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Abstract

Social networks are penetrating our daily life, connectingpeople across the globe. As a combi-

nation of social science and mobile communication networks, mobile social networks (MSNs) are

attracting an increasing attention across the research community. In this paper, based on the common

interests of a specific community, the epidemic content dissemination across a MSN is studied as a

powerful supplement to the conventional centralized-infrastructure (CI) based communication for the

sake of conserving precious radio resources, enhancing coverage and reducing power-dissipation.

The Factor of Altruism (FA) concept is introduced for quantifying the willingness of the MSN

subscribers to share their content. We model the epidemic content dissemination by a pure-birth

based Markov chain and evaluate the statistical propertiesof the content dissemination delay and
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the delay of a specific MSN subscriber receiving the desired content. We also approximate the tail

distribution function (TDF) of these two delays by the Gammadistribution. Simulation results are

provided for supporting our analysis, which show the difference with respect to the conventional CI

systems, demonstrating that the delay is substantially reduced upon increasing the number of MSN

subscribers, especially when the MSN subscribers are altruistic.

Index Terms

Mobile social network, epidemic content dissemination, Markov chain, factor of altruistic

I. Introduction

Given the rapid development of social networks, an increasing number of people who share

similar interests are connected to each other. They create avirtual social community, and

they regularly communicate with each other based on their common interests. Social networks

were deemed to contribute to the tremendous success of the London Olympic Games, which

inherited the fond connotation of "Twitter Olympics" [1]. As the combination of mobile

networks and social science, mobile social networks (MSNs)[2] have attracted substantial

research attention. Developing techniques for exploitingthe social relations among mobile

users for improving the wireless communication and networking services deserves further

research.

The operators are now facing two important wireless networking problems. The first

one is networking in densely populated areas. The conventional solution is to install more

picocell or femtocell base stations (BSs) [3] [4]. However, people sometimes get together

only temporarily for large events, such as the 2012 Olympic Game in London, which would

not justify investment into a permanent infrastructure. For example, during the Olympic

Games, a large fraction of the audience in the Wembley Arena,who were watching the

men’s final in Badminton, were also interested in the result of Andy Murray’s tennis-final

against Roger Federer. Based on the audience’s common interests, we may find an alternative
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way of satisfying their appetite for data traffic without a permanent infrastructure. The BSs

select some users and transmit Murray’s winning stroke to them. Then this content may be

further disseminated spontaneously to the others in the Wembley Arena. In this manner, we

may provide a service at a low energy consumption and enhancethe coverage by supporting

all the users in densely populated areas.

The second problem is faced by the network in the areas havinga low infrastructure density,

as exemplified by emergency communication. After a natural disaster, such as the Tsunami

in Japan, most of the infrastructure may be destroyed, henceit is hard for victims to send

SOS messages in conventional ways. The wireless terminals may create a self-organized

ad hoc network, and SOS messages may be sent to specific nodes,which are capable of

communicating with the outside world through a surviving BS. The fundamental goal of

emergency communication is to find the best route for sendingthe required information [5].

However, in reality every user’s phone is unaware of which particular node is capable of

communicating with the outside world. In our solution, after generating an SOS message,

the victims flood the network with it and when the specific nodehaving a link to the outside

world via a BS receives it, it forwards the information to theoutside ’universe’.

Epidemic spreading in scale-free networks was studied in [6], where a birth-death Markov

chain was invoked whose states represent the number of nodesinfected in the network. A two-

dimensional continuous time Markov chain (CTMC) model relying on a so-called absorption

state is proposed in [7] for evaluating the performance of a heterogeneous delay-tolerant

network, where the state-transition rate is defined by the inter-encounter rate of mobile users.

An important application of content dissemination is constituted by facilitating the spectrum

sensing decisions in cognitive radio (CR) networks [8], where the CR users are grouped for

propagating their spectrum preference1 to each other, so that the best decision may be made.

1Spectrum preference of a cognitive user indicates which is the best spectrum band for this user to achieve the optimal
throughput when it is released by primary users
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Fig. 1: System Model

The authors of [9] investigate how the content providers and network operators interact with

each other for disseminating the content across a MSN.

Against this background, our major contributions are listed as follows:

(1) A hybrid MSN architecture is studied, which includes conventional centralized-infrastructure

based communication as the first stage, followed by content dissemination across the MSN

during the second stage.

