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In this paper, a radio resource allocation scheme for wireless body area networks (WBANSs)
is proposed. Unlike existing works in the literature, we focus on the communications in
beyond-WBANs, and study the transmission scheduling under a scenario that there are a
large number of gateways associating with one base station of medical centers. Motivated
by the distinctions and requirements of beyond-WBAN communications, we introduce a
priority-aware pricing-based capacity sharing scheme by taking into account the quality of
service (QoS) requirements for different gateways. In the designed scheme, each gateway
is intelligent to select transmission priorities and data rates according to its signal impor-
tance, and is charged by a price with regard to its transmission request. The capacity allo-
cation is proceeded with guarantee of the absolute priority rule. In order to maximize the
individual utility, gateways will compete with each other by choosing the optimal trans-
mission strategies. Such decision process is formulated as a non-atomic game. Theoretical
analyses show that our proposed pricing-based scheme can lead to an efficient Wardrop
equilibrium. Through numerical results, we examine the convergence of strategy decisions,
and demonstrate the effectiveness of our proposed mechanism in improving the utilities
of gateways.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

processing and communication technologies to enhance ef-
ficiency and flexibility of traditional medical services [3].

With the growth of aging population [1] and the in-
creasing demand for high quality of healthcare, exiting
medical systems and hospital facilities have been con-
fronting a burden of overload. To overcome this issue,
electronic health (eHealth) [2] has been proposed as a
promising paradigm, which adopts advanced information
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Wireless body area networks (WBANs) are key compo-
nents in eHealth systems for pervasive and remote health
monitoring. A WBAN generally consists of a few wearable,
implantable, or portable biosensors, which are deployed
on a patient for continuously sensing physiological sig-
nals, such as eletroencepalograph (EEG), Electrocardiograph
(ECG) and Electromyography (EMG) data. The sensed sig-
nals are then aggregated at a gateway and forwarded to
a remote medical center for interpretation and detection
of abnormal health conditions. The gateway can be a pa-
tient’s smart phone or any other smart device, and ordinar-
ily has less stringent constraint on processing and power
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capabilities compared to sensors [4]. Besides eHealth,
WBANSs have also been widely applied in sports, entertain-
ments and military [5-7]. In this paper, we will focus our
discussions on medical applications only.

Although the WBAN-based wireless technology can pro-
vide advantages over the conventional healthcare systems,
the specifications of medical signal transmissions also in-
troduce new challenges in designing eHealth networks. In
the literature, most of existing works [8-10] in this area
focused on intra-WBAN communications, i.e., the transmis-
sions of medical signals from body sensors to the gateway.
However, the technical issues related to beyond-WBAN
communications, i.e., the data transmissions between gate-
ways and the remote medical center, have not been well
addressed. The main reason is that most researches are
based on a common assumption that the beyond-WBAN
communications can be achieved via existing network
technologies, such as 3G/4G/WiFi [11]. However, in fact,
medical data transmissions are different compared with
traditional wireless communications. For instance, unlike
conventional wireless networks that are mainly designed
for throughput maximization, medical signals have rela-
tively low data rates so that transmission capacity is not
the primary concern for medical networks [12]. In contrast,
medical data should be reported to the medical center
promptly and with low packet loss. Unfortunately, existing
wireless technologies cannot meet these requirements for
beyond-WBAN communications because they cannot guar-
antee “anytime” and “anywhere” connections due to their
limited radio resources and a large population of other
subscribed wireless users.

Moreover, since the health conditions of patients are
unpredictable, wireless networking may become a poten-
tial hazard for medical applications if some severe signals
cannot be successfully transmitted in a timely manner [13].
For example, in the beyond-WBAN:S, it is possible that mul-
tiple gateways may transmit medical data simultaneously.
In this case, it is necessary to provide priorities to emer-
gent health information over those with regular impor-
tance, called “medical-grade priority”. Otherwise, transmis-
sions with critical healthcare information may suffer high
chances of packet loss, which may further lead to serious
consequences.

Thus, in order to address the aforementioned chal-
lenges, it is important to achieve appropriate radio re-
source allocation among multiple gateways [14]. Note that
different from the intra-WBAN communications where
the appropriate medium access protocols are ordinarily
contention-based [15,16], gateways are able to adopt more
advanced and complicated resource allocation algorithms.
Furthermore, since the availability of radio resource is
commonly limited due to the large number of gateways,
and medical signal transmissions require exclusive re-
source usages rather than opportunistic access due to their
requirements for stable wireless connections, introducing
network economics [17,18] for solving the resource alloca-
tion problem in beyond-WBAN communications is an intu-
itive and feasible approach.

In this paper, we propose a pricing-based radio resource
sharing scheme for eHealth networks with the considera-
tion of the medical-grade priority. We limit our discussion

in the scenario that there are multiple gateways commu-
nicating with a single base station (which is further con-
nected with single/multiple medical centers through in-
ternet). In our network architecture, there is a regulator
who determines the allocation of the transmission capac-
ity among gateways in each time frame. We consider a
static pricing scheme where the prices associated with dif-
ferent transmission priorities are pre-determined, and will
not change with the variation of network traffic. During
each time frame, gateways are intelligent to strategically
select transmission priorities and rates (in kbps) accord-
ing to their own medical signal severities. Based on the
requirement for the medical-grade QoS, we design a mech-
anism which guarantees the absolute priority to each cat-
egory of traffic (i.e., traffic in a lower priority level will be
served only if all traffic with higher priority has been com-
pletely served). As a selfish buyer, each gateway may se-
lect a higher transmission priority and demand a higher
transmission rate so as to obtain a better service and more
benefits. However, choosing a higher transmission prior-
ity and transmitting in a higher rate will also be charged
by a higher price. Therefore, gateways will compete with
each other to make the optimal strategies. Considering
that one base station is subscribed with a large number
of gateways, we formulate such a decision process as a
non-atomic pricing game [19], and analyze the equilibrium
accordingly.

