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Abstract

Wearable wireless body area network (WBAN) has attracted considerable attention as a means to collect vital data in
sports training and urgent life-critical scenarios, which requires high reliability in links from sensor nodes to a central
coordinator. Herein, cooperative relaying, which means retransmission not by sensor nodes themselves but through
their cooperators, works effectively, since human postures do not suddenly change the states of the links in quite a
short duration such as a retransmission interval.
In this paper, we propose a cooperator-assisted WBAN for real-time vital data collection. We show that the WBAN is
realizable based on two kinds of medium access control (MAC) protocols such as a hybrid-time divison multiple
access/carrier sense multiple access (TDMA/CSMA) and a TDMA, both of which are compliant with the IEEE 802.15.4.e
standard, and evaluate the packet error rates and power consumptions for a hybrid-TDMA/CSMA-based WBAN and a
TDMA-based WBAN. In the evaluation of packet error rates, we use the stored received signal strength indication
(RSSI) data, which were obtained from experiments with three subjects in a realistic scenario composed of a series of
different actions and postures in a mixed-indoor/outdoor environment.
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1 Introduction
Wireless body area network (WBAN) is a short-range
network for connecting nodes on a human body (wear-
able WBAN) or in a human body (implant WBAN). One
key application includes vital data collection for patients
and elderly people in medical and health care scenarios,
where the energy consumption of sensor nodes is themost
important factor for their long-term monitoring.
Another key application is vital data collection for

workers such as firefighters, soldiers, and police offi-
cers in an urgent/life-critical scenario and for athletes in
a sports-training scenario. For the former scenario, it
is essential to monitor in real-time their physical and
physiological states through collecting vital data from sen-
sor nodes: body temperature meter, electro-cardio-graph
(ECG), electro-myo-graph (EMG), tri-accelerometer, and
SpO2 meter (for oxygen saturation) put on various posi-
tions of their bodies: left and right arms, left and right
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ankles, chest, finger and so on. On the other hand, for the
latter scenario, it is also important to collect vital data in
real-time, since trainers can train athletes with feedback
information on their physical states. For the application,
high reliability such as low packet error rate and low
packet delay is the most important factor, in other words,
because of their short operating times, the energy con-
sumption of sensor nodes is not so critical. In this paper,
we pay attention to how to guarantee high reliability in a
WBAN.
Because of the short transmittable range, typically, less

than 2 m, and the low transmission power, typically, less
than 0.1 mW, a star topology has been mainly consid-
ered inWBANs, connecting a central WBAN coordinator
(BANCO) to sensor nodes put on different positions of
a human body [1]. For WBANs, candidates in unlicensed
frequency bands are the 2.4 GHz industrial, scientific and
medical (ISM) band and the 3.1–10.6 GHz ultra wide
band (UWB) band, and their propagation channel charac-
teristics have been well investigated [2–4]. In this paper,
we assume the 2.4 GHz-ISM band, because in the fre-
quency band, not only the IEEE 802.15.6 standard is now
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available but also a variety of inexpensive transceivermod-
ules have been on the market, which are applicable for
WBAN applications [5, 6].
Although the 2.4 GHz-ISM band has the advantages

mentioned above, its major disadvantage is that it is not
rich in diffraction. In a WBAN where there are BANCO
and sensor nodes on different positions of a human body,
in addition to the poorness of diffraction and the low
transmission power, the directivity of antenna is much
affected by the human body, so the direct link between
them is easily and severely blocked, resulting in link dis-
connection.
In order to improve the reliability of wireless transmis-

sion, it is essential to use “the broadcast nature” inherent
to wireless. In this sense,WBAN is advantageous, because
there are many sensor nodes which cannot help receiv-
ing signals transmitted from other sensor nodes to a
BANCO and can act as cooperators for them. It is well
known that cooperative transmission, which means the
use of cooperators or relays, improves the quality of wire-
less transmission by means of transmit diversity [7, 8].
In fact, for WBANs in the 2.4 GHz-ISM band, the per-
formance of a cooperative transmission is discussed in
an indoor walking scenario [9], an opportunistic relaying
and a cooperative network coding are proposed [10, 11],
and the effects of selection combining andmaximum ratio
combining with the help of relay are examined [12]. In
addition, for WBANs assuming the IEEE 802.15.4 stan-
dard in the same frequency band [13], the advantage of
relaying is suggested [14], and the performance is investi-
gated [15, 16]. These works show the effectivity of coop-
erative transmission inWBANs, but their targets are all to
improve the energy efficiency for prolonging the lifetime
of the networks, which are common to those in general
wireless sensor networks. Furthermore, for a sensor node
in a WBAN, other sensor nodes can be candidates for
its cooperator, so a BANCO needs to select the best one
out of them, but these works use a pre-determined sen-
sor node as a cooperator for each sensor node, without
discussing how to select it out of them. There are some
works addressing cooperator selection schemes, but a sin-
gle human motion is assumed for a prediction-based relay
selection in the 2.4 GHz-ISM band [17], and the UWB
band is targeted [18], whose radio propagation charac-
teristic is totally different from that of the 2.4 GHz-ISM
band.
This paper proposes a cooperator-assisted WBAN for