(2) In order to investigate the associated delay, content dissemination across the MSN is

modelled by a pure-birth Markov chain having an absorption state.

(3) The Factor of Altruism (FA) concept is introduced for reflecting the willingness of users

sharing the content with others.

(4) The statistical characteristics of the content dissemination delay and the delay of a

specific user receiving the content are also derived.

Our paper is organized as follows. Our system overview is provided in Section II, including

the description of the Network, MAC and PHY layer. The content dissemination delay and the

delay of a specific user receiving the content are analysed inSection III, while our simulation

and analytical results are provided in Section IV. Finally,we conclude in Section V.
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II. System Overview

A. Network Layer

We assume that there areN subscribers in the MSN, who are divided into active subscribers

(ASs) as well as passive subscribers (PSs) and are able to communicate with each other. The

ASs either receive the content from the CIs or actively generate an SOS messages themselves.

By contrast, the PSs receive the content either from other subscribers or from the CIs. As

shown in Fig.1, our system may support two different sessions. In the scenario of high

downlink traffic load,U (0 ≤ U < N) ASs receive their desired content from the CIs, such as

a BS or WiFi hot-spot, while in the scenario of emergency communication, they themselves

generate the SOS information. Secondly, the ASs disseminate the content to all the others in

the MSN based on their common interests. After receiving thecontent, regardless of where

it originates from, the subscribers will further disseminate the content to the others who do

not have it, until all the MSN subscribers receive this content.

Naturally, each MSN subscriber acts both as a receiver and asa transmitter. However,

when acting as a transmitter, the subscribers’ terminals assist in the content dissemination by

dissipating their own energy, which will substantially shorten their battery recharge-period,

potentially without any payback. Consequently, some of thesubscribers may be reluctant

to help the content dissemination in order to save their own battery charge. We define the

probability of a user becoming a transmitter asq (0 ≤ q ≤ 1), which is termed as the FA.

Clearly, a lowerq value represents a more selfish inclination, while a higherq represents more

altruistic behaviour. Naturally, a subscriber’s preference as to whether to become a transmitter

may vary from time to time. Without loss of generality, we assume that the subscribers, who

already have the content, will make their own decision upon receiving the content during the

content dissemination.

Depending on the specific value of the FA, at any moment there might not be any sub-

scribers willing to broadcast the content. If so, the subscribers, who are keen on downloading
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the content, have to request it from a CI, although dissemination from the CI is of lower

efficiency owing to its higher path loss (PL), than those betweenthe MSN subscribers.

B. MAC Layer

In the MAC Layer we assume that the content is only transmitted successfully in a time

slot (TS), when the near-instantaneous received signal to noise ratio (SNR) of the link

from a source to a target is higher than a predefined threshold. We define this successful

reception probability of the links spanning from the CI to the MSN subscribers asµb and

its counterpart amongst the MSN subscribers asµs. By jointly considering the PHY Layer

model, we calculate these two probabilities in Section II-B.

Automatic repeat request (ARQ) [10] relying on an unlimited number of re-transmissions

is adopted for ensuring that no contents are lost. Furthermore, we assume that the acknowl-

edgement sent from a target is always successfully receivedby a source, while the associated

delay is ignored. As a result, we can formulate the followingtheorem.

Theorem 1:Given the successful reception probabilityµ of a single content packet during

a specific TS in the ARQ-aided system, the continuous-valuedtime required for the successful

transmission of a packet obeys the exponential distribution with the mean of 1/µ.

Proof: The proof ofTheorem1 is provided in Appendix A. Hereµ can also be referred

to as the average service rate of a link.

C. PHY Layer

In the PHY layer, radio propagation between any pair of nodesis assumed to experience

uncorrelated stationary Rayleigh flat-fading channels|hi(t)| associated withE[|hi(t)|2] = 1,

while |hi(t)|2 obeys an exponential distribution with a unity mean, whose tail distribution

function (TDF) isP[|hi(t)|2 > x] = exp(−x). The average PL of a link is denoted byΩi. We

assume that the transmit power isPi, and the noise power isN0Wi, whereWi is the available
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The content dissemination across the MSN starts at state U (0<U<N)

N-1 NN-2

p1,2 p2,3 p3,4 pU−1,U pU,U+1 pN−3,N−2 pN−2,N−1 pN−1,N

Fig. 2: A pure birth process having a single absorption state

bandwidth, while the subscripti represents ’b’ for the links connecting the CIs and the MSN

subscribers and ’s’ for the links amongst the MSN subscribers. We define the successful

content reception SNR threshold at a subscriber asβ. As a result, we can formulate the

relevant expressions forµb andµs as follows:

µb = P
(

Pb|hi(t)|
2/Ωb > β

)

= exp(−β ·ΩbN0Wb/Pb), (1)

µs = P
(

Ps|hi(t)|
2/Ωs > β

)

= exp(−β ·ΩsN0Ws/Ps). (2)

III. Content Dissemination Delay

In this section, we will study the statistical properties ofthe epidemic content dissemination

delay and the delay of a specific user receiving the content with the aid of a pure birth Markov

chain.

A. Pure Birth Markov Chain

In the MSN, epidemic content dissemination is invoked for ensuring that every subscriber

receives the content of common interest. We define a state-machine having states given by

the number of subscribers who have already received the content. Clearly, the dissemination

is completed when all theN subscribers of the MSN received the content. Hence, we can

model the content dissemination as a pure-birth based Markov chain with an absorption state

N, as shown in Fig.2.

Let us first consider the adjacent-state transition rate from statek to state (k + 1). Again,

depending on the FA, not necessarily all of thek subscribers are willing to act as transmitters.

We assume that there arenk (0 ≤ nk ≤ k) subscribers willing to further disseminate the content.
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Since (N−k) subscribers in the MSN are waiting for the content, there are nk ·(N−k) possible

links in this state, each of which has an average service rateof µs. Hence, given a sufficiently

short time unit∆t, in which a single transmission takes place, each of the links successfully

sends the content with the probability ofµs∆t. Then provided thatnk subscribers are willing to

disseminate the content, the adjacent-state transition probability in statek may be expressed

as

pk,k+1|nk =

(

nk(N − k)
1

)

µs∆t(1− µs∆t)nk(N−k)−1

= nk(N − k)µs∆t

[

1+
nk(N−k)−1

∑

i=1

(

nk(N − k) − 1
i

)

(−µs∆t)i

]

≈ nk(N − k)µs∆t, (3)

where the approximation is due to the fact that the time unit∆t was assumed to be sufficiently

short for encountering a single successful reception.

Secondly, we demonstrate that the probability of a two-steptransitionpk,k+2|nk is negligibly

low. Each receiver is connected to the transmitters bynk links. Provided that one of these

links successfully transmits, this receiver acquires the content. In this case, only two out of

(N−k) receivers acquire the content and the resultant conditional probabilitypk,k+2 associated

with nk users willing to disseminate the content may be formulated as

pk,k+2|nk =

(

N − k
2

)

[

1− (1− µ∆t)nk

]2

(1− µ∆t)nk(N−k−2)

=

(

N − k
2

)

[
nk
∑

i=0

(−µ∆t)i
]2

(1− µ∆t)nk(N−k−2).

Therefore, if∆t is sufficiently short, which results inpk,k+2|nk ≪ pk,k+1|nk, we have a reasonable

approximation ofpk,k+2|nk ≈ 0.
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B. Content Dissemination Delay Across the MSN

In statek, we express the number of subscribers willing to share the content asnk (0 ≤

nk ≤ k). Since each subscriber has a probabilityq of sharing his/her version of the content,

nk follows a Binomial distribution having a pair of parametersk and q, whose probability

mass function (PMF) is given by [11]

p(nk) =

(

k
nk

)

qnk(1− q)k−nk. (4)

In case ofnk ≥ 1, which indicates that at least one subscriber would like toassist in the

content dissemination process, we havenk(N−k) possible links for dissemination. According

to Theorem1 and Equation (3), we may claim that the delay from statek to state (k + 1)

obeys an exponential distribution having a parameter ofnk(N− k)µs = nkµk, where we define

µk = (N − k)µs. Given thatnk subscribers are willing to share the content, the conditional

probability density function (PDF), the mean and the secondmoment of the random delay

Tk from statek to state (k+ 1) are

fTk|nk(tk) = nkµk · exp
(

− nkµktk
)

, tk ≤ 0 (5)

E
[

Tk

∣

∣

∣nk

]

=

∫ ∞

0
tk fTk|nk(tk)dtk =

1
nkµk
, (6)

E
[

T2
k

∣

∣

∣nk

]

=

∫ ∞

0
t2
k fTk|nk(tk)dtk =

2
(nkµk)2

. (7)

