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SUMMARY Mobile virtual network operators (MVNOs) are mobile
operators without their own infrastructure or government issued spectrum
licenses. They purchase spectrum resources from primary mobile network operators (MNOs) to provide communication services under their
own brands. MVNOs are expected to play an important role in mobile
network markets, as this will increase the competition in retail markets
and help to meet the demand of niche markets. However, with the rapidly
increasing demand of mobile data traﬃc, eﬃcient utilization of the limited spectrum resources owned by MVNOs has become an important issue.
We propose here a resource sharing mechanism between MVNOs against
the background of network functions virtualization (NFV). The proposed
mechanism enables MVNOs to improve their quality of service (QoS) by
sharing spectrum resources with each other. A nash bargaining solution
based decision strategy is also devised to ensure the fairness of resource
sharing. Extensive numerical evaluation results validate the eﬀectiveness
of the proposed models and mechanisms.
key words: mobile virtual network operator, fair resource sharing, network
functions virtualization

Fig. 1

Application scenarios.

1. Introduction
Mobile virtual network operators (MVNOs) are defined as
mobile operators without their own infrastructure or government issued spectrum licenses. MVNOs purchase spectrum
resources from primary mobile network operators (MNOs),
and provide services to end customers under their own
brands. Governments expect authorized MVNOs to increase
competition in the retail market as well as to meet the demands of niche markets. Nowadays, MVNOs have spread
throughout the world and have become an important part of
mobile network markets. For example, Virgin Mobile in the
United States is providing services to more than 4 million
users [1].
Advanced communication technologies such as the
third generation of mobile telecommunications technology
(3G) and Long Term Evolution (LTE) have resulted in skyrocketing numbers of subscribers to mobile data services recently. Mobile data traﬃc is forecast to increase 13 times
by 2017, with the volume climbing to 13.2 exabytes per
month∗ and the number of users approaching approximately
5.2 billion [2]. Therefore, determining how to maintain (or
improve) the quality of service (QoS) for end users with
relatively limited spectrum resources has become an imporManuscript received March 25, 2015.
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tant issue for both MNOs and MVNOs. Frisanco et al. [3]
demonstrated that spectrum resource sharing could be an
eﬀective strategy in dealing with this issue. Previous efforts focused mainly on spectrum resource sharing between
MNOs. Unfortunately, since diﬀerent MNOs own diﬀerent physical network infrastructures that are diﬃcult to integrate eﬀectively, resource sharing between MNOs has not
been widely accepted by the market. Compared with existing proposals, we argue resource sharing between MVNOs
belonging to the same MNO would be more feasible from
technical, economic, and security view points, since these
MVNOs are already running on the same suite of network
infrastructure products∗∗ .
Recent research progress in network functions virtualization (NFV) [4] makes the idea of spectrum resource sharing between MVNOs more realistic than ever before. NFV
consolidates mobile network nodes such as service GPRS
support node (SGSN), radio network controller (RNC), and
mobility management entity (MME) onto industry standard
high volume servers, and controls these nodes with management software. Therefore, spectrum resources can be
optimally allocated between MVNOs in near real time, according to the actual traﬃc and service demands. Figure 1
illustrates the application scenarios of MVNOs under NFV.
∗
Mainly from “heavy applications” such as video games and
streaming media.
∗∗
The MNO itself can also be treated as a special MVNO running on its own infrastructure.
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We propose in this paper a fair mechanism based on
previous observations, to improve the QoS of MVNOs by
sharing their spectrum resources. The three main contributions of this paper are: (1) Models of resource sharing
between MVNOs are presented; (2) A fair resource sharing
mechanism is introduced to incentivize MVNOs to participate in resource sharing; and (3) Numerical evaluation results have validated the eﬀectiveness of the proposed models
and mechanism.
Following the literature review in Sect. 2, Sect. 3 explains a resource sharing model between MVNOs and
presents numerical evaluations of the model. Analyses of
the fair resource sharing mechanism and its corresponding
numerical evaluations are explained in Sect. 4. Conclusions
are drawn and future work is discussed in the last section.

Fig. 2

System model.