ensuring real-time vital data collection [19, 20]. In a
WBAN, the radio channel characteristic around the
wearer dynamically changes according to not only his/her
action and posture but also the environment surround-
ing him/her such as indoors and outdoors. This implies
that a cooperator suited for each sensor node also dynam-
ically changes according to the physical situation around

the wearer, so adaptive cooperator selection recognizing
the temporal radio channel characteristic seems interest-
ing and promising. It must be difficult, however, since the
physical situations are infinite, so the proposed WBAN
selects a single sensor node out of other sensor nodes
for each sensor node, which can act as a moderately
good cooperator commonly in different physical situa-
tions. Furthermore, the proposed cooperator selection is
distributed, and in addition to it, the proposed WBAN
selects an adequate sensor node as a BANCO. In the per-
formance evaluation of the proposedWBAN, on the other
hand, we use the stored received signal strength indica-
tion (RSSI) data obtained from experiments with three
subjects in a realistic scenario composed of a series of
different actions and postures in a mixed-indoor/outdoor
environment.
It is better to realize a cooperator-assisted WBAN

using a current wireless communication standard, and in
this sense, one way is the use of a decode-and-forward
transmission in which cooperators retransmit their once-
stored packets after their parent sensor nodes transmit
packets to a BANCO. Regarding medium access control
(MAC) protocol, this is realizable in time divisionmultiple
access (TDMA) or carrier sense multiple access (CSMA).
TDMA seems suitable for highly reliable cooperator-
assistedWBAN, since it can avoid packet collisions. How-
ever, TDMA have some problems. One is the lack of
frames, namely, selecting one coordinator per sensor node
doubles the number of required frames. For instance, in
the IEEE 802.15.4-2011 standard, the number of frames
per superframe is limited up to 16 including a beacon
frame, so this means that the maximum number of sen-
sor nodes is limited up to 7 in a WBAN, which is too
small. Another is the delay of retransmission. For success-
ful reception of each frame in a superframe, a BANCO can
broadcast its acknowledgement (ACK) packet only in the
beacon frame of the next superframe. Therefore, if coop-
erators retransmit their packets after recognizing their
ACKs, the retransmission is delayed by the time period of
one superframe.
In this paper, we propose the use of low latency deter-

ministic network (LLDN) in the IEEE 802.15.4e standard
[21] for realizing a cooperator-assistedWBAN [22], where
we show two superframe designs using a TDMA and a
hybrid-TDMA/CSMA. Furthermore, these two designs
introduce different power consumptions, so using the
values of power consumptions for a typical transceiver
module, we compare the power consumptions between
them.
The remainder of this paper is organized as fol-

lows. Section 2 presents the system model and assump-
tions. Section 3 describes the superframe design criteria.
Section 4 discusses the principle of the cooperator selec-
tion and explains the selection algorithms for cooperator
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and BANCO in detail. Section 5 outlines the experiment
on the RSSI measurement, and Section 6 shows the per-
formance of the proposed cooperator/BANCO selections
using themeasured RSSI data. Finally, Section 7 concludes
the paper.

2 SystemModel and Assumptions
We assume a WBAN system model that consists of
total Nnode nodes including vital sensor nodes and one
BANCO on a human body. Putting different ID numbers
of 1, 2, · · · ,Nnode to the nodes, we define a set of node
ID numbers as Vnode. We also assume that any node can
measure the RSSI for its received packet. Each node peri-
odically senses vital signs and transmits its data packets
to a BANCO, and then, the BANCO transmits collected
data to an off-body node for monitoring his/her physi-
cal and physiological state. The purpose of this paper is
to improve the reliability of the wireless network among
the sensor nodes and the BANCO. Thus, the network
between the BANCO and the off-body node is out of the
scope of the paper. For example, we can use 3G/LTE as the
network [23].

2.1 Cooperative transmission
Figure 1 shows the systemmodel on a cooperator-assisted
WBAN, where a source node (A) transmits packets to
a BANCO (B) with a cooperator (C). According to the
promiscuous mode operation in all nodes, C can receive
and store packets transmitted from A to B. In the hybrid
TDMA/CSMA, when A transmits a packet to B, if C
can recognize the failure of the packet transmission, C
transmits the stored packet instead of A, otherwise, C
does not transmit it. In the TDMA, on the other hand,
regardless of whether the packet transmission from A to
B fails or not, C always transmits the stored packet to B.

BANCO
Source node

Reachable path
Unreachable pathCooperator

C

Fig. 1 System mode and cooperative transmission

Hereafter, we define the indices for the source node, coop-
erator candidate and temporarily selected BANCO as
i (i = 1, 2, · · · ,Nnode), j (j = 1, 2, · · · ,Nnode, j �= i, j �= k),
and k (k = 1, 2, · · · ,Nnode, k �= i), respectively.

