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Abstract—Device-to-device (D2D) communication enables us
to spread information in the local area without infrastructure
support. In this paper, we focus on information spreading in
mobile wireless networks where all nodes move around. The
source nodes deliver a given information packet to mobile
users using D2D communication as an underlay to the cellular
uplink. By stochastic geometry, we derive the average numbef
nodes that have successfully received a given informationagket
as a function of the transmission power and the number of
transmissions. Based on these results, we formulate a reddancy
minimization problem under the maximum transmission power
and delay constraints. By solving the problem, we provide an
optimal rule for the transmission power of the source node.

Keywords—Information spreading, mobility, redundancy mini-
mization, mobile wireless network.

I. INTRODUCTION

and acknowledgements was proposed_ in [8]. In many cases,
however, mobile nodes (users) have no incentive to relay the
received packet.

In this paper, we focus on the information spreading in
mobile wireless networks where all hodes move around and
there is no relay. Node mobility improves the capacity of
wireless networks[[9]. It also brings positive effects om th
information spreading. Moving nodes can deliver inforroati
anywhere by direct transmission. On the other hand, this may
cause packetlelay which is an important parameter in the
information spreading.

Another parameter is the numberretiundant receptiofls
(i.e., waste of resources). If the maximum transmissiongrow
is not limited, we increase the transmission power as lagge a
the target number of nodes in the network can receive a given
information packet at once. In practice however, the power

Near field communication (NFC) technologies enable defonstraint requires multiple transmissions when delngthe
vices in close proximity to exchange mutual informationinformation packet to the target nodes.

without any infrastructure support. Device-to-device )2

Some information spreading scenarios allow large delay.

communication in 3GPP LTE (Long Term Evolution) also Thereby, reducing the redundant receptions is more impbrta

facilitates information exchange between adjacent devidée
call this information spreadingthroughout this paper. Such

than delivering the information packet quickly. From thig
have the following questions regarding optimal informatio

information spreading via wireless networks boosts variou spreading in mobile wireless networks:

services, for example, mobile marketing and advertiserment
local areas([1],[[2].

For efficient information spreading, an accurate predictio
on the number of nodes that have successfully received
given information packet as time goes is necessary. A dalssi
research issue in computer science is to calculatectiver

How many transmissions are required for delivering
a given information packet to a certain percentage of

nodes in the network?

a . . - I
e What is the optimal transmission power for minimiz-

ing the total number of redundant receptions, while

time that defines the expected number of transmissions (or keeping the delay within a reasonable level

hops) until all nodes in a given network receive a specific  This paper is organized as follows. In Sectibh I, we
packet [3]. Applications of the cover time analysis includedescribe the system model and introduce the redundancy
searching/querying, routing, membership services andigro minimization problem. Then, we describe the mobility model
based communications. The cover time analysis has beeghd derive the average number of MUs that have successfully
limited to the wired or the static network, though itis exded  received a given information packet as a function of thestran
to quantify the end-to-end delay in mobile ad hoc netwdrks [4 mission power and the number of transmissions in Sections
The aggregated interference analysis is necessary to cdllland [Vl We solve the redundancy minimization problem
culate the probability that a node receives a specific packétnd provide the optimal transmission power and the optimal
successfully. In[5],[[8], the authors modeled wirelesswogks ~ number of transmissions in Sectibn V (Proposition 4 and 5).
using a stochastic point process and analyzed SIR (signal-
to-interference-ratio) distribution and outage prokgbilThe
mutual interference between cellular users and D2D shoald b
considered in D2D underlaying cellular network scenario.

II. REDUNDANCY MINIMIZATION PROBLEM IN
INFORMATION SPREADING

. . . . , Consider a cellular network composed of, base sta-
Some previous works dealt with the information spreading;yn,g (BSs),N,, mobile users (MUs) andV, mobile source
in ad hoc networks when all nodes participate as relay node e :

. , ) (?odes. The source nodes deliver a given information packet
The authors in[]7] proposed a selective forwarding metho
based on the minimum connected dominating set (CDS). A iThe term “redundant reception” means that a node receieesaine packet
reliable localized broadcast protocol using locationinfation  multiple times.
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=1 k=2 The objective functionf(u, k) denotes the number of re-
® ® é N ® ® ® =s°“’°°“°_°'e dundant receptions. Note that the control parametersuare
® ® [ @-)\l A basestation and k, which means that we jointly determine how large the
® ® ® O :uncovered MU transmission power is set and how many times the information
®), — J N O p y
® 1O MY R ® | o :covereamu packet is repeatedly transmitted. The first constraint iregu
[ ol >~ @ (\ that the ratio of the covered MUs should be higher than or
\) ©x I A\ \@J ) . equal to a target valuge. The second constraint determines the
- (19) ~ kA Transmission ’ Valt !
e @\ success range maximum transmission power. The last constraint says kieat t
@\\_/ ~® ® ® number of required transmission slots (i.e., delay) shdned
less thank slots.
Fig. 1. System model. (Numbers are inserted to discrimittaeMUs.)