2. Related Work
There is a great deal of related work on this subject because of its importance. However, most research has focused on pricing mechanisms of MVNOs rather than their
QoS. Cadre et al. [5] proposed a pricing model in which an
MNO shared its network infrastructures with an MVNO. A
game was generated in which the MVNO invested in content/advertising to compensate for the QoS degradation of
MNO. Pattanavichai et al. [6] analyzed the optimal decision
strategies to maximize the expected profit values for both of
the MNO and the MVNO. Distinguished from previous two
papers that worked on games between an MNO and MVNO
pair, Zhao et al. [7] proposed a model for pricing competition between two MVNOs. The bertrand game theory was
adopted to address issues of dynamic spectrum access, and
backward induction was used to achieve the unique equilibrium of the game.
So far, there has been very little work on the QoS
of MVNOs. Hong et al. [8] presented a femtocell-based
model in which both MNO and MVNO shared spectrum
resources to enable mobile users to roam between them.
Their work investigated the interaction between the transmit power strategy of the MVNO and the absorbing behavior for the subscribers of its MNO. However, their strategy
degraded the QoS of the MVNO to benefit the MNO. Since
MVNOs and the MNO may also be competitors in the retail
market, their strategy is less attractive to MVNOs. Bedhiaf
et al. [9] confirmed that MVNOs achieved a better gain in
deployment time by virtualizing network components rather
than physically installing them. To the best of our knowledge, no existing work discusses spectrum resource sharing
between MVNOs.
3. Resource Sharing between MVNOs
3.1 System Model
We focus on spectrum sharing between two MVNOs in this
paper, and we leave the one involving more MVNOs as future work. Without loss of generality, MV NOi and MV NO j

are used to represent the two MVNOs in the following descriptions. As shown in Fig. 2, each MVNO splits its spectrum resources into units of subcarriers represented by S i ,
e.g., both MVNOs own m units of subcarriers in Fig. 2. In
the conventional strategy, when an end-user ui of MV NOi
generates a bandwidth request (BR) for a mobile application
such as voice over IP (VoIP) or video streaming, MV NOi allocates one unit of the subcarrier to process his BR.† An BR
should be blocked for admission in a first-in-first-out (FIFO)
queue, if all subcarriers of MV NOi are already occupied.
Admission delay (AD) is defined to measure the length of
time that an BR is blocked in the queue.
With the resource sharing strategy, two MVNOs can
share spectrum resources with each other. Without loss of
generality, assume that all subcarriers of MV NOi have been
occupied, and BRi arrives to request its bandwidth. Instead
of blocking BRi in the queue, MV NOi sends a cooperation
request (CR) to MV NO j . If MV NO j still has idle subcarriers and prefers to cooperate with MV NOi , BRi is unblocked
from the queue and is redirected to MV NO j to utilize its
idle subcarrier. Otherwise, BRi continues to be blocked in
the queue for the next available subcarrier of MV NOi . Ck is
used to indicate whether MV NOk prefers to cooperate with
the other MVNO:
⎧
⎪
C
Cooperation,
⎪
⎪
⎪
⎨
Ck = ⎪
(1)
⎪
⎪
⎪
⎩N
Non-cooperation,
e.g., Ci and C j shown in Fig. 2 indicate the attitudes of
MV NOi and MV NO j .
Obviously, the average admission delay (AAD) of BRs
is one of the most important metrics that reveal the QoS provided by MVNOs, since a long delay degrades users’ experiences significantly.†† Therefore, it would be meaningful to
†
This is a simplified fixed bandwidth allocation (FBA) model
as adopted by Falowo et al. [10]. We assume that the bandwidth of
the subcarrier satisfies the minimum QoS constraint of the application.
††
Both AAD and bandwdith aﬀect the QoSs provided by