2.2 Sensor nodemodel
We assume that a node has Nsensor kinds of sensors all
operating with analog to digital (A/D) resolution of q
bits/sample and sampling rate of F Hz, and it aggre-
gates Ms successively sensed data into a single data burst
with additional information of d bits such as timestamp.
Therefore, the payload size is given by

Lpayload = (q × Nsensor + d) × Ms bits. (1)

Then, the node assembles a data packet by adding an
overhead with length of Lo bits to the payload. Defin-
ing the data transmission rate as R bits/s, the data packet
duration becomes

Tdata = (Lpayload + Lo)/R sec. (2)

2.3 Packet success rate model
The fading channel characteristic dynamically changes
according to the actions of the BAN wearer, but because
of the short duration of data packet, it is reasonable to
assume that each data packet experiences “block fad-
ing,” which means that the fading channel character-
istic is constant over the duration of the packet. In
this case, the packet success rate for the nth packet
(n = 1, 2, · · · ,Npacket) from the lth node to the mth node
(l,m = 1, 2, · · · ,Nnode, l �= m) is given by

PSRl,m(n) = (
1 − (1 − BERl,m(n))Lpacket

)
(3)

where Lpacket and BERl,m(n) are the packet length in bits
and the bit error rate in the nth packet from the lth node to
the mth node, respectively. We refer to the IEEE 802.15.4
standard [13] as the bit error rate:

BERl,m(n) = 8
15

× 1
16

×
16∑

λ = 2
(−1)λ

(
16
λ

)
e20 × SNRl,m(n) × ( 1

λ
−1

)

(4)

where SNRl,m(n) is the signal to noise power ratio (SNR)
for the nth packet from the lth node to themth node:

SNRl,m(n) = RSSIl,m(n)/Pnoise. (5)

In (5), RSSIl,m(n) is the measured RSSI for the nth
packet from the lth node to themth node, and Pnoise is the
noise power given by

Pnoise = NF + Nnoise + 10 log10 Bch dBm (6)

where NF, Nnoise and Bch are the noise figure, thermal
noise density, and channel bandwidth, respectively.
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3 Superframe design criteria
The IEEE 802.15.4e standard defines the LLDN that is
described as follows: a superframe is divided into a beacon
slot and timeslots of equal length which are assigned to
specific nodes. A coordinator periodically transmits bea-
cons for synchronization with the superframe structure.
Each timeslot is able to be assigned to exactly one node,
called a slot owner, which has access privilege in the times-
lot, namely, it transmits without using CSMA. Provided
that more than one node wishes to transmit in a timeslot,
which is referred to as a shared group timeslot, any nodes
except a coordinator transmit using CSMA. In a shared
group time slot, a coordinator broadcasts a clear to send
(CTS) shared group frame to indicate that the timeslot is
not used by the slot owner. Then, a node sends a request
to send (RTS) frame and waits for a CTS frame from the
coordinator in a response to it. After data transmission of
other nodes, the coordinator can fully or partly occupy a
timeslot for data transmission as well.
In the following two subsections, we show how to apply

the LLDN to the cooperator-assisted BAN system.

3.1 LLDN-based hybrid TDMA/CSMA
As shown in Fig. 2a, a superframe is divided intoNnode − 1
shared group timeslots. The slot owner of the ith times-
lot is exactly the ith node, and it selects its cooperator
as a member of its shared group. In the ith timeslot, the
ith node is able to send its packet to a BANCO without
packet collision, namely, in a TDMA manner. Only if the
BANCO does not successfully receive the packet, it trans-
mits a CTS shared group frame back to the ith node, so
the ith cooperator attempts to transmit its stored packet.
Here, the key is that the CTS shared group frame acts as a
negative acknowledgement (NACK) packet for the ith node
as well as its cooperator.
Defining the durations of beacon, clear channel assess-

ment (CCA), short interframe space (SIFS), timeout time,
long interframe space (LIFS), backoff time, CTS shared
group frame, CTS frame and RTS frame as Tbeacon, TCCA,
TSIFS, Tto, TLIFS, Tbo, TCTSSG, TCTS, and TRTS, respec-
tively, in order to accommodate (Nnode − 1) timeslots
within a single superframe with duration of TSF , the time
slot durationTts needs to satisfy the following two criteria:

TSF = Ms/F ≥ Tts × (Nnode − 1) + Tbeacon + TSIFS (7)
Tts ≥ Tto + TCTSSG + Tbo + TCCA + TRTS

+ 2 × TSIFS + TCTS + Tdata + TLIFS. (8)

3.2 LLDN-based TDMA
Figure 2b shows the other way to apply the LLDN to the
cooperator-assisted WBAN. A superframe is divided into
2(Nnode − 1) timeslots, where the (2i − 1)th and 2ith
timeslots are assigned by the BANCO to the ith node
and its cooperator, respectively. Whenever a cooperator

successfully receives the packet of its parent node, it
attempts to transmit its stored packet. Unlike the hybrid
TDMA/CSMA, cooperative transmissions are always
conducted whether the direct transmission fails or not.
In this case, the time slot duration Tts needs to satisfy

the following two criteria:

TSF = Ms/F ≥ Tts × (Nnode − 1) + Tbeacon + TSIFS (9)
Tts ≥ 2 × (Tdata + TLIFS). (10)

4 Cooperator and BANCO selections
We assume that the kth node has been selected as a
temporal BANCO.

4.1 Optimal cooperator selection
For every packet from the ith source node, a node giving
the highest packet success rate should be selected as its
cooperator. Therefore, the optimal cooperator selection
algorithm is summarized as Algorithm 1, where themetric
in the maximization problem is the packet success rate for
the two-hop link from the ith source node to the BANCO
via the jth cooperator candidate, which is given by

