑎𝑐𝑡𝑖𝑣𝑒 is the required
energy consumption for keeping the transmitter and receiver active. In general, 𝐸𝑎𝑐𝑡𝑖𝑣𝑒 is very
small, comparing to the energy consumption for processing and transmitting data and has a
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negligible effect on energy efficiency comparison. Therefore, in this work 𝐸𝑎𝑐𝑡𝑖𝑣𝑒 is a constant
value and set to be zero.

4.2. Cooperative communication
In [7] and [8], the energy efficiency model of Cooperative communication (𝜂𝐶𝑜 ) is proposed as
well and can be expressed as
𝜂𝐶𝑜 =

1−ℎ𝑜𝑝
(1−𝑃𝐸𝑅𝐶𝑜 )(𝐸𝑡𝑜𝑡𝑎𝑙
)𝑆
𝐶𝑜 (𝑆+𝐻) + 𝐸
𝐸𝑡𝑜𝑡𝑎𝑙
𝑇𝑥,𝑎𝑐𝑘 + 𝐸𝑅𝑥,𝑎𝑐𝑘 +𝐸𝑎𝑐𝑡𝑖𝑣𝑒

(5)

where 𝑃𝐸𝑅𝐶𝑜 is the 𝑃𝐸𝑅 of Cooperative communication and can be expressed as
𝑃𝐸𝑅𝐶𝑜 = 𝑃𝐸𝑅𝑆𝐷 𝑃𝐸𝑅𝑆𝑅 + 𝑃𝐸𝑅𝑆𝐷 (1 − 𝑃𝐸𝑅𝑆𝑅 )𝑃𝐸𝑅𝑅𝐷

(6)

where 𝑃𝐸𝑅𝑆𝐷 , 𝑃𝐸𝑅𝑆𝑅 and 𝑃𝐸𝑅𝑅𝐷 are the 𝑃𝐸𝑅𝑠 of the links between source and destination,
source and relay, and relay and destination nodes, respectively. Equivalently, 𝑃𝐸𝑅𝑆𝐷 = 𝑃𝐸𝑅1−ℎ𝑜𝑝 .
We assume that the packet errors occurring on each link are independent to each other.
𝐶𝑜
𝐸𝑡𝑜𝑡𝑎𝑙
is the average total energy consumption per bit of Cooperative communication. In order to
𝐶𝑜
compute 𝐸𝑡𝑜𝑡𝑎𝑙
, three events are considered; the first event is the successful transmission from
source to destination nodes in the 1st time slot, which consumes energy 𝐸1 with probability (1 −
𝑃𝐸𝑅𝑆𝐷 ). Then, 𝐸1 can be expressed as

𝐸1 = 𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝑃𝑇 /𝑅 + 2𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠

(7)

The second event is the failure of transmission from source to relay and to destination nodes in
the 1st time slot simultaneously, which consumes energy 𝐸2 with probability 𝑃𝐸𝑅𝑆𝐷 𝑃𝐸𝑅𝑆𝑅 . Then,
𝐸2 can be represented as
𝐸2 = 𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝑃𝑇 /𝑅 + 2𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠

(8)

The last event is the failure of transmission from source to destination nodes, and the successful
transmission from source to relay nodes in the 1st time slot at the same time. This event
consumes energy 𝐸3 with probability 𝑃𝐸𝑅𝑆𝐷 (1 − 𝑃𝐸𝑅𝑆𝑅 ). Then, 𝐸3 can be illustrated as
𝐸3 = 2𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 2𝑃𝑇 /𝑅 + 3𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠

(9)

Therefore, the average total energy consumption per bit of Cooperative communication can be
represented as
𝐶𝑜
𝐸𝑡𝑜𝑡𝑎𝑙
= 𝐸1 (1 − 𝑃𝐸𝑅𝑆𝐷 ) + 𝐸2 𝑃𝐸𝑅𝑆𝐷 𝑃𝐸𝑅𝑆𝑅 + 𝐸3 𝑃𝐸𝑅𝑆𝐷 (1 − 𝑃𝐸𝑅𝑆𝑅 )

(10)

4.3. Proposed 2-hop communication
According to our previous work [20], the energy efficiency model of 2-hop communication
(𝜂2−ℎ𝑜𝑝 ) can be expressed as
1−ℎ𝑜𝑝

𝜂2−ℎ𝑜𝑝 =

(1−𝑃𝐸𝑅2−ℎ𝑜𝑝 )(𝐸𝑡𝑜𝑡𝑎𝑙 )𝑆
2−ℎ𝑜𝑝
𝐸𝑡𝑜𝑡𝑎𝑙 (𝑆+𝐻) + 𝐸𝑇𝑥,𝑎𝑐𝑘 + 𝐸𝑅𝑥,𝑎𝑐𝑘 + 𝐸𝑎𝑐𝑡𝑖𝑣𝑒

(11)

2−ℎ𝑜𝑝
where 𝐸𝑡𝑜𝑡𝑎𝑙
is the average total energy consumption per bit of 2-hop communication while
𝑃𝐸𝑅2−ℎ𝑜𝑝 is the 𝑃𝐸𝑅 of 2-hop communication. The packet error in 2-hop communication can
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occur according to two events; the first event is the failure of transmission from source to relay
nodes in the 1st time slot. The second event is the successful transmission from source to relay
nodes in the 1st time slot, and the failure of transmission from the relay to destination nodes in
the 2nd time slot. Consequently, 𝑃𝐸𝑅2−ℎ𝑜𝑝 can be expressed as
𝑃𝐸𝑅2−ℎ𝑜𝑝 = 𝑃𝐸𝑅𝑆𝐷 + (1 − 𝑃𝐸𝑅𝑆𝑅 )𝑃𝐸𝑅𝑅𝐷

(12)