In case ofnk = 0, which indicates that no subscribers would like to assist in the content

dissemination process, some of the (N − k) MSN subscribers, who are still waiting for the

content, have to request its transmission from the CI, although these transmissions may

experience more substantial degradation. As a result, (N − k) links are established from the

CI in total. According toTheorem1, we may claim that the delay from statek to state (k+1)

obeys an exponential distribution with a parameter of (N−k)µb. Hence, the conditional PDF,
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the mean and the second order moment of the random delayTk are

fTk|nk=0(tk) = (N − k)µb · exp
(

− (N − k)µbtk
)

, tk ≤ 0 (8)

E
[

Tk

∣

∣

∣nk = 0
]

=

∫ ∞

0
tk fTk|nk=0(tk)dtk =

1
(N − k)µb

, (9)

E
[

T2
k

∣

∣

∣nk = 0
]

=

∫ ∞

0
t2
k fTk|nk=0(tk)dtk =

2
((N − k)µb)2

. (10)

According to Bayes’ theorem, the PDF of the random delayTk from statek to state (k+1)

may be expressed as

fTk(tk) = fTk|nk=0(tk) · p(nk = 0)+
k

∑

nk=1

fTk|nk(tk) · p(nk)

= (N − k)µb exp(−(N − k)µbtk)(1− q)k

+

k
∑

nk=1

nkµk exp
(

− nkµktk
)

·

(

k
nk

)

qnk(1− q)k−nk. (11)

Given the PDF of (11), the mean and the second moment of the random delayTk are

E
[

Tk

]

= E
[

Tk

∣

∣

∣nk = 0
]

p(nk = 0)+
k

∑

nk=1

E
[

Tk

∣

∣

∣nk

]

p(nk)

=
(1− q)k

(N − k)µb
+

k
∑

nk=1

(

k
nk

)

qnk(1− q)k−nk

nkµk
, (12)

E
[

T2
k

]

= E
[

T2
k

∣

∣

∣nk = 0
]

p(nk = 0)+
k

∑

nk=1

E
[

T2
k

∣

∣

∣nk

]

p(nk)

=
2(1− q)k

((N − k)µb)2
+

k
∑

nk=1

(

k
nk

)

2qnk(1− q)k−nk

(nkµk)2
. (13)

Hence, we can also derive the variance ofTk using the formula ofVar[Tk] = E[T2
k ]−{E[Tk]}2.

As shown in Fig.2, the epidemic content dissemination is initiated in stateU and completed

in stateN. Therefore, the total random delayT is given byT =
∑N−1

k=U Tk. Since the delay

from each state to its adjacent one is independent of each other, the mean and variance ofT
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are derived as:

E[T] =
N−1
∑

k=U

(1− q)k

(N − k)µb
+

N−1
∑

k=U

k
∑

nk=1

(

k
nk

)

qn
k(1− q)k−nk

nkµk
, (14)

Var[T] =
N−1
∑

k=U

Var[Tk]. (15)

Unfortunately, it is impossible to derive the exact closed-form PDF of the random delay

T. But given the mean and variance, we may approximate it by theGamma distribution,

which is more accurate than its Gaussian counterpart [12], when non-negative component

random variables are concerned. According to the Gamma distribution [12], we have the

shape parameterm = {E[T]}2/Var[T] and the scale parameterΘ = Var[T]/E[T]. Then,

given a delay thresholdDth, we may express the approximate probability of the content

dissemination delay exceedingDth as

P(T > Dth) =
Γ

(

m,
Dth

Θ

)

Γ(m)
=

Γ

(

{E[T]}2

Var[T]
,
DthE[T]
Var[T]

)

Γ

(

{E[T]}2

Var[T]

)

. (16)

This approximation will be characterized by our simulationresults in Section IV.

C. Delay of a Specific Subscriber Receiving the Content

Apart from the delay of content dissemination across the entire MSN, the delay of a specific

subscriber receiving the content is also of high importance, for example in the scenario of

emergency communication and for content dissemination across multiple MSNs. A MSN is

defined based on the common interests of its subscribers. A subscriber may however belong

to several MSNs. In the scenario of multiple MSNs, the subscribers shared by these MSNs

are of particular significance for the content dissemination amongst MSNs. The delay of these

subscribers receiving the content substantially affects the total delay of content dissemination

across these MSNs. Hence, we study the delay of a specific subscriber A receiving the

content under the assumption thatA does not belong to ASs (defined in Section II-A), since
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if it does, its delay is zero.

