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Deadline-Constrained Connection Request
Scheduling in Mobile Relay-Assisted LTE Networks

Maurice J. Khabbaz

Abstract—Connection and service request scheduling affects the
performance of a mobile relay node (MRN) in a relay-assisted
long-term evolution network in terms of crucial quality-of-service
(QoS) metrics such as the blocking probability and the system’s
response time. In this paper, a novel Deadline-constrained Connec-
tion and service Request Scheduling (DCRS) scheme is proposed
with the objective of improving an MRN’s performance in terms
of the above-mentioned metrics. In this paper, a stochastic queue-
ing model is formulated for the purpose of capturing the MRN’s
behavioral dynamics and evaluating its performance as it oper-
ates under DCRS. Simulations are conducted in order to verify the
model’s results’ validity and accuracy. Moreover, the MRN perfor-
mance achieved under DCRS is compared to that achieved under
the typically adopted first-come-first-service (FCFS) scheme. Re-
sults indicate that DCRS remarkably outperforms FCFS.

Index Terms—MRN, LTE, eNB, coverage, deadline, connection,
scheduling, performance, model, stochastic, queue.

1. INTRODUCTION

N LONG Term Evolution (LTE) cellular networks, servicing
I users located at cell edges is a daunting task. Particularly,
users navigating far away from their host base station expe-
rience a deterioration in signal quality (e.g., low power) and,
consequently, a significantly reduced data throughput. Today,
network operators and service providers strive to provision
fair, geographic-location-transparent and disparity-minimal
services to their subscribers. However, stringent service-level
requirements, cell-tower deployment restrictions, and other
regulatory constraints further amplify the criticality of this task.
This motivates developing alternative cost-minimal solutions
for cellular service performance enhancements at cell edges.
In this regard the Third Generation Partnership Project (3GPP)
standardization body has released multiple studies concerning
the increase of capacity and throughput for cell-edge users
(e.g., [1]-[3]). Moreover, Coordinated Multi-Point (CoMP)
transmission techniques were also proposed for the coordination
among geographically-separated base stations to enhance the
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network’s performance (e.g., [4]-[8]). In addition, relaying has
been identified as a potential low-cost solution to work around
the limited cellular coverage and the QoS degradation at cell
edges (e.g., [9]-[15]). Precisely, in the context of a relay-assisted
cellular networking scenario, Stationary Relay Nodes (SRNs)
are overlaid within the coverage area of a macro cell base station
(a.k.a. evolved Node B (eNB)); particularly, near the cell’s
edges. Consequently, mobile stations (a.k.a. User Equipement
(UE)) roaming far away from the eNB can get connected to the
eNB via multi-hop communication paths through intermediate
SRNs. That is, an SRN being part of the radio access network,
it splits the direct link between a UE and the Donor eNodeB
(DeNB) into two hops, namely: @) the link between the UE
and the RN referred to as the access link, and b) the link
between the RN and the DeNB, referred to as the backhaul link.
Accordingly, an SRN includes two physical layer entities: one
used for communication with the UEs, and another for the com-
munication with the DeNB. The SRN communicates wirelessly
with the DeNB, and from the latter’s perspective, it acts as a
regular UE. In return, the SRN sees the DeNB as a regular eNB,
but from a UE’s perspective, an SRN acts exactly as if it was an
eNB, [16].