2−ℎ𝑜𝑝
For computing 𝐸𝑡𝑜𝑡𝑎𝑙
, two events are considered; the first event is the successful transmission
from source to relay nodes in the 1st time slot, which consumes energy 𝐸1 with probability (1 −
𝑃𝐸𝑅𝑆𝑅 ). The second event is the failure of transmission from source to relay nodes in the 1 st time
slot, which consumes energy 𝐸2 with probability 𝑃𝐸𝑅𝑆𝑅 . Here, 𝐸1 and 𝐸2 can be expressed as

𝐸1 = 2𝐸2 = 2{𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝑃𝑇 /𝑅 + 𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 }

(13)

Thus, the average total energy consumption per bit of 2-hop can be computed by
2−ℎ𝑜𝑝

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸1 (1 − 𝑃𝐸𝑅𝑆𝑅 ) + 𝐸2 𝑃𝐸𝑅𝑆𝑅

(14)

4.4. Proposed time diversity communication
In this Subsection, we propose the energy efficiency model of Time Diversity communication
with the utilization of repetition coding (𝜂𝑑𝑣 ). It can be given by
𝜂𝑑𝑣 =

1−ℎ𝑜𝑝
(1−𝑃𝐸𝑅𝑑𝑣 )(𝐸𝑡𝑜𝑡𝑎𝑙
)𝑆
𝑑𝑣 (𝑆+𝐻) + 𝐸
𝐸𝑡𝑜𝑡𝑎𝑙
𝑇𝑥,𝑎𝑐𝑘 + 𝐸𝑅𝑥,𝑎𝑐𝑘 + 𝐸𝑎𝑐𝑡𝑖𝑣𝑒

(15)

𝑑𝑣
where 𝐸𝑡𝑜𝑡𝑎𝑙
is the total energy consumption per bit of Time Diversity communication. 𝑃𝐸𝑅𝑑𝑣 is
the 𝑃𝐸𝑅 of Time Diversity communication that is equivalent to the 𝑃𝐸𝑅 of the link between the
source and destination nodes with Time Diversity technique. For repetition coding, the source
node directly transmits L copies of the same packet for achieving L diversity channels to the
𝑑𝑣
destination node in L time slots. Consequently, 𝐸𝑡𝑜𝑡𝑎𝑙
can be represented as
𝑑𝑣
𝐸𝑡𝑜𝑡𝑎𝑙
= (𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 + 𝑃𝑇 /𝑅 + 𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 )𝐿

(16)

5. THE AVERAGE BIT ERROR RATE DERIVATION
In this Section, we derive the closed-form expressions of the average bit error rate (BER) in
multipath fading. Firstly, the packet error rate and the relevant path loss model [30] are
considered.

5.1. The packet error rate in multipath fading
The 𝑃𝐸𝑅 of each link is defined as the probability which at least one bit in the packet is
erroneous. It can be expressed as
𝑃𝐸𝑅 = 1 − (1 − 𝑃𝑒 ) 𝑆+𝐻

(17)

where 𝑃𝑒 is the average BER in multipath fading. To compute the average BER, the average
instantaneous SNR per bit (𝛾̅ ) is defined as
𝛾̅ = Ω𝐸𝑏 /𝑁0

(18)

where Ω = 𝐸[𝛼 2] is the mean-square value of the fading amplitude (𝛼). 𝐸𝑏 /𝑁0 is the SNR per bit
and can be given by
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𝐸𝑏 /𝑁0 (𝑑𝐵) = 𝑃𝑇 − 𝑃𝐿(𝑑) − 𝑁0 − 10𝑙𝑜𝑔(𝑅)

(19)

where 𝑁0 is the AWGN noise power in dBW/Hz. 𝑃𝐿(𝑑) is the path loss at a distance 𝑑 in
WBAN and can be given by [30]
𝑃𝐿(𝑑)(𝑑𝐵) = 𝑃𝐿0 + 10𝑛𝑙𝑜𝑔(𝑑/𝑑0 ) + 𝑋𝜎

(20)

where 𝑃𝐿0 represents the path loss at a reference distance 𝑑0 . 𝑛 is the path-loss exponent. 𝑋𝜎 is
the shadowing component which is a Gaussian distributed random variable with zero mean and
standard deviation in 𝑑𝐵. All parameters in the path loss model are given in Table 1 [30].

5.2. The average BER in multipath fading
In this Subsection, we derive the average BER in multipath fading for 1-hop, 2-hop and
Cooperative communications. Under the assumption of flat and slow fading channel, the
amplitude attenuation and phase can be considered constant over at least a symbol period.
Consequently, the average BER in multipath fading can be computed by averaging the
conditional BER for a fixed fading amplitude (𝛼) over the probability density function (PDF) of
the fading distribution [28][29] as given in (21) as follow:
∞

𝑃𝑒 = ∫0 𝑃𝑏 (𝛾𝑏 )𝑝𝛾 (𝛾𝑏 ) 𝑑𝛾𝑏

(21)

where 𝛾𝑏 = 𝛼 2 𝐸𝑏 /𝑁0 is the instantaneous SNR per bit. 𝑃𝑏 (𝛾𝑏 ) is the BER conditioned on a fixed
𝛾𝑏 (the conditional BER). It is equivalent to the BER over AWGN channel, where 𝐸𝑏 /𝑁0 is set
to be 𝛾𝑏 . 𝑝𝛾 (𝛾𝑏 ) is the PDF of 𝛾𝑏 corresponding to the fading distribution.
In this work, we consider four types of modulation techniques, namely BPSK, 16QAPM,
DBPSK and DQPSK. According to [22], the conditional BER of 16QAPM can be expressed as
shown in (22).
𝑃𝑏,16𝑄𝐴𝑃𝑀 (𝛾𝑏 ) =

1

4 2

3

[ 𝑄 (√4𝛾𝑏 /3 −

𝑄(𝑥) =
𝑄2 (𝑥) =

1 5

𝑄2 √4𝛾𝑏 /3)]