I1l. MoBILITY MODEL: HOMOGENEOUSCONDITION

To describe node mobility, we define th®@mogeneous
condition[4] as follows:

to MUs in everyT second using D2D communication as an
underlay to the cellular uplink. In general, cooperatiMaying
like flooding is effective for spreading information. Hovesy X
overwhelming transmission due to relaying may cause seriouDefinition 1: If E[M;] = Nypsuc and E H—ﬂ =F {N]@—;l
interference to the cellular network. Hence, source nodés g for all k, then node mobility is said to satisfy the homogeneous
around to impart the information, where MUs are also movingcondition.
around the entire network. The transmission power of source
nodes,u, is limited by7:, and the transmission power of MU To understand the homogeneous condition, let us regard
is normalized by 1. covered MUs as molecules of a chemisallute Then, the

The fading between a source node located at poiand homogeneous condition res_embl_es a homo_geneous solution
a typical MU (typical receiver) located at the origin is,, Wh_ere the solgte concentrations in any location are Fh.e. same
and the fading between an MU who transmits for the cellula®Wing to the high speed of molecular movement. Definition 1
uplink at pointy and the typical MU isy,. These are assumed means that all nodes s_,hould be uniformly distributed and the
to be i.i.d. exponential random variables with the unit mear 2110 of covered MUs in any segmental area of the network

; d R should be the same with that ratio of the whole network
gga;yli'gﬂxﬁﬁﬂng&hélrseo& tie S ai;h tlr?es sp;lmclt:)c;r; sz?)'gﬁg n?yto satisfy the homogeneous condition. The second figure of

For simplicity, we assume that = 4. Then, for a typical Figure[1 is an example satisfying the condition. In the figure

mobile user, a received power of the signal from the sourc ne of the fqur MUs is covered in the_ transmission range and
. ’ —a . . our of the sixteen MUs are covered in the whole network.
node is expressed gsh.|/z| . Assuming the network is

interference-limited, the SIR (signal-to-interfererredio) at

; o Proposition 1 If all nodes are randomly distributed in the
the typical MU is given by:

whole area and move anywhere independently of their praviou
positions (i.e., the i.i.d. mobility modél10]), then thetwork

pha x|~ satisfies the homogeneous condition.

>oolyl™™+ X phelz] "
yeC

zeS\{z}

SIR

Proof: If all nodes have the i.i.d. mobility, they are
uniformly distributed in the network at each time slot. THRS
of an arbitrary MU is larger thag with the same probability
Dsuc- Thus, My, follows a binomial distributionB (N, psuc),
and E[Mg] = Nupsuc-

Moreover, the distribution oi[Mk|Mk,Nk_1] follows a

i . : binomial distributionB(M},, N1 /N,,), because the position

probability thgt the typical MU_successfuIIy receves petsk of node is independent of its previous position. Using thealto
Let us dgfme that an MU isoveredif the MU receives  probability theorem, we calculatg[M;,/M,] as follows:

an information packet from a source node at least once. The

where C and S denote the set of cellular uplink MUs and
source nodes, respectively. For a given target SIR typical
MU successfully receives packets from a correspondingcgour
node if SIR is greater than or equalfoWe denote by, the

number of covered MUs by the end of tiketh time slot is 5 % —FE Eux. | E % M.. N N

a random variable, denoted a&. The random variablé/, |:Mk S e A M5, N1 | [N
denotes the number of MUs whose SIR is not less thaat 1 MyNe_y Ni_t
the k-th time slot, out of whichM, is the number of MUs = Eni_, |Ewm, N, [Ni—1 || = Eny,_, ~ |

that have been already covered. For example, in the leftefigur
of Fig.[4, My, = 4, M; = 0, Ny = 4. In the right figure, u
My =5, My=1,Ny=38. Another mobility model that satisfies the homogeneous
During the spreading process, redundant receptions magPndition is the random direction model [11] with high relat
occur, which we need to minimize as formulated below: pegE. In_the_random direction model, all nodes speeds and
' moving directions are chosen randomly and independently of