LIU et al.: A FAIR RESOURCE SHARING MECHANISM BETWEEN MOBILE VIRTUAL NETWORK OPERATORS

2143

verify that whether the resource sharing strategy is capable
of decreasing AAD to improve MVNOs’ QoSs.
3.2 Numerical Evaluation Model
There are three major factors aﬀect the AADs of MVNOs
in the proposed system model. They are explained here
and were also used in the numerical evaluations described
in Sect. 3.3.
3.2.1 Arrival Pattern of Data Traﬃc
The arrival pattern of data traﬃc defines how often mobile
users demand spectrum resources to deal with generated
BRs. One of the most common patterns is a Poisson process
that generates BRs with intervals conforming to exponential
distributions. However, Paxson et al. [11] have proved that
it fails to match real scenarios.
Leland et al. [12] have illustrated that arrivals of data
traﬃc are statistically “self-similar”, which is in contrast to
the Poisson process.† Therefore, we used fractional brownian motion (FBM) [13], one of the most popular analytical
models to simulate a self-similar data process in our evaluations. The number of BRs generated in the time interval [0,
t), A(t), is given by.
√
t > 0,
(2)
A(t) = mt + αmZH (t),
where m indicates the average number of BRs generated in
one unit of time, and α represents the variance coeﬃcient of
A(t). Finally, ZH (t) is a standard FBM process, where the
hurst parameter H determines the degree of self-similarity.
Details of the FBM model have not been explained in this
paper because they are beyond its scope. However, a detailed description is available in [13].
3.2.2 Size of Data Traﬃc
The size of data traﬃc aﬀects the time taken to process an
BR, e.g., data with a larger size require a longer transmission
time. A log-normal distribution was used for the size of
data traﬃc in our evaluations as suggested by Antoniou et
al. [14]. Its probability density function p(x) is given by
p(x) =

1
√

xσ 2π

e−

(ln x−μ)2
2σ2

, x > 0,

(3)

where μ and σ are the mean and the standard deviation (SD)
of the size of the generated data traﬃc.
3.2.3 State of Wireless Channel
A lognormal fading model was used to simulate the slow
MVNOs. Since we assume each user is allocated with a fixed
amount of bandwidth (a unit of subcarrier), we focus on reducing AAD to improve the QoSs. Other factors like the transmitting
power and antenna gains are beyond the scope of this paper.
†
“Self-similar” means that an object is exactly or approximately similar to a part of itself, e.g., parts of coastlines often exhibit the same statistical properties at many scales.

fading of wireless channels in our evaluations. Without loss
of generality, Pt and Pr are used to represent the transmit
power of base stations and the receive power of mobile endusers in the following descriptions. In the lognormal fading
model, the transmit-to-receive power ratio ψ = Pt /Pr is a
random variable that follows a lognormal distribution [15]
and is given by
⎤
⎡
⎢⎢⎢ (10 lg ψ − μψdB )2 ⎥⎥⎥
ξ
⎥⎥⎦ ,
⎢
exp ⎢⎣−
p(ψ) = √
(4)
2σ2ψdB
2πσψdB ψ
where ξ = ln1010 , and μψdB and σψdB are the mean and the SD
of ψ in dB.
Finally, the capacity of additive white Gaussian noise
(AWGN) channels is used for the throughput of data transmission,
C AWGN = B log2 1 +

Pr
,
N0 × B

(5)

where B is the bandwidth and N0 /2 is the power spectral
density of the noise.
3.3 Numerical Results for Resource Sharing
Matlab 7.0 was used to evaluate the eﬀectiveness of the proposed resource sharing mechanism. Two MVNOs (MV NOi
and MV NO j ) were located on the same base station owned
by their MNO. Both MVNOs divided their spectrum resources into 10 units of subcarriers and each subcarrier occupies a bandwidth of 200 kHz. The FBM model was used
to simulate traﬃc arrival patterns in the evaluation. The average number of generated BRs for MV NOi (λi ) varied from
1 to 9 in one second, while that of MV NO j (λ j ) was fixed at
8.5. The data size of each BR followed a lognormal distribution, with the average size μ = 1 Mbits and the SD σ = 0.2.
For the wireless transmission channels, the transmit power
of the base station was set to be 20 W, while the transmit-toreceive power ratio ψ followed a lognormal distribution with
the average μψdB = 10 dB and the SD σψdB = 6. The noise
power spectral density N0 was 10−9 dB. All parameters used
in the numerical evaluation are summarized in Table 1. Finally, it should be noted that these parameter settings are
somewhat arbitrary, but plausible, e.g., we assume that a
bandwidth of 200 kHz satisfies the minimum QoS constraint
of the focused mobile application such as VoIP and streaming media. Other settings do not aﬀect any conclusion made
in the rest of this paper. However, since queueing models
are used in the system as shown in Fig. 2, the values of λi
and λ j should not be beyond the processing capacity of their
corresponding MVNOs.††
As indicated in Eq. (1), both MVNOs have two diﬀerent strategies when they receive a cooperation request (CR)
††
The processing capacity of one MVNO is mainly determined
by factors like its number of subcarriers, the bandwidth of its subcarriers, the average size of generated data traﬃc, and the throughput of its transmission channels.
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Table 1

Simulation parameters.