1 𝜋/2
−𝑥 2
∫ 𝑒𝑥𝑝 (2𝑠𝑖𝑛2𝜃) 𝑑𝜃
𝜋 0
1

𝜋/4

∫
𝜋 0

𝑒𝑥𝑝 (

−𝑥 2
2𝑠𝑖𝑛2 𝜃

(22)

, 𝑥≥0

(23)

) 𝑑𝜃 , 𝑥 ≥ 0

(24)

By using alternative expressions of Q-function and the square of Q-function [29] as given in
(23) and (24), the conditional BER of 16QAPM can be rewritten in the form of exponential
function of 𝛾𝑏 as
𝑃𝑏,16𝑄𝐴𝑃𝑀 (𝛾𝑏 ) =

5 𝜋/2
−2𝛾
∫ 𝑒𝑥𝑝 (3𝑠𝑖𝑛2𝑏𝜃) 𝑑𝜃
8𝜋 0

−

𝜋/4
1
−2𝛾
∫ 𝑒𝑥𝑝 (3𝑠𝑖𝑛2𝑏𝜃) 𝑑𝜃
12𝜋 0

(25)

Then, by substituting (25) into (21), we can represent the average BER of 16QAPM in terms of
Moment Generating Function (MGF) as
𝑃𝑒,16𝑄𝐴𝑃𝑀 =

5 𝜋/2
−2
∫ 𝑀𝛾 (3𝑠𝑖𝑛2 𝜃) 𝑑𝜃
8𝜋 0

−

𝜋/4
1
−2
∫ 𝑀𝛾 (3𝑠𝑖𝑛2 𝜃) 𝑑𝜃
12𝜋 0

(26)

∞

where the MGF is defined as 𝑀𝛾 (𝑠) = ∫0 𝑝𝛾 (𝛾𝑏 )𝑒 𝑠𝛾𝑏 𝑑𝛾𝑏 . In the Rayleigh fading channel, the
average BER of 16QAPM can be derived further and expressed in a closed-form as (See
Appendix A.1 for detailed proof)
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𝑃𝑒,16𝑄𝐴𝑃𝑀 =

5
16

(1 − √
3

̅
2𝛾
̅
+ 2𝛾

) -

1
(1
48

−

̅
̅
4
2𝛾
3 +2𝛾
[𝑡𝑎𝑛−1 (√ 2𝛾̅ )])
√
𝜋 3 + 2 ̅𝛾

(27)

where 𝛾̅ is the average instantaneous SNR per bit as shown in (18). In the Rician fading channel,
by putting the MGF of the Rician distribution into (26), we obtain the closed-form expression of
the average BER of 16QAPM with finite integral, where K is the Rician factor.
In [29], the average BERs of BPSK, DBPSK and DQPSK over the fading channel are derived in
terms of MGF. Furthermore, in the Rayleigh fading channel, the average BER of BPSK and
DQPSK can further be simplified and expressed in closed-forms as illustrated in (28) and (29),
respectively.
𝑃𝑒,𝐵𝑃𝑆𝐾 =
𝑃𝑒,𝐷𝑄𝑃𝑆𝐾 =

1
2

̅
𝛾

(1 − √
1

̅
+ 𝛾

)

(28)

̅
1
√2𝛾
(1 −
)
2
√1 + 4𝛾
̅ + 2𝛾
̅2

(29)

5.3. The average BER with L diversity channels
In this Subsection, the average BER for Time Diversity communication in multipath fading is
derived. We assume that there are L diversity channels that contain the same information with
independent fading amplitudes. Also, multipath fading among L diversity channels is assumed
to be independent identically distributed (i.i.d); fading distributions are the same types and have
the same fading parameters. For coherent detection, Maximal Ratio Combining (MRC)[29] is
used as a technique to efficiently combine L independently faded copies of the same packet at
the receiver. Since MRC requires knowledge of all fading parameters, it is the optimal scheme.
In the case of differentially coherent detection, Equal-Gain Combining (EGC)[29], which is the
suboptimal scheme, is utilized.
The main idea to derive the average BER with L diversity channels is to find the BER
conditioned on a fixed set of {𝛼𝑐 | 𝑐 ∈ 1,2,3, … , 𝐿} and then average it over the PDF of {𝛼𝑐 }.
Consequently, the average BER as shown in (21) can be rewritten as
∞

𝑃𝑒 = ∫0 𝑃𝑏 (𝛾𝑡 )𝑝(𝛾𝑡 ) 𝑑𝛾𝑡

(30)

where 𝛾𝑡 is the total instantaneous SNR per bit. For equally likely transmitted symbols, 𝛾𝑡 can be
computed [28] by
𝛾𝑡 = ∑𝐿𝐶= 1 𝛾𝐶

(31)

where 𝛾𝑐 = 𝛼𝑐2 𝐸𝑏 /𝑁0 is the instantaneous SNR per bit on 𝑐 𝑡ℎ channel. 𝑃𝑏 (𝛾𝑡 ) is the conditional
BER for a fixed set of {𝛾𝑐 }. It is equivalent to the BER over AWGN multichannel, where the
total SNR is set to be 𝛾𝑡 . 𝑃𝛾 (𝛾𝑡 ) is the PDF of 𝛾𝑡 . Without any loss in performance due to
coherent detection, the conditional BER of 16QAPM for a fixed set of {𝛾𝑐 }, can be expressed as
1 5

1

4 2

3

[ 𝑄(√4𝑡 /3) −

𝑃𝑏,16𝑄𝐴𝑃𝑀 (𝛾𝑡 ) =

𝑄2 (√4𝑡 /3)]

(32)