(P) ILH;? f(u k), other nodes. If an MU has high relative speed that is enough to
E[N,] reach any point in the network duririg, the random direction
s.t. >,
Ny _ 2By the relative speed, we mean the moving speed relativeetdréimsmis-
0<pu<p 1<k<k. sion intervalT.



mobility model is equivalent to the i.i.d. mobility model&n the successful transmission probability for unicast magle i
satisfies the homogeneous condition, which we will verify byexpressed as follows:

means of simulations in Figufd 2. Hereafter, we assume that WU = Ay 3)
our considered network satisfies the homogeneous condition ST N+ %%)\b +IAB
IV. NUMBER OF COVERED MOBILE USERS Also, we need to know the idle probability of an arbitrary

. . ) U, p;, because the source cannot cover the MU if the MU
In this section, we derive the average number of covered, nmunicates with a BS. By the Proposition 2 [nl[12], the

MUs, E[N]. We consider two transmission modesoadcast  ronapility (»;) that a randomly chosen MU is not assigned a
and unicast In the broadcast mode, all MUs whose SIR is reqqrce block at a given time is expressed as follows:

higher thangs receiye the information packet. In the unicast
nM18de, the source intends to deliver the packet to the nearest pi=1— = (1 ~(1+ 3-5_1Nu/Nb)73'5) . @)

To derive the average number of covered MUs, we need t0  Then we get the recurrence relation foph /Y _MU] and
know the successful transmission probability,., for which  gove it as follows: keook
we model the aggregate interference by stochastic geometry

-NOi | U U] (@) U sz
and shot-noise theory|[5].][6]. E [Mk — M } oy [Mk } El1— Xk
MY
A. Unicast Mode ® Nuls N7 (@ Nuds Nus M
The average number of covered MUs in the unicast mode, u u u u
E[NY], is expressed in the following propositfon In the above equation(a) follow from independency be-

. ! . tween the number of MUs and the covered ratio, and the
Proposition 2: In the unicast mode, the average number ofyomogeneous condition satisfigs. By solving the recurrence

covered MUs by the end of theth time slot |I;s relation, we achieve (c).
N,
E[NJ] = Nu1—<1——si£uc) ; : - A ’
h U Nu = '
where pg,. = ; u
= VB ™
Nu + gﬁNb + gNs\/B

N, Proposition 2 indicates that the transmission power of the
pi = 1-— b (1 _ (1 + 3.5_1Nu/Nb)73'5) ) source has small impact on the average number of the covered
MUs. Rather, the probability that an arbitrary MU is the ressar
) _ MU from the source N,/N,, is a dominant factor.
Proof: We approximate?, . by assuming the network as a
Poisson network, which means that BSs, MUs and the sourceés Broadcast Mode
are located according to independent homogeneous Poisson h b f q in the broad
point processe®;, ®, and®,, respectively. Also, we set the _The average number of covered MUs in the broadcast
intensities as\, = N,/S, A\, = N,/S and A\, = N,/S, mode, E[N,’], is expressed as the following proposition:
whereS denotes the area of the network. Because the source o
nodes deliver the information using D2D communication ag”roposition 3: In the broadcast mode, the average number of
an underlay to the cellular uplink, the interference fromcovered MUs by the end of theth time slot is
cellular communications should be considered. To model the EINBI =N, [1 - (1=p0pB \F
. . . . [ k ] u ( plpsuc) )
interference, we regard the intensity of cellular uplink Mak

u

the intensity of the BSs (full load). Then, we obtaifj,. as h B N
follows: T e S T BN, o N VB (E — tan™! (L)) |
Powe = Ex[Pr[SIR>f|X =q]| ERZE 2 VB
= / £y (Bi> 2 huze " da, 1) Proof: Similar to the proof of Proposition 2, we have
1% oo e
0 pE. = / re <BL) 271')\35667>\va2d$,
U & 1 0 1%
Lr(z) = exp —27r/\;,/ l———— |zdr oo 1
0 L+ zz LP () = exp (—271')\1,/ (1 — 77) md:c)
oo 1 o 1+ 2z~
< on (oo [T (- Yuw). @ A 1
y L+ zpy X exp (—271')\5/ (1 - 7) ydy) .
0 I+ zpy=
L7 (2) is the Laplace transform of random variallavhere And the successful transmission probability is expressed a
the aggregated interferen¢ds composed of two independent g ows:
terms: the interference from the cellular uplink MUs and . As
the interference from the sources except the desired signal Psuc = =B . 1/ 1 (6)
The terms, denotes the nearest source. Frdh (1) ddd (2), As+ g pAe + AsV/B (5 — tan (ﬁ)) :
3In this paper, the superscripté and B represent the unicast mode and In broadcast mode, the probability that an arbitrary MU