Simulation period
Number of subcarriers
Bandwidth of each subcarrier
Number of generated BRs (MV NOi ), λi
Number of generated BRs (MV NO j ), λ j
Hurst parameter H
Average size of data traﬃc μ
SD of data traﬃc σ
Average transmit-to-receive ratio μψdB
SD of transmit-to-receive ratio μψdB
Noise power spectral density
Transmission power of base station

Table 2

MV NO j
MV NOi
Cooperation
Non-cooperation

100000 s
10
200 kHz
1 to 9 per second
8.5 per second
0.8
1 Mbit
0.2
10 dB
6
10−9 dB
20 W

Strategies of MVNOs.

Cooperation

Non-cooperation

(C, C)
(N, C)

(C, N)
(N, N)

from the other. Consequently, there are four diﬀerent combinations of their strategies as shown in Table 2. Obviously,
three of them represent diﬀerent cooperation scenarios between the two MVNOs, i.e. (C, N), (N, C), and (C, C), while
(N, N) indicates there is no cooperation between them.
Figure 3(a) indicates AADs of both MVNOs in the
scenario (C, N) against their AADs in the scenario (N,
N). Compared to the scenario without any cooperation,
the AAD of MV NO j in (C, N) decreased while that of
MV NOi increased. The AAD of MV NO j decreased because MV NOi accepted CRs from MV NO j to process its
blocked BRs. On the other hand, since MV NO j rejected
any CR from MV NOi , MV NOi not only dealt with all of
its own BRs but also had to process extra BRs redirected
by MV NO j . Therefore, the AAD of MV NOi increased.
Since the values of AAD of MV NOi are suppressed by
larger values in the figure when λi is small, these values
are shown seperately in Fig. 3(b) to make their comparisons
clear. Similar results are shown in Figs. 4(a) and (b) that indicates AADs of both MVNOs in the scenario (N, C) against
their AADs in the scenario (N, N), except the roles of two
MVNOs were reversed.
Figure 5(a) plots AADs of two MVNOs in the scenario
(C, C) against their AADs in the scenario (N, N). Again,
the values of AAD of MV NOi , when λi is small, are shown
seperately in Fig. 5(b) to make their comparisons clear. The
results are two-fold:
(1) When λi < 7
The AAD of MV NOi increased, while that of MV NO j
decreased. Since the load of MV NO j is much higher than
that of MV NOi , the direction of most CRs is from MV NO j
to MV NOi . Therefore, in most time of the evaluation period,
MV NOi acted as a resource provider, while MV NO j acted
as a resource requester. Obviously, MV NO j benefited from
resource sharing, while MV NOi only suﬀered its side eﬀects
in this case.

Fig. 3

Average admission delay, (C, N) against (N, N).

(2) When λi ≥ 7
The AADs of both MVNOs decreased. As λi increases,
loads of two MVNOs and the number of CRs generated by
each of them were close. Both MVNOs have a similar possibility to be a resource provider or a resource requester in the
evaluation period. Therefore, two MVNOs fairly benefited
from the cooperation strategy and improved their QoS.
4. Fair Resource Sharing between MVNOs
As indicated by the numerical results in the previous section, the eﬀectiveness of resource sharing depends on diﬀerent scenarios; it may either improve the QoS of one MVNO
while sacrificing that of the other MVNO or improve the
QoS of both MVNOs eﬃciently. Because MVNOs are competitors in the retail market, no participating MVNO is motivated to share its spectrum resources with competitors without any benefit. As a result, this section proposes an Nash
bargaining solution (NBS) based decision strategy to ensure
fair resource sharing between MVNOs, which is essential to
apply the proposed resource sharing mechanism in the real
market.
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Fig. 4

Average admission delay, (N, C) against (N, N).