Mopt
i,j,k;n = PSRi,j,k(n) = PSRi,j(n) × PSRj,k(n). (11)

Algorithm 1Optimal cooperator selection
1: for i = 1 to Nnode, i �= k do
2: for n = 1 to Npacket do
3: find j(i, k; n) = arg maxj∈Vnode

j �=i,j �=k
{Mopt

i,j,k;n}
4: end for
5: end for

In Algorithm 1, for each source node, its coopera-
tor can be selected independently packet by packet. The
calculation of packet success rate may be the most com-
putationally intensive, but focusing only on the cost of
solving the maximization problem, the computational
complexity of Algorithm 1 becomes O(N2

nodeNpacket) (see
the Appendix 1). Note that the optimal cooperator selec-
tion is unrealistic in the sense that the BANCO needs to
measure the packet success rates for the ith source node
via all the jth nodes (j ∈ Vnode, j �= k, j �= i) simultaneously
packet by packet.

4.2 Proposed cooperator selection
In the proposed cooperator selection, the packet trans-
mission is composed of two processes: a flooding process
and a data transmission process. During the flooding
process, the WBAN wearer takes different actions and
postures, and the RSSIs of all links are measured at the
same time by repeating a process where all nodes broad-
cast and re-broadcast their packets. After the flooding
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(a) LLDN with shared groups

(b) LLDN without shared groups
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Fig. 2 Superframe structures of the hybrid-TDMA/CSMA (a) and TDMA (b)

process, an adequate cooperator for each source node
and a BANCO are selected based on the collected RSSIs
information. Selected cooperators are considered to be
moderately effective for the different actions and postures.
Hereby, we explain the flooding process in detail.

Assume that each node broadcasts hello packets Nhello
times (n = 1, · · · ,Nhello). When a node directly receives
a hello packet from another node, the node measures the
RSSI of the packet and re-broadcasts only once the packet
adding themeasured RSSI in it.When a node receives a re-
broadcast hello packet, the node no longer re-broadcasts
it. In this case, defining two sets of the indices of the hello
packets which are transmitted from the ith source node
and received at the BANCO directly and via the jth coop-
erator candidate as Z1

ik and Z2
ijk with their elements n1ik(

n1ik ∈ Z1
ik
)
and n2ijk

(
n2ijk ∈ Z2

ijk
)
, respectively, the kth node

can know the RSSI of the first link as RSSIij
(
n2ijk

)
and that

of the second link as RSSIjk
(
n2ijk

)
.

Practically, a node should not cooperate too many
source nodes, because it shortens the lifetime of WBAN.
For instance, when a node acts as cooperators for three
source nodes, the lifetime of the WBAN becomes 25 %
of the lifetime of a WBAN without cooperator assistance.
Therefore, the number of nodes which a node can coop-
erate should be limited, and hereafter, we define μ(j) and
Ncmax as the multiplicity of the jth cooperator candidate
and its allowable largest value, respectively. The proposed
strict cooperator selection algorithm is summarized as
Algorithm 2, where the metric in the maximization prob-
lem is modified as

Mstr
i,j,k =

∑
n2ijk∈Z2

ijk

PSRijk
(
n2ijk

)
. (12)

Algorithm 2 is mathematically not tractable, since
there are too many candidates to be evaluated for find-
ing the optimal solution for each j and furthermore
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Algorithm 2 Strict cooperator selection
1: for i = 1 to Nnode, i �= k do
2: find j(i, k) = arg maxj∈Vnode

j �=i,j �=k
{Mstr

i,j,k}
3: subject to μ(j) ≤ Ncmax
4: end for

selectable cooperator candidates for one source node
is affected by those for other source nodes. In fact,
the computational complexity of the algorithm is lower-
bounded as O((Nnode − 1)! ) (see the Appendix 2). There-
fore, we need to simplify Algorithm 2.

4.2.1 Withoutmultiplicity constraint
For the case ofNcmax = Nnode −2, we can select a cooper-
ator independently for each source node, in other words,
we can simply remove the constraint from Algorithm 2.
Here, we introduce one more simplifications, that is,
replacement of the packet success rate calculation by
an RSSI calculation, taking into consideration the fact
that the packet success rate is a monotonous increas-
ing function on the RSSI and the packet success rate
through a two-hop link is more affected by the one in a
worse link:

Msmp
i,j,k =

∑
n2ijk∈Z2

ijk

RSSIijk
(
n2ijk

)
(13)

RSSIijk
(
n2ijk

)
= min

{
RSSIij

(
n2ijk

)
,RSSIjk

(
n2ijk

)}
.
(14)

In this case, the simplified cooperator selection algo-
rithm without multiplicity constraint is summarized as
Algorithm 3. Its computational complexity is O

(
N2
node

)
(see the Appendix 3).