Under the above assumptions, subscriberA may receive the content during the state

transition from (U + 1) to N. When considering the state transition fromk to (k+ 1), (N− k)

subscribers, who at this stage have not as yet received the content, have an equal probability

of 1/(N−k) of receiving the content and similarly an equal probability of (N−k−1)/(N−k)

of not receiving it. The probability ofA receiving the content in state (k+1), which naturally

implies that it has not received it during any of the previousstates, may be expressed as

pk+1 =
N − U − 1

N − U
N − (U + 1)− 1

N − (U + 1)
· · ·

N − (k− 1)− 1
N − (k− 1)

1
N − k

=
1

N − U
. (17)

Given the event thatA receives the content in state (k + 1), the random delay is denoted

by TA =
∑k

j=U Tk and the conditional PDF ofTA is denoted byfTA|k+1(tA) = fTU+···+Tk(tA).

According to the Bayes’ theorem, we arrive at the PDF ofTA in the form of:

fTA(tA) =
N−1
∑

k=U

fTA|k+1(tA) · pk+1 =

N−1
∑

k=U

fTU+···+Tk(tA)

N − U
. (18)

With the aid of (18), we arrive at the average value of the random delayTA as

E[TA] =
∫ ∞

0
tA

N−1
∑

k=U

fTU+···+Tk(tA)

N − U
dtA

=

N−1
∑

k=U

∫ ∞

0
tA fTU+···+Tk(tA)dtA

N − U

=

N−1
∑

k=U

1
N − U

E
[

TU + TU+1 + · · · + Tk

]

=
1

N − U
E
[

TU +
(

TU + TU+1
)

+
(

TU + TU+1 + TU+2
)

+ · · · +
(

TU + TU+1 + · · · + TN−1
)

]

=

N−1
∑

k=U

N − k
N − U

E
[

Tk
]

, (19)

whereE
[

Tk
]

is given by (12). In order to complete the statistical characterization ofthe delay
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of A receiving the content, its delay variance is also needed. Before deriving this variance,

we have to determine its second moment, which may be derived as

E[T2
A] =

∫ ∞

0
t2
A

N−1
∑

k=U

fTU+···+Tk(tA)

N − U
dtA

=

N−1
∑

k=U

∫ ∞

0
t2
A

fTU+···+Tk(tA)dtA

N − U

=

N−1
∑

k=U

1
N − U

E
[

(

TU + TU+1 + · · · + Tk
)2
]

=
1

N − U
E
[

T2
U +

(

TU + TU+1
)2
+

(

TU + TU+1 + TU+2
)2
+ · · · +

(

TU + TU+1 + · · · + TN−1
)2
]

=
1

N − U

N−1
∑

k=U

k
∑

i, j=U

E
[

TiT j

]

=
1

N − U

[ N−1
∑

k=U

(N − k)E
[

T2
k

]

+

N−1
∑

k=U+1

ξk

[

Hk−U+1 − Ik−U+1

]

ξk
T

]

, (20)

whereξk = (E[TU ],E[TU+1], · · · ,E[Tk]), Hk−U+1 is a (k−U +1)× (k−U +1)-element matrix

having elements all of which are unity, andIk−U+1 is a (k−U+1)×(k−U+1)-element identity

matrix. Consequently, the variance ofTA can be expressed asVar(TA) = E[T2
A

] − {E[TA]}2.

In a similar manner as shown in (16), we may obtain the approximate probability ofTA

exceeding the thresholdDth.

Here a special case is considered. When the FA isq = 0, no MSN subscribers are willing

to share the content with each other. The content has to be broadcast by the CI all the time to

all the unserved MSN subscribers. In statek, there are (N−k) unserved users, which implies

that (N − k) links are established for broadcasting by the CI. According to the analysis in

Section III-A, the transition rate from statek to state (k + 1) is (N − k)µb and the average

delay isE[Tk|q = 0] = 1/[(N − k)µb]. Substituting this expression into (19), we have

E
[

TA
∣

∣

∣q = 0
]

=

N−1
∑

k=U

N − k
N − U

1
(N − k)µb

=
1
µb
. (21)

It is however a bit of a challenge to derive the second moment of the delay, whenA receives
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the content in this special case. According to (20), we have

E
[

T2
A|q = 0

]