4.1 Analysis of Fairness in Resource Sharing
The numerical evaluation results shown in Fig. 5 show that
even when both MVNOs adopted the cooperation strategy,
the unfairness problem still arose when there was a large
gap between λi and λ j . Actually, it is similar to the concept
of “give-and-take” in our daily lives. Assume that there are
two persons, Bob and Alice. Sometimes, Bob has a trouble
and Alice helps him. Some other times, Bob also gives his
hand to Alice and helps her to overcome her troubles. As a
result, there are two kinds of outcomes:
(1) Bob always gives his hand to Alice, but he seldom
needs Alice’s help. Obviously, Alice benefits from the cooperation since she solves her troubles by Bob’s help. However, since Bob has to take care of extra troubles from Alice,
he does not have any benefit. Similar results can be given if
they change their roles.
(2) Bob always gives his hand to Alice, and he also
requests for Alice’s help with a similar frequency. Then,
both of them can benefit from the cooperation because it is
fair (not one-sided, but two-sided).
Suppose Bob and Alice are competitors like two
MVNOs in our paper and they only consider their own ben-

Fig. 5

Average admission delay, (C, C) against (N, N).

efits to decide whether to cooperate with each other or not.
Definitely, a mechanism that ensures benefits of both participants is essential to motivate Bob and Alice (two MVNOs)
to join the cooperation. The following subsections formalize
this problem into a game and devise an NBS-based decision
strategy to achieve fair resource sharing.
4.2 Formalization of Fair Resource Sharing
As described in Sect. 3.1, MVNOs participate in resource
sharing to reduce their AADs. Therefore, the utility of each
MVNO can be measured by the diﬀerence between its AAD
with resource sharing and its AAD without any resource
sharing. Without loss of generality, ukt is defined to represent this diﬀerence,
ukt = AADk4 − AADkt ,

(6)

where k represents the ID of MVNO, t represents diﬀerent
scenarios as indicated in Table 3, and AADkt represents the
corresponding AAD of MV NOk under scenario t. For example, ui1 = AADi4 − AADi1 represents the utility of participating in resource sharing for MV NOi under the scenario (C,N), which equals to its reduction of AAD compared
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Table 3

MV NOi
MV NO j

Utility of MVNO in resource sharing.

(C,N)
ui1
u j1

(N,C)
ui2
u j2

(C,C)
ui3
u j3

Table 4

Probability of diﬀerent scenarios.

MV NO j

(N,N)
ui4
u j4

MV NOi
Cooperation
Non-cooperation

Non-cooperation

Cooperation

p1
p4

p3
p2

ing,
max

p1 ,p2 ,p3 ,p4

ui × u j

s.t. ui , u j ≥ 0
p1 + p2 + p3 + p4 = 1
p1 , p2 , p3 , p4 ≥ 0 .

Fig. 6

Feasible strategies and resulting utilities of two MVNOs.

with the scenario of no resource sharing (N,N). Obviously,
ui4 = u j4 = 0, which means the utilities of both MVNOs are
always zero if they never participate in resource sharing.
As shown in Eq. (1), each MVNO has two diﬀerent choices, i.e., cooperation and non-cooperation. These
two choices are named pure strategies in the game theory,
since they represent a deterministic choice of the strategy,
i.e., accept (the cooperation strategy) or reject (the noncooperation strategy) CRs from the other MVNO constantly.
Other than pure strategies, each MVNO can also adopts a
mixed strategy that is an assignment of a probability to every
pure strategy, i.e. accepts CRs from the other with a probability of Pcoop , while rejecting them with a probability of
1 − Pcoop . Obviously, pure strategies are special cases of
mixed strategies when Pcoop = 0 or 1.
Figure 6 gives a geometric interpretation of two
MVNOs’ feasible strategies and their resulting utilities.
Four vertices, F, D, E and O, represent utilities of both
MVNOs under four combinations of pure strategies shown
in Table 2. For example, the vertex F represents the utilities of both MVNOs in the scenario (C, N), i.e. ui1 and u j1
defined in Table 3. As shown by the results of Fig. 3, ui1
is negative, while u j1 is positive. Therefore, F locates in
the second quadrant of the axes. From the general view of
mixed strategies, since both MVNOs accept or reject CRs
according to their values of Pcoop , four scenarios shown in
Table 2 emerge randomly. Consequently, feasible utilities
of both MVNOs are represented by a plane defined by the
four vertices. Without loss of generality, assume that the
probabilities of each emerging scenario are p1 , p2 , p3 , p4 as
indicated in Table 4. Consequently, the expected utility of
each MVNO is:
uk = uk1 p1 + uk2 p2 + uk3 p3 + uk4 p4
= uk1 p1 + uk2 p2 + uk3 p3 ,