Similar to Subsection 5.2, (32) can be rewritten as
𝑃𝑏,16𝑄𝐴𝑃𝑀 (𝛾𝑡 ) =

𝜋

5 2 𝐿
∫ ∏𝑐 = 1
8𝜋 0

−2𝛾𝑐
) 𝑑𝜃
3𝑠𝑖𝑛2 𝜃

𝑒𝑥𝑝 (

−

𝜋/4
1
∫ ∏𝐿𝑐 = 1
12𝜋 0

−2𝛾𝑐
) 𝑑𝜃
3𝑠𝑖𝑛2 𝜃

𝑒𝑥𝑝 (

(33)
71

International Journal of Computer Networks & Communications (IJCNC) Vol.10, No.5, September 2018

By substituting (33) into (30) and due to the i.i.d fading distribution, the average BER of
16QAPM can be written as
𝑃𝑒,16𝑄𝐴𝑃𝑀 =

𝐿
5 𝜋/2
−2
(
)] 𝑑𝜃
[𝑀
∫
𝛾
2
0
8𝜋
3𝑠𝑖𝑛 𝜃

-

𝐿
𝜋/4
1
−2
(
)] 𝑑𝜃
[𝑀
∫
𝛾
2
0
12𝜋
3𝑠𝑖𝑛 𝜃

(34)

In the Rayleigh fading channel, the average BER of 16QAPM with L diversity channels can be
simplified to (See Appendix A.2 for detailed proof)
𝑐
1 + 𝜇 𝑐 𝜇𝑦 𝜋
5 1 − 𝜇𝑦 𝐿 𝐿 −1 𝐿 − 1 + 𝑐
1
−1 2𝑐
) ∑𝑐 = 0( 𝑐 ) ( 2 𝑦 ) + 12𝜋
( 2 − 𝑡𝑎𝑛−1 𝜇𝑦 ) ∑𝐿𝑐 =0
( 𝑐 ) (4(1 +(2/3)𝛾̅ ))
8
2
𝜇𝑦
2(𝑐 −𝑖)+1
1
𝑇𝑖𝑐
𝑐
- 48 - 12𝜋
𝑠𝑖𝑛(𝑡𝑎𝑛−1 𝜇𝑦 ) ∑𝐿−1
(35)
[𝑐𝑜𝑠(𝑡𝑎𝑛−1 𝜇𝑦 )]
𝑐 =1 ∑𝑖=1 (1 + (2/3)𝛾
̅ )𝑐

𝑃𝑒,16𝑄𝐴𝑃𝑀 = (

̅
2𝛾
̅
3 +2𝛾

where

𝜇𝑦 = √

and

𝑇𝑖𝑐 =

(36)

(2c
c )
2(𝑐 − 𝑖)
( 𝑐−i )4 𝑖 [2(𝑐 − 𝑖)

(37)

+ 1]

In [29], the average BER of BPSK with L diversity channels over the fading channel in terms of
MGF can be expressed as
𝑃𝑒,𝐵𝑃𝑆𝐾 =

𝐿
1 𝜋/2
−1
(
)]
𝑑𝜃
[𝑀
∫
𝛾
2
𝜋 0
𝑠𝑖𝑛 𝜃

(38)

In addition, the average BERs of DBPSK and DQPSK have identical expressions and can be
represented as follow:
𝑃𝑒,𝐷𝐵𝑃𝑆𝐾 = 𝑃𝑒,𝐷𝑄𝑃𝑆𝐾 =

1

𝜋

𝑓(𝐿 ; 𝜀 ; 𝜃)
2𝜀𝑠𝑖𝑛𝜃 + 𝜀 2

∫
22𝐿 𝜋 −𝜋 1 +

[𝑀𝛾 (−

𝑎 2 + 𝑏2 + 2𝑎𝑏𝑠𝑖𝑛𝜃
)]
2

0

+

≤ 𝜀=

𝐿
𝑎
𝑏

𝑑𝜃 ,
<1

(39)

where a = 0 and b = √2 for DBPSK while a = √2 − √2 and b = √2 + √2 for DQPSK.
𝑓(𝐿 ; 𝜀 ; 𝜃) is defined as
2𝐿−1
𝑓(𝐿 ; 𝜀 ; 𝜃) = ∑𝐿𝑐 =1( 𝐿− c ){(𝜀 −𝑐 + 1 − 𝜀 𝑐 + 1 ) cos[(𝑐 − 1)(𝜃 + 𝜋/2)]

− (𝜀 −𝑐 + 2 − 𝜀 𝑐 )cos[𝑐(𝜃 + 𝜋/2)]}

(40)

Furthermore, in the Rayleigh fading channel, the average BER of BPSK with L diversity
channels can be further simplified and given by [29] as follow:
1 − 𝜇𝑥 𝐿 𝐿 −1 𝐿 − 1 + 𝑐
1+𝜇 𝑐
) ∑𝑐 = 0( 𝑐 ) ( 2 𝑥 )
2

𝑃𝑒,𝐵𝑃𝑆𝐾 = (

𝜇𝑥 = √1

where

̅
𝛾
̅
+ 𝛾

(41)
(42)

and the average BER of DBPSK with L diversity channels can be expressed in a closed-form
[28] as
𝑃𝑒,𝐷𝐵𝑃𝑆𝐾 =

22𝐿 − 1 (𝐿

1
∑𝐿−1 𝑏 (𝐿
̅ )𝐿 𝑐 = 0 𝑐
− 1)!(1 + 𝛾

𝑐
̅
𝛾
)
̅
1+ 𝛾

− 1 + 𝑐)! (

(43)
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𝑏𝑐 =

where

1 𝐿−1− 𝑐
∑
𝑐! 𝑘 = 0

(2𝐿−1
)
k

(44)

In the Rician fading channel, the closed-form expressions of the average BERs of BPSK,
16QAPM, DBPSK and DQPSK with L diversity channels can be obtained with finite integral.

