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ABSTRACT Caching popular files on the mobile nodes have been seen as a promising solution to improve
the network performance. In this paper, we analyze the delivery of coded packets of the requested file in
a mobile caching network of nodes each with a few pre-cached packets of different files from a large file
library. To model the packet delivery process, we develop a two-dimensional Markov chain framework where
each request has a deadline requirement. For the delivery of packets, we consider the mobility aspect of
caching network where the nodes request the files from other neighbors while moving among different
cells and offload the requested files on the device-to-device link. To characterize the network performance,
we derive closed-form expressions for file outage probability, the average delay in receiving file, and average
throughput to provide some valuable insights on different parameter settings. The simulation results not only
verify the accuracy of the analysis but also shed some light on the scenarios where the performance gap

between the mobile and fixed caching networks is prominent.

INDEX TERMS Mobile caching network, asynchronous request, D2D communication, TDMA spatial reuse,

coded caching.

I. INTRODUCTION
Due to technological advancements in smart mobile devices,
a shift in mobile users has been witnessed from connection-
centric communications (simple voice or text) to informa-
tion or content-centric communications in recent years [2].
The use of multimedia services has exponentially increased
the wireless data traffic and is expected to grow even more in
next few years [3], [4]. As studied in [5]-[8], most of the wire-
less traffic these days is due to asynchronous requests where
different users request the same content at different times
from the central server. Undoubtedly, conventional methods
like increasing spectral resources, network densification, and
increasing spectral efficiency by adopting better modulation,
coding, and multi-antenna techniques have been adopted
in 4G and 5G wireless systems to enhance wireless link
capacity; however, these methods are either not cost effective
to implement or are not efficient enough to boost network
capacity due to attaining the theoretical upper-bounds [9].

In recent years, different solutions have been proposed
to reduce the number of transmissions of the same content

from the central server by caching the popular contents at
the nearby base station (BS)/helper nodes and at the terminal
nodes. Therefore, caching can be one of the most promising
solutions to boost the capacity of future wireless networks,
which has been widely used in wired networks for content
distribution [10], [11]. Because it not only helps to increase
the network throughput but also reduces the load on the
backhaul network and can contribute towards setting up a
green communication network [12] by reducing the energy
consumption and improving the energy efficiency of devices
[13]-[15]. Moreover, caching also improves the performance
of Internet of Things (IoT) devices for real-time data process-
ing using smart prefetching of desired data before the arrival
of IoT queries [16].

In caching networks, caching popular contents on wireless
nodes takes place in two steps: placement phase and delivery
phase [17]. Caching can be coded/uncoded [18], [19], at the
nearby BS/helper nodes (femto-caching) [20]-[22] or at the
terminal nodes [23]. Recently, device-to-device (D2D) com-
munication has attracted the attention of researchers from

2169-3536 © 2019 IEEE. Translations and content mining are permitted for academic research only.

VOLUME 7, 2019

Personal use is also permitted, but republication/redistribution requires IEEE permission.

20091

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-6264-9858
https://orcid.org/0000-0002-9854-270X

IEEE Access

A. Ahmed et al.: Modeling the Delivery of Coded Packets in D2D Mobile Caching Networks

both industry and academia and is expected to become a key
enabler of the future wireless networks with possible advan-
tages including data offloading at higher bit-rate, reducing
battery usage, and robustness against network failures [24].

Node mobility is an important characteristic of wireless
networks but little attention has been paid on the impact of
mobility in caching networks; in contrast, node mobility can
further improve the network capacity of a caching network
and a thorough theoretical analysis is needed to understand
the impact of node mobility in D2D mobile caching networks.
A very first study on the impact of mobility was done in [25],
where improvement in per-user throughput has been shown
via packet relaying using multiuser diversity. The rationale
behind conducting this study is to see the impact of node
mobility on the performance of mobile caching networks. For
this purpose, we also utilize the mobility aspect of wireless
nodes to find the useful transmitters having the required con-
tents by modeling each transmitting node as a relay, i.e., nodes
can search the required contents in other cells while they
move, provided sufficient packets of each file are cached by
the nodes in the network.

A. RELATED WORKS

In the literature, caching in D2D networks has been addressed
by different solutions. In [26], the framework of deploying
helper nodes or small base stations (SBSs) with large storage
capacity is presented with D2D content sharing. In [27],
a simplified system model is presented to study the delivery
of files under centralized and random caching strategies using
D2D link. Wang et al. [28] demonstrate the importance of
caching in next generation 5G wireless networks, present
an idea of edge based caching scheme and discuss possible
opportunities and challenges of caching at core network and
at terminal nodes. Cooperation among the BS, the relays, and
the terminal nodes for the content dissemination in heteroge-
nous networks (HetNets) is investigated in [29], where some
nodes have the file caching ability. In order to minimize the
transmission cost, edge caching at the BSs with D2D offload-
ing is discussed in [30]. Ji et al. [31] present an overview of
different cache strategies and show significant improvement
in performance using D2D caching. Ji ef al. [32] discuss
spatial reuse gain and coded multicast gain in D2D caching
networks. The work in [33] presents the idea of proactive
caching of popular contents and shows improvement in user
satisfaction by leveraging D2D communication and social
networks for content dissemination. In [34], authors consider
a wireless D2D network and characterize the optimal tradeoff
between throughput and the number of nodes in outage,
which depends on the transmission range of the nodes. How-
ever, in these works, the impact of node mobility was ignored
and a static network scenario is considered.

There are some studies which consider the impact of
node mobility in caching networks. Alfano [35] derive the
throughput-delay tradeoff under different mobility models
and transmission ranges. A general framework of mobility-
aware caching methodology in content-centric wireless
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networks has been proposed Wang et al. [36] exploit nodes’
trajectory information to boost the caching efficiency using
cooperation between the two BSs and improve the network
performance. Krishnan and Dhillon [37] consider a library
of two files, find coverage probability of partially cached
file and show the positive impact of user mobility on D2D
caching networks. The work in [38] presents increase in
data offloading through simulations based on captured node
mobility pattern using inter-contact model [39]. However, all
the aforementioned studies assume that one contact duration
is long enough to receive the whole content and ignore the fact
that contact duration may not be enough for the reception of
the complete file.