To the best of our knowledge, this work is the first that
introduces the concept of network economics in the re-
source allocation for beyond-WBAN communications with
the consideration of medical-grade priority. The main con-
tributions of this paper are summarized as follows:

« A pricing-based capacity sharing scheme is proposed
for the communications between multiple gateways
and the base station of medical centers.

Each gateway is allowed to determine its transmission
priority based on its medical signal severity, so that the
medical-grade priority is considered in the transmission
scheduling.

The strategy decision process is formulated as a non-
atomic pricing game, and the corresponding Wardrop
equilibrium is derived.

Simulation results demonstrate the superiority of our
proposed allocation scheme in improving the utilities of
gateways under medical emergencies.

The rest of the paper is organized as follows: Section 2
presents a brief literature review of related works.
Section 3 describes the proposed communication archi-
tecture and provides the justifications for the model we
studied. A non-atomic pricing game is then formulated
in Section 4 to investigate the decision process of gate-
ways. The analysis of the Wardrop equilibrium is given in
Section 5. Section 6 illustrates some simulation results, and
Section 7 concludes the paper.

2. Related work
As an emerging medical service system, eHealth be-

comes increasingly popular in both scientific and industrial
fields. For instance, the authors in [3] proposed an eHealth
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Table 1
Comparison of existing related works.

Related works Aimed networks

Medical priority User intelligence

Torabi et al. [4] Intra-WBANs
Reusens et al. [8] Intra-WBANs
Kim et al. [9] Intra-WBANs
Shi et al. [10] Intra-WBANs
Lee et al. [13] Intra-WBANs
Meharouech et al. [21] Inter-WBANSs
Ali et al. [22] Intra-WBANs
Rezvani et al. [23] Intra-WBANs
Misra et al. [24] Beyond-WBANs
Xue et al. [25] Ad Hoc Networks
Yi et al. [26] Cognitive Radio

M X 2 X X X X X
220X X XX X X X X

monitoring system with minimum service latency and pri-
vacy preservation by using geo-distributed clouds. Kilic
et al. in [20] designed a scalable superpeer-based peer-
to-peer architecture to achieve inter-operability among
healthcare communities. Moreover, as the basic element of
eHealth networks, WBAN has been attracting a lot of re-
search interests recently. For example, Torabi et al. in [4]
studied an interference-aware and topology-aware cross-
layer communication framework where the reliability and
delay requirements of WBANs were jointly considered. In
[8], the authors characterized the path loss of transmis-
sions between sensors on different parts of the human
body. The authors in [9] discussed a novel transmission
power control protocol to extend the lifetime of sensor
nodes and to increase the link reliability in WBANS. In [10],
a novel node authentication scheme for WBANs was inves-
tigated with the exploitation of physical layer characteris-
tics. Meharouech et al. in [21] introduced a game theoret-
ical approach for interference-aware channel allocations in
inter-WBANSs with different access technologies, where the
impact of co-channel and mutual interferences were taken
into account. However, all these works were limited to ei-
ther intra-WBAN or inter-WBAN communications only.

Furthermore, different from conventional wireless net-
works, the communications in eHealth systems impose
some distinctions because of the unique characteristics of
medical data. One major challenge is the consideration of
medical-grade priority. In [13], the authors aimed to con-
struct a wireless local area network for healthcare facili-
ties, where signals were prioritized according to their med-
ical severities. Ali et al. in [22] proposed an urgency-based
medium access control protocol, in which sensors report-
ing urgent health information were given higher priority
with the increase of channel access probability. The au-
thors in [23] studied a context aware resource allocation
in WBANs with traffic prioritization based on medical sit-
uations of users and channel conditions. Even though all
these works realized the medical-grade priority for trans-
missions in the eHealth system, they were all designed
for the intra-WBAN communications. Misra et al. in [24]
investigated a priority-based time-slot allocation in medi-
cal emergencies, where the impact of medical-grade prior-
ity on beyond-WBAN communications was first mentioned.
However, [24] mainly focused on the measurement of pri-
orities, while the potentially heterogeneous requirements
of gateways were not considered.

Generally, the beyond-WBAN communication refers to
the physiological signal transmissions between on-body
gateways and the remote medical center. Due to the in-
telligence and selfishness of each individual, the radio
resource allocation (or transmission scheduling) among
gateways has to be carefully studied. As a prospective ap-
proach, pricing-based sharing algorithms have been widely
applied in various kinds of wireless networks to depict
the behaviors of self-serving users [25-28]. For example,
Xue et al. in [25] proposed a pricing-based resource allo-
cation framework in wireless ad hoc networks to achieve
optimal overall utilization and fairness among competing
end-to-end flows. In [26], the authors analyzed the spec-
trum sharing issue in recall-based cognitive radio networks
with combinatorial auction and Stackelberg pricing game.
However, how to integrate the network economics in med-
ical signal communications is still a novel and virgin area
in research.

Table 1 summarizes all aforementioned works, and
shows a clear gap in the literature regarding intelligent
resource allocation for medical signal transmissions in
beyond-WBANSs. Our work tries to fill this gap by propos-
ing a pricing-based capacity sharing scheme with medical-
grade priority for beyond-WBAN communications.

3. Communication architecture

In this section, we illustrate our network design, and
justify its feasibility and practicability. The system model
under consideration is also described in details.