6. PACKET SIZE OPTIMIZATION
An optimal packet size is defined as a payload size of a packet which maximizes energy
𝑂𝑝𝑡
𝑂𝑝𝑡
𝑂𝑝𝑡
𝑂𝑝𝑡
efficiency. Let 𝑆1−ℎ𝑜𝑝
, 𝑆2−ℎ𝑜𝑝 , 𝑆𝐶𝑜 and 𝑆𝑑𝑣 be the optimal payload sizes of 1-hop, 2-hop,
Cooperative and Time Diversity communications, respectively. They can be obtained by taking
𝜕
= 0 given that  is a concave function, where  is the energy efficiency model of 1-hop, 2𝜕𝑠
hop, Cooperative and Time Diversity communications.
For 1-hop communication, the closed-form expression of the optimal payload size can be
obtained as follow:
𝑂𝑝𝑡

𝑆1−ℎ𝑜𝑝 = −

𝑥
2

1

4𝑥

+ 2 √𝑥 2 − ln(1−𝑃 )
𝑒

(45)

where 𝑥 = 𝐻 + 𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘 ; 𝐻 denotes the header size, and 𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘 is the packet size of ACK or
NACK packet. In case of Time Diversity communication, the optimal payload size can be
expressed in a closed-form as
𝑂𝑝𝑡

𝑆𝑑𝑣 = −

𝑦
2

+

1
√𝑦 2
2

−

4𝑦
ln(1−𝑃𝑒 )

(46)

𝑂𝑝𝑡
𝑂𝑝𝑡
where 𝑦 = (𝐻𝐿 + 𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘 )/𝐿 . The closed-form expressions of 𝑆2−ℎ𝑜𝑝
and 𝑆𝐶𝑜
cannot be
𝑂𝑝𝑡
𝑂𝑝𝑡
obtained simply. However, we find that 𝑆2−ℎ𝑜𝑝 and 𝑆𝐶𝑜 exist in the numerical result section, and
they can be obtained simply by using optimization programming.

Table 1. Parameter values
Parameter
𝑆𝑚𝑎𝑥 / 𝐻 /𝐻𝑎𝑐𝑘/𝑛𝑎𝑐𝑘
𝑃𝑇
𝑁0
LOS on-body
NLOS on-body
In-body
Data rate(R)
𝐸𝑇𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠 = 𝐸𝑅𝑥,𝑝𝑟𝑜𝑐𝑒𝑠𝑠

Value
2000/80/64 bits
-10 𝑑𝐵𝑚
-180 𝑑𝐵𝑊/𝐻𝑧
𝑑0 : 10 cm, 𝑛: 3.11, 𝜎: 6.1𝑑𝐵,
𝑃𝐿0 : 35.2 𝑑𝐵, 𝑓: 2.45 𝐺𝐻𝑧
𝑑0 : 10 cm, 𝑛: 5.9, 𝜎: 5.0𝑑𝐵,
𝑃𝐿0 : 48.4 𝑑𝐵, 𝑓: 3.1 𝐺𝐻𝑧
𝑑0 : 5 cm, 𝑛: 4.22, 𝜎: 6.81𝑑𝐵,
𝑃𝐿0 : 49.81 𝑑𝐵, 𝑓: 402-405 𝑀𝐻𝑧
On-body/In-body: 2/1 𝑀𝑏𝑝𝑠
On-body/In-body: 11.25/18.75 nJ/bit

Table 2. Fading parameters
Channel model
LOS on-body
NLOS on-body
In-body

Rician[4]
𝐾(𝑑𝐵)
Ω
24.7
1
9.3
1.03
-

Rayleigh
Ω
2
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7. NUMERICAL RESULTS AND DISCUSSION
In this Section, the energy efficiency of the proposed 2-hop and Time Diversity are evaluated
and then compared to the existing 1-hop and Cooperative communications in multipath fading
using the numerical calculation. All parameters used are given in Table 1 and 2.

7.1. The effect of multipath fading
First, we investigate the impact of multipath fading on energy efficiency in all WBAN channels.
In NLOS on-body channel, as shown in Figure 3(a), multipath fading affects energy efficiency
obviously. The maximum energy efficiency of BPSK and 16QAPM reduce from non-fading to
fading cases approximately 54 % and 58 %, respectively. Moreover, the payload size in fading
case has a larger impact on energy efficiency than the one in the non-fading case for the same SD distance. The energy efficiency with fading case drops sharply when the payload size deviates
from the optimal one. In case of the larger payload size, energy efficiency reduces due to the
high probability of packet error while for the smaller payload size, energy efficiency reduces
because of the large proportion of control overhead. However, due to low signal scattering, the
impact of multipath fading on energy efficiency in LOS on-body channel is quite small.

(a) NLOS on-body channel at S-D distance of 21 cm

(b) In-body channel at S-D distance of 14 cm

Figure 3. Energy efficiency Vs. payload size for 1-hop communication
In case of the in-body channel, as shown in Figure 3(b), the energy efficiency with fading case
is extremely poor comparing to the non-fading case because of high signal scattering. In
addition, the energy efficiency of DBPSK and DQPSK for 1-hop communication approach zero
in multipath fading when the S-D distance is greater than approximately 14 cm due to wasteful
energy consumption.

7.2. The energy efficiency of Time Diversity communication with various L
In this Subsection, the impact of various L diversity channels on energy efficiency in multipath
fading is investigated. All modulation techniques under consideration in this work are
evaluated. However, only the result of DQPSK is illustrated here because of the same trend of
the results obtained.