Besides, some works consider contact duration (which fol-
lows exponential distribution) while investigating the effect
of node mobility. For example, the work in [40] studies
optimization problem to minimize the cost of offloading data.
However, the impact of node mobility is discussed through
simulations only. In [41], optimization problem is formulated
to improve data offloading ratio and show comparison among
different caching strategies. Shabani et al. [42] achieve coded
caching and spatial reuse gain simultaneously using node
mobility. However, in these works, analysis on the joint
impact of node mobility and transmission errors in D2D
caching networks is missing.

B. CONTRIBUTIONS

In this work, we propose an analytical framework to study
caching and node mobility in a D2D caching network.
Specifically, we consider the cluster based wireless network
where the nodes move according to independent and iden-
tically distributed (or reshuffling) mobility model, request
other nodes in the cluster for their required files and receive
them under varying successful transmission probabilities.
We divide the time into slots and only one link is active in the
cluster during each slot. Moreover, by using Markov chain,
we analyze the reception of packets of requested file which
has a deadline requirement and derive expressions of multiple
performance metrics. The main contributions of this work are
summarized as follows:

o We present a D2D mobile caching network where we
divide a large file into packets and only a few coded
packets of each file can be received in a slot from the
nearby nodes in the cluster without creating any conges-
tion on the backhaul link.

« We develop a two-dimensional (2-D) Markov chain
framework to analyze the impact of node mobility and
transmission errors in receiving packets of files. Using
the Markov analysis, we then derive closed-form expres-
sions for performance metrics including outage proba-
bility, delay, and throughput.

o We provide analysis of results on different parameter
settings and simulation results verify our theoretical
modeling. Further, we identify the scenarios in which
node mobility helps to improve network performance as
compared with the static node scenarios.
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The remainder of this paper is organized as follows. System
model is defined in Section II. Packet reception modeling is
discussed in Section III. Expressions for performance metrics
are derived in Section IV. Theoretical results are verified
using simulations in Section V. Finally, concluding remarks
are presented in Section VI.

Il. SYSTEM MODEL

A. NETWORK DESCRIPTION

We consider a network consisting of N nodes belonging to
N 2 {n1,na, ..., ny} deployed over a square region. The
network is time slotted and the duration of each time slot
is At. The network is divided into M x M clusters, each
of random number of nodes, as shown in Fig. 1, where each
square represents a cluster S, 2 {nodes in the cluster} € N.
Each cluster acts like a cell and each cell is activated after K
orthogonal time slotzs using TDMA spatial reuse, i.e., K =
([ﬁ(l + 8)—‘ + 1) , with p%! = 1/K being the cluster
scheduling probability, where § > 0 is an interference control
parameter [43]. Nodes can only communicate within the same
cluster and only one transmitter in the cluster is active in a
given time slot. Transmission range (r = +/2/M) of each

node is kept small for localized D2D communication with
constant transmission power.

V]

a40)r

FIGURE 1. The network with cluster activation using TDMA reuse
parameter K = 9 where each cluster is activated after every 9 time slots.
In a given slot, simultaneously active clusters are represented by grey
squares with no concurrent transmission inside the circular disk area.

B. INTERFERENCE CONTROLLED COMMUNICATION
MODEL

To account for the interference among different nodes during
simultaneous transmissions in the network, we assume that
all nodes can communicate within a uniform transmission
range r. Following the widely adopted protocol interference
model [44], an interference free communication from node v
to node u at time slot ¢ is possible if their Euclidean distance
dy.»(t) is not larger than the fixed transmission range r,
ie., dy(t) < r, inside the cluster, and there is no other
active transmitter w that simultaneously transmits with node
v within the distance (1 + 8)r, i.e, d, () > (1 4 S)r.
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C. MOBILITY MODEL

In this work, similar to [45]-[47] we focus on the widely
adopted bi-dimensional independent and identically dis-
tributed (i.i.d) mobility model (also called reshuffling model)
to describe the random mobility of nodes. With i.i.d mobility
model the number of nodes in the cluster changes rapidly
because their positions in the network are reshuffled after
each time slot. At the beginning of a time slot, each node
takes independent decision to uniformly select a destination
cluster among all the M? clusters with equal probability and
stays there for the duration of whole time slot.

D. FILE LIBRARY AND CONTENT REPLICATION

We consider a large file library F of F files. Assume that
each file i is formed by a sequence of L packets denoted by P;.
Each node has a limited cache capacity of H(> L) packets for
voluntarily storing different packets of different files from F.
To transfer these files from F to individual nodes, a two-step
procedure is followed.

1) CACHE PLACEMENT WITH LINEAR NETWORK

CODING (LNC)

In the first step, packets of each file are coded together by
LNC [48]-[50] over a finite field IF;,. Network encoded pack-
ets Ncp = I:Isl, 132, ceey i’ji]T
coding P; of dimension 1 x L with the encoding coefficient
matrix Cy of dimension L x J; over a finite field Fé”",
where f’l, f’g, e, 131, are the J;(>> L) encoded packets of
file i and [.]7 is the transpose of the row vector of encoded
packets. Each node caches different network coded packets
of each file. The number of coded packets of file i cached
by each node, denoted by J;, is decided by J; = max{|H X
pc(D)], 1}, where p.(i) is the probability of caching file i [27],
satisfying

of file i are generated by pre-

. i_yc
pe(i) = 7 )

Z j_yzr

j=1

i=12,...,F 1)

where y, is Zipf distribution exponent of file popularity.
The set of J;(< J;) packets stored by node n is defined as
Sn.i 2 {13,',1, f’,-’z, e, ]Si,ji}. To cache packets of every file,
we consider that H >> F. Otherwise, some files will not be
cached by the nodes and can only be requested from the BS.

2) DATA DELIVERY IN MOBILE D2D COMMUNICATIONS

For any partially cached file i, each node requests other
nodes in the cluster and gets the remaining packets from its
neighbors. This is referred to as delivery of missing contents
to a requesting node (say receiver n). We assume that in the
beginning of every slot, all the other nodes in the same cluster
are aware of the request made by the node. Moreover, each
request has a deadline and follows a popularity distribution.
If p,(i) is the probability of requesting file i, then popular-
ity of file i, considering Zipf’s law for content popularity
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distribution [31], [51], can be found as

. ifyr
pr() = R

ijyr
j=1

i=12,...,F (2)

where y, is Zipf’s law exponent with bound 0 < y, < 1.
A larger y, exponent corresponds to a higher content reuse,
i.e., the first few popular files correspond to the majority of
requests.