(7)

where k represents the ID of MVNOs.
The NBS is aimed at maximizing the product of utilities of both MVNOs to ensure the fairness of resource shar-

(8)

where the constraint ui , u j ≥ 0 ensures that neither MVNOs
degrades its QoS by participating in resource sharing. This
optimization problem can also be interpreted by the help
of Fig. 6. If part of the plane in Fig. 6 locates in the first
quadrant like the point E, there exist feasible cooperation
strategies that enable both MVNOs to obtain positive utilities. Therefore, Eq. (8) aims finding the optimal strategies
of two MVNOs to maximize their production of utilities.
However, if there is no point of this plane locates in the first
quadrant, it means at least one of the MVNOs obtains negative utility in the cooperation no matter with the strategies
of two MVNOs. Since both MVNOs do not want to obtain
negative utilities in the cooperation, they simply choose the
pure non-cooperation strategy to maintain a utility of zero
(represented by the point O in the figure).
Subscripts x and y are used to denote the horizontal and
vertical coordinates of a point, i.e., D = (D x , Dy ), E = (E x ,
D
Ey ) and F = (F x , Fy ). Define tan D = Dyx and define tan E,
tan F similarly. Define q1 = p1 + p3 and q2 = p2 + p3 . Zhang
et al. [16] have derived their closed-form expressions:
⎧
⎪
⎪
0
⎪
⎪
⎪
⎨ 1 Dx
− 2 ( Fx +
q1 = ⎪
⎪
⎪
⎪
⎪
⎩ 1
⎧
⎪
⎪
0
⎪
⎪
⎪
⎨ 1 Fx
− 2 ( Dx +
q2 = ⎪
⎪
⎪
⎪
⎪
⎩ 1

Dy
Fy )

tanD > |tanF|
|tanE| > |tanF| > |tanD|
Otherwise
(9)

Fy
Dy )

cotF > |cotD|
|cotE| > |cotD| > |cotF|
Otherwise
(10)

The detailed proofs of these two equations have not been
explained in this paper because they are beyond its scope
and are available in [16].
The values of p1 , p2 , p3 , and p4 are calculated based
on the values of q1 and q2 . There are two diﬀerent cases:
(1) Both q1 and q2 are zero:
The optimal solution converges to the point of (p1 = 0,
p2 = 0, p3 = 0, p4 = 1), and the optimal value is zero. This
means at least one of the MVNOs obtains negative utility
in the cooperation constantly. They choose the pure noncooperation strategy to maintain a utility of zero.
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(2) Either q1 or q2 is positive:
This means it is possible for both MVNOs to obtain
positive utilities from the cooperation. The remaining issue
is finding strategies for both MVNOs to achieve the optimal
point of Eq. (8).
Theorem 1. If either q1 or q2 is positive, p4 = 0 in at least
one of the optimal points of Eq. (8).
Proof. Assume that there is an optimal point of Eq. (8) with
a positive p4 , S = [p1 , p2 , p3 , p4 ], that maximizes ui × u j .



Define a new point S with p1 = p1 (1 + p1 +pp42 +p3 ), p2 =


p2 (1 + p1 +pp42 +p3 ), p3 = p3 (1 + p1 +pp42 +p3 ), and p4 = 0. Then,

the utility value of MV NOi on the point S is








ui = ui1 p1 + ui2 p2 + ui3 p3
p4
= 1+
(ui1 p1 + ui2 p2 + ui3 p3 )
p1 + p2 + p3
p4
= 1+
ui
p1 + p2 + p3
≥ ui .
The last step comes from the constraint of Eq. (8), i.e., both
ui and u j are non-negative. Similarly, it is easy to prove that



u j ≥ u j . Consequently, ui × u j ≥ ui × u j .


