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Abstract

Social networks are penetrating our daily life, connectiegple across the globe. As a combi-
nation of social science and mobile communication netwamksbile social networks (MSNs) are
attracting an increasing attention across the researcimemity. In this paper, based on the common
interests of a specific community, the epidemic contentedigsation across a MSN is studied as a
powerful supplement to the conventional centralizedastiructure (Cl) based communication for the
sake of conserving precious radio resources, enhancingrage and reducing power-dissipation.
The Factor of Altruism (FA) concept is introduced for quéyitig the willingness of the MSN
subscribers to share their content. We model the epidemitenb dissemination by a pure-birth
based Markov chain and evaluate the statistical propeofigbe content dissemination delay and
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the delay of a specific MSN subscriber receiving the desitdent. We also approximate the tail
distribution function (TDF) of these two delays by the Gamdistribution. Simulation results are

provided for supporting our analysis, which show thatence with respect to the conventional CI
systems, demonstrating that the delay is substantiallyaed upon increasing the number of MSN

subscribers, especially when the MSN subscribers areisitru

Index Terms

Mobile social network, epidemic content dissemination k& chain, factor of altruistic

|. INTRODUCTION

Given the rapid development of social networks, an incregsumber of people who share
similar interests are connected to each other. They creaigual social community, and
they regularly communicate with each other based on themmaon interests. Social networks
were deemed to contribute to the tremendous success of tidohdOlympic Games, which
inherited the fond connotation of "Twitter Olympicsl][ As the combination of mobile
networks and social science, mobile social networks (MJ®shave attracted substantial
research attention. Developing techniques for exploitimg social relations among mobile
users for improving the wireless communication and netwgrlservices deserves further
research.

The operators are now facing two important wireless netimgriproblems. The first
one is networking in densely populated areas. The convaatigolution is to install more
picocell or femtocell base stations (BS§)] [4]. However, people sometimes get together
only temporarily for large events, such as the 2012 Olympaen@ in London, which would
not justify investment into a permanent infrastructurer Egample, during the Olympic
Games, a large fraction of the audience in the Wembley Arerey were watching the
men’s final in Badminton, were also interested in the restildiody Murray’s tennis-final

against Roger Federer. Based on the audience’s commoastgewe may find an alternative
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way of satisfying their appetite for data fii@ without a permanent infrastructure. The BSs
select some users and transmit Murray’s winning stroke ¢émthThen this content may be
further disseminated spontaneously to the others in the BMgnArena. In this manner, we
may provide a service at a low energy consumption and enttheceoverage by supporting
all the users in densely populated areas.

The second problem is faced by the network in the areas haviog infrastructure density,
as exemplified by emergency communication. After a natuisdster, such as the Tsunami
in Japan, most of the infrastructure may be destroyed, hi&nsehard for victims to send
SOS messages in conventional ways. The wireless terminais areate a self-organized
ad hoc network, and SOS messages may be sent to specific wduek, are capable of
communicating with the outside world through a surviving. BHe fundamental goal of
emergency communication is to find the best route for sentiagequired information5].
However, in reality every user's phone is unaware of whichtipalar node is capable of
communicating with the outside world. In our solution, aftgenerating an SOS message,
the victims flood the network with it and when the specific nbdging a link to the outside
world via a BS receives it, it forwards the information to thatside 'universe’.

Epidemic spreading in scale-free networks was studie@]infhere a birth-death Markov
chain was invoked whose states represent the number of mddeted in the network. A two-
dimensional continuous time Markov chain (CTMC) model ieflyon a so-called absorption
state is proposed in7] for evaluating the performance of a heterogeneous delieyeant
network, where the state-transition rate is defined by ther4#@ncounter rate of mobile users.
An important application of content dissemination is cdaongd by facilitating the spectrum
sensing decisions in cognitive radio (CR) networ&fs vhere the CR users are grouped for

propagating their spectrum prefereht¢e each other, so that the best decision may be made.

1Spectrum preference of a cognitive user indicates whichdsbiest 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 ofJ] investigate how the content providers and network opesatderact with
each other for disseminating the content across a MSN.

Against this background, our major contributions are tisés follows:

(1) A hybrid MSN architecture is studied, which includesvaattional centralized-infrastructure
based communication as the first stage, followed by contissenhination across the MSN
during the second stage.