As the time goes, the node gets more and more encoded
packets of the requested file from the nearby nodes. If at
time ¢, node n gets ji(t) € [0,L — J;] packets from other
nodes, let s, ; E P PQ’Z, ""P;,j,-(t)}’ denote the set of
these received packets. Here, IA’,',j * P;.,j,, Vj,j,and L = J;+
Ji(t)+Lg(?), with Lg(r) representing the number of remaining
packets of file i required by the node.! If the total number of
received encoded packets from the BS and from other nodes
are at least equal to L at the receiver, i.e., J; +j; > L, then we
can recover the whole file by decoding the encoded packets.
If node n does not receive enough packets to decode file i until
the deadline then a deadlock occurs. This deadlock is called
an outage.

At
tm
1 2 I 3 I N,
Possil?le 3 ‘ ‘ k-1 ‘
Transmitters
l AcK
Receiver ] NACK
n

D Retransmission

FIGURE 2. Division of time slot into Np mini-slots for packet transmission
from k — 1 possible transmitters to receiver n.

E. USER SCHEDULING

Since any node can generate a request for the required missing
packets of any file, any node can be scheduled randomly to
receive the packets from the other nodes in the cluster with
probability 1/k, assuming k nodes in the cluster. We divide
the whole time slot At into N, number of mini-slots, each of
duration f,,, i.e., Ny, = At/t,,, where t,, represents the time
to transmit one packet once, as shown in Fig. 2. Each mini-
slot ¢, is further divided into two parts: packet transmission
and its feedback. If the transmitter receives an acknowledge-
ment (ACK), showing the successful transmission of packet
in a mini-slot 7, then it can transmit the new packet if
it has more packets to transmit. However, if it receives a
negative acknowledgement (NACK), then it retransmits the

TFor simplicity, we will write j; = j;(¢) and Lg = Lg(¢) in the remaining
text.
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unsuccessful packet and it will keep retransmitting the failed
packet until it receives the ACK of that packet or until time
slot At expires. For any transmission, we consider that it
succeeds with the same probability p;.

In the beginning, all the nodes have different packets of a
file i and the number of new packets in the cluster needed
by node n of file i can be n,,,, € {0,1,2,...,(k — 1) x Ji},
where k is number of nodes in the cluster and (k — 1) x J;
are the largest possible number of packets of file i in the clus-
ter. To avoid the transmission of duplicate (useless) packets,
a transmitting node compares its cached encoded packets with
the packets received by the receiving node and only different
packets are transmitted.

IIl. FILE RECEPTION MODELING FRAMEWORK

As shown in Fig. 3, the packet reception process of a node’s
requested file may consist of multiple idle and packet receiv-
ing stages, both of which can span over multiple variable
time slots. In Fig. 3, 7y is the time when a requesting node
initiates a request, f, represents the time when the node
finishes receiving all the packets of the requested file, and
to+ AT is the deadline which represents the node in an outage
if it has not received all the packets of the requested file until
to + AT. To simplify analysis, we assume the same value
of maximum waiting time AT for any file requested by any
node. In this section, we first analyze the reception of packets
with the help of a 2-D Markov chain and identify all transient
and absorbing states. Then, we define transition probabilities
among different states to derive the analytical expressions for
the performance metrics of interest.

Waiting time before

receiving file \ 4o ciarts Node starts

Node finishes

Node initiates receiving rece:(vmg receiving all
request packets packets packets Deadline
File lookup [ File lookup |
and scvheduling I and scheduling V277777772 BRI
A 4 time \ 4 A 4 time A\ 4 ~
1 [ 1, 1, A o Ig+AT
< >< >< < Time

FIGURE 3. The node idle and packet receiving times.

A. TWO-DIMENSIONAL MARKOV MODEL

We construct a 2-D Markov chain to describe the reception
of packets by the requesting node (say n) as shown in Fig. 4.
In this Markov chain, a state is denoted by a pair of integers
(l;, T), where I; (= J; + j;) represents the total number of
packets of file i node n receives at the end of the r-th time
slot after the initiation of the request. For instance, state (J;, 0)
represents the starting state at T = 0 when the node requests
for the missing packets with J; packet already received from
BS and ji(fp) = 0 packet from other nodes. Here, to keep
consistency with Fig. 3, we assume that the node initiates the
request at #y. The value of 7 is incremented by 1, every time
no matter whether the node receives packet(s) or not. It is
assumed that all the transitions can utilize 1 time slot only.
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FIGURE 4. 2-D Markov chain for D2D transmissions of packets of a requested file from nodes in a mobile caching network.

The node initiates the request of file i at state (J;, 0)
and from any state in the Markov chain receives o €
{0,1,..., Ny} number of packets from other nodes in the
cluster and transits to a new state. Here, N, represents the
maximum number of packets received in one slot if there
are no failed transmissions. The node may finish receiv-
ing packets at any of the states (L, t,ps), Where ;s €
{tmin, tmin + 1, ..., AT} is the time required to receive all L
packets. Here, t,,;, = IV(L —J i)/N -‘ is the minimum time
which is required to receive all the packets. If we denote
by ssucc the number of states with successful reception of L
packets then we have sgycc = AT —tyin + 1. If Lg < N, then
from any transient state (J;+ 8, 1), the node can transit to any
of the sy, states by receiving o« = Lg packets where L —J; —
N, <B<L-—Ji—1and 7| € {tyin — 1, tyin, ..., AT — 1}.
For simplicity, only one such transition between states
(L—1,AT — 1) and (L, AT) is shown in Fig. 4.