Algorithm 3 Proposed simplified cooperator selection
without multiplicity constraint
1: for i = 1 to Nnode, i �= k do
2: find j(i, k) = arg maxj∈Vnode

j �=i,j �=k
{Msmp

i,j,k }
3: end for

4.2.2 Withmultiplicity constraint
Now, in terms of source nodes, let us define a set of the
indices of cooperator candidates for the ith source node as

Cik =
{
cikq; cikq = j(i, k) = arg qthmax

j∈Vnode
j �= i,j �= k

{
Msmp

i,j,k

}
,

q = 1, 2, · · · ,Nnode − 2
}

(15)

where qthmax{(·)} denotes the function picking up the
qth maximum out of (·). In (15), cikq is the qth element of
Cik which has the essentiality metric as

εikq = qthmax
j∈Vnode

j �= i,j �= k

{
Msmp

i,j,k

}
− (q + 1)thmax

j∈Vnode
j �= i,j �= k

{
Msmp

i,j,k

}
(16)

and the cooperator candidate cikq with larger εikq is more
essential for the ith source node. In addition, let us define
the number of packets lost in the direct link from the ith
source node to the BANCO as the unreliability metric:

υik = Nhello − Z1
ik (17)

where the direct link of the ith source node with larger υik
is less reliable.

Algorithm 4 Proposed simplified cooperator selection
with multiplicity constraint
1: perform Algorithm 3
2: for i = 1 to Nnode, i �= k do
3: construct Cik
4: calculate υik
5: for q = 1 to |Cik| do
6: calculate εikq
7: end for
8: end for
9: repeat

10: for j = 1 to Nnode, j �= k do
11: construct Sjk
12: if |Csjk2k| = 1 then
13: remove sjk1 from Sjk
14: remove csjk1k1 from Csjk1k
15: else if |Csjk1k| = 1 then
16: remove sjk2 from Sjk
17: remove csjk2k1 from Csjk2k
18: else if υsjk1k ≥ ρ × υsjk2k then
19: remove sjk2 from Sjk
20: remove csjk2k1 from Csjk2k
21: else
22: remove sjk1 from Sjk
23: remove csjk1k1 from Csjk1k
24: end if
25: end for
26: until μ(j) ≤ Ncmax (j = 1, 2, · · · ,Nnode, j �= k)

On the other hand, in terms of cooperator candidates,
let us define a set of the indices of (parent) source nodes
for the jth cooperator candidate as

Sjk =

⎧⎪⎨
⎪⎩sjku; sjku = i(j, k) = arg uthmin

i∈Vnode
i �= j,i �= k,cik1 = j

{εik1}

⎫⎪⎬
⎪⎭
(18)
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where uthmin{(·)} denotes the function picking up the
uth minimum out of (·), and the source node sjku with
smaller u is more removable from Sjk .
In this algorithm, we first apply the cooperator selection

without multiplicity constraint given by Algorithm 3 and
then we remove parent source nodes for cooperator can-
didates whose multiplicities are more than the allowable
largest value. Let us assume that the j′the cooperator
candidate has N ′

cmax > Ncmax parent source nodes:

Sj′k = {
sj′k1, sj′k2, · · · , sj′ku, · · · , sj′kN ′

cmax

}
. (19)

The element sj′ku with smaller u has the smaller essen-
tiality metric on j′the cooperator candidate, so in this
sense, it is quite natural to examine the removability from
sj′k1. However, when comparing the unreliability metrics
of sj′k1 and sj′k2, namely, υsj′k1k and υsj′k2k , if υsj′k1k >

υsj′k2k , then it may be better not to remove sj′k1, because
it implies that sj′k1 requires more help from a cooperator.
Therefore, in the proposed algorithm, every examina-
tion the elements of Sjk , either of sjk1 or sjk2 is always
removed from Sjk , which satisfies a certain condition. The
simplified cooperator selection algorithm with multiplic-
ity constraint is summarized as Algorithm 4, where the
“remove” operation contains renumbering the remaining
elements after the removal, and ρ is a scaling factor for the
unreliability comparison. Its computational complexity is
O

(
N3
node

)
(see the Appendix 4).

4.2.3 Proposed BANCO selection
After an adequate cooperator has been selected for each
source node when temporally selecting the kth node as
a BANCO (k = 1, 2, · · · ,Nnode), the BANCO is finally
selected. Here, it is reasonable that the adequate BANCO
should receive as many packets with larger RSSIs as possi-
ble from all other nodes directly or indirectly. Therefore,
based on the minmax criterion which can ensure that
all nodes’ packet error rates are not extremely high, the
metric of the BANCO selection can be given by

MBANCO
k = min

i∈Vnode
i �= j

{
MBANCO

k,i

}
(20)

MBANCO
k,i =

∑
n1ik∈Z1

ik

RSSIik
(
n1ik

)

+
∑

n2ij(i,k)k∈Z2
ij(i,k)k

RSSIij(i,k)k
(
n2ij(i,k)k

)
. (21)

The BANCO selection algorithm is summarized as
Algorithm 5. For each temporally selected BANCO (k =
1, 2, · · · ,Nnode), the BANCO selection metric is calcu-
lated, so its computational complexity isO

(
N2
node

)
(see the

Appendix 5).