Figure 4. Energy efficiency Vs. payload size for Time Diversity communication for DQPSK for
LOS on-body channel at S-D distance of 140 cm
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The energy efficiency of Time Diversity communication with various L diversity channels in
LOS on-body channel is plotted in Figure 4. It is apparent that increasing the value of L does not
always improve energy efficiency. According to the results in Figure 4, the optimal value of L is
3 with the maximum energy efficiency of 26.5 %. However, when the value of L increases to 4,
the maximum energy efficiency drops to 22.5 %. This is because increasing value of L requires
a large amount of energy consumption without significant improvement of the successful
transmission, when the transmission is error-free, or the PER approaches zero.

7.3. The energy efficiency of four communication schemes in multipath fading
In this Subsection, we evaluate and compare the impact of the optimal packet size on the energy
efficiency of 1-hop, 2-hop, Cooperative and Time Diversity communications. For Time
Diversity communication, the optimal diversity channel (𝐿𝑂𝑝𝑡 ) is considered as well as the
diversity channel of 2 (L = 2) since the high value of L leads to higher delay. We evaluate all
modulation techniques under consideration in this work. However, only the result of DBPSK is
illustrated here because of the same trend of results obtained.

(a) S-D distance of 14 cm

(b) S-D distance of 21 cm

(c) S-D distance of 25 cm

Figure 5. Energy efficiency Vs. payload size in NLOS on-body channel for DBPSK

(a) S-D distance of 10 cm

(b) S-D distance of 17 cm

Figure 6. Energy efficiency Vs. payload size in in-body channel for DBPSK
First, we consider LOS and NLOS on-body channels. The energy efficiency versus payload size
in NLOS on-body channel in multipath fading for various S-D distances is plotted in Figure 5.
For good channel conditions, as shown in Figure 5(a), the optimal payload sizes of 1-hop and
Cooperative provide better energy efficiency than that of our proposed 2-hop communication.
This is because at this S-D distance, the probability of direct successful transmission is very
high, so 1-hop and Cooperative consume less energy than 2-hop communication. Also, they are
better than our proposed Time Diversity communication for both L = 2 and 𝐿𝑂𝑝𝑡 because the
probability of successful transmission of Time Diversity does not significantly increase in case
of low signal scattering, and it consumes much higher energy.
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However, when the channel is poor (S-D distances exceed 21 cm), as shown in Figure 5(b), the
optimal payload sizes of our proposed 2-hop and Time Diversity achieve better energy
efficiency than those of 1-hop and Cooperative communications. The maximum energy
efficiency of 2-hop is better than those of 1-hop and Cooperative communications
approximately 114 % and 27 %, respectively. While in the case of Time Diversity, it is better
than 1-hop and Cooperative communications roughly 94 % and 14%, respectively. The 2-hop
and Time Diversity are better than 1-hop communication because the energy consumption of 1hop communication is very likely to be wasteful due to the low probability of direct successful
transmission. Also, they outperform Cooperative because Cooperative communication
consumes higher energy for both direct and relay transmissions.
Table 3. Threshold distance
BPSK
Channel model
LOS on-body
NLOS on-body
In-body

𝑑𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
(cm)
133
21
21

16QAPM
𝑟𝑑
(cm)
9-20

𝑑𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
(cm)
120
20
19

𝑟𝑑
(cm)
9-18

DBPSK
𝑑𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
(cm)
122
20
17

DQPSK

𝑟𝑑
(cm)
8-16

𝑑𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
(cm)
111
19
18

𝑟𝑑
(cm)
7-17

Note that diversity channel (L) is equal to 2 for Time Diversity communication

Table 4. Comparison of four modulation techniques
Modulation
BPSK
16QAPM
DBPSK
DQPSK

LOS on-body
1-hop, Co
Time
and 2-hop
Diversity
1
1
3
2
2
3
4
4

NLOS on-body
1-hop, Co
Time
and 2-hop
Diversity
1
1
2
2
3
3
4
4

In-body
1-hop, Co
Time
and 2-hop
Diversity
2
1
1
2
3
3
3
3

Note that number 1, 2, 3 and 4 indicates the first, second, third and fourth highest energy efficiency, respectively.

For extremely poor channel conditions, Time Diversity with L = 2 and even the optimal L (𝐿𝑂𝑝𝑡
= 4) is not sufficient anymore while Cooperative is still operable by using relay communication.
As a result, Cooperative outperforms Time Diversity communication again, as shown in Figure
5(c). In addition, it is shown clearly in Figure 5 that 2-hop is always superior to Time Diversity
communication with any diversity channel in LOS and NLOS on-body channels regardless of SD distances, since Time Diversity does not effectively operate in low signal scattering situation.
This implies that for very large S-D distances, to decrease transmission distance provides better
energy efficiency than to transmit any independently faded copies of the same packet to the
receiver in these channels. The summarization of the approximated threshold distance
(𝑑𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ), where 2-hop communication has the best performance in LOS and NLOS on-body
channels is given in Table 3.
Next, we consider in-body channel, as shown in Figure 6. The optimal payload size of our
proposed Time Diversity communication can provide the maximum energy efficiency, as shown
in Figure 6(a) since the impact of multipath fading is very high in the in-body channel. In
addition, for extremely poor channel conditions as shown in Figure 6(b), although Time
Diversity communication with L = 2 is inferior to 2-hop communication, it can achieve the
maximum energy efficiency by using the optimal L (𝐿𝑂𝑝𝑡 = 4). We summarize the
approximated range of distances (𝑟𝑑 ) where Time Diversity communication with L = 2 has the
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best performance, as well as the 𝑑𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 in the in-body channel in Table 3 since L = 2 is more
practical for strict delay applications.
In this work, we also investigate the energy efficiency of the four modulation techniques in each
communication scheme, and their performance is compared together in Table 4. It is found that
16QAPM provides the highest energy efficiency in in-body channel for 1-hop, Cooperative and
2-hop communications whereas BPSK has the best performance among the rest. Since the
energy efficiency is inversely proportional to the average BER, some mathematical proofs can
be obtained due to the existence of the closed-form expressions of the average BER (See
Appendix B).