3.1. Network design

As the key component of the eHealth system, a WBAN
consists of a gateway and a number of heterogeneous sen-
sors worn on different parts of the body. Each sensor mon-
itors one specific medical information, and transmits its
sensed signal to the gateway. Such intra-WBAN commu-
nications have been defined in some existing standards,
such as IEEE 802.15.4 [29] and IEEE 802.15.6 [30]. As a hub,
the gateway collects all medical information from sensors,
temporarily stores all data in its buffer (i.e., data storage),
and then sends out the information to the remote med-
ical center. Each gateway can identify the medical sever-
ities of its received signals, and determine the order of
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Fig. 1. An Illustration of the Network Architecture.

transmission. For explanation purpose, in this paper, we ig-
nore the details of intra-WBAN communications and the
local data processing by gateways, while focusing on
the beyond-WBAN communications between gateways and
the base station of medical centers.

The considered network architecture is illustrated in
Fig. 1, where the base station of medical centers is sub-
scribed with a large number of gateways. Gateways associ-
ated with the same base station form a group. Obviously,
each gateway stands for one WBAN and all gateways in
the same group will share the common radio resource to
transmit their medical signals to the base station. Assume
that there is a network regulator (e.g., the base station it-
self, or a third-party resource owner) who is responsible
for determining the allocation of a fixed transmission ca-
pacity among gateways during each time frame. Each gate-
way decides its strategy based on its utility function, which
is determined by the importance of its medical signal and
the payment for transmission, and competes with other
gateways for maximizing its own profit.

In addition, it is reasonable and applicable to charge
gateways for medical data transmissions. In fact, we have
paid for watching stream videos, downloading files, or
sending emails with our smart devices through cellular
networks. However, different from these existing wire-
less applications, gateways have to pay for not only the
throughput they have experienced, but also the priorities
they obtained. In beyond-WBAN communications, there
are two kinds of priorities. One is the packet priority and
the other is the transmission priority. They are not nec-
essarily the same. Packet priority is determined by the
severity of the sensed medical data (e.g., following the
classification in IEEE 802.15.6 standard), while the trans-
mission priority is selected by gateways strategically. For
example, consider a gateway which wants to report an
emergent medical signal to the base station. According to
IEEE 802.15.6 standard, this information has the highest
packet priority. However, the gateway may not select the
highest transmission priority if the traffic from all other
gateways has considerably low packet priorities (e.g., med-

ical routine). In this case, the gateway may strategically
choose a transmission priority just one level higher than
the other traffic, so as to lower its transmission cost (which
depends on the transmission priority) while still guaran-
teeing its medical-grade QoS. We further assume that all
gateways are risk-neutral and individual rational, so that
no gateway will make a strategy arbitrarily and without
the consideration of its overall utility. In our proposed pric-
ing mechanism, gateways will compete for selecting their
transmission priorities exactly based on their packet prior-
ities. Hence, medical-grade priority can be guaranteed in
the transmission scheduling.

Note that for explanation purpose, we limit our ra-
dio resource allocation problem to capacity sharing only.
However, this problem can be easily extended to band-
width allocation given that signal-to-noise ratio (SNR) is
fixed within one time frame. In this scenario, transmis-
sion capacity becomes a concave function (i.e.,, Shannon
formula) of the bandwidth, and thus the proposed algo-
rithm is still applicable except that the bandwidth should
be transformed to the capacity through Shannon formula
before calculating the utility for each gateway.

3.2. System model

Consider a network with a regulator who owns avail-
able transmission capacity C in one time frame. There is
a set of gateways, K = {1,2,...,K}, associated with a base
station of medical centers. During each time frame, each
gateway is required to transmit one type of medical sig-
nals, while the medical signals transmitted by different
gateways can be heterogeneous. Note that although each
gateway may collect multiple types of medical data, it can
store the data in the buffer and determine the order of
transmission by itself.

At the beginning of the time frame, each gateway de-
cides its transmission rate and priority according to its
medical signal severity. Assume that the transmission pri-
orities are selected from a discrete set 7 ={1,2,....1},
where j > i,Vi,jeZ, if j indicates a higher transmission
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Table 2 Table 3
Important notations in this paper. QoS requirements for some medical signals.
Symbol  Meaning Medical applications Required data rate
C Total transmission capacity EEG 86.4 kbps
K Set of gateways ECG 192 kbps
I Set of transmission priorities EMG 1.536 Mbps
Di Unit payment for traffic with priority i Accelerometer 35 kbps
b Strategy decision vector of each gateway k Pulse oximeter 16 bps
Tk Transmission rate of each gateway k Glucose level monitor 1 kbps
I Transmission priority of each gateway k
(i) Aggregate traffic in each priority level i
(3, r) QoS for traffic in each priority i given r A
G () Benefit of the achieved rate for each gateway k .
Ck cCoefficient of the penalty for each gateway k Slgl‘lﬂl 1
Uy Utility of each gateway k
/——— Signal 2
=
L. . . . . Q
priority over i. Furthermore, there is a pre-determined unit 5
payment p; > 0 for capacity demand in each priority i € Z. /M Signal 3
Intuitively, the demand with a higher priority should be
charged more (because the traffic in a higher priority level _

can be granted with a better QoS). Thus, we have
p] > Di, 1f]>l, Vl,]eZ (1)

Besides, similar to [31] and [32], we define that the
price for each gateway is charged based on its original de-
mand, i.e., demanded transmission rate and priority. Such
pricing pattern can not only simplify the implementation,
but also reduce the traffic congestion in medical networks.
Obviously, if the payment is made according to the de-
mand rather than the gain, no gateway will take the risk
to send medical signals which are very trivial to the net-
work (since they will be charged no matter whether they
can be served or not).

For convenience, Table 2 lists some important notations
used in this paper.

4. Pricing game formulation

In this section, the utility function of each gateway is
first investigated. In order to guarantee the absolute prior-
ity in eHealth networks, we introduce a mechanism to de-
termine the QoS for traffic in different priority levels. The
decision process of gateways is then formulated as a non-
atomic pricing game, and its corresponding Wardrop equi-
librium is analyzed.