The node transits to a deadlock state if after a time AT
it does not receive the required number of packets. All the
lower states in the chain as shown by (J; + ¢, AT), where
0 < g < L —J; — 1, represent the deadlock states as
the time for receiving the required packets expires. At AT,
if the number of received packets is less than L then the
node requesting the packets can be in any of the deadlock
states. There are s; = L — J; number of such deadlock states
in the chain. Both sg,.. and s; are the absorbing states as
after entering into any of these states process remains there
and the state is treated as never changed. If we denote by
Sabs the total number of absorbing states in the chain, then
Sabs = Sd + Ssucc-

From Fig. 4, we can observe that, until slot T = #,,;, — 1,
the number of states in each slot is a summation of the number
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of states in the previous slot and N, number of new states;
and from slot T = t,,;, to slot T = AT the number of states
in each row remains the same, i.e., (L — J; + 1) states. Thus,
the remaining number of states in the chain after slot f,,;;, — 1
iS Srem = (AT — tyin + (L — J; + 1). If we denote by sy,
the total number of states in Fig. 4, then we have

tmin(tmin - 1)

) + Srem- 3)

Stot = tmin + Np :

If we exclude the s,p; absorbing states from sy, states in the
Markov chain, then the remaining states are sy = Sior — Sabs
transient states.

B. TRANSITION PROBABILITY

From Fig. 4, it can be observed that there are four types
of transitions in the Markov chain. We now define these
different types of state transitions and derive their transition

probabilities.
Transition Type 1: In this transition type, node receives
o = 0 packet at the end of a time slot and transits to

new state (J; +j;, T + 1) from state (J; + j;, T) with tran-
sition probability p(J; +ji, T + 1|J; +ji, T), where j; €
{0,1,2,...,L — J; — 1}. There can be two possibilities if the
node does not receive a packet after a time slot:

(1) The node is not in an active cluster;

(2) The node is in an active cluster but either it is alone
in the cluster or it is not scheduled to receive packets or all
the transmissions are failed or there are no nodes with new
packets in the cluster.

Final expression for the transition probability p(J; + ji,
t+1|J;4ji, T)is given in (4). The derivation of the probability
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is given in Appendix A.

pUi+ji, T+ 1Ji +ji, ©)
K—1 1

K K

1N—1 N i 1 k—1

A=) ()
k=2

NV Te—1 1

X(‘m) X[T*%

(k—1)J;
X Z Py = O|Nyanus )P(Mpew i, k)]} 4

Tpew="0

where Ny 1S the joint event representing the j; packets
received by the node until the previous slot, the status of
the cluster as active, the number of nodes k in the cluster,
the status of the node as scheduled, and the number of new
packets n,e, in the cluster, in the current slot; n, denotes
the number of received packets by the node in the current
time slot; p(n, = o|Ngqms) 1s the probability of the node
receiving o packets in the current time slot and p(#,e,|ji, k) 1S
the probability of finding n,,,, new packets in the cluster of k
nodes with j; packets already received from the other nodes.

Transition Type 2: In this transition type, the node receives
o > 0 packet(s) and transits to a new state with transi-
tion probability p(J; +ji + o, T + 1|J; +ji, T), where j; €
{0,1,2,...,L—J; —1}.

Proof of p(J; +ji + a, T + 1|J; +j;, ) for o > 0 is given
in Appendix B. Final expression for this transition probabil-
ity is given by the expression as

pUitji+a v+ 11Ji+ji, 1)

1 N i 1 k—1 1 N—k
“e{ziE) (%)
k=2
(k=1)J;
1 .
X |:E X Z Py = a|Nstarus)P(Pewjis k):|} ®)]
Tpew=0
where p(n, = &|Ngans) 1S the probability of the node receiv-
ing o > 0 packets in the current time slot.

Transition Type 3: In this transition type, node once entered
into a particular state remains there forever with transition
probability p(J; +ji, AT|J; +ji, AT) = 1, where j; €
{0,1,2,...,L —J; — 1}. States in this transition type repre-
sent the deadlock states.

Transition Type 4: This transition type represents the recep-
tion of the required L packets. The node transits from state
(L, tgps) to state (L, t4p5) in each time slot with transition
probability p(L, taps|L, taps) = 1.

To find the probabilities of transition types 1 and 2, we still
need to determine the probability of receiving new packets
p(ny = o|Nsqms) and the probability of number of new
packets in the cluster p(n,ey|ji, k) in the current time slot.
Receiving a(e€ {0, 1, ..., Np}) packets depends on the prob-

ability of successful transmissions (py). If there are all failed
transmissions or there are no new packets in the cluster then
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we receive n, = 0 packets; otherwise, we might receive
n, > 0 packets. We find p(n, = o|Ngqrms) With respect to
ps as follows:

(1) If ps = 1 then

p(ny = a|Nyams)

I, ifLg > N,, o =min{ne,, N,}
0, ifLg >Ny, o # min{ney, Ny}
_ |1 ifLg <Np, @ =min{nue,, Lg} ©)
0, ifLg <N, «a % min{nuey, Lg}
1, ifftgew =0 a=0
0, ifrngey =0, o=>0.

We derive (6) as follows:

e When Lg > N, then we can receive minimum of
Nuew OF Np packets, ie., p(n, = o|Ngaus) = 1 for
o = min{n,e,, Ny}, otherwise, p(n, = a|Nyqus) = 0.
e When L < N, then we can receive minimum of
Npew Or Lg packets, ie., p(n, = o|Ngans) = 1 for
o = min{n,e,, Lg}, otherwise, p(n, = o|Ngarms) = O.
o When n,., = 0, p(n, = «|Ngans) = 1 fora = 0 and
p(ny = a|Nyqus) = 0 fora > 0.
(2) When p; < 1, we consider the following four cases:
Case I: When ny., > N, and Lg > N,, we receive
0 < a < N,. Since « represents the number of received
packets successfully in N, transmissions, then « is a binomial
random variable with parameters N, and p,. We can write the
probability mass function of a binomial random variable as

Pl = @|Nytaus) = C (p)* (1L = p)™ ™. (D)

Case 2: When ny,,, > N, and Lg < N, then, either we
receive 0 < a < Lg packets in N, mini-slots or we need either
Lg number of minimum mini-slots or we need N, number of
maximum mini-slots to receive « = Lg packets. We can find
Py = a|Nytams) as

p(nr = o|Nsamus)
C, (p)* (1 = p)™r™, if0 <o < Lg
_ 1N
Z Cy, (ps)'(1 —p)V T ifa =Ly

i=Lg

®

where C]’;, represents the total number of combinations of
successful and unsuccessful transmissions given a successful
transmission of the Lg-th packet in the i-th mini-slot.