8. SIMULATION RESULTS AND DISCUSSION
In this Section, we simulate and compare the normalized throughput and the average E2E delay
of 1-hop, 2-hop, Cooperative and Time Diversity communications adopting their optimal packet
sizes. All simulations are implemented using MATLAB version R2010a. Here, only one S-D
pair is considered. The ARQ protocol utilizing stop-and-wait mechanism is adopted. In this
mechanism, when the transmission is successful, the destination node sends an ACK packet
back to the source node for requesting a subsequent packet. Also, the retransmission of any
packet is made only when the destination node sends a NACK packet back to the source node.
For Time Diversity communication, L is set to be 2. All parameters used for simulation are
given in Table 1 and 2.

8.1. Normalized throughput Vs. S-D distance
The normalized throughput is defined as the ratio of the number of successfully received bits of
the packets using the optimal packet size and the number of transmitted bits using the maximum
packet size. The number of transmitted packets is set to be 1,000 packets for all communication
schemes, and their payload size is selected based on the maximum energy efficiency.

(a) LOS on-body channel

(b) NLOS on-body channel

(c) In-body channel

Figure 7. The normalized throughput Vs. the S-D distance for BPSK
The simulation results of BPSK are plotted in Figure 7. In LOS on-body channel, as shown in
Figure 7(a), Cooperative communication adopting its optimal payload size provides the highest
normalized throughput for almost the whole S-D distances. Nevertheless, when the S-D distance
is around 115 to 135 cm, our proposed 2-hop and Time Diversity communications achieve
higher normalized throughput because in Cooperative communication, the packet size is
reduced to fulfil packet transmission within the 1st time slot to keep the energy efficiency high.
Furthermore, in the case of NLOS on-body channel, as shown in Figure 7(b), our proposed 2hop communication provides the highest normalized throughput for the entire S-D distances. As
mentioned previously, our proposed Time Diversity communication effectively performs in the
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environment with the high impact of multipath fading. Therefore, it provides the highest
normalized throughput in in-body channel, as shown in Figure 7(c).

8.2. Average End-to-End delay Vs. S-D distance
In this Subsection, we simulate the average E2E delay of a S-D pair for all communication
schemes which is defined as the average time spent on transmitting all amount of data to the
destination node. In LOS and NLOS on-body channels, the number of transmitted bits is 200
kbits which are enough to support on-body information such as blood pressure and heart rate.
The modulation technique used in these channels is DBPSK. In case of in-body channel, the
number of transmitted bits is 6.4 Mbits (approximately equivalent to 5 still images) to support
image information with DQPSK. The detail of delay analysis can be found in [21].

(a) LOS on-body channel

(b) NLOS on-body channel

(c) In-body channel

Figure 8. The average E2E delay Vs. the S-D distance for DQPSK
The simulation results in all WBAN channels are shown in Figure 8. It is clear that Cooperative
communication provides the lowest average E2E delay for the entire S-D distances in all
WBAN channels. Nevertheless, when the S-D distance exceeds a certain value, the average E2E
delay of Cooperative and our proposed 2-hop communications are close to each other.
Moreover, in in-body channel at the S-D distance between 11 and 15 cm, our proposed Time
Diversity approximately has the same average E2E delay as Cooperative communication.

9. CONCLUSION
In our work, we investigated the energy efficiency of Time Diversity communication in
multipath fading for several modulation techniques. The general closed-form expression of the
energy efficiency model and the optimal packet size in Rician and Rayleigh fading channels
were also derived. Furthermore, the normalized throughput and the average E2E delay of 1-hop,
Cooperative, 2-hop and Time Diversity communication schemes adopting their optimal packet
sizes were simulated and compared. The results demonstrate that our proposed Time diversity
communication with the optimal number of diversity channels (𝐿𝑂𝑝𝑡 ) achieves the highest
energy efficiency for poor channel conditions and the normalized throughput for the entire S-D
distances in in-body channel. On the other hand, 2-hop communication provides the best
performance in terms of the energy efficiency and the normalized throughput in LOS and NLOS
on-body channels while Cooperative communication outperforms all communication schemes
in terms of the average end-to-end delay. However, it is important to mention that our proposed
Time Diversity does not require any relay nodes that might bring inconvenience to human users.
In our future work, WBAN adopting the multi-input multi-output (MIMO) technology to
achieve high data rate transmission will be investigated. Furthermore, the impact of channel
coding on energy efficiency will be explored.
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APPENDIX
Appendix A: The evaluation of finite limit integration associated with the Rayleigh distribution
A.1 Proof (27)
1

/

1+

=

1
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1−
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According to [29], we know that
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Consequently, it becomes
−1
1 𝜋/𝑀
𝑐
(1
+
)
𝑑𝜃
∫
𝜋 0
𝑠𝑖𝑛2 𝜃

=

1
𝑀

𝜋/𝑀
𝑐
1
1+𝑐
−1
[𝑡𝑎𝑛 (√
𝑡𝑎𝑛𝜃)]
√
𝜋 𝑐(1+𝑐)
𝑐
0

−

(A.1.3)

For M = 2, it yields
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By applying (A.1.4) and (A.1.5) into (26), (27) can be obtained.
A.2 Proof of (35)
−𝑚
1 𝜋/𝑀
𝑐
(1
+
)
𝑑𝜃
∫
2
𝜋 0
𝑠𝑖𝑛 𝜃

=

1 𝜋/𝑀
𝑠𝑖𝑛2 𝜃
(
∫
𝜋 0
𝑠𝑖𝑛2 𝜃 + 𝑐

𝑚

) 𝑑𝜃

(A.2.1)