4.1. Utility functions of gateways

Let the decision strategy of each gateway k € K be a
vector denoted as x;, = (1, £;), where r € [0, co) is its de-
manded transmission rate, and ¢, = 1,2, ..., 1, indicates its
selected transmission priority. Then, the aggregate traffic in
each transmission priority i € Z from all gateways can be
represented as

r)= Y rn. VieL (2)
kel ¢, =i
We can further let r = (r(1),7r(2),...,r(I)) be the aggre-
gate traffic vector of the network.
Given r, we define a factor 6(i, r) € [0, 1] as the service
satisfaction ratio for traffic with priority i € Z. By consider-
ing the absolute priority rule, i.e., traffic with transmission

Transmission rate

Fig. 2. Examples of benefit functions.

priority i will be served only if all other traffic with prior-
ity j > i has been served, we always have

0. r) =00, r), ifj>i Vi jel (3)
Note that 6(i, r) can directly reflect the QoS for traffic in
each priority level i.

Given 6(i,r),Vie Z, the transmission rate that each
gateway k € £ will actually obtain can be calculated as
1.0(¢g, ). Now, we can define the benefit for each type of
medical signal as a function of its data transmission rate.
Since each gateway can only transmit one type of signal
in one time frame, the benefit can actually be defined as
a function of the achieved rate by each gateway k, called
G (-). From the QoS requirements of some example med-
ical signals as shown in Table 3 [11], we can expect that
Gr(-) will increase with the transmission rate, but the in-
creasing trend will be reduced as the rate approaches the
required value, till saturating at a certain bound. Obviously,
such functions are non-decreasing, concave and bounded,
as demonstrated in Fig. 2. Notice that, since benefit func-
tions are related to the medical signals, they are hetero-
geneous among different gateways. Furthermore, due to
the competition among gateways, we can also define a
penalty for potential service degradation. Intuitively, if the
demanded transmission rate cannot be completely satis-
fied, some packets will be dropped during the time frame.
For explanation purpose, we consider the penalty as a lin-
ear function of the unsatisfied demanded rate with coef-
ficient ¢, > 0 for each gateway k so that the penalty can
be mathematically expressed as c¢;ri (1 —6 (¢, 1)), where
1—6(¢,r) indicates the dissatisfaction ratio of the de-
manded rate.

With all above settings, we can formulate the util-
ity function for each gateway k € K, called ¢, which in-
cludes the benefit through its achievable transmission rate,
the penalty for potential service dissatisfaction, and the
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payment for demanded service. Namely,
U = Gk (10 (4, 1)) — 1 (1 = 0 (€, 1)) — TPy (4)

where the function G, (-) and the coefficient ¢, are deter-
mined by the medical severity of the signal transmitted by
each gateway. It is reasonable that G,(-) and c; are only
known to the gateway itself, and unknown to all other
gateways and the network regulator.

From (4), each intelligent gateway may request a trans-
mission in a higher priority level so as to gain more benefit
and suffer less penalty with the increase of its service satis-
faction ratio. However, doing so will also increase the pay-
ment since traffic with higher priority is more expensive.
Thus, it is intuitive that each gateway will try to determine
the best decision strategy to maximize its own utility.

Apparently, the decisions of gateways are not indepen-
dent with each other because 0 (i,r),Vie Z is related to
the aggregate traffic allocation vector r. Therefore, we have
to first investigate the function of the QoS for traffic in dif-
ferent priorities with regard to the allocation strategies of
all gateways. Given the total transmission capacity C, the
allocation vector r = (r(1),r(2), ..., r(I)), and the absolute
priority rule in (3), all traffic in priority level i will be com-
pletely served if and only if the total traffic with priorities
above i is less than or equal to the total available capacity,
ie.,

I
>or() =C (5)
Jj=i

Thus, there is a threshold priority iy, such that (i) the traf-
fic with priorities higher than it can be completely served,
(ii) traffic with priority equal to iy, can only be partially
served, and (iii) all other traffic with priorities lower than
i, will be completely dropped. Obviously, i, satisfies the
following conditions:

1 1
> r(j)=Cand ) r(j)>C (6)

J=lep+1 J=len

If the capacity for traffic in priority level iy, ie., C—
Zﬂ':ithﬂ r(j), is evenly distributed, the function of 6(i, r)
for each priority i € Z can be defined as

L if Y r(j) <C.
CoYlhinr® oy
o= o 0 TXmmr=C
and Z;:ir(j) >C,

0, otherwise.

(7)

Let R(rk@(lk, r)) = gk(rke (Zk’ r)) + Ckrk@(lk, l'). Then,
the utility function in (4) can be rewritten as

Uy = R0 (€. 1)) — (i + e )T, Yk € K. (8)

Note that R,(-) is also non-decreasing and concave be-
cause the first term, G,(-), is a non-decreasing, concave
function and the second term, c,r6(¢y, r), is a simple lin-
ear increasing function.

At the beginning of the time frame, each gateway de-
clares a transmission rate which leads to the maximum
utility if its service can be completely satisfied. In this case,

the optimal value of r;, for each gateway k can be obtained
by

0ty
0 T

where R;((‘) represents the first-order derivative of Ry (-)
with respect to ry.

Then, the optimal demanded rate of each gateway k
K can be expressed as a function of the payment for its
selected priority ¢, i.e.,

= Ri(rk) - (Ck + p[k) = Ov 1f9 (ekv r) = ]v (9)

R;(_l (Ck + p[/()v ifpik =< R;<(O) = Ck,

) (10)
0, otherwise,

Tk (P/zk) = {

where R/~1(.) is the inverse function of R’(:). Eq. (10)
meets the intuition that, if the payment, p,, is too high,
the gateway k will not participate in the competition so
that its demanded rate equals 0. From (9), we have p;, =
R, (1) — ¢ Moreover, since Ry (:) is concave and 1, > 0,
then R (ry) < R;,(0). Thus, the condition for ri(p,,) #0
can be represented as py, < R;(0) — c,. Consequently, the
decision of each gateway becomes X = (ri(pe, ), €x), Vk €
K. Considering that the payment for each priority level is
pre-determined, x;, will only depend on ¢.