Case 3: When ny,., < N, and Lg > N,, then we can
receive maximum of n,., packets. We have the following
three possibilities.

o We canreceive o = 0 packets if all the N, transmissions
are unsuccessful.

o There is a possibility that we receive 0 < o < RHpep
packets in N, mini-slots as n,,,, is less than Lg and N,,.

o We can also receive &« = nyu,, packets in either
Npew NUMber of minimum mini-slots or N, number of
maximum mini-slots.
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So, p(n, = o|Ngarus) in this case can be found as

P(ny = a|Nyams)

(1 —p)Nr, ifa=0
Clo\t’p(pS)a(l _Ps)Np_av if0 < o < nyew
NP
_ . ©)
Z Cll_ ;lmw (ps)nnew
i=Npew
(1 - Px)i_"”"w, if @ = npew

where Ci’:{' "ew represents the total number of combinations of
successful and unsuccessful transmissions given a successful
transmission of the n,,,-th packet in the i-th mini-slot.

Case 4: When nue,, < Np and Lg < N,, we have two
possibilities: if n,., < Lg, then in a slot we receive maxi-
mum of n,,, packets, otherwise, we receive maximum of Lg
packets in a slot. Thus, we define ¢ = min{ny,,, Lg} as the
maximum number of packets the node can receive in a slot.
We can proceed similar to case 3 and find p(n, = a|Nyqsus)
in this case as

p(n; = | Nyapus)

(1 —po)™, ifa =0
Cr, () (1 =p)™=,  if0<a<g
=1 M (10)
DGt —p)TE, ifa=g¢
i=g

where C::f represents the total number of combinations of
successful and unsuccessful transmissions given a successful
transmission of the g-th packet in the i-th mini-slot.

For p(nyewlji, k), we can find it as follows:

(1) If the node has not received any packet from other
nodes, i.e., ji = 0, p(Muew|ji, k) is computed as

. 0, ifnpew #(k—1)J;
Nyewlji, k) = 11
P(pewjis k) 1 if e = (k — 1), (1D
(2) If the node has already received some packets from
other nodes, i.e., j; > 0, p(nuewlji, k) is computed using (12)
as

p(”new'jis k)
0, if k =1 and nye, # 0
1, if k = 1and nye, =0
0, ife>hande—h <j;—d
=kl xedxci™?
b ife>hande—hzji—d
Cy_ xC¢
I, ife=h, npeyw =€ —ji,d =jj
0, ife="h,npey #e—ji

(12)

where ¢ = (N — 1)J; denotes the total number of cached
packets of file i in the network, 7 = (k — 1)J; denotes the
total number of cached packets of file i in the cluster, and d
represents the number of packets already received from the
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nodes in the cluster. p(neylji, k) for j; > 0 is derived in
Appendix C.

Using the above defined transition probabilities, we now
proceed to find the closed form expressions for the perfor-
mance metrics in the following section.

IV. DERIVATION OF PERFORMANCE METRICS

In this section, we first define performance metrics and then
derive their analytical expressions using different transition
probabilities found in Section III-B. When the file is not
received completely until deadline then file outage occurs.
Therefore, the first performance metric studied here is the
average outage probability, which is defined as the probabil-
ity of files not received completely in time AT. We also find
the average delay measured by the average number of slots
required from request initiation to reception of all the packets
of the file. Another performance metric is to explore the joint
impact of average delay and outage probability on the number
of packets received per slot by the nodes in the network, called
the average throughput.

After defining performance metrics, we now derive their
analytical expressions. Using the above mentioned four tran-
sition types, we first find the one-step transition probabilities
in the Markov chain to construct a transition matrix [52],
where each transition represents the reception of o €
{0,1,..., Ny} packets of file i. Let Tm,; = [p(Ji + ji +
o, T+ 1|J; 4ji, T)]spr x50, D€ the probability transition matrix
of discrete-time Markov chain which contains all the one-step
transition probabilities p(J; + j; + «, T + 1|J; +ji, T) > 0 of
transition from state (J; + j;, ) to state (J; +ji + o, 7 + 1)
in Fig. 4. The transition matrix Ty ; can be represented in
canonical form [53], [54] as

Ty, = [%" lﬂ (13)

where Q; is a s X s, matrix which defines the one-step
transition probabilities among all s transient states in the
chain, R; is a 54+ X s4ps matrix defining the one-step transition
probabilities from sz, transient states to s,ps absorbing states,
0 is zero matrix of size sy X s;, and I is an identity matrix
of size sgps X Saps- To find the closed form expressions for
the performance metrics, we first find the t-step transition
probability matrix via multiplying matrix Ty ; by itself AT
times as

Ty 47 = Ty, 770 Ty (14)

where the dot represents the matrix multiplication.
After AT transitions of Typ;, we obtain new matrices
QEAT) and REAT). Referring to Fig. 4, it is noted that
performance metrics are determined by using the sgp
absorbing states. To find the performance metrics from
the initial state (J;,0), we use the probabilities of the
Sqbs absorbing states given in the first row of Ri(AT),
denoted by [pi(L, tmin), pi(L, tmin + 1), ..., pi(L, AT — 1),
pilJi+0, AT), pi(J;i+1, AT), ..., pi(L—1, AT), pi(L, AT)].
Here, p;(L, t,ps) is the probability of successfully receiving L
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packets of file i at slot ty,ps € {twmin, tmin + 1, ..., AT}
and p;(J;i+q,AT) 1is the probability of receiving
q(e{0,1,2,...,L — J; — 1}) packets until time AT starting
from the initial state (J;, 0).

A. CONTENT OUTAGE PROBABILITY

Time to wait for the request response of each file has a
maximum time bound AT. Node is considered in an outage
if it does not get sufficient coded packets of the requested
file in AT time and goes to a deadlock state. Average outage
probability P,,; of a node n is given by

pout = Zpout(i)pr(i) (15)

where p,,,; (i) is the outage probability of node n requesting
file i and is a sum of probabilities of all the s; deadlock states
in the Markov chain. Expression of p, (i) is given in (2). poy; (i)
can be found from the matrix R;'*7) using the expression as

L—Ji—1

Pourd =Y pilJi+q, AT). (16)
q=0

The average number of nodes in outage u,(AT) is given
by

U(AT) =N - Poy. (17)

Since the node can receive all the packets of a file
at any of the sy, states, the sum of the probabilities
PiL, tin), - .., pi(L, AT —1), and p;(L, AT) in R;2T) gives
the probability of successfully receiving L packets of file i
or the absorbing probability p,ps(i) of successfully receiving
file i. The expression for P, of successfully receiving files
is given by

Pabs =Y pans()p (i) (18)

where p,ps(i) is the absorbing probability of particular file i
and is a sum of the probabilities of all the sy, number of
successful states in the Markov chain. p,p(i) can be found
from R;*T) using the expression as

AT

Z Pi(L’ Labs)

Tabs=tmin

=1 = pou (). 19)

Pabs(i) =

B. DELAY
Expression for the average delay D of node n is given by

D=7 D(ip:(i) (20)

where D(i) is the average delay in receiving packets of file i.