Algorithm 5 Proposed BANCO selection
1: find k = arg maxk∈Nnode

{
MBANCO

k
}

(b) Side view(a) Front view (c) Rear view

70 mm

20 mm

Left
front
pocket

Right
front
pocket

Right
hip
pocket

Left
hip
pocketRight

arm

Left
arm

Right
ankle

Left
ankle

Chest

Left
finger

(d) Chip antenna

Fig. 3 Positions of ten chip antennas: front view (a), side view (b), rear view (c), and chip antenna (d)
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Table 1 Specifications of the chip antenna

Description Value

Length 8 mm

Width 3 mm

Height 1 mm

Gain 2 dBi max

e VSWR 2 max

5 Experiment on RSSI measurement
We conducted an experiment for obtaining RSSI data
in our university campus, where we used a wireless sig-
nal based on the IEEE 802.15.4 standard with bandwidth
of 2 MHz and transmission power of 0 dBm in the 2.4
GHz-ISM band. As shown in Fig. 3, we attached ten chip
antennas to a subject, where their locations were as fol-
lows; right arm, left arm, right ankle, left ankle, chest,
left finger, right front pocket, left front pocket, right hip
pocket, and left hip pocket. Table 1 and Fig. 4 show the
specification and radiation pattern of the chip antenna,
respectively.
In each session of the experiment, a packet was broad-

cast from each antenna every 0.1 s for 150 s in order to
measure RSSIs at its other nine antennas. Figure 5 shows
the route in one session of the experiment, and as shown
in the figure, we conducted the experiment in a mixed
indoor/outdoor environment. The subject took different
postures and actions, such as sitting (20 s), standing up,
standing still (20 s), turning round (20 s) in a room, walk-
ing (30 s in a corridor and 40 s outdoors), sitting down,
and sitting still (20 s) outdoors. The same experiment was
performed on three subjects.
Figure 6 shows the temporal RSSI variation for the right-

ankle to left-finger link for subject A. As can be seen in

the figure, the RSSI dynamically changes depending on the
postures and actions. The other links had similar tenden-
cies to this link. From Fig. 4, the radiation pattern of the
chip antenna has no deep notch in both the horizontal and
vertical planes, so we can see that the RSSI variation in
Fig. 6 is mainly due to blocking of the link by parts of the
body of subject A.

6 Performance evaluation and discussions
First of all, Table 2 summarizes the system parameters
required for MAC design and performance evaluation of
the proposed WBAN.

6.1 Superframe design
We designed superframe parameters satisfying the cri-
teria given by (7) and (8) for the hybrid-TDMA/CAMA
whereas given by (9) and (10) for the TDMA. Table 3
summarizes the designed superframe parameters. In
summary, according to the IEEE 802.15.4e LLDN, the
hybrid-TDMA/CSMA and TDMA can accommodate ten
nodes in a BAN each of which sense vital signs 100
times per second and transmits the data 10 times per
second.

6.2 Computer simulation and results on the packet error
rate

We conducted computer simulations to evaluate the
packet error rate of the cooperator-assisted WBAN
with the designed superframe parameters using the
stored RSSI data obtained in the experiment. One
simulation session is repeated until each node broad-
casts 3000 hello packets in the flooding process and
transmits 10,000 data packets in the data transmis-
sion process for each case of all BANCO’s posi-
tions. We confirmed that there was little difference

(b) Vertical plane(a) Horizontal plane

0
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180
o

270
o 0dB

0

90

180
o

270

o

oo-10dB
0dB

-10dB

Fig. 4 Radiation pattern of the chip antenna: horizontal plane (a) and vertical plane (b)
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1. sit (20 sec) 2. stand (20 sec)

3. turn round
(20 sec)

6.9 m

7.0 m

25 m

8.7 m

15.7 m

2.5 m

32.8 m

4. indoor walk (30 sec)

5. outdoor walk (40 sec)

6. sit (20 sec)

Fig. 5 Route of the experiment

in the packet error rate between the hybrid-TDMA/
CSMA and TDMA, so in the following figures, the packet
error rate is common to the two MACs.
Figure 7 shows the average packet error rate for the

cooperator-assisted BAN without cooperator multiplicity
constraint. For comparison purpose, besides the optimal
and proposed cooperator selections, this figure contains
the performance for a single-hop (without packet retrans-
mission), a self-retransmission (without cooperator
assistance), and a random cooperator selection (a cooper-
ator is randomly selected for each node, and it is changed
periodically every 30 s). Each result is averaged over the
three subjects. It can be seen from the figure that the
self-retransmission gets little improvement. The most
obvious reason is that the link quality cannot be improved
in such a short duration. It can be also seen that the ran-
dom cooperator selection does not greatly improve the

performance. It is because, when a cooperator happens
to be selected which gives a higher blocking correlation
between the direct and indirect paths between its parent
node and the BANCO, the cooperator assistance does not
work well at all. When the transmission power is –10 dBm
which is considered to be a typical transmission power of
a WBAN, the average packet error rate of the single-hop
transmission scheme without re-transmission is about
5.22 %, on the other hand, that of the proposed coopera-
tor/BANCO selection is about 0.103 %, and there is no
packet loss with the optimal cooperator selection. Con-
sidering the optimal cooperator selection is unrealizably
changing the best cooperator packet by packet whereas
the proposed cooperator selection is practical keeping
the same cooperator for the whole data transmission pro-
cess, we believe that the proposed cooperator selection
significantly improves the performance.
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Fig. 6 RSSI variation for the right-ankle to left-finger link (subject A)