(2) In order to investigate the associated delay, contesgselnination across the MSN is
modelled by a pure-birth Markov chain having an absorptitetes

(3) The Factor of Altruism (FA) concept is introduced for eeting the willingness of users
sharing the content with others.

(4) The statistical characteristics of the content dissetion delay and the delay of a
specific user receiving the content are also derived.

Our paper is organized as follows. Our system overview igigea in Section I, including
the description of the Network, MAC and PHY layer. The cohtiasemination delay and the
delay of a specific user receiving the content are analys&aation Ill, while our simulation

and analytical results are provided in Section IV. Finalg conclude in Section V.
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[l. System OVERVIEW
A. Network Layer

We assume that there axesubscribers in the MSN, who are divided into active subscsb
(ASs) as well as passive subscribers (PSs) and are able towoicate with each other. The
ASs either receive the content from the Cls or actively gateesin SOS messages themselves.
By contrast, the PSs receive the content either from othlescibers or from the Cls. As
shown in Figl, our system may support two ftBrent sessions. In the scenario of high
downlink trafic load,U (0 < U < N) ASs receive their desired content from the ClIs, such as
a BS or WiFi hot-spot, while in the scenario of emergency camitation, they themselves
generate the SOS information. Secondly, the ASs disseenthatcontent to all the others in
the MSN based on their common interests. After receivingcibr@ent, regardless of where
it originates from, the subscribers will further disseméthe content to the others who do
not have it, until all the MSN subscribers receive this cante

Naturally, each MSN subscriber acts both as a receiver anal tagsnsmitter. However,
when acting as a transmitter, the subscribers’ terminastas the content dissemination by
dissipating their own energy, which will substantially siem their battery recharge-period,
potentially without any payback. Consequently, some of ghbscribers may be reluctant
to help the content dissemination in order to save their oatteby charge. We define the
probability of a user becoming a transmitter q@$0 < q < 1), which is termed as the FA.
Clearly, a lowem value represents a more selfish inclination, while a highepresents more
altruistic behaviour. Naturally, a subscriber’s prefeeias to whether to become a transmitter
may vary from time to time. Without loss of generality, weas® that the subscribers, who
already have the content, will make their own decision upameiving the content during the
content dissemination.

Depending on the specific value of the FA, at any moment theghtnmot be any sub-

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

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

B. MAC Layer

In the MAC Layer we assume that the content is only transchisiéccessfully in a time
slot (TS), when the near-instantaneous received signalotsenratio (SNR) of the link
from a source to a target is higher than a predefined thresNédddefine this successful
reception probability of the links spanning from the CI te thMSN subscribers ag, and
its counterpart amongst the MSN subscribers:asBy jointly considering the PHY Layer
model, we calculate these two probabilities in Section.lI-B

Automatic repeat request (ARQJ)(] relying on an unlimited number of re-transmissions
is adopted for ensuring that no contents are lost. Furthexpwee assume that the acknowl-
edgement sent from a target is always successfully recéyedsource, while the associated
delay is ignored. As a result, we can formulate the followihgorem.

Theorem 1:Given the successful reception probabifityf a single content packet during
a specific TS in the ARQ-aided system, the continuous-vaiueglrequired for the successful
transmission of a packet obeys the exponential distributidh the mean of Au.

Proof: The proof ofTheoreml is provided in Appendix A. Herg 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 nadessumed to experience
uncorrelated stationary Rayleigh flat-fading chanrjbl&)| associated witrE[|hi(t)]?] = 1,
while |h(t)|> obeys an exponential distribution with a unity mean, whaak distribution
function (TDF) isP[|hi(t)|?> > X] = exp(X). The average PL of a link is denoted by. We

assume that the transmit powerRs and the noise power W, whereW, is the available
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The content dissemination acrosstheMSN startsat state U (O<U<N)
Fig. 2: A pure birth process having a single absorption state

bandwidth, while the subscriptrepresentst’ for the links connecting the Cls and the MSN
subscribers ands’ for the links amongst the MSN subscribers. We define the essfal
content reception SNR threshold at a subscribep.a8s a result, we can formulate the

relevant expressions fai, andus as follows:

tb = P(Polhi(1)I?/Qs > B) = eXp - QuNoWh/Py), (1)

ps = P(Pni()P/Qs > B) = exp( - QsNoWs/Py). (2)

I1l. ConNTeNT DisseMiNATION DELAY

In this section, we will study the statistical propertieslté epidemic content dissemination
delay and the delay of a specific user receiving the contehttive aid of a pure birth Markov

chain.