It can be observed from the Markov chain that the sojourn
time of each state is 1 time slot and after a slot, state transition
happens with the reception of @ > 0 packets. To find D(i),
we find the total number of transitions needed to reach any of
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the absorbing states (L, 7,55), which represents the successful
reception of all the L packets at time 7,5. Moreover, file
outage can also occur due to incomplete reception of file i in
AT time as shown in Fig. 4. Therefore, we also consider the
delay of partially received file i in AT, i.e. poy; (i) - AT . If we
denote by t the total number of slots required to reach any of
the (L, t,p,) states and, from Ri(AT), pi(L, T) is the probability
of receiving L packets after t slots. Then the final expression
of average delay D(i), considering the impact of file outage
as well, is represented as

AT
D)= Y t-piL.7)+ pouli) - AT 2D

T=Imin

where p,,; (i) is defined in (16).

C. THROUGHPUT

Throughput (7},) of node n depends on content transfer delay
and file outage probability and can be computed by the fol-
lowing expression as

T, =) Tu(p,(i) (22)

where Ty,(7) is the throughput of node »n for file i. If node n
needs L — J; packets of file i then its throughput (in packets
per slot) is computed by the following expression as

T = 521 = poa(i) (23)
)= —— - 1)).
n D([) puul
Using (2) and (23), we find T, from (22). Average network
throughput 7' can be found by the summation of throughput
ofallthenodesas T =), T, = NT,.

V. NUMERICAL RESULTS

A. RESULTS VERIFICATION

We do extensive simulations to verify our analysis. We simu-
late a network of square grid of 16 clusters, i.e., M = 4 with
TDMA spatial reuse factor K = 4, y» = 0.1, y. = 04,
L = 30, AT = 80, H € {120, 180, 240, 300, 360, 420}
packets under three parameter settings, i.e., N = 200,
F =100,N, =17, ps € {1,0.9}, and N = 200, F = 150,
N, =17, ps = 1 with each simulation run of 20000 slots.

In Fig. 5, we summarize the results of performance met-
rics obtained from both analysis and simulations. It can be
observed clearly that for the tested network parameter settings
theoretical results match well with the simulation results.
By increasing H, each node caches more packets of files and
every node can find its requested file from other nodes in
comparatively less time while visiting different clusters. Due
to this reason, in Fig. 5(a), we see a decreasing trend in outage
probability with an increase of cache size H at each node.
Consequently, we see a decrease of delay and an increase
of throughput, respectively, as shown in Figs. 5(b) and 5(c).
We also see an increase of outage probability and delay,
and a decrease of throughput when we reduce ps. Moreover,
by increasing F, performance of network also decreases due
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FIGURE 5. Comparison of performance metrics obtained from analysis
and simulations. (a) Outage probability. (b) Average delay. (c) Average
throughput.
to reduced number of cached packets of each file at each node.
With less number of cached packets of each file, the node
either needs more scheduling opportunities, large N, or more
time to recover the complete file. Consequently, outage prob-
ability and delay increase, and throughput decreases.

B. PERFORMANCE ANALYSIS

In this subsection, we apply our analysis to five different
network scenarios, evaluate the impact of different parameter
settings on performance metrics and compare the results with
the baseline, i.e., the static network scenario (where the nodes
are randomly deployed and static in their clusters). We simu-
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FIGURE 6. Impact of the number of nodes and cache size on network
performance. (a) Outage probability. (b) Average delay. (c) Average
throughput.

late a network with default parameters M = 4, K = 4, F =
150, and H € {120, 180, 240, 300, 360, 420} packets (except
the figures where we consider to change specific parameters).

In the first scenario, as shown in Fig. 6, we study the
impact of varying cache size per node and node number N €
{250, 300, 350} on the network performance under y, = 0.1,
ve =0.4,L =30, AT =80,N, =9,and p, = 1.Itisevident
from Fig. 6 that we achieve a decrease of outage probability
and delay, and an increase of throughput with an increase
of H. The performance gap between the mobile and the static
cases is large at small H and this gap reduces gradually as
H and N increase. This is due to the reason that at small H
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node mobility increases the probability to find the requested
file even it is less popular. But when H increases, the number
of cached packets of different files also increase, which helps
to receive more packets of the requested files from inside
of the cluster. For this reason, the network performance in
the static case at H = 420 and N = 300 or N = 350
is better than that in the mobile case. Different from [34]
(where the nodes cache complete files), we can observe
from Fig. 6 that by increasing N in the network we see
an increase of outage probability and average delay, and a
decrease of average throughput. This is due to the reason that
by increasing the number of nodes in the cluster, the number
of requests in the cluster also increases, which reduces the
per node scheduling probability. Further, when nodes cache
packets based on popularity (i.e., few packets of each file),
each node needs to find more useful transmitters compared
with caching complete file and thus needs more scheduling
opportunities. Accordingly, nodes getting complete files in
AT reduce, which limits the network throughput.

In the second scenario, as shown in Fig. 7, we ana-
lyze the impact of varying file caching parameter y. €
{0.4, 0.5, 0.6} on performance metrics with respect to N €
{200, 240, 280, 320, 360, 400} by fixing H = 240, y, = 0.3,
L = 30, AT = 80, N, = 9, and p; = 1. We can observe
from Fig. 7 that both outage probability and delay increase,
and throughput decreases with an increase of N. Moreover,
we get higher throughput, and lower outage and delay with an
increase of y,, e.g., throughput at y, = 0.5 is higher than that
at y. = 0.4. This is due to the fact that when y, is large we
cache more packets of files based on popularity. Therefore,
the nodes take less time to receive all packets of requested
files at large y. and more files are received in AT time.
For this reason, outage probability and file transfer delay
decrease, and we see an increase of throughput at large .
In addition, compared with the mobile case, there is a slight
improvement in delay in Fig. 7(b) at y, = 0.6 for N < 260
in the static case, as caching more packets of files helps to
receive them from own cluster in less time at the small number
of nodes. When the number of nodes increases, scheduling
probability of each node reduces, which increases the delay
in the static case compared with the mobile case.