(1) ui × u j = ui × u j

Point S achieves the same objective value as S . There
fore, S is one of the optimal points of Eq. (8). The proof is
complete.


(2) ui × u j > ui × u j

Point S achieves a better objective value than S , which
contradicts the hypothesis. The proof is complete.

On the basis of Theorem 1, the following four equations are possible:
⎧
q1 = p1 + p3
⎪
⎪
⎪
⎪
⎪
⎨ q2 = p2 + p3
⎪
⎪
p4 = 0
⎪
⎪
⎪
⎩ p +p +p +p =1
1
2
3
4
By solving these equations, we find that the optimal point of
Eq. (8) is [p1 = 1 − q2 , p2 = 1 − q1 , p3 = q1 + q2 − 1, p4 = 0].
Finally, the result of Eq. (8) is pareto optimal, i.e., neither
MVNO can improve its utility without reducing the utility of
the other, since it achieves the maximum production value
of two MVNOs’ utilities.
4.3 NBS-Based Decision Strategy
The findings from previous discussion suggest that both
MVNOs should accept CRs from the other MVNO with
probabilities matched to the optimal solution of Eq. (8) to
achieve fair resource sharing. Suppose that the number of
CRs received by MV NOi from MV NO j in diﬀerent scenarios is defined in Table 5.
The number of expected CRs that are received by

Table 5

Number of CRs received by MV NOi .

(C,N)
(N,C)
(C,C)
(N,N)

Number of received CRs
ni1
ni2
ni3
ni4

MV NOi in the fair resource sharing status is given by,
Eir = p1 × ni1 + p2 × ni2 + p3 × ni3 + p4 × ni4 .

(11)

MV NOi accepts CRs when it adopts the cooperation strategy, i.e., in cases (C,N) and (C,C). Therefore, to achieve the
optimal value of Eq. (8), MV NOi should accept CRs from
MV NO j with a probability of
Pi−coop =

p1 × ni1 + p3 × ni3
.
Eir

(12)

P j−coop that represents MV NO j ’s probability of accepting
CRs from MV NOi can be calculated in a similar way.
4.4 Discussion of Implementation Issues
This subsection discusses several implementation related issues on the proposed fair resource sharing mechanism. As
described in the previous two subsections, both MVNOs
have to know the charactersitics of BRs generated by the
other to calculate their NBS-based decision strategies, e.g.,
average number of generated BRs (λi and λ j shown in
Table 1). In general, there are two ways to implement
this pre-negotiation process in reality: (1) A centralized
mode in which both MVNOs send their historical records
of BRs to an authorized third-party controller, and (2) A distributed mode in which both MVNOs exchange their historical records of BRs with each other directly. Benefitted from
the concept of NFV, both MVNOs and the controller may
locate in the same suite of physical infrastructure. Therefore, these kinds of data and message transmission can be
easily implemented by technologies like inter-process communications (IPC). Selection of diﬀerent modes depends on
specific requirements of application scenarios, e.g., the degree of trust between two MVNOs, and the security level
of their records. We would like to skip these details in this
paper, since they are beyond its scope.
After obtaining records that include the information of
generated BRs, the controller (in the centralized mode) or
both MVNOs (in the distributed mode) should calculate coordinates of points D, E, and F in Fig. 6 to obtain NBSbased decision strategies. Since these coordinates represent
utilities of both MVNOs in diﬀerent scenarios, queueing delay of the queue in each MVNO has to be analyzed. From a
queueing theory viewpoint, because the proposed system allows blocked BRs to move between queues of both MVNOs,
it is a queueing system with jockeying [17]. However, except for a few simple cases that mainly correspond to the
M/M/s queueing models, it is still diﬃcult to calculate the
queueing delay in general jockeying systems theoretically

IEICE TRANS. COMMUN., VOL.E98–B, NO.11 NOVEMBER 2015

2148

Fig. 7

System mechanisms of two implementation modes.