A. Pure Birth Markov Chain

In the MSN, epidemic content dissemination is invoked faswging that every subscriber
receives the content of common interest. We define a stat®inehaving states given by
the number of subscribers who have already received thewbr&learly, the dissemination
is completed when all thé&l subscribers of the MSN received the content. Hence, we can
model the content dissemination as a pure-birth based Markain with an absorption state
N, as shown in Fig.

Let us first consider the adjacent-state transition raten fetatek to state k + 1). Again,
depending on the FA, not necessarily all of theubscribers are willing to act as transmitters.

We assume that there amg(0 < ng < k) subscribers willing to further disseminate the content.
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Since (N—K) subscribers in the MSN are waiting for the content, theemnat(N —Kk) possible
links in this state, each of which has an average serviceofgaie Hence, given a dficiently

short time unitAt, in which a single transmission takes place, each of thesIguccessfully
sends the content with the probability@fAt. Then provided that, subscribers are willing to

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

as
Pkt = (nk(Nl_ k)),usAt(l — L AtMNR-L
= (N — K)usAt| 1 + S (nk(N _| K- 1)(—,usAt)i]
=
~ (N — K)usAt, @)

where the approximation is due to the fact that the time Ahiwas assumed to be féiciently
short for encountering a single successful reception.

Secondly, we demonstrate that the probability of a two-st@psition pxk.2n, iS negligibly
low. Each receiver is connected to the transmitterspyinks. Provided that one of these
links successfully transmits, this receiver acquires thetent. In this case, only two out of
(N-K) receivers acquire the content and the resultant conditimobability pxx.» associated

with ny users willing to disseminate the content may be formulated a

N -k Nk ? n(N—k-2)
Pakean =| 5 [1 - (1-pAY) ] (1 - uAt)

_ (N 2— k)[ 2(_'“&)12(1 — uAtyNKD),

Therefore, ifAt is suficiently short, which results ipy k. 2n, < Prk+in, We have a reasonable

approximation ofpxk.zn, = 0.
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B. Content Dissemination Delay Across the MSN

In statek, we express the number of subscribers willing to share tmteod asny, (0 <
ng < k). Since each subscriber has a probabitjtgf sharing higher version of the content,
ng follows a Binomial distribution having a pair of parameté&r&nd g, whose probability

mass function (PMF) is given byi[]

oY) = (:k )q”k(l g @)

In case ofng > 1, which indicates that at least one subscriber would likadsist in the
content dissemination process, we havN —k) possible links for dissemination. According
to Theoreml and Equation ), we may claim that the delay from stakteto state k + 1)
obeys an exponential distribution having a parameter.0fl — K)us = nyux, where we define
ux = (N — K)us. Given thatn, subscribers are willing to share the content, the condition
probability density function (PDF), the mean and the secominent of the random delay

Ty from statek to state K+ 1) are

Frun () = Mittic- €xp( = Mieacdi), b < 0 (5)
- 1
E[Tun = f tFron (b dtc = —, (6)
0 Mgkt
E[Tkzlnk] = foo tlf kalnk(tk)dtk = L (7)
0 (Mieax)?

In case ofny = 0, which indicates that no subscribers would like to assighe content
dissemination process, some of tie{ k) MSN subscribers, who are still waiting for the
content, have to request its transmission from the CI, afjhothese transmissions may
experience more substantial degradation. As a redult; K) links are established from the
Cl in total. According toTheoreml, we may claim that the delay from stdt¢o state K+ 1)

obeys an exponential distribution with a parameterMfk)u,. Hence, the conditional PDF,
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the mean and the second order moment of the random dglaye

Frunco(t) = (N = K)up - exp( = (N = Kupti), tc < 0 (8)

E[ T = 0] = fo tefrin-o(tddle = (g (9)
« 2

E[TZ|n = 0] = fo t2 fr n—o(ti)dt = e (10)