According to [29], we know that
𝑚
1 𝜋/𝑀
𝑠𝑖𝑛2 𝜃
(
)
𝑑𝜃
∫
2
𝜋 0
𝑠𝑖𝑛 𝜃 + 𝑐

1

1

𝑐

𝜋

1

𝑇

𝑖𝑛
𝑛
−1
2(𝑛−𝑖)+1
𝑠𝑖𝑛(𝑡𝑎𝑛−1 𝛼) ∑𝑚−1
]
𝑛 =1 ∑𝑖=1 (1 + 𝑐)𝑛 [𝑐𝑜𝑠(𝑡𝑎𝑛 𝛼)]

𝛼 = √1

where

𝑇𝑖𝑛 =

and

𝑛

−1 2𝑛
= 𝑀 - 𝜋 √1 + 𝑐 [( 2 − 𝑡𝑎𝑛−1 𝛼) ∑𝑚
𝑛 =0 ( 𝑛 ) (4(1 + 𝑐 )) −

𝑐
𝜋
𝑐𝑜𝑡 𝑀
+𝑐

(2𝑛
𝑛 )
2(𝑛 − 𝑖)
( 𝑛−i )4 𝑖 [2(𝑛 − 𝑖)

(A.2.2)

(A.2.3)
(A.2.4)

+ 1]

For M = 2, we obtain
1 𝜋/2
∫ (1
𝜋 0

+

−𝑚
𝑐
)
𝑑𝜃
2
𝑠𝑖𝑛 𝜃

𝜇 = √1

where

𝑛
1− 𝜇2
)
]
4

1

2𝑛
= 2 [1 − 𝜇 ∑𝑚−1
𝑛=0 ( 𝑛 ) (
𝑐
+𝑐

(A.2.5)
(A.2.6)

which is equivalent to the form in [28] as shown below:
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For M = 4, we get
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By applying (A.2.7) and (A.2.8) into (34), (35) can be obtained.
Appendix B: The Mathematical Proof of the Average BER of Modulation Techniques on
Energy Efficiency
In this Section, we compare the performance of four modulation techniques, namely BPSK,
16QAPM, DBPSK and DQPSK in terms of energy efficiency. Here, three communication
schemes including 1-hop, 2-hop and Cooperative communications are considered. The average
BER is considered as evaluation metric because it is used in deriving the energy efficiency
model.
B.1 LOS On-body channel
In LOS on-body channel, the BER in AWGN channel is used for evaluation instead since they
are close to each other. For high SNR, the BERs of all modulation techniques in AWGN
channel can be expressed as follows:
𝑃𝑏,𝐵𝑃𝑆𝐾 (𝛾𝑏 ) = 𝑄(√2𝛾𝑏 )
𝑃𝑏,16𝑄𝐴𝑃𝑀 (𝛾𝑏 ) ≈
𝑃𝑏,𝐷𝐵𝑃𝑆𝐾 (𝛾𝑏 )

5
8

(B.1.1)

𝑄(√4𝛾𝑏 /3)

(B.1.2)

≥ 𝑄(√2𝛾𝑏 )

(B.1.3)
𝜋

𝑃𝑏,𝐷𝑄𝑃𝑆𝐾 (𝛾𝑏 ) ≈ 𝑄 (√4𝛾𝑏 sin
)
4√2

(B.1.4)

By comparing the arguments of 𝑃𝑏,𝐵𝑃𝑆𝐾 , 𝑃𝑏,16𝑄𝐴𝑃𝑀 , 𝑃𝑏,𝐷𝐵𝑃𝑆𝐾 and 𝑃𝑏,𝐷𝑄𝑃𝑆𝐾 inside the square root of
the Q-function, it is clear that 𝑃𝑏,𝐵𝑃𝑆𝐾 < 𝑃𝑏,𝐷𝐵𝑃𝑆𝐾 < 𝑃𝑏,16𝑄𝐴𝑃𝑀 < 𝑃𝑏,16𝑄𝐴𝑃𝑀 . Thus, 𝜂𝐵𝑃𝑆𝐾 > 𝜂𝐷𝐵𝑃𝑆𝐾 >
𝜂16𝑄𝐴𝑃𝑀 > 𝜂𝐷𝑄𝑃𝑆𝐾 .
B.2 In-body channel.
In in-body channel, mathematical proof can be done simply to compare the performance of
modulation techniques due to the existence of the simple form of the average BER. It is wellknown in [29] that
𝑥

√1 +

𝑥

≅ 1−

1
2𝑥

, 𝑥 → ∞

(B.2.1)

Consequently, for high SNR, we can approximate the average BERs of BPSK, 16QAPM,
DBPSK and DQPSK as follows:
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)

(B.2.5)

It is apparent that 𝑃𝑏,16𝑄𝐴𝑃𝑀 < 𝑃𝑏,𝐵𝑃𝑆𝐾 < 𝑃𝑏,𝐷𝐵𝑃𝑆𝐾 . Next, we prove that 𝑃𝑏,𝐷𝑄𝑃𝑆𝐾 is the lowest and
approximately the same as 𝑃𝑏,𝐷𝐵𝑃𝑆𝐾 . By taking the limit 𝛾̅ → ∞ of the following ratio and using
L'hospital's rule, we get
lim

𝑃𝑏,𝐷𝐵𝑃𝑆𝐾

̅ → ∞ 𝑃𝑏,𝐷𝑄𝑃𝑆𝐾
𝛾

1
̅ + 1)−3/2
̅ → ∞ (2/𝛾
𝛾

= lim

=1

(B.2.6)

It is clear that 𝑃𝑏,𝐷𝐵𝑃𝑆𝐾 and 𝑃𝑏,𝐷𝑄𝑃𝑆𝐾 are approximately the same. Therefore, it can be concluded
that 𝜂16𝑄𝐴𝑃𝑀 > 𝜂𝐵𝑃𝑆𝐾 > 𝜂𝐷𝐵𝑃𝑆𝐾 ≈ 𝜂𝐷𝑄𝑃𝑆𝐾 .
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