=
1

N − U

N−1
∑

k=U

(N − k)E
[

T2
k |q = 0

]

+
1

N − U

N−1
∑

k=U+1

k
∑

i, j=U,i, j

E
[

TiT j

∣

∣

∣q = 0
]

=
1

N − U

{ N−1
∑

k=U

(N − k)E
[

T2
k

∣

∣

∣q = 0
]

+ E
[(

2TUTU+1(N − U − 1)+ 2TUTU+2(N − U − 2)+ · · ·

+ 2TUTN−1
)

+
(

2TU+1TU+2(N − U − 2)+ · · · + 2TU+1TN−1
)

+ · · · + 2TN−2TN−1|q = 0
]

}

. (22)

Since we haveE[T2
k |q = 0] = 2/[(N − k)2µ2

b], (22) may be reformulated as

E
[

T2
A|q = 0

]

=
1

N − U

{ N−1
∑

k=U

2

(N − k)µ2
b

+

[

2(N − U − 1)

(N − U)µ2
b

+
2(N − U − 2)

(N − U − 1)µ2
b

+ · · · +
2

2µ2
b

]}

=
1

N − U

{ N−1
∑

k=U

2

(N − k)µ2
b

+

N−1
∑

k=U+1

2

µ2
b

N − k
N − k+ 1

}

=
2

(N − U)µ2
b

{

1
N − U

+

N−1
∑

k=U+1

[ 1
N − k

+
N − k

N − k+ 1

]

}

=
2

(N − U)µ2
b

{

1
N − U

+ (N − U − 1)+
N−1
∑

k=U+1

[ 1
N − k

−
1

N − k+ 1

]

}

=
2

µ2
b

. (23)

Consequently, the variance ofTA is Var[TA|q = 0] = E[TA2 |q = 0] − {E[TA|q = 0]}2 = 1/µ2
b.

According to the above analysis, we can see that when the FA isq = 0, the delay ofA

receiving the content is only determined by the quality of the link spanning from the CI to

the subscriberA, but it is unrelated to any of the MSN’s properties.

IV. Numerical Results

In this section, we investigate the average delay and the tail distribution of both the content

dissemination delay and the delay of a specific user receiving the content. Both analytical and

simulation results are provided for quantifying the impactof the MSN’s properties, such as

the number of subscribers in the MSN and the FAq on these performances. The parameters

are set as follows.

December 21, 2012 DRAFT



15

In the PHY layer, we firstly characterize the links spanning from the CI to the MSN

subscribers. We invoke a macro BS as part of the CI whose transmit power is 17 dBm.

The thermal noise floor for 1 Hz bandwidth at room temperature(20oC) is −174 dBm. In

line with the LTE-Advanced standard, we assume that the transmissions from the BS to the

MSN subscribers take place in a bandwidth of 100 MHz. As a result, the noise power in this

bandwidth is−94 dBm. When the average distance from the BS to MSN subscribers is 1.5

km and the carrier frequency is 1.8 GHz2, based on the 20 dB/decade free-space PL model

[16], the PL isΩb = 101 dB.

Let us now characterize the links amongst the MSN users. The short-range communication

used for the content dissemination across the MSN is assumedto be operated in the vicinity

of 3 GHz, while the bandwidth available for a MSN subscriber’s broadcast is 10 MHz. As a

result, the noise power in this bandwidth is−104 dBm, while the transmit power is assumed

to be−30 dBm. If the average distance between the MSN subscribers is 20 m, based on the

20 dB/decade free space PL model [16], the average PL isΩs = 68 dB. We assume that the

SNR threshold of MSN subscribers required for successful content-reception isβ = 10 dB.

In the Network layer, we assume that half of the MSN subscribers receive the content

from the BS or generate it themselves. We investigate the attainable performance mentioned

at the beginning of this section upon increasing the number of MSN subscribers for different

values of the FA.

In order to arrive at a more reliable statistical characterization of the delay, we conducted

simulations repeated 10 000 times and set the time-intervalof the content dissemination

system to 0.001 TS.