Figures 8a–c show the packet error rates against the
position of the BANCO for subjects A, B, and C, respec-
tively. Here, the transmission power is −10 dBm, and no
cooperator multiplicity constraint is imposed. In each of
the figures, the position selected by the proposed BANCO
selection is also shown. It can be seen from the figures that
the packet error rate largely depends on the position of the
BANCO; if an inappropriate BANCO position is selected,
the obtained packet error rate is terribly high, and fur-
thermore, the optimal BANCOposition changes when the
subject changes. The proposed cooperator/BANCO selec-
tion can reduce the packet error rate of the single-hop
transmission by around 1/250. However, as a cooperator
for each source node, it can almost always select the node
giving lower packet error rate but cannot always select
the node giving the lowest packet error rate. To select a
BANCO, the proposed algorithm uses the sum of RSSIs
through the direct and indirect links to each source node,
in other words, only the average (first moment) of the RSSI
temporal variation (see (21)). In reality, the packet error
rate depends on not simply the average but complicatedly
the distribution of the RSSI, so to improve the BANCO

Table 2 System parameters

Description Parameter Value

Data transmission rate R 250 kbits/s

Number of nodes Nnode 10 nodes

Sampling rate F 100 Hz

Number of sensors Nsensor 3 sensors/node

A/D resolution q 8 bits

Additional information d 16 bits

Packet overhead length Lo 72 bits

Number of aggregated date per packet Ms 10 data

Noise figure NF 10 dB

Thermal noise density Nnoise −174 dBm/Hz

Channel bandwidth Bch 2 MHz

Table 3 Designed superframe parameters

Description Parameter Value

Data packet duration Tdata 1.89ms

Clear channel assessment TCCA 0.128ms

Beacon Tbeacon 0.416ms

CTS shared group frame TCTSSG 0.384ms

RTS frame TRTS 0.416ms

CTS frame TCTS 0.416ms

Long interframe space TLIFS (TDMA/CSMA) 0.64ms

TLIFS (TDMA) 3.16ms1

Short interframe space TSIFS 0.192ms

Timeout time Tto 4.5ms

Backoff time Tbo 2.24ms

Timeslot duration Tts 11.0ms2

1We set the value of TLIFS (TDMA) so that the hybrid-TDMA/CSMA and TDMA have
the same duration of a superframe
2For the sake of simplicity, in the TDMA, Tts is assumed to be the duration of two slots

selection performance, we need to take into considera-
tion its higher-order moments in the algorithm. On the
other hand, in some applications, it is required to select
the BANCO position in advance. The results indicate that
“left waist” is an adequate position as the BANCO for all
subjects.
Figure 9 shows the average packet error rate for the

duration of RSSI data used in the flooding process. It is
clear that, even though the flooding duration is short, if
the WBAN wearer can take different actions and pos-
tures in it, the proposed cooperator/BANCO selection
improves the packet error rate.
Figure 10 shows the dependency of the packet error rate

on the scaling factor (ρ) for the unreliability comparison in
the cooperator selection with multiplicity constraint (see
line 18 in Algorithm 4). From the result, we set ρ = 1.5
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in the following, but there is no large dependency on ρ

observed in the figure, so we may simply compare υsjk1k
with υsjk2k just setting ρ = 1.0.
Figure 11 shows the results where Ncmax = 1, 2, 4, and

ρ = 1.5 for the cooperator selection with multiplicity con-
straint. The packet error rate with Ncmax = 1 is likely
to be worse than the packet error rates with Ncmax = 2
and 4 for almost all BANCO positions, but between with
Ncmax = 2, 4, and without multiplicity constraint, there is
no large difference in the packet error rates. This implies
that, in the WBAN with ten nodes on different positions
of a human body, any node has multiple better cooperator
candidates. From the result, we can see that Ncmax = 2
must be fair in terms of both the packet error rate and
energy saving for cooperators.
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Fig. 10 Scaling factor for the unreliability comparison versus the
packet error rate with cooperator multiplicity constraint (−10 dBm,
Ncmax = 2)
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Table 4 Consumption current values for a typical RF module

State Consumption current

Transmission 24 mA

Reception 20 mA

Standby 1.3 μA

Finally, we compare the power consumption between
the hybrid-TDMA/CDMA and TDMA. Table 4 sum-
marizes the consumption current values for a typical
transceiver module [24], and Table 5 shows the result,
where the power consumption of the TDMA/CSMA is
normalized by that of the TDMA. Since the current con-
sumption for reception is as high as that for transmission,
the power consumption for the TDMA/CSMA is not
much lower than that for the TDMAalthough cooperators
transmit their stored packets only when the packet trans-
missions by their parents’ nodes fail in the TDMA/CSMA.