Sometimes SRNs may be unable to overcome coverage insuf-
ficiencies due to regulatory landmark deployment restrictions
as well as physical obstructions. Here, Mobile Relay Nodes
(MRNs) present themselves as complementary adjuvants to
SRNs that aim at further extending the coverage of eNBs to re-
stricted areas and, hence, increase their capacity and utility, [17].
Typically, MRNs are mobile vehicles (e.g., taxis, busses, and
trains) that are equipped with digital communication devices,
thus allowing them to form their own moving cells for servicing
users located within their coverage areas. On the overall, the
employment of MRNs presents a string of benefits including:
i) cell coverage extension and an increase in the network’s ca-
pacity, ii) QoS improvement at cell edges, iii) signaling overhead
reduction through group handovers, and iv) extended UE battery
lifetime. Nontheless, MRNs also bring forward an assortment of
issues, such as: i) an increase in the network’s complexity due to
the MRNs’ mobility, ii) an increase in interference in the vicinity
of MRNSs, ii7) additional queueing delays as a result of multihop
communication, and i) UE-MRN link disruptions due to the
relative MRN-UE velocity difference; thus requiring adequate
UE handover handling. To this end, although MRNs have gained
significant popularity, the above issuesstill await effective res-
olutions to be implemented before the merits of a full-fledged
functional MRN-assisted LTE network can be assessed.
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A. Literature Survey and Motivation

1) Mobile Relaying: The literature comprises a multitude of
publications (e.g., [17]-[19], [22], [24]) on the exploitation of
the mobile relay concept for servicing users commuting onboard
vehicles equipped with relaying devices; specifically, those large
vehicles (e.g., busses and trains) transporting a relatively large
number of passengers. Examples include the TGV Eurostar in
Europe, the Shinkansen in Japan, and the high speed train in
China, which are around 400 meters long and move at speeds
reaching 350 (km/h), [20]. Due to the high speed and well
shielded carriage, wireless communications between UEs car-
ried by passergers commuting onboard such trains and external
base stations face severe Doppler Frequency shifts, coupled with
high penetration losses and increased UE battery consumption,
[21]. In view of the above-mentioned limitations, a trend that
attempts to improve the train’s internal cellular coverage calls
for mounting an outer antenna on top of the train’s carriages to
connect them on the fly to the eNBs of the traversed macro cells
(i.e., backhaul links). With this setup, UEs carried by onboard
passengers could connect to antennas installed inside the vehi-
cles (i.e., access links). In this context, the work of [22], as a
first step, aimed at determining whether the use of mobile relays
in such a setup can increase the capacity and the energy effi-
ciency of a cellular system. Precisely, the authors investigated
the performance of the system in terms of the achieved Signal-
to-Interference plus Noise Ratio (SINR) and end-to-end bit rate
under different modes of bandwidth sharing between the access
and the backhaul links.

The work of [23] considered a scenario that is quite similar
to the one in [22] but for regular vehicles (as opposed to large
public transport ones such as busses and trams). The authors pre-
sented a simulation study on the SINR/throughput performance
of an MRN mounted on top of a vehicle and servicing users in-
side that vehicle via non-LTE wireless connections (e.g., WiFi).
The MRN was connected through a backhaul link to the eNB,
whereas the UE-to-MRN link was assumed to be ideal. Their
objective was to show that the MRN is capable of provisioning
a more reliable connection to the network services, as compared
to a scenario where the UEs had to be directly connected to the
eNB. Their results showed that the internal/external MRN an-
tennas setup provided the best gains especially at cell edges as
it overcame the outdoor-to-indoor penetration losses.

Another trend that aimed at enhancing internal cellular cov-
erage in highly populated public transportation was to establish
Coordinated and Cooperative Relay Systems (CCRS), [24]. Two
effective CCRS architectural alternatives were proposed in [24],
namely: 7) interconnecting MRNSs to enable them to cooperate
and share the capacity of individual wireless backhaul links,
and, ii) promoting scalability through equipping them with a
distributed antenna system. Results showed that CCRS allowed
servicing a larger number of onboard UEs while reducing the
complexity of the network elements.