In the third scenario, we analyze the impact of selection
of y. € {0.3,0.4, 0.5} with respect to y, € {0.15, 0.2, 0.25,
0.3,0.35,0.4} under N = 250, AT = 80, p; = 1, L = 30,
H = 300, and N, = 9. From Fig. 8, we can observe that
network performance improves with the increase of ;- and y,.
When y, is small, node mobility helps to receive the diverse
files. Therefore, performance gap between the static and
the mobile cases is prominent at small y,. Moreover, when
each node caches more packets of popularity based files and
requests files with large y,, we see a small improvement
in delay in the static case and delay further reduces when
we increase file requesting parameter y,. Thus, caching files
at large y,. and requesting popular files helps to find useful
transmitters from inside the cluster and reduces delay in the
static case, specifically. In addition, due to limited number
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(a) Outage probability. (b) Average delay. (c) Average throughput.
of nodes and small cache size of each node in the cluster,
all the files cannot be received from the nearby nodes in the
cluster; therefore, despite lower delay, outage probability is
higher and throughput is lower in the static case at large y,
compared with the mobile case.

In the fourth scenario, we analyze the impact of varying
the number of mini-slots N, € {7, 8, 9} with respect to N €
{200, 240, 280, 320, 360, 400} under H = 240, N = 250,
AT =80,ps =1,L =30, y, = 0.3, and y. = 0.4. It can be
noticed from Fig. 9 that when N, increases, more packets can
be transmitted in a time slot. Consequently, outage probabil-
ity and delay decrease, and throughput increases. Moreover,
there is a small improvement in network performance in
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FIGURE 8. Impact of file request and caching parameters on network
performance. (a) Outage probability. (b) Average delay. (c) Average
throughput.

the static case when N > 280 and N, = 7 as compared
with the mobile case. The reason is that when N, is small,
each receiver needs to be scheduled more times to receive
data and thus needs more useful transmitters. As the useful
transmitters do not move to other clusters in the static case,
more packets can be received from these useful transmitters
in the future scheduling opportunities. But in the mobile
case, finding the useful transmitter and obtaining scheduling
opportunity may take time. As a result, we see little increase
of outage probability and delay, and a decrease of throughput
in the mobile case compared with the static case.
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In the fifth scenario, we fix y, = 0.4 with y, = 0.1,
N = 200, F = 100, L = 30, AT = 80, N, = 17,
H e {120, 180, 240, 300, 360}, and analyze the network
performance by varying packet’s successful transmission
probability, ie., p; € {1.0,0.8,0.6}. It can be observed
from Fig. 10 that when we reduce success probability pg of
packet transmission we see an increase of outage probabil-
ity and delay and consequently, a decrease of throughput.
Besides, the performance gap between the mobile and the
static cases also reduces with the decrease of p; and gradually
the performance of static case dominates the mobile case.
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For instance, in Fig. 10, at p; = 0.8 and at H > 300 there
is a small improvement in network performance in the static
case as compared to the mobile case. The reason behind the
improvement in the static case is that request life time AT
is not sufficient to receive sufficient packets of files as the
number of mini-slots wasted in each slot increases at high
transmission error. Therefore, it becomes difficult to find
sufficient useful transmitters in A7 in the mobile case while
in the static case useful transmitters do not move to other
clusters and can retransmit unsuccessful packets during future
scheduling opportunities.
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VI. CONCLUSION AND FUTURE WORK

In this paper, we have studied the impact of node mobility
in a cluster based wireless caching network. The nodes
generate requests for the files and receive them from the
nearby nodes on a D2D link under fast mobility scenario.
We have investigated the effect of node mobility on net-
work performance using a 2-D Markov chain framework and
derived closed-form expressions for the performance metrics,
namely outage probability, delay, and throughput. In addi-
tion, we have validated our analysis comprehensively using
simulation results. From the analysis it is found that network
performance improves in the mobile scenario with respect
to the static scenario when the nodes have limited cache
size. The performance gap between the static and the mobile
network cases reduces if node number or cache size increases
but per-node scheduling probability is reduced or low, which
means enabling simultaneous transmissions and/or recep-
tions in each cell will help further exploit the benefit of
node mobility and caching capability. Furthermore, it is also
found that the performance of the static case can dominate
the mobile case when successful transmission probability is
small or the duration of each contact time is short. For the
future work, we will extend our analysis to include multiple
transmissions in a cluster with rate adaptation and study other
mobility models as well.

APPENDIX A

DERIVATION OF (4)

To derive the expression for probability p(J; + ji,
T + 1|J; +ji, ©), where j; € {0, 1,2, ..., L —J; — 1}, let Ag
be an event that node n has J; 4 j; packets of file i at the end
of current time slot T 4 1, B be an event that node n received
Ji + ji packets of file i at the end of the previous time slot t,
C = 0 be an event which defines the cluster of node n as
inactive, and C = 1 be an event which denotes the cluster of
node n as active. From these events, we find the probability
of receiving o = 0 packets as

pUi +ji, T + 1|J; +ji, T) = p(Ap|B)

= > p(Ao|B, C)p(C|B)
C

= D _p(AolB.Cop(C)  (24)
C

where the final expression holds due to independent relation-
ship between B and C. According to the TDMA spatial reuse,
we have

1 _pglcljster’ ifC=0 (25)

pot ifC=1.

cluster’
If C = 0 then p(A9|B,C = 0) = 1; otherwise, using
the law of total probability, p(Ag|B, C = 1) can be found by
considering all the possible number of nodes in the cluster as

p(C) =

N
p(Ag|B, C = 1):Zp(A0|B, C =1,k)pk|B,C =1).(26)
k=1
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Since k has no dependency on B and C, we can write
pk|B, C = 1) = p(k), which is equivalent to the probability
of finding k — 1 number of other nodes in the cluster as

1 N—k
(1 - _2) ’

pk) = 1 \k! N—k
k—1 1 .
CN*] <m) (l — m) s ifk > 1.