[17], [18]. Therefore, the controller or two MVNOs themselves can just simulate resource sharing processes based on
exchanged records of BRs as shown in Sect. 3.3 to measure
utilities of both MVNOs in reality.† Similarly, the number of received CRs listed in Table 5 can also be counted
in the same simulation process by each MVNO. This kind
of simulation-based implementations makes the proposed
fair resource sharing mechanism not to be constrained by
any specific hypothesis of existing queueing theory. Based
on these metrics, the controller (centralized mode) or two
MVNOs (distributed mode) calculate NBS-based decision
strategies of both MVNOs. In the centralized mode, the
controller broadcasts NBS-based decision strategies of two
MVNOs to both of them. In the distributed mode, each
MVNO understands decision strategies of itself and the
other MVNO by its calculation.†† With resulting NBSbased decision strategies, two MVNOs begin resource sharing process to improve their QoS. Figure 7 shows system
mechanisms of the two implementation modes.
The final remaining issue is to prevent both MVNOs
to deviate from the optimal NBS-based decision strategy.
It is true that an MVNO does not know whether a specific CR will be accept by the other in advance, since the
other MVNO may randomly accepts CRs with a probability.
However, each MVNO come to understand the real strategy of the other by counting the percentage of its CRs accepted by the other MVNO in a period of time. Then, if any
MVNO realizes that the other MVNO does not obey to the
fair decision strategy, this MVNO quits from resource sharing to punish the cheating MVNO. Recall that NBS-based
cooperation strategies ensure both MVNO to gain positive
utilities. If there is no cooperation between two MVNOs,
utilities of them decrease to zero. Since the utility of the
cheating MVNO also decreases, no MVNO prefers to deviate from the optimal strategy unilaterally. Actually, this
kind of punishment schemes is named “trigger-strategy” in
the game theory [19].
†
This is feasible because two MVNO’s records of BRs have
been collected by the controller or exchanged between themselves
in advance.
††
Since two MVNOs use the same data for calculation, they get
the same results.

Fig. 8

Acceptance probabilities in fair resource sharing.

Fig. 9

Utility value of NBS.

4.5 Numerical Results for Fair Resource Sharing
Matlab 7.0 was used to evaluate the eﬀectiveness of the proposed fair resource sharing mechanism. Parameter settings
were the same as those listed in Table 1.
Figure 8 plots the acceptance probability of CRs for
both MVNOs in the fair resource sharing. As the results
show, when λi < 4, MV NOi cannot benefit from the resource sharing because it was able to process its BRs immediately and never needed to send any CR to MV NO j . Because the condition of fair resource sharing was not satisfied,
both MVNOs adopted the non-cooperation strategy to reject
CRs from the other. When 4 < λi < λ j = 8.5, it is possible
for both MVNOs to benefit from resource sharing. However, MV NOi would receive more CRs from MV NO j than
vice versa. Therefore, MV NOi tended to accept CRs with a
lower probability to ensure the fairness of resource sharing.
Similarly, when λi > λ j = 8.5, MV NO j tended to accept
CRs with a lower probability.
Figure 9 plots the product of utilities of the NBS based
decision strategy against that of the common resource sharing in which both MVNOs accept CRs from the other with
a probability of one. In general, the NBS based decision
strategy achieved a higher value than that of the common resource sharing (As shown in Fig. 5, the AAD of MV NOi is
small when λi is small. Therefore, the product of utility values of both MVNOs is quite small and is suppressed by the
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larger values in the figure.). Specifically, both MVNOs generated nearly the same number of CRs when λi = λ j = 8.5.
As shown in Fig. 8, both MVNOs accepted CR with a probability of one in the NBS-based decision strategy. Therefore,
utility values of both strategies are the same in this case,
since there is no diﬀerence between the acceptance probability of the two strategies.
5. Conclusion
This paper discussed resource sharing mechanisms between
MVNOs against the background of NFV. Resource sharing
models were proposed to enable MVNOs to improve their
QoS by cooperating with each other. An NBS-based decision strategy was also introduced to ensure the fairness
of resource sharing. Finally, numerical evaluation results
have validated the eﬀectiveness of the proposed models and
mechanisms.
Since this paper focused on resource sharing between
two MVNOs, resource sharing models among multiple
MVNOs will be investigated in the near future. Integrated
resource sharing among MVNOs and their corresponding
mobile devices is also an interesting topic for future study.
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