The above-surveyed studies relate to scenarios where the
MRNSs and the connected UEs move together and remain in
close proximity of each other. Practically, such scenarios do
exist and, hence, MRNs therein serve a subset of the overall
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Fig. 1. Mobile-relay-assisted LTE-A sub-networking scenario.

users in a macro cell; precisely, those subject to group mobil-
ity. Nonetheless, there exists other highly practical cases where
users offboard MRNs suffer from deteriorated link qualities at
the cell edge (e.g., user U, in Fig. 1), or are completely discon-
nected from the eNB as they happen to be located outside its
range (e.g., users U; and Uj; in Fig. 1). Here, from the point of
view of the UEs, MRNs are perceived exactly as eNBs, with the
only difference being that the MRNs are under the control of
their respective host eNBs. Obviously, in the absence of relay-
ing, the only handovers performed involve UEs moving from
one macro cell to another. In contrast, in the presence of MRNSs,
some UEs may have to be handed over from one MRN to an-
other, and moreover, the MRNs themselves may also move from
one macro cell to another, and thus require handover as well. The
work of [25] addressed the handover of static/slow-moving off-
board UEs between MRNs, which requires a dynamic UE-MRN
association. Therein, the proposed handover procedure relied on
measurements sent by the concerned UE to the host eNB, which,
in turn, controls the MRN servicing the UE, and hence, was the
sole arbitrator of handover executions. Upon the initiation of a
handover among MRNSs, the eNB commands the target MRN to
allocate the necessary resources required to accommodate the
newly incoming UE. Once resources are secured, the eNB pro-
ceeds to detaching the UE from its currently hosting MRN and
synchronizing it with the target MRN. Meanwhile, packets des-
tined to this UE were buffered at the eNB until the handover is
complete.

The authors of [26] considered an interference-limited sce-
nario where MRN’s operated at a much lower transmission power
as compared to macro eNBs. It was shown that MRNs con-
tributed a significant improvement in the cell-edge performance,
due to: i) the better propagation conditions provided by the
backhaul eNB-MRN links, and ii) the lower network-level in-
terference as a result of the MRN’s relatively smaller coverage
areas. That is, the low-transmission power of MRNSs result in
small MRN coverage ranges; hence, the resultant small long-
term number of users associated with each MRN. To improve
the relay performance, the authors of [27] resorted to biasing
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the cell selection and handover thresholds in such a way to force
an extension of the MRN range causing more users to associate
with MRNSs rather than the host eNB. This in turn led to an ap-
propriate load balance between the eNB and MRNs and, hence,
a better relay utilization.

The above existing works capitalize on the benefits of ex-
ploiting MRNSs as cost-effective extenders of the eNBs’ cover-
age areas, and boosters of the macro cell’s capacity and QoS
performance, especially near the cell edge. A QoS indicator
that is equally important as throughput is the achievable aver-
age end-to-end data delivery delay. Here, speaking of multi-hop
communication with eNBs through MRNSs, it becomes apparent
that queueing delays experienced at the level of the MRN’s con-
stitute a considerable fraction of the overall system’s response
time, which is one of the identified problems that the use of
MRNs brings forward. In this sense, external UEs may asso-
ciate with a passing by MRN if they happen to reside within
its coverage range. During the time in which the UEs and the
MRN are within each others’ communication ranges, the UEs
may upload to the MRN’s buffer a number of connection and
service requests. If these requests accumulate and fill the MRN’s
buffer, they will cause others that are generated by internal UEs
to be further delayed or dropped; hence, causing QoS degrada-
tion and reducing the MRN’s capacity. This situation is further
aggravated whenever UE requests are bound to be served within
specific stringent deadlines. This is especially true since, upon
the expiry of a request’s deadline, the request must be immedi-
ately discarded; hence, lost. A further in-depth overview of the
literature (ommitted herein due to space limitation) reveals the
lack of studies that consider the above-mentioned limitations
and their impact on MRN-assisted LTE networks. Motivated
by the above, this paper aims at filling this gap and addressing
the above-mentioned shortcomings by providing further insights
into the delay performance of the system of MRNs and their abil-
ity to supply timely and reliable services, as imposed by today’s
demanding cellular network subscribers.