According to Bayes’ theorem, the PDF of the random ddlajrom statek to state K+ 1)
may be expressed as

k
Fr(t) = Frynco(t) - PN = 0) + > Fryn,(t) - P(K)

=1

= (N = K)up xp-(N — Klupti) (1 — 0"

k
+ ) gacexp( = Ngad) - (:k )q”k(l - Q)™ (11)

=1
Given the PDF of 11), the mean and the second moment of the random dBlayre

K
E[Tk] = E[Tk|nk = 0] p(nk = 0) + Z E[Tk|nk] p(nk)

_ @-9f (kA - gk
‘(N—k)ubﬂ;(nk) s (2

k
E[Tkz] = E[Tk2|nk = O] p(n, = 0) + Z E[Tf|nk] p(ny)

_ 219 | <~ (k\2ae@-gin
‘((N—k)ub>2+n;(nk) (g (2)

Hence, we can also derive the variancd pfising the formula o¥/ar[T,] = E[TZ]—{E[T«]}*
As shown in Fig2, the epidemic content dissemination is initiated in statnd completed
-1

in stateN. Therefore, the total random deldyis given by T = Y3 Tx. Since the delay

from each state to its adjacent one is independent of eaan, ¢dkie mean and variance of
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11

are derived as:

(1-9* X5 (k\G@ -k
(N=-Kup & =ng i
N-1
Var[T] = Z Var[Ty. (15)
k=U
Unfortunately, it is impossible to derive the exact closedn PDF of the random delay
T. But given the mean and variance, we may approximate it byGamma distribution,
which is more accurate than its Gaussian countergdlt fwhen non-negative component
random variables are concerned. According to the Gammaildigson [12], we have the
shape parametem = {E[T]}?/Var[T] and the scale paramet€& = Var[T]/E[T]. Then,

given a delay threshol®dy,, we may express the approximate probability of the content

dissemination delay exceediiyy, as

F( %) F({E[T]}2 DthE[T])

_ ® /) \VarT]  VarT]
P(T > Dy,) = T r({E[T]}Z) (16)
Var[T]

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

C. Delay of a Specific Subscriber Receiving the Content

Apart from the delay of content dissemination across thieeeMSN, the delay of a specific
subscriber receiving the content is also of high importafee example in the scenario of
emergency communication and for content disseminatioosacmultiple MSNs. A MSN is
defined based on the common interests of its subscribersbgcsber may however belong
to several MSNs. In the scenario of multiple MSNs, the subscs shared by these MSNs
are of particular significance for the content dissemimasimongst MSNs. The delay of these
subscribers receiving the content substantiafigas the total delay of content dissemination
across these MSNs. Hence, we study the delay of a specificrimasA receiving the

content under the assumption tlitdoes 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, subscril®ermay receive the content during the state
transition from U + 1) to N. When considering the state transition frémto (k+ 1), (N —K)
subscribers, who at this stage have not as yet received ttientphave an equal probability
of 1/(N —K) of receiving the content and similarly an equal probapidit (N —k—1)/(N —K)
of not receiving it. The probability ofd receiving the content in stat&< 1), which naturally
implies that it has not received it during any of the previstetes, may be expressed as

N-U-IN-U+1)-1 N-(k-1)-1 1
N-U N-(U+1) N-(k-1) N-K
1

Px+1 =

Given the event tha# receives the content in statk 1), the random delay is denoted
by T4 = le(:u T« and the conditional PDF of 4 is denoted byfr .1(tn) = fry+sm (ta)-
According to the Bayes’ theorem, we arrive at the PDF gfin the form of:

N-1 N-1

frovam (t
fralt) = Y Frapealto) - Pos = Y. o), (18)
k=U k=U

With the aid of (L8), we arrive at the average value of the random ddlayas

E[Tﬂ] _ fowo tﬂz fTU+ +Tk(t71)

Z fo La fTu+ +Tk(t71)dt71

k=U
N-1 1
=) oM+ Tua -+ Ty
k=U
1
= N_UETU +(Tu + Tusa) + (Ty +TU+1+TU+2)+"'+(TU+Tu+1+"'+TN_1)]
N-1
N -k