In Fig.3(a), we plot the number of MSN subscribers versus the averagecontent dissemina-

tion delay for different FA values. When the FA is non-zero, the average contentdissemination

2Since LTE-Advanced has not been put into business, no specific frequency band is allocated to it. However, as an
technology evolved from LTE, it is reasonable to assume thatLTE-Advanced is operated in the same frequency band as
defined for LTE [13]. Although in [14] the authors assume 2 GHz carrier frequency for LTE-Advanced, we assume 1.8
GHz carrier frequency in line with the LTE networks operatedby British company EE [15]

December 21, 2012 DRAFT



16

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

A
ve

ra
ge

co
nt

en
td

is
se

m
in

at
io

n
de

la
y

(T
S

)

20 40 60 80 100

The number of MSN subscribers (N)

FA=0.0 Analysis
FA=0.0 Simulation
FA=0.2 Analysis
FA=0.2 Simulation
FA=0.5 Analysis
FA=0.5 Simulation
FA=0.8 Analysis
FA=0.8 Simulation
FA=1.0 Analysis
FA=1.0 Simulation

(a) Average delay

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ta
il

di
st

rib
ut

io
n

of
co

nt
en

td
is

se
m

in
at

io
n

de
la

y
P

(T
>

D
th
)

20 40 60 80 100

The number of MSN subscribers (N)

FA=0.0 Gamma Approx
FA=0.0 Simulation
FA=0.2 Gamma Approx
FA=0.2 Simulation
FA=0.5 Gamma Approx
FA=0.5 Simulation
FA=0.8 Gamma Approx
FA=0.8 Simulation
FA=1.0 Gamma Approx
FA=1.0 Simulation

(b) Tail behaviour

Fig. 3: The delay of the content dissemination: (a) Average delay (b) Tail distribution

delay reduces steadily, as the number of MSN subscribers increases. Having more subscribers

in the MSN implies having more potential transmitters for content dissemination, which

results in a substantial reduction of the content dissemination delay. For example, for FA

= 0.2, the delay is reduced from 13.8 TS to 3.4 TS when the number of subscribers is

increased fromN = 20 to 100. Furthermore, a higher FA produces a lower delay, since

more subscribers are willing to share the content, which consequently accelerates the content

dissemination across the MSN. Conversely, for FA= 0 the MSN subscribers have to turn to

the BS for the content. Since only the BS acts as a transmitter, if the number of receivers

in the MSN increases, the delay of delivering the content to all the subscribers from the BS

will also be increased. Observe in Fig.3(a) that our analysis perfectly matches the simulation

results.

In Fig.3(b), we investigate the probability of the content dissemination delay exceeding a

threshold ofDth = 3 TS. We plot the curves both for the TDF of the Gamma approximation

used in (16) and for our simulation results. As shown in Fig.3(b), the Gamma approximation

matches the simulation results better for FA> 0.2. For FA, 0, the probability of the delay
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Fig. 4: The Delay ofA receiving the content: (a) Average delay (b) Tail behaviour

exceedingDth = 3 TS falls rapidly as the number of subscribers increases. Inthe special case

of FA = 0, the probability of the delay exceedingDth = 3 TS increases, upon increasing the

number of MSN subscribers when the BS is the one and only source of the content.

In Fig.4(a), we investigate the average delay of a specific subscriber receiving the content.

As expected, this delay is lower than its counterpart, when all the subscribers in the MSN

receive the content. The average delay reduces, as the number of MSN subscribers increases.

For example, for FA= 0.2, the delay falls from 5.2 TS to nearly 1.0 TS, when the number of

subscribers is increased fromN = 20 to 100. Nevertheless, in the special case of FA= 0 we

observe a different trend. Although the number of subscribers increases,the average delay,

which only relies on the link between this subscriber and theBS, remains near-constant at 3.8

TS. This is in line with our analysis provided in Section III-C. According to our parameter

setting provided at the beginning of this section, the quality of the links connecting the BS

and the subscribers is statistically speaking better than the links connecting one subscriber

to another. Consequently, for less thanN = 40 subscribers, the average delay of FA= 0.2

is higher than that of FA= 0.0. However, when the number of MSN subscribers continues
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Fig. 5: Average delay affected by the successful content reception SNR threshold (β)

to increase, the average delay of FA= 0.2 becomes lower than that of FA= 0.0. Another

observation is that our analysis perfectly matches the simulation results of Fig.4(a).

In Fig.4(b), we investigate the probability of the delay exceeding athreshold ofDth = 3

TS, when a specific userA receives the content. When increasing FA= 0.2 to FA = 1.0,

the probability of the delay being aboveDth = 3 TS tends to zero, as the number of MSN

subscribers increases. A higher FA usually leads to a reduced probability of exceeding the

delay threshold ofDth, except for FA= 0 or for the scenario, when the link between the

BS and subscribers is better than that between one subscriber and another. In the case of FA

= 0, the probability of a delay in excess ofDth = 3 TS remains at 0.33, which indicates that

the delay is essentially determined by the link between the BS and subscriberA, as also

indicated by Equations (21) and (23).