B. Novel Contributions

This paper has the objective of filling an important gap in the
literature and presenting further insights into the modelling and
delay performance analysis of MRN queues in the context of
MRN-assisted LTE-A networks. Truely, even though the study
presented in this paper is developped in the context of LTE net-
works, itis highly generic and, through appropriate fine tuning, it
could be made easily applicable to next generation carrier grade
networks. The contributions of the work presented in this paper
are as follows:

1) The development of a novel scheduling scheme dubbed
herein as Deadline-constrained Connection Request
Scheduling (DCRS) for the queues of MRNs operating
in the context of MRN-assisted LTE networks. DCRS is
proven to reduce the System’s Response Time (SRT), as
well as the probabilities of deadline mismatch and block-
ing.

2) The Earliest Deadline First (EDF) scheduling scheme,
first presented in 1955 [31], is known to minimize the
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deadline mismatch probability [32], although the mathe-
matical derivation of exact expressions for the EDF-based
queue general characteristics remains an open research
problem. In particular, this concerns the evaluation of
the deadline mismatch probability, which represents the
probability of successfully servicing a connection request
in a timely manner. In this regard this paper presents an
analytical framework with a stochastic model that cap-
tures the dynamics of an MRN queue and mathematically
evaluates important QoS metrics, such as: i) the proba-
bility of matched service completion (directly related to
throughput performance), ii) the fraction of successfully
serviced requests and, conjugately, the probability of
deadline mismatch, iii) the probability of blocking, and,
finally, iv) the average system’s response time.

3) The development of a simulation and numerical analy-
sis framework to i) verify the validity and accuracy of
the proposed model, ii) to evaluate the performance of
the proposed DCRS scheme in terms of QoS metrics, and
iii) to compare it to the performance of existing schemes
in order to gauge its merit.

C. Paper’s Organization

The remaining of this paper is organized as follows.
Section II presents a description of the considered LTE net-
working scenario, followed by an analytical framework of the
proposed DCRS scheme that is presented in Section III. A sim-
ulation and numerical analysis framework is then established in
Section IV before presenting the conclusions in Section V.

II. MRN-ASSISTED LTE NETWORKS
A. A Basic Description of the Big Picture

Consider the LTE cellular sub-networking scenario illustrated
in Fig. 1, which shows three users with mobile equipment U,
U, and U3 who desire to communicate with an eNB, which has a
coverage range that outlines the edge of the macro cell it creates.
All UEs happen to be near the edge or outside the macro cell’s
coverage area and, hence, suffer from bad coverage/disrupted
links. To this end, a subset of the vehicles roaming within this
macro cell may serve as MRNs with the objective of intermediat-
ing the communication between the badly-covered/disconnected
UEs and the eNB. Here, it is important to mention that some of
those MRNs may be located within the edge area, others may be
roaming within the middle area (i.e., close to the cell edge), while
other ones may be found within the macro cell’s center area. It
follows that the goodness-of-link varies between one MRN and
another. Consequently, and at a high level, MRNs may experi-
ence either one of three direct link states: a) an excellent link,
b) a good link, and c) a bad link. Hence, only those MRNs enjoy-
ing a good-to-excellent connectivity with the eNB may be ex-
ploited as intermediate relays between that eNB and edge UEs.
It is important to mention at this point that the eNB is aware of
all the UEs and the MRNSs roaming within its coverage area, but
only those UEs that enjoy good-to-excellent links with the eNB
(i.e., have Signal-to-Interference-plus-Noise-Ratio (SINR) that
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are above a certain threshold) may directly communicate with
it. The eNB could then distribute the remaining connectivity
resources (i.e., Resource Blocks (RBs)) uniformly among the
MRNSs. Consequently, each MRN will find itself having a cer-
tain number of RBs that it could in turn allocate to particular
in-range cell-edge UEs.