=~

=U

whereE[Ty] is given by (L2). In order to complete the statistical characterizatiothefdelay
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of A receiving the content, its delay variance is also needetbrB8aleriving this variance,

we have to determine its second moment, which may be derised a

. Frosmelt
E[T;]:fo t;Z TU Tk(ﬂ)dtﬂ

B Z fo t2 froam (L) din
kU
N-1

N-U
= LE[(T +Tuaa+ -+ T
- N - U U U+l k
k=U
_ 1 2 2 2 2
= WE[TU + (TU + TU+1) + (TU + TU+1 + TU+2) + -+ (TU + TU+1 + -+ TN_]_) ]
1 N-1 k
= — E[TiT;
N-U k=U |JZ=:‘J [ ]
1 -1 N-1
- - _ 2 _ T
= 3 —ULU(N KWE[TZ] +k;+1fk[Hk_U+l licusaéi ] (20)

whereéy = (E[Tul, E[Tusa], -+, E[Tk]), Hkeus1 is @ K—U + 1) x (k= U + 1)-element matrix
having elements all of which are unity, ahdy,; is a k—U +1)x(k—U + 1)-element identity
matrix. Consequently, the variance Bf can be expressed &ar(T») = E[T3] — {E[TA]}%

In a similar manner as shown iri), we may obtain the approximate probability ©f
exceeding the thresholdy,.

Here a special case is considered. When the F4=s0, no MSN subscribers are willing
to share the content with each other. The content has to laeltast by the CI all the time to
all the unserved MSN subscribers. In stliehere are {l — k) unserved users, which implies
that (N — k) links are established for broadcasting by the Cl. Accaydim the analysis in
Section IlI-A, the transition rate from stateto state K+ 1) is (N — K)up, and the average

delay isE[Tklg = 0] = 1/[(N — K)up]. Substituting this expression intd¥), we have

1
ZN U(N k)ub TS

E[Talq=0] = (21)

It is however a bit of a challenge to derive the second mometiteodelay, whenA receives
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the content in this special case. According 28)( we have

N-1 N-1

k
E[T2q=0] = 1 N Z(N K)E[TZlq= 0] + > E[TTa=0]

k=U+11i,j=U,i#]

1 N-1
= U{Z(N KIE[TZ|q = 0] + E[(2TuTusa(N - U = 1) + 2Ty Tysa(N - U = 2) + --

+ 2TU TN_]_) + (2TU+1TU+2(N -U - 2) + -+ 2TU+1T|\|_1) + -+ 2T|\|_2TN_1|q = O]} (22)

Since we haveE[TZ|q = 0] = 2/[(N — K)%2], (22) may be reformulated as

ElTala = 0] = {Nzl(N 0 [Ziziﬂ)ﬁﬁm(?v(hlbli_l)i)?)+"'+%ﬁ}}
N- u{Z(N 92 kiNT—;tl}
a2 e )
:(N_Zu)ﬂg{NfU+(N—u—1)+k§l[Nl_k—N_i+l]} #% (23)

Consequently, the variance ®f; is Var[Tlq = 0] = E[T#lq = 0] — {E[Talq = O} = 1/u2.
According to the above analysis, we can see that when the FEA=SO, the delay ofA
receiving the content is only determined by the quality & limk spanning from the CI to

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

IV. NumericaL ResuLrs

In this section, we investigate the average delay and thdistribution of both the content
dissemination delay and the delay of a specific user regeivi@ content. Both analytical and
simulation results are provided for quantifying the impatthe MSN'’s properties, such as
the number of subscribers in the MSN and the d-An these performances. The parameters

are set as follows.
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In the PHY layer, we firstly characterize the links spanningnf the Cl to the MSN
subscribers. We invoke a macro BS as part of the Cl whosenramower is 17 dBm.
The thermal noise floor for 1 Hz bandwidth at room temperaf@feC) is -174 dBm. In
line with the LTE-Advanced standard, we assume that thesingssions from the BS to the
MSN subscribers take place in a bandwidth of 100 MHz. As altethe noise power in this
bandwidth is—94 dBm. When the average distance from the BS to MSN subssribel5
km and the carrier frequency is8LGHZ, based on the 20 dBecade free-space PL model
[16], the PL isQ, = 101 dB.