the broadcast mode, respectively. is the nearest is not considered, because the source deliver



where(a) follows from independency between the number of

1 O-0-0-Q-—0-0--0-0-0 . o
0*‘0'0 S o Broadcast (Simulation) MUs and the covered ratio, and the homogeneous condition
0.9r . = x ~Broadcast (Analysis) supports(b). Proposition 3 is applied to the last equality. We
¢ Unicast (Simulation) N .
08 9’ - = ~Unicast (Analysis) can rewrite(P) as follows:
=07 A= . k
3 . A,A'A' (P') min N,kpp5, — N, (1 —(1-pipE.) ) ,
506f o A_,A—‘ 1 Hok
I} - k
Sos AR . st. 1—(1—piplh.)" =,
Soa ! A2 ] 0< <,
S o3l ! A 1 1<k<k
& 0.20 R 1
! ’,A‘ Mobile devices usually have the ability of dynamically
O';g,,A ] adjusting their transmission power. Thus, we consider two
. ‘

= 00 50 cases:i) the source nodes transmit with a constant power,
k i) the source nodes adjust the transmission power in every
slot. For each case, we jointly optimizeandk for (P’). The
Fig. 2. The average ratio of covered MUs by the end of kath ime  results are described in the following propositions.

slot in the unicast and broadcast modes. In the simulatiathsijodes move
according to the random direction mobility model with a sbed 5 m/s. Proposition 4 (Optimum in constant power caseﬂ In the

S = 2000x2000 m?. N =8, Ny = 400, Ns = 4. ;1 = 0.064. T = 600s.  redundancy minimization problem with a constant transioiss
) ) _ ) power, the optimal transmission powei*) and the number
the information packet to the multiple receivers. We get theof required transmission slots{) are

following results by solving the same recurrence relatisn a onr 2
G): . 2N,
n= N . o
E |:M]€B — MkB:| = NuplpsBuc(l — NupipsBuc)k_l’ 4N5 (W — K — 1)
s y k * log (1 —+)
E[NP1=>E [MZ.B_Ml.B} — N, {1—(1 —pir2,) } , = ’
i=1 log (1 - piNs/(Ns (145)+ gVTng))

where [z] denotes the smallest integer that is larger than or

Different from the unicast mode, a source can deliver theéqual tox and s = /B (/2 — tan™" (8~1/2))).
information to multiple MUs. Hence, the average number of  proof: In (P’), the first constraint should be satisfied with
the covered MUs increases rapidly with transmission powelequality because there is no reason to cover more MUs than
From Propositions 2 and 3, we observe that the broadcaghe target. Therefore, we get the following equation:
mode is reduced to the unicast mode by takip, = . i
(Ns/N,)pY,.. Thus, we consider only the broadcast mode 1 — (1 —pipsuc) =7 — Piloue = (1 — 1=y ) .(8)
in the redundancy minimization problem (Sectioh V).

To verify Propositions 2 and 3, we conducted simulationsMoreover, the objective function can be transformed into as

where we set the whole are® = 2000 x 2000 m2. We set  follows:

the numbers asV, = 8, N, = 400 and N, = 4, and the min  Nykpip®, — N, (1—(1—pipB )’“)
transmission power ag = 0.064. The repeated transmission 1,k e sue
period T = 600s. We use the random direction mobility s min N.k _(1 (11— l/k)_N
model [11], where we set the speed ffin/s. MUs satisfy Tk P 1= T

the homogeneous condition because they can reach anywhere o o
in the network in a repeated transmission period. Figure Xhe second term of the objective function iP’) be-

shows the results sampled ovEl® instances, which exactly comes N7y, which is independent of the control vari-
coincide with Propositions 2 and 3. ables and k. Then, we have only to minimize the first

term N,kp; (1 - (1—~)Y*) by Equation [(B). Note that
Nukp; (1 — (1 —~)'/*) is an increasing function of for
0 < v < 1. Therefore k* should be the smallest integer that
In this section, we solve the redundancy minimizationsatisfies the second constraint(i’). Using this and Equation
problem(P). Using the fact thati/ B is equal to the number of (), we can calculaté™ and .. L
redundant receptions caused by the transmission of the&sour  »ccqrding to Proposition 4, if the maximum transmission
node at thek-th ume slot, we derive the average number Ofpower is sufficiently large or is not limited, then the optima
redundant receptions by the end of th¢h time slot: rule is to increase the transmission power so large as torcove