7 Conclusion
In this paper, we have shown that, to enable a cooperator-
assisted WBAN, a hybrid-TDMA/CSMA is realizable by
making effective use of CTS shared group frame, and a
TDMA is also realizable in the IEEE 802.15.4e LLDN.
In addition, we have evaluated the packet error rate of a
cooperator/BANCO selection based on both the hybrid-
TDMA/CSMA and TDMA by computer simulations,
where we have used the stored RSSI data obtained from a
mixed indoor/outdoor environment with three subjects.
The proposed cooperator/BANCO selection works well

in the realistic environment with typical transmission
power of −10 dBm, and the proposed cooperator selec-
tion is superior to the random selection by about 8 dB.
It is also shown by our computer simulations that it is
important to select adequate cooperators for each subject.
The TDMA was slightly disadvantageous over hybrid-
TDMA/CSMA in terms of power consumption. However,
the TDMA is simple; it requires no CCA, CTS frame
and RTS frame, so it can shorten the timeslot duration
thus accommodate more nodes for the same data packet
duration. This must be the advantage of the TDMA.
The proposed BANCO selection was not able to always

select the best node as the BANCO for the three subjects.
To investigate a more efficient BANCO selection using
higher-order moments of RSSI variation at the sacrifice
of computational complexity must be one of our future
works.

Table 5 Power consumption comparison

MAC Power consumption

TDMA 1.0

TDMA/CSMA 0.76
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Appendix 1
For each i

(
i = 1, 2, · · · ,Nnode, i �= k

)
, and each n

(
n = 1,

2, · · · ,Npacket
)
, we need to find the maximum out of a

set of Mopt
i,j,k;n with the number of elements = Nnode − 2.

Since finding the maximum out of a set of N values
requires N comparisons, the computational complexity of
Algorithm is given by

CC1 = O((Nnode − 2) × (Nnode − 1)
× Npacket) ∝ O

(
N2
nodeNpacket

)
.

(22)

Appendix 2
When Ncmax = 1, the computational complexity of
Algorithm 2 is minimized, since the number of combi-
nations of cooperator candidates is minimized. Although
each source node cannot select itself as its cooperator, but
its number is approximated as (Nnode − 2)!. Therefore, the
computational complexity of Algorithm is lower-bounded
as

CC2 = O((Nnode − 2)! × (Nnode − 1)) = O((Nnode − 1)! ).
(23)

Appendix 3
For each i (i = 1, 2, · · · ,Nnode, i �= k), we need to find the
minimum out of a set of Msmp

i,j,k with the number of ele-
ments = Nnode − 2, so the computational complexity of
Algorithm 3 is given by

CC3 = O
(
N2
node

)
. (24)

Appendix 4
In Algorithm 4, the computation complexities of perform-
ing Algorithm 3 (line 1) is given by

CCalgo3
4 = O

(
N2
node

)
. (25)

In addition, taking into consideration that the compu-
tational complexity of sorting a set of N values is given
by O(N2) for the worst case [25], the computational com-
plexities of constructing Cik for i = 1, 2, · · · ,Nnode, i �= k
(line 2–8) and Sjk for j = 1, 2, · · · ,Nnode, j �= k (line 9–26)
are respectively given by

CCC
4 = O((Nnode − 2)2 × (Nnode − 1)) ∝ O

((
N3
node

)
(26)

CCS
4 ∝ O

((
N3
node

)
. (27)

The repeat-until loops furthermore contains compar-
ison of unreliability metrics (line 18), so we need to
count the number of the comparisons. Let us consider the
worst case where the number of comparisons becomes the
largest. In the first round of parent node removal, it hap-
pens when the best cooperator candidates of all source
nodes (Nnode− 2) are the same. In this case, the cooperator

candidate needs to compare the unreliability metrics of its
parent source nodesNnode−2−Ncmax times. Then, in the
second round of parent node removal, it happens when
the best cooperator candidates of remaining source nodes
(Nnode − 2−Ncmax) are the same. In this case, the cooper-
ator candidate needs to compare the unreliability metrics
of its parent source nodesNnode−2−2Ncmax times. In this
way, the worst case happens when comparisons decreases
from Nnode − 2 − Ncmax at the rate of Ncmax a round until
it becomes less than Ncmax. Therefore, its computational
complexity is calculated as

CCcmp
4

= O
(

(Nnode − 2)
(⌈

Nnode − 2
Ncmax

− 1
⌉)

− (Nnode − 2)
(⌈

Nnode − 2
Ncmax

⌉
− 1

)⌈
Nnode − 2
Ncmax

⌉
Ncmax/2

)

∝ O
(⌈

Nnode
Ncmax

⌉
N2
node

)

(28)

where �(·)	 is ceiling of (·), namely, the smallest inte-
ger not less than (·). Note this cost is still less than
O

(
N3
node

)
.

Consequently, the total computational complexity of
Algorithm is given by the sum of these costs, and it is
dominated by the largest complexity as

CC4 = CCalgo3
4 + CCC

4 + CCS
4 + CCcmp

4 ∝ O
(
N3
node

)
.

(29)

Appendix 5
For each k (k = 1, 2, · · · ,Nnode), we need to find the
minimum out of a set ofMBANCO

k,i with the number of ele-
ments =Nnode−1, so the computational complexity of the
proposed BANCO selection is given by

CCBANCO = O((Nnode − 1) × Nnode) ∝ O
(
N2
node

)
.
(30)
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