Let us now characterize the links amongst the MSN users. ibg-sange communication
used for the content dissemination across the MSN is asstorigel operated in the vicinity
of 3 GHz, while the bandwidth available for a MSN subscribdrtoadcast is 10 MHz. As a
result, the noise power in this bandwidth-404 dBm, while the transmit power is assumed
to be—-30 dBm. If the average distance between the MSN subscribé?8 m, based on the
20 dB/decade free space PL modéb], the average PL iS2s = 68 dB. We assume that the
SNR threshold of MSN subscribers required for successftera-reception ig = 10 dB.

In the Network layer, we assume that half of the MSN subscsilseceive the content
from the BS or generate it themselves. We investigate tlaénatile performance mentioned
at the beginning of this section upon increasing the numb& 3N subscribers for dierent
values of the FA.

In order to arrive at a more reliable statistical charaztgion of the delay, we conducted
simulations repeated 10 000 times and set the time-intevdhe content dissemination
system to 0.001 TS.

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

tion delay for diferent FA values. When the FA is non-zero, the average codiesgmination

2Since LTE-Advanced has not been put into business, no spdoifijuency band is allocated to it. However, as an
technology evolved from LTE, it is reasonable to assume tfi&-Advanced is operated in the same frequency band as
defined for LTE [L3]. Although in [14] the authors assume 2 GHz carrier frequency for LTE-Adveneee assume .
GHz carrier frequency in line with the LTE networks operabgdBritish company EE 15]
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Fig. 3: The delay of the content dissemination: (a) Averagiayd (b) Tail distribution

delay reduces steadily, as the number of MSN subscribersdses. Having more subscribers
in the MSN implies having more potential transmitters fontemt dissemination, which
results in a substantial reduction of the content dissetmimalelay. For example, for FA
= 0.2, the delay is reduced from B3TS to 34 TS when the number of subscribers is
increased fromN = 20 to 100. Furthermore, a higher FA produces a lower delagesi
more subscribers are willing to share the content, whiclsequently accelerates the content
dissemination across the MSN. Conversely, for FA the MSN subscribers have to turn to
the BS for the content. Since only the BS acts as a transmittére number of receivers
in the MSN increases, the delay of delivering the contentlttha subscribers from the BS
will also be increased. Observe in F(p) that our analysis perfectly matches the simulation
results.

In Fig.3(b), we investigate the probability of the content disseation delay exceeding a
threshold ofDy, = 3 TS. We plot the curves both for the TDF of the Gamma approttana
used in (6) and for our simulation results. As shown in Bp), the Gamma approximation

matches the simulation results better for BA0.2. 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

exceedingDy, = 3 TS falls rapidly as the number of subscribers increasethdrspecial case
of FA = 0, the probability of the delay exceedimy, = 3 TS increases, upon increasing the
number of MSN subscribers when the BS is the one and only safrthe content.

In Fig.4(a), we investigate the average delay of a specific subsaégeiving the content.
As expected, this delay is lower than its counterpart, whetha subscribers in the MSN
receive the content. The average delay reduces, as the nofld&N subscribers increases.
For example, for FA= 0.2, the delay falls from 2 TS to nearly 10 TS, when the number of
subscribers is increased from= 20 to 100. Nevertheless, in the special case of=HA we
observe a dferent trend. Although the number of subscribers incredbesaverage delay,
which only relies on the link between this subscriber andBBeremains near-constant a83
TS. This is in line with our analysis provided in Section @l-According to our parameter
setting provided at the beginning of this section, the dqualf the links connecting the BS
and the subscribers is statistically speaking better thanlibks connecting one subscriber
to another. Consequently, for less thidn= 40 subscribers, the average delay of £A).2

is higher than that of FA= 0.0. However, when the number of MSN subscribers continues
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Fig. 5: Average delayféected by the successful content reception SNR thresigld (
to increase, the average delay of EAO0.2 becomes lower than that of FA 0.0. Another
observation is that our analysis perfectly matches the lsition results of Figi(a).