V. OPTIMAL RULE FOR REDUNDANCY MINIMIZATION

(a) K B MEB | » 5 k NB, the target number of MUs at once. On the other hand, if
k) = E |MP|\E |—| = Nup; E = i eai ‘o Timi ;
f(u, k) ;:1 [ i ] ME PiPsuc ;:1 [ N, } the maximum transmission power is limited; is the largest

2 — - .
. B B \k Propositions 4 and 5 exclude the case thas equal to one because it
= Nukpipsuc_Nu (1 - (1 _pipsuc) ) (7) requires the infinite number of transmission slots.



one below the maximum transmission powierwhich makes
corresponding:* be the smallest integer.

as a function of the transmission power and the number of
transmissions for two cases; unicast and broadcast. Irasinic
mode, the probability that an arbitrary selected MU is the
nearest and have not been covered is a dominant factor for
'receiving the information. Hence, an algorithm for selegti
uncovered MU is important to design the unicast information
spreading system. The received signal to interference rati
is more important in broadcast mode. Hence, interference
W= F2Nb25[(1_pim)k*fl+7_1r management schemes are more important in broadcast system.

AN2[(1=7) (1+R)+(1+r—pi) (1—Peuc) " 1] fork =k In addition, we provided the optimal transmission power
. log (1 —7) and the optimal number of transmissions in two cases: the
k™= {m-‘ sources transmit with a constant power and the sources can
sue adjust the power in every time slot. If the source nodes
where Do = NS/(NS (1+k)+ Eﬁ]\fb).

Proposition 5 (Optimum in dynamic power control case)

In the redundancy minimization problem with dynamic powe
control, the optimal transmission power*) and the number
of required transmission slots:() are

o fork < k*

T cannot adjust their transmission power due to the simplicit
" o of the device, then the maximum power is the optimal to
Proof: Let 1, and R; denote the transmission power of minimize redundant receptions. Maximal power transmissio
the source node and the covered ratio of the networktat s also optimal, even though the sources are able to adjust
time slot, respectively. Consideringth and (¢ + 1)-th time  ransmission power in every time slot. In this case, however
slots, it is obvious thaR, , is larger or equal tham®;. Then,  the sources reduce the transmission power in the last tiote s
we can get the following equation: not to exceed the target coverage ratio.
Psuc (,LLt) Nu (1 - Rt) = Psuc (,ut+1) Nu (1 - Rt+1)
wherepg,. (1;) denotes the successful transmission prob- _ _
ability which corresponds tqu,. The left-hand side of the This research was supported by the International Re-
equation means the number of covered MUg-tit time slot, ~ Search & Development Program of the National Research
and the right-hand means the number of covered MUs droundation of Korea (NRF) funded by the Ministry of
(t41)-th time slot. Hence, the equation shows the relationshigscience, ICT & Future Planning of Korea(Grant number:

ACKNOWLEDGMENT

among the transmission powers and the covered ratios ta covd012K1A3A1A26034281)

the same number of MUs in each of two consecutive time slots.
We can rearrange the equation as
Psuc (Mt-ﬁ-l) _ 1- Rt [1]
DPsuc (/Lt) 1 - RtJrl

It is obvious that right-hand side of the equation is not[2]
less than 1. Hencey:+1 is larger or equal thap; to satisfy
the equality, because the successful transmission pridgadi (3]
an increasing function ofi;. Furthermore, we can obtain the
following relationship: (4l

Psuc (,LLt) NuRt S Psuc (/LtJrl) NuRtJrl-

It means that the redundancy must be not less than th&t!
of the previous time slot to cover the same number of
MUs at a certain time slot. With a given target number of®!
covered MUs, therefore, the maximum power is optimal for
the redundancy minimization except the last time slot. At
the last time slot, the transmission power that achieves the
target coverage ratio is optimal, which can be obtained from

Xk* =7 - [1 - (1 - pipsuc)k*71:| . |

In the information spreading with dynamic power control,
the number of required transmission slots is the same as that
of the constant power case. The optimal poyweélis i except
the last slot in which the power that equals the average rati[n]
of covered MUs toy.

(8]

[10]

VI. CONCLUSIONS

We focused on the redundancy minimization problem
for information spreading in mobile wireless networks. By
stochastic geometry, we derived the probability that thes®

[11]
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