It is obvious that p(Ag|B, C = 1,k) = 1 for k = 1, then
(26) can be simplified as

ifk=1
27

N
p(AolB.C = 1) =plk = 1)+ ZP(A0|B» C = L, kpk).
k=2
(28)

For a cluster with £ > 1 nodes, we define events § = 1
and S = 0 to represent whether or not node 7 is scheduled as
the receiver in the cluster, respectively. Then, we have

P(AolB.C = 1.k) = p(Ao|B.C = 1.k, )
N
p(SIB,C =1,k). (29)

Given j; < L — J;, because S is independent of B, we can
write p(S|B, C = 1, k) = p(S|C = 1, k) which is found as

1
I—7 if§=0

pSIC =1,k) = (30)
=, if § = 1.
X 1

Obviously, p(A49|B,C = 1,k,S = 0) = 1. For § = 1,
we check the number of new packets n,, € {0,1,2,...,
(k — 1) x J;} in the cluster as

p(AolB,C = 1,k,S = 1)
=Y P(Ao|B.C = 1,k,S =1, nye)

Nnew

-p(Mpew|B, C = 1,k, S = 1). 31

Since the number of new packets n,., in the cluster
depends on the number of already received packets j; and
number of nodes k in the cluster, p(1,e|B, C = 1,k,5 = 1)
can be rewritten as

PApew|B, C =1,k, S =1, ;) = p(pewlji, k) (32)

where the final expression holds due to independent relation-
ship between 7y, and C = 1 and § = 1. Since information
of number of received packets can be found from j;, to remove
redundancy in events, we omit B and write j; only in (32). For
notation simplicity, let Nyuns = (B, C = 1,k, S = 1, npew)
and n, denote the number of received packets, then

pAo|B, C = 1,k, S = 1, npew) = p(ny = O|Nyarus).  (33)

From the above derivations (24)—(33), we derive the
final expression for finding the probability p(J; + ji,
7 + 1|J; +Jji, ©), as shown in (4).
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APPENDIX B

DERIVATION OF (5)

To find p(J; +ji + o, T + 1|J; +ji, ) for j; € {0,1,2,...,
L —J;—1} and ¢ > 0, we proceed similar to the proof of
p(Ji +ji, T + 1|J; +ji, ) in Appendix A. By reusing those
events defined in Appendix A and a new event A, to denote
node n has J; + j; + o packets of file i at the end of current
time slot T 4+ 1, we can write

pUi+ji+a,t+1J;+ji, 1)

= p(Aq|B)
= p(Aq|B, C = Dp(C = 1|B)
= p(A|B, C = D)p4l . (34)

Using the law of total probability, p(A4|B, C = 1) can
be found by considering all possible number of nodes in the
cluster as

N
P(AelB.C=1)= p(Aa|B.C = 1.k)
k=2
pk|B,C =1). (35)

As k has no dependency on B and C, we can write
p(k|B, C = 1) = p(k) which can be found from (27).
We find the node scheduling probability as

P(Ag|B, C = 1,k) = p(Ag|B,C = 1,k,S = 1)
p(S=1|B,C =1,k). (36)

Given j; < L — J;, because S is independent of B, we can
write p(S = 1|B,C = 1,k) = p(S = 1|C = 1, k), which is
defined in (30).

We now check the number of new packets n,., € {0, 1,
2,...,(k—1) x J;} in the cluster as

p(Ag|B,C =1,k, S =1)
=Y P(AalB, C =1,k 5 =1,nuen)

Nnpew

'p(nnewlB’ C=1kS= 1) (37)

where p(nyew|B,C = 1,k,S = 1) can be found from
expression (32).

Similar to (33), we represent the probability of received
packets n, = o > 0, under condition (B,C = 1,k,
S =1, npew), as

PAy|B, C =1,k,§ =1, npen) = p(y = | Nygapus).  (38)

From the above derivations, we formulate the final expres-
sion for finding the probability p(J; + j; + «, T + 1|J; +ji, T)
as shown in (5).

APPENDIX C

DERIVATION OF (12)

To derive a general expression of p(fey|ji, k) for npe,, new
packet(s) in the cluster of k£ nodes, let d denote the number
of packets received by node n from the nodes in the cluster,
ie.,d(e {0, 1, ..., min{j;, (k — 1)J;}). Excluding the packets
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of file i cached by node n, total number of cached packets
of file i in the network and that in the cluster are denoted by
e = (N — 1)J;and h = (k — 1)J;, respectively.

We consider the following four cases to derive expression
for p(nnew Uiv k) as

Case l: k=1

In this case, there is only one node in the cluster, which
results in 2 = 0. So, we have p(npe,, # 0lji, k) = 0 and
P(ipew = Olji, k) = 1.

Case2:e>hande—h <ji—d

In this case, the number of packets of file i cached outside
the cluster is less than j; — d, i.e., the number of packets of
file i node n received from nodes outside the cluster, which
should not happen. So p(newlji, k) = 0.

Case3:e>hande—h>ji—d

To find p(n,ewji, k) in this case, we can write it as

PMewjis k) = PNy = h— dljiv k)
= p(d = h — npewlji, k) (39

If there are some nodes outside the cluster and the total
number of packets outside the cluster are greater than or equal
to the number of packets node n received from outside cluster
(ji — d) under the condition j; > d then we find expression
for p(d|j;, k) as ‘
C;\(,__ll x C x Cf__,f

cil xcl

where Clli,__ll represents the number of combinations of k — 1
neighboring nodes of n in the cluster selected from the total
N — 1 nodes in the network (excluding node n), Cfll represents
the number of combinations of d = (h — nuey) packets
received from the total & packets in the cluster, Céi:h repre-
sents the number of combinations of j; — d packets received
from the total e — & packets of file i outside the cluster and CY'
represents the number of combinations of j; packets received
from the total e packets in the network.

Case4:e=h

In this case, all the nodes are in the same cluster. Then
Npew = € —ji and d = ji. So p(npeyy = e —jilji, k) = 1, which
can also be derived from (40) by setting e = hand d = j;.

From the derivation of above four cases, we formulate a
generalized expression as shown in (12).

p(dlji, k) = (40)
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