Let us now focus on the impact of the successful content reception SNR threshold (β) on

the delay of content dissemination across the MSN (as shown in Fig.5(a)), as well as on the

delay of a specific user receiving the content (as shown in Fig.5(b)), where we vary the value

of β from 5 dB to 10 dB for different values of the FA, while fixing the number of MSN
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subscribers atN = 50.

Observe in Fig.5(a) that the average delay of content dissemination across the entire MSN

increases, as the successful content reception SNR threshold β increases. For example, for

FA = 0.2, the average delay is increased from about 1 TS to 6.3 TS upon increasing the

value ofβ from 5 dB to 10 dB. Furthermore, recall from Fig.3 and Fig.4 that an increased

FA implies that more subscribers are willing to share the content which reduces the content

dissemination delay. In Fig.5(b) we observe a similar trend to Fig.5(a), which is recorded in

Fig.5(b) for the average delay of a specific user receiving the content as a function of the

successful content reception SNR thresholdβ.

V. Conclusions and FutureWork

In this paper, a hybrid MSN architecture was studied, which relies on both CI based

communication and on spontaneous content dissemination across the MSN based on the

users’ common interests. In the first stage, the ASs of the MSNreceive the content of

common interest directly from the CI in the scenario of a hightraffic load, or they generate

the content themselves in the scenario of emergency communication. In the second stage,

regardless of how they acquired the content initially, theywill disseminate it amongst all the

MSN subscribers. Having received the content, a subscriberfurther disseminates it until all of

them received it. During the second stage, we introduce the FA for reflecting the probability

of a MSN subscriber willing to disseminate the content. In order to smoothly carry out the

dissemination, the CI is also used for disseminating the content, when no subscribers are

willing to share it.

The statistical properties of both the content dissemination delay across the entire MSN

and the delay of a specific subscriber receiving the content were derived. We approximated

the TDF of both delays by the Gamma distribution.

Our simulation results accurately matched our theoreticalanalysis. We concluded that
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both the delays mentioned in the previous paragraph are substantially improved, when the

number of MSN subscribers increased compared to conventional CI-based communication.

Furthermore, both the delays increase as the successful content reception SNR threshold

increases. Given a higher FA, which indicates that the subscribers are more willing to share the

content, the delay was reduced. Furthermore, our Gamma-distribution-based approximation

used for the tail distribution of the content disseminationdelay also matches the simulation

results.

Our work mainly focused on the performance analysis of a single MSN. In the future,

we are going to study the interaction between different MSNs and conceive MSNs-based

resource allocation for the sake of improving the overall system performance.

Appendix A

The Proof of Theorem 1

We assume a continuous exponentially distributed random variable T in the unit of TS

having a mean of 1/µ TS, whose CDF isP(T ≤ t) = 1−exp(−µt). ThenT can be discretized

to generate a new random variableN = ⌈T/∆t⌉, where∆t is an interval, which is significantly

shorter than one TS. Consequently, the probability mass function (PMF) of N may be

expressed as

P(N = n) = P(n− 1 <
T
∆t
≤ n) = P

[

(n− 1)∆t < T ≤ n∆t
]

=

[

1−
(

1− exp
(

− µ∆t
))]n−1[

1− exp
(

− µ∆t
)]

. (24)

Assuming that∆t is sufficiently low andµ is in the interval of [0, 1], we may rewrite Equation

(24) with the aid of exploiting that 1− exp(−x) ≈ x when x→ 0 as

P(N = n) ≈ (1− µ∆t)n−1 · µ∆t. (25)
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Explicitly, Equation (25) is the PMF of the geometrically distributed discrete random variable

N associated with the parameter ofµ∆t, which represents the successful packet reception

probability within the duration∆t, while n in Equation (25) indicates that the packet is first

successfully received by the target within thenth ∆t duration. As a result, the total time

dedicated to transmitting this content isn ·∆t. We can clearly see that if∆t is small enough,

which makes the discrete random variable near-continuous,we can model the time spent in

disseminating the content by an exponential distribution.HenceTheorem1 is proven.
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