4.2. Formulation of non-atomic game

With all settings in the previous subsection, gateways
will compete with each other to maximize their utilities
by strategically deciding their transmission priorities. Ob-
viously, this results in a non-cooperative game.

By further considering the fact that in the eHealth sys-
tem, one base station is normally associated with a large
number of patients (gateways). Thus, the allocation deci-
sion of an individual gateway has little impact on the over-
all performance of the network. However, the aggregate ef-
fect of all gateways’ decisions cannot be ignored, and may
lead to significant changes on the QoS for traffic with dif-
ferent priorities. Naturally, gateways can observe the QoS
for each priority level and change their decision strategies
accordingly. In other words, the variations in 6 (i, r), Vi € Z,
will trigger the modifications on the strategy of each gate-
way, and the aggregate effect of strategy modifications will
in turn change the determination of QoS for each priority
level. Such back-and-forth interaction can be formulated
as a non-atomic pricing game [33] and the corresponding
Wardrop equilibrium is defined as follows.

Definition 4.1. Given that x} is the strategy made by each
gateway k e K, the strategy profile (x;.%5.....x5) is an
Wardrop equilibrium if for every gateway k, we have

X; = argxmaX{gk(rkG(i, ) — (1 =03, 1)) — i},
k

where r* = (r*(1),r*(2),...,r*(I)) is the corresponding
optimal aggregate allocation vector, i.e.,

ri= Y r. VieL
kel ¢, =i

When this Wardrop equilibrium has been reached, no
gateway will be willing to deviate its allocation decision.
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5. Analysis of the equilibrium

In this section, we study the corresponding Wardrop
equilibrium by first analyzing its properties, and then de-
rive the necessary conditions for constructing a stable al-
location.

To eliminate some trivial results, we make two basic
assumptions:

» Assumption 1: The total traffic demand from all gate-
ways selecting the lowest transmission priority is as-
sumed to be always larger than the capacity limit, i.e.,

> n(pr) > C.

ke

Otherwise, the traffic demand from all gateways can be
fully served even their declared transmission priorities
are all at the lowest level. Obviously, there is a unique
but trivial equilibrium for this case such that the opti-
mal strategy for each gateway k € K is x; = (1, 1,(p1))-
Assumption 2: When the unit payment for traffic with
priority i is set as p;, the demanded rate of each gate-
way k towards the payment p; can be denoted as r(p;).
Let 1(p;) = Y kex T(pi). We assume that

r(p;)) >0, VieZ

If this is not the case for some priorities, which means
r(p;) = 0,3i € Z, then these priorities will not be se-
lected by any gateway in the equilibrium. In other
words, prices associated with these priorities are too
high to all gateways. Without loss of generality, we ig-
nore this trivial situation.

With the above two assumptions, we can expect that
there is a transmission priority level i* such that
0. 1) =0, Vi<i*, (1)

lv r . .

>0, Vixi*,

which indicate that i* is the threshold priority for the op-
timal allocation r*.

Now, assuming that the strategy decisions of all gate-
ways are fixed except one gateway k, we can derive the
following lemma.

Lemma 5.1. For any gateway k, suppose that xp=(rp, ¢) is
the optimal strategy for maximizing its utility, i.e.,

X, = argmax{R(r0 (¢, 1*)) — (Cx + Pe)Tic}-

X =(1y. )

(12)

Then, we have
a) 1:(py,) =0, Ve e T\ {i*, i* + 1}

k+ P
———— if r(pi) > 0.
Ck + Dix41 K
Ck + Pix

Cx + Pixy1

b) O(i*, 1) >

c) O+, 1) < o 1f re(peyr) > 0.

Proof. As a non-atomic game, when the strategies of all
other gateways are assumed to be fixed, the aggregate
traffic allocation vector r* will not be changed with x.
The utility function of gateway k can then be denoted as

Uy (X, 7*). We can calculate the partial derivative of the
utility with respect to r; as

Buk (Xk, r*)

Uy (X, ) = T, =Ry, ()0 (€, 1) — (Ck + D).

where 6(¢, r*) is only a function of ¢.
If the best response of gateway k exists, we must have

U (R, 1) <0, Ve el (13)

Given 0 (i,r*) = 0,Vi < i* as stated in (11), we have
Ve, < i, (14)

since both ¢; and p, are positive. Furthermore, 6(i, 1*) >
0, Vi > i* in (11) implies that 8 (i, r*) = 1, Vi > i* + 1. Thus,

Uy (X, 1) = — (i + pe,) <O,

U, (X, T*) =Ry, (1) — (Ck+ Do), YV > 1"+ 1. (15)

With the pricing rule in (1), we have py, > pj;q, V€, > i* +
1, so that
Ry, (1) — (Ck + Po) < Ry (1) — (Ci + Pirs1)- (16)
This indicates that o4, ((¢x, 1), 1) < Up ((* + 1, 15), ).
Since U} ((i*+1,7),1*) <0 according to the condition
(13), we have
Z/{,i((ek, 1), r*) <0, Vek >1+ 1. (17)
Based on (14) and (17), we can conclude that
Up (X, 1) < 0¥t € T\ {i*,i* + 1}, and thus the utility of
gateway k is a decreasing function with r, for all priority
levels except i* and i* + 1. As a result, we have r;(pg,) =
O,V@k GI\ {l*,l* +]}
In addition, we may have r;(p,, ) > O for either ¢ =i*
or ¢, = i* + 1. To satisfy the condition (13), when r,(p;) >
0, we have

U (0,11, 1) = R ()0 (i, 1) — (¢ + pi-) = 0,
U (@ +1.1), 1) = Ry (1) = (€ + Pies1) < 0.
From the above two equations, we can conclude that

) Ci + D
o, 1) > P
Ck + Dir41
Similarly, when ry(pj=11) > 0, we have
Up((i*, 1), ) = Ry (r)0 (i*, ) — (¢, + py) <0,
U +1,1), 1) = Ry (1) — (C + Piey1) = 0.