As seen in Fig. 1, some of the MRNs, particularly those lo-
cated towards the edge of the cell (e.g., MRN D in proximity of
Uy, or MRN A in proximity of U,) will likely be experiencing
bad direct connectivity with the eNB (not shown in the figure).
Under such circumstances, if the MRNs are only bound to direct
communication with the eNB, then such nodes would not be able
to offer relaying services. However, by making use of vehicle-
to-vehicle (V2V) communication, it is possible to establish a
multi-hop connectivity path between those edge MRNs and the
eNB through other intermediate MRNs (i.e., between MRNs A
and B, which happen to be cooperative). Here, for instance, U,
will be provisioned with connectivity to the eNB in a multi-hop
manner through both intermediate MRNs A and B, and the vehi-
cle in between them. Alternatively, if a multi-hop path between
the UE and the eNB cannot be established (e.g., under light ve-
hicular traffic conditions), the UE may opportunistically relay
its data to an MRN passing by (e.g., U3 relaying data to MRN C
at time ¢1). In turn, that MRN which may be navigating towards
the eNB (i.e., MRN C) will store, carry, and forward the UE’s
data to the eNB (or alternatively to any other MRN along the
way that enjoys a good connectivity to the eNB), as soon as it
detects that its link with the eNB (or with a connected MRN)
has transitioned into a good-to-excellent state (e.g., MRN C at
time ;). It is woth noting that approaches that benefit from the
vehicular networking infrastructure for message routing (e.g.,
[28], [29]) could be exploited in this context.

B. Zoom-In at a Mobile Relay Node

An MRN is equipped with an OnBoard Unit (OBU) that
allows it to communicate with other vehicles (i.e., potential
MRNSs) as well as with the cellular network (i.e., eNBs), and
hence, serve external users; particularly, those located at the
macro cell’s edge. Here, each cell-edge UE wishing to commu-
nicate with the eNB through the MRN will transmit to the latter a
Connection and Service Request (CSR). Depending on the types
of the users’ requested services, each CSR may require one or
multiple RBs for it to be admitted into service. Incoming CSRs
from the in-range UEs are collectively stored in a finite queue
which is implemented within the MRN’s OBU. Whenever this
queue becomes full, all further incoming CSRs will be rejected.
A queueing CSR keeps on advancing until it reaches the Head-
of-Line (HoL) position within the queue. If, upon reaching the
queue’s HoL position, enough resources are found to be readily
available for fulfilling the user’s demand specified in the CSR,
and given that the MRN is capable of forwarding this CSR to
the eNB either directly or through a multi-hop path, then the
CSR gets immediately served. Otherwise, the CSR is said to be
blocked, and hence, it is bound to waiting at the front position of
the queue until a suitable number of RBs and a path to the eNB
become available. Here, as mentioned earlier in Section II-A,
RBs are pre-allocated by the eNB to each MRN, possibly, in
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Fig. 2. Queueing system depiction of the proposed model.