In Fig.4(b), we investigate the probability of the delay exceedintpr@shold ofDy, = 3
TS, when a specific usefl receives the content. When increasing £A0.2 to FA = 1.0,
the probability of the delay being abow, = 3 TS tends to zero, as the number of MSN
subscribers increases. A higher FA usually leads to a reddpoebability of exceeding the
delay threshold oDy, except for FA= 0 or for the scenario, when the link between the
BS and subscribers is better than that between one subsarnteanother. In the case of FA
= 0, the probability of a delay in excess Bf, = 3 TS remains at .33, which indicates that
the delay is essentially determined by the link between tBeaBd subscriberA, as also
indicated by Equation2() and @3).

Let us now focus on the impact of the successful content teceNR thresholdg) on
the delay of content dissemination across the MSN (as showiigi5(a)), as well as on the
delay of a specific user receiving the content (as shown irb}, where we vary the value

of g from 5 dB to 10 dB for diferent values of the FA, while fixing the number of MSN
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subscribers aN = 50.

Observe in Figh(a) that the average delay of content dissemination achessritire MSN
increases, as the successful content reception SNR thdeShocreases. For example, for
FA = 0.2, the average delay is increased from about 1 TS.30T& upon increasing the
value of g from 5 dB to 10 dB. Furthermore, recall from F3gand Fig4 that an increased
FA implies that more subscribers are willing to share theteoinwhich reduces the content
dissemination delay. In Fig(b) we observe a similar trend to Figa), which is recorded in
Fig.5(b) for the average delay of a specific user receiving theerdrais a function of the

successful content reception SNR threshgld

V. Concrusions aAND FuTurRe WORK

In this paper, a hybrid MSN architecture was studied, whieles on both CI based
communication and on spontaneous content disseminatimssa¢the MSN based on the
users’ common interests. In the first stage, the ASs of the M&t¢ive the content of
common interest directly from the CI in the scenario of a higiffic load, or they generate
the content themselves in the scenario of emergency coneation. In the second stage,
regardless of how they acquired the content initially, tihély disseminate it amongst all the
MSN subscribers. Having received the content, a subsdipirer disseminates it until all of
them received it. During the second stage, we introduce gh#Freflecting the probability
of a MSN subscriber willing to disseminate the content. Idesrto smoothly carry out the
dissemination, the CI is also used for disseminating thedetdnwhen no subscribers are
willing to share it.

The statistical properties of both the content dissenomatielay across the entire MSN
and the delay of a specific subscriber receiving the contemée werived. We approximated
the TDF of both delays by the Gamma distribution.

Our simulation results accurately matched our theoretallysis. We concluded that
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both the delays mentioned in the previous paragraph ardasuladly improved, when the
number of MSN subscribers increased compared to conveaht©ihkbased communication.
Furthermore, both the delays increase as the successfténtoreception SNR threshold
increases. Given a higher FA, which indicates that the giliEss are more willing to share the
content, the delay was reduced. Furthermore, our Gamnidbdison-based approximation
used for the tail distribution of the content disseminatitahay also matches the simulation
results.
Our work mainly focused on the performance analysis of alsibMiSN. In the future,

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

resource allocation for the sake of improving the overaditesn performance.

APPENDIX A

THE PrOOF OF THEOREM 1

We assume a continuous exponentially distributed randomabla T in the unit of TS
having a mean of Ju TS, whose CDF i$(T <t) = 1—exp(ut). ThenT can be discretized
to generate a new random variale= [T/At], whereAt is an interval, which is significantly
shorter than one TS. Consequently, the probability masstifum (PMF) of N may be

expressed as

P(N:n):P(n—1<Altsn):P[(n—l)At<TsnAt]

_ [1 - (1 _ exp( _ yAt))]n_l[l - exp( _ /JAt)]. (24)

Assuming thatt is suficiently low andu is in the interval of [01], we may rewrite Equation

(24) with the aid of exploiting that + exp(=x) ~ x whenx — 0 as

P(N =n) ~ (1 - uAt)™ . pAt. (25)
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Explicitly, Equation @5) is the PMF of the geometrically distributed discrete randa@riable

N associated with the parameter @At, which represents the successful packet reception
probability within the duratiom\t, while n in Equation £5) indicates that the packet is first
successfully received by the target within théh At duration. As a result, the total time
dedicated to transmitting this contentrisAt. We can clearly see that it is small enough,
which makes the discrete random variable near-continusas;an model the time spent in

disseminating the content by an exponential distributld@nceTheoreml is proven.
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