Thus,

ifrk(pi*) > 0. (18)

. Ck + Di
9(1*’ r*) < kipl
Ck + Di41

In summary, Lemma 5.1 is proved. O

. ifre(ppgq) > 0. (19)

From Lemma 5.1, we can obtain some important prop-
erties (necessary conditions) of the Wardrop equilibrium,
and can further prove its existence.

Proposition 5.1. For all gateways in K, if (¥3,%5,..., Xy
is an Wardrop equilibrium, then we have the following
properties.

i) 15(py,) =0, Ve e\ {i*,i*+1}, Vke K.

.. . Ck + Dix . Ci + Dix
i) min Sk * P < 6(i*, 1) < max Sk * P [
Ck + Dix41 Ck + Pix41
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i) Y Yoper T (PO (G, 1) = C.

Proof. Property i) follows exactly the same argument as
(a) in Lemma 5.1. Furthermore, since q{c‘jr;f"‘*] can be easily
4
proved as an increasing function of ¢y, property ii) can be
directly observed from (b) and (c) in Lemma 5.1.
Now, according to property (i), we know that only pri-

ority level i* and i* + 1 will be potentially used. Thus,

S S ROt = 3 (p)0 ()

kek Lkel kek
+ ) 1i(Pi)- (20)
ke
Moreover, with the function of QoS in (7), we have
C-— 5 (pi
63", 1) = > kek k(pz +1) 1)

ZkeK r,t(pi*)
By substituting (21) into (20), property (iii) can be
proved. O

From property (i) of Proposition 5.1, we can observe
that only two priority levels, i.e. i* and i*+ 1, are po-
tentially used by all gateways when the equilibrium is
reached. The reason is actually intuitive. Remember that
since all traffic submitted to the network will be charged,
then no gateway is willing to declare a transmission pri-
ority less than i* which will definitely result in a complete
service dissatisfaction. In other words, no gateway wants to
pay for 100% failure. On the other hand, declaring a trans-
mission priority higher than i* + 1 will not produce a bet-
ter service since priority i* + 1 can already guarantee 100%
satisfaction. Thus, there is no incentive for a gateway to
pay more money for the same service. Besides, property
(ii) identifies the bound for the QoS of traffic in priority
level i*, and property (iii) shows the efficiency of the allo-
cation, where all available capacity is fully utilized.

With this proposition, the following theorem can be
proved by construction, which then indicates the existence
of the equilibrium.

Theorem 5.1. The formulated non-atomic game has at least
one Wardrop equilibrium.

Proof. The proof is provided in Appendix A. O

Recall the utility function of each gateway in (8), and
consider the second term (cj + pg, )1y as the cost of each
gateway k € K. Then, physically, we can imagine that a
gateway will select transmission priority level i* + 1 if its
penalty dominates the cost, which means that the gateway
does not want to have any degradation on the satisfaction
ratio (because its medical information is critical). On the
other hand, if the cost is dominated by the payment, pri-
ority level i* will be chosen, which indicates that the gate-
way is willing to suffer some QoS degradation rather than
paying more money for a better service (because its med-
ical information is not emergent). Even though the equi-
librium point of this game may not have a closed-form
expression, it can be found by applying the dynamic adap-
tion algorithm [34]. The details of this algorithm will be
presented in Section 6.1, and its convergence is analyti-
cally proved in Appendix B and numerically demonstrated
in Section 6.2.

6. Simulation results

In this section, simulations are conducted to evaluate
the performance of the proposed pricing-based capacity
sharing scheme for beyond-WBAN communications. The
convergence of the individual strategy making is first illus-
trated. Then, the impacts of the penalty and the payment
on strategy decisions are investigated. Finally, the superior-
ity of the proposed scheme under medical emergencies is
demonstrated.

6.1. Simulation settings

Consider an eHealth system with K = 30 gateways shar-
ing a capacity C=1000 kbps (the average uplink trans-
mission rate of 3G cellular networks [35]) in one time
frame. In simulations, there are totally 10 priority levels,
i.e, Z=1{1,2,...,10}, and the associated unit payment for
each level is 0.1i+ Ap, Vi € Z, without loss of generality,
where Ap is a uniform base payment which varies from
0.1 to 0.5. For each gateway k, its benefit from the achieved
rate y is set as a non-decreasing, concave and bounded
function G, (¥) = o (1 — exp(—py)), where B, =1/16 for
all gateways, and «) is selected randomly in [50, 100],
which indicates the upper bound of the benefit for each in-
dividual. Notice that, G,(y) meets the required properties
of WBAN applications since it increases with the transmis-
sion rate, but such increasing trend becomes flatter as the
rate approaches to a certain limit. Similar observations can
also be obtained by applying any other functions follow-
ing same properties. In addition, the penalty coefficient c
of each gateway is randomly chosen in [0, 3]. According
to the adaption algorithm [34], each gateway starts with
an arbitrarily initial strategy and then updates its decision
at discrete time instances (i.e., iterations) to maximize its
utility. Suppose that the adaptive variables are the gate-
ways’ estimations on the service satisfaction ratios of each
priority level. At iteration t, each gateway k will calculate
its estimate ékf (i) for priority level i € 7 as

6F() =07"() + €07 () - 07 (i), Vkek,  (22)

where € is the adaption rate which is set to be 0.05.
07-1(i) represents the actual satisfaction ratio for priority
level i in the previous iteration, and is a common knowl-
edge in the current iteration. Thus, each gateway k updates
its decision in iteration T based on its estimated vector
(ékf(l),ékf (2),...,9}(10)). Without loss of generality, we
let él? (i)=1,VieZ keK, so that all gateways will start
from the lowest priority level (since it is cheapest). The
technical proof for the convergence of this adaption algo-
rithm can be found in Appendix B.

In the following, numerical results are shown based on
an average over 20 runs. Note that some parameters may
vary according to evaluation scenarios.

6.2. Convergence of strategy decisions

Fig. 3 illustrates the convergence of gateways’ deci-
sions on transmission priorities. For clarity, we only plot
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Fig. 4. The achieved rates of gateways with different penalty coefficients.

the variations of decisions made by 10 randomly se-
lected gateways. In this figure, it is shown that all gate-
ways initially start at the lowest transmission priority (i.e.,
priority level 1), update their decisions by increasing the
priorities, and eventually converge to either priority level
5 or 6. Obviously, this trend satisfies the Proposition 5.1
that only two adjacent priority levels will be used when
the system is stable. Moreover, we can also observe that
the curves in Fig. 3 are stepwise. This is because the gate-
ways with larger penalty coefficients will always adjust
their decisions first, and then temporally stay at their cho-
sen levels until the gateways with lower penalties update

their decisions to the same level. When the equilibrium is
reached, gateways with less important medical information
will stop increasing their priorities from 5 to 6 (since a
higher priority results in a larger payment), and the gate-
ways with critical information will remain at priority level
6 (since there is no need to do any further increment).
Fig. 4 shows the convergence of the achieved data
rates by two gateways with the same benefit function (i.e.,
the same «}) but different penalty coefficients. In accor-
dance with Fig. 3, both curves are converged after 37 it-
erations. In addition, before the system becomes stable,
the achieved rates of gateways are highly fluctuating. The
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reason is that the achieved rate is in fact determined by
the product of the demanded rate and the received satis-
faction ratio. When gateways select relatively low priority
levels, they will demand high transmission rates according
to (10). However, with the increasing number of gateways
choosing the same priority level, the satisfaction ratio de-
creases so that the achieved rates will also decrease. In or-
der to receive better services, gateways will then choose
higher transmission priorities till they reach the equilib-
rium. Furthermore, Fig. 4 also shows that the gateway with
more important information (i.e., a larger ¢;) will finally
achieve a higher transmission rate.

6.3. Impacts of penalty and payment settings

Fig. 5 examines the impact of the penalty coefficient
¢, on the strategy decision of gateway k. Obviously, the
transmission priority decided by gateway k has a sudden
change from a lower level to the higher one when ¢, in-
creases. The explanation is as follows: when c; is small
(which means that the medical information is not emer-
gent), the payment dominates the cost so that gateway k
is willing to suffer more QoS degradation by choosing a
cheaper priority level. However, after ¢, increases over a
threshold, the penalty will then dominate the cost so that
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gateway k changes its decision to the higher priority level
in order to guarantee the service for critical data trans-
mission. Besides, it is intuitive that the higher payment
(i.e., larger Ap) leads to a later change of strategy deci-
sion. Furthermore, this figure also demonstrates that the
equilibrium will be in lower priority levels when payments
increase.

In Fig. 6, the relationship between the payment and
the decision of an individual gateway is investigated. It is
shown that the level of transmission priority selected by
gateway k will decrease with the increase of Ap, which
exactly matches the results in Fig. 5. This is because when
gateways cannot afford the high payments, their decisions
will automatically converge to lower priority levels. Note
that such decreasing trend is not continuous but rather
stepwise. It is intuitive since the gateway will not change

its priority level when the variation of the payment is
marginal.

6.4. Performance improvement of the proposed scheme

For comparison purpose, two existing allocation
schemes, i.e., non-priority scheme [36] and priority-based
proportional tuning [37], are simulated as benchmarks.
Different from our proposed scheme, the non-priority
scheme fairly distributes the capacity among gateways
only based on their different demands, and the priority-
based proportional tuning allocates capacity for each
gateway proportionally according to the medical emer-
gency of its packets.

Fig. 7 reveals the total utility with different amount of
gateways in the system. When the system is underloaded
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(i.e., the case with 10 gateways) which means that the
total traffic demand from all gateways is less than the
available capacity, there is no difference between the
non-priority allocation scheme and the proposed scheme
since the demands of all gateways will be completely
satisfied. However, when the system becomes overloaded
(i.e., the cases with 30 and 50 gateways), the pro-
posed scheme achieves a much higher utility than the
non-priority scheme, and such superiority becomes more
obvious when the number of gateways increases. This is
because the non-priority scheme cannot guarantee the ser-
vice satisfaction for critical data transmission under traf-
fic congestions, which results in a large penalty. However,
our proposed scheme can effectively balance the utility
gain and the penalty by differentiating the transmission

priorities of gateways according to their heterogeneous
medical severities. The performance improvement of the
proposed scheme can also be verified by comparing the
Price of Anarchy (PoA) of different schemes as shown in
Fig. 8, where the PoA is defined as the ratio between the
total utility achieved by the optimal “centralized” solution
and the one obtained by the equilibrium of the game, i.e.,
(Ckerc Ui OPT /(X pexe Upe (%)) Equilibrium - Erom this figure, we
can see that the PoA of the proposed scheme is always
smaller than that of the non-priority scheme, and its val-
ues are close to 1. This further demonstrates the superior-
ity of our proposed scheme.

Fig. 9 compares the different allocation schemes in
terms of the utility of an individual gateway. It can be seen
from the figure that the curve of the non-priority scheme
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declines significantly with the increase of the penalty co-
efficient c,. While, the curve of the priority-based propor-
tional tuning has a much slower decreasing trend because
it employs the idea of relative priority [13] (which is pro-
portional to the medical emergency). Note that the curve
of the proposed scheme only decreases slightly and keeps
stable for most range of c. This is because in the pro-
posed scheme, the gateway’s transmission will always be
completely served if its medical information is consider-
ably important (i.e., ¢ is sufficiently large), and thus does
not experience any penalty. However, when c; is small, the
non-priority scheme produces the highest utility since it
ignores the medical-grade priority and grants the gateway
a good service even though it is not important. In sum-
mary, we can conclude that our proposed scheme outper-
forms the other two schemes on gateways’ utilities under
medical emergencies. In addition, Fig. 9 also indicates that
the higher bound (i.e., ;) of benefit the gateway has, the
more utility it can obtain.

Fig. 10 shows the packet loss probability of a selected
gateway with the change of its packets’ penalty coefficient
k. For the non-priority scheme, since the service satisfac-
tion ratio is the same for all transmissions, the packet loss
probability remains unchanged for packets with different
medical severities. Though the priority-based proportional
tuning differentiates the transmission services for packets
based on their criticality, the important medical packets
still suffer a chance of packet loss. On the contrary, the
proposed scheme guarantees zero packet loss probabili-
ties for emergent medical signal transmissions (with larger
penalty coefficients) because of the achievement of the ab-
solute priority rule.

7. Conclusion

In this paper, a pricing-based resource allocation
scheme for eHealth systems has been proposed. To char-
acterize the feature of medical-grade priority in beyond-
WBAN communications, we introduce the concept of net-
work economics in the capacity sharing among multiple
on-body gateways. The utility functions of gateways are
formulated, and the strategy decision process is built up as
a non-atomic pricing game. Theoretical and simulation re-
sults show that our proposed allocation scheme will pro-
duce an efficient Wardrop equilibrium, and can improve
the utilities of gateways under medical emergencies.

In our future works, we will consider to extend the
pricing scheme to a more complex scenario where the unit
prices for traffics in different transmission priorities are
strategic decisions of the base station. In addition, in or-
der to prevent the untruthful behaviors from smart gate-
ways (i.e., misreporting their packet severities), the design
of incentive-compatible mechanisms for medical packet
transmissions will also be discussed.
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Appendix A. Proof of Theorem 5.1

Proof. According to our assumption that r(p;) > C, and
r(pg) =0 for pg which exceeds the acceptance ranges of
all gateways, we are able to find a priority level iy such
that r(p; 1) <C < r(p;,). Again, let priority i* satisfy the
condition that 8 (i,r*) =0, Vi < i* and 0(i, r*) > 0, Vi > i*.
From the definition, we can clearly observe that iy and i*
are equivalent.

For notation simplicity, we define 6, = 6 (¢, r) as the
service satisfaction ratio for all gateways k € K which se-
lects transmission priority ¢;. In this case, r;, can be con-
sidered as a function of 6 as r,(0}). With properties i) and
ii) in Proposition 5.1, we can derive the expression of r,(6})
as

(@) =R} (pi*; Ck), V6, > min {w}
K

Ck + Dir41
Since pj-,1 > pj+ and ¢, > 0, we have
C i«
Pi _ inl St P
Die41 Ck + Di-41
Thus, r,(6y) is continuous on 6y, € (pj/pj,1, 1). According
to the function of 0, in (7),
C— herc T+ 1,6,
fO) = —S
Zkelc rk(l > k)
is also continuous on (p;«/pj+41.1). We must be able to
find 9,:‘, Vk e K, such that
fory = S T e+ 1, 60)
‘ Prer T (. 07)
It is not difficult to prove that (ri(6;),r2(65).....

¢ (05)) satisfies all properties in Proposition 5.1. Therefore,
the game has at least one equilibrium. 0O

,VkelC}.

Vk e K,

— *k
- ek‘

Appendix B. Proof of convergence

Proof. The employed dynamic adaption algorithm (22) ac-
tually follows the tdtonnement process [38] for adjusting
the estimated service satisfaction ratio to obtain the equi-
librium. The corresponding decision of each gateway k will
be updated, depending on whether its utility can be fur-
ther increased or not, until the equilibrium priority level
has been reached. Let 9; (i) denote the stable estimation
for any gateway k at the equilibrium.

With the iteration 7 increasing, the estimated ékf (i)
changes accordingly. Suppose that the rate of such varia-
tion can be expressed as
07 (i N ~

A0 0710 - 671 0)) = 6@ ).
where g’ > 0 and 8(7 (i) = 07~ (i) — 71 (i). Intuitively,
if such tdtonnement process is successful, we should have

lim 07 i) = ;).

which indicates that the adaption will converge to the
equilibrium. To prove this, we can first expand the func-
tion g(8(6,(i))) by Taylor series as

g(8(0F (1)) =g(8(B; (1)) +8'8 (6 () (OF () -5 (i) +---
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where the higher orders are negligible.
Since §(6;(i)) = 0 by the definition of the adaption pro-
cess, the above series can be rewritten as

g8 O (i) =8 (6F (i) - 6(i)).

The solution of the above equation can be then derived
as

07 (i) = ) + B2 (0) — B0,

where é,?(i) is the initial estimation.

Apparently, the assertion of convergence requires that
e@¥)T . 0 as T — oo. Since g > 0, our remaining job is
to prove that §' < 0. Recall that the initial value of 671?(1')
is set as 1, and the strategy decision is a hill climbing pro-
cess [39]. Thus, § is always decreasing with the increase
of 7, i.e,, 8’ < 0. Therefore, in conclusion, the system with
this dynamic adaption algorithm will converge to a stable
equilibrium. O
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