a dynamic manner. That is, depending on the variability of the
individual MRN loads, the eNB may decide to allocate more
RBs to MRNSs experiencing higher CSR volumes. An in-depth
discussion of the eNB-to-MRN RB allocation procedure is cur-
rently outside the scope of this work. Nonetheless, under the RB
pre-allocation scheme, an MRN can be assumed to have a priori
knowledge of the finite set of available RBs that it can allocate to
cell-edge UEs. As such, the MRN becomes the key orchestrator
of the available RBs’ allocation to its queued CSRs as well as the
sole scheduler of the CSR services. Moreover, opposite to SRNs
being deployed at locations within an eNB’s coverage area al-
lowing them to be always connected to the eNB, the MRN being
a mobile node navigating near the edge of a macro cell may suf-
fer from a low quality direct link with the eNB. To work around
this problem, and as was mentioned earlier, the MRN may es-
tablish a multi-hop communication path with the eNB through
intermediate vehicles (depending on their availability, speed, di-
rection of movement, and cooperativeness). Consequently, the
mobility of the MRN and the availability of a path that connects
it to the eNB (similar to a problem that has been studied in [30])
have a direct impact on the MRN’s performance; particularly
on its ability of clearing out the CSRs that are occupying the
HoL position of its queue. At this level, in order to account for
possible resource unavailability and connectivity intermittence
(which are currently outside the scope of this present study) un-
derlying the inability of an MRN to clear out a CSR occupying
the HoL position of its queue, a parameter [ is introduced and
defined as the probability of blocking of a CSR occupying the
HoL position in the MRN’s queue. Accordingly, with a probabil-
ity of (1 — f3), such a CSR will be served and, hence, dispatched
from the MRN’s queue. Otherwise, with a probability of /3, the
CSR will be blocked and forced to extend its waiting time at the
front of the MRN’s queue. Finally, depending on the available
set of RBs, multiple CSRs may be simultaneously admitted into
service. In this paper, servicing a CSR consists of provision-
ing it with an adequate set of RBs required to fulfill that CSR’s
user demands. Upon the availability of sufficient RBs, the ser-
vice may take place within a constant amount of time, which,
without loss of generality, is normalized to one time unit. Con-
sequently, time is subdivided into discrete one-time-unit slots,
and have the CSR resource assignment take place at the start of
a time-slot. Fig. 2 illustrates a queueing system representation
of the above-described scheduling scheme.

C. Deadline-Constrained Connection Request Scheduling

Under the Deadline-constrained Connection and service Re-
quest Scheduling (DCRS) scheme proposed in this paper, each
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newly incoming CSR, say R is associated with a deadline, A,
representing a time interval during which ® may be queued. The
deadline A may be a soft deadline, meaning that R is held in
the queue following A’s expiry. Alternatively, A may be a firm
deadline meaning that ® is immediately discarded upon A’s
expiry. Contrary to the typical First-Come-First-Serve (FCFS)
scheduling policy, under DCRS, incoming CSRs are arranged in
increasing order of their respective deadlines. That is, CSRs hav-
ing the smaller deadlines are placed ahead of those having larger
deadlines. This implies that as the CSR’s deadline approaches
its expiry, the more service priority it gains. In Queueing The-
ory, such a service discipline is typically known as the Earliest
Deadline First (EDF) service discipline and has two rudimentary
variants, namely: i) EDF with Work-Conservation (EDF-WC)
and ii) EDF with Non-Work-Conservation (EDF-NWC). Under
EDF-WC, expired CSRs are held in the queue and, eventually,
will get served. In contrast, under EDF-NWC, expired CSRs are
discarded right away. Throughout this work, in order to guaran-
tee the provisioning of the minimum required resources for the
successful completion of a CSR’s service, the EDF-WC variant
is adopted.

III. MODELLING OF A DCRS-BASED MRN QUEUE

Under DCRS, the position of an arbitrary target CSR, say R,
is determined by its service priority relative to all other queued
CSRs in the MRN’s queue, including the new CSRs incoming
after . Thus, the priority of R, and hence its position in the
MRN’s queue, dynamically varies over time. This renders the
establishment of a Markov Chain that describes the evolution
of the MRN’s queue significantly challenging. Given the initial
position of J and its deadline, this proposed model whose origins
are rooted in [33] captures R’s evolution in the MRN’s queue
using a Markov chain with absorbing states.

A. Rationale

Without loss of generality (w.l.0.g.), assume that CSR R ar-
rives at the MRN’s queue (which follows an EDF-WC schedul-
ing policy) at time ¢ that is assumed to be the origin of time (i.e.,
t = 0). R’s initial deadline is A and its initial postion (upon ad-
mission) is p. Arriving CSRs having deadlines that are smaller
than A will be inserted in front of i in the MRN’s queue. A
decreases with time, and as a result, the number of CSRs ahead
of R decreases.

B. Nomenclature and Fundamental Assumptions

The presented stochastic queueing model aims to capture the
dynamics of an MRN’s queue and characterize its performance
in terms of QoS metrics (e.g., the CSR rejection probability
and the system’s response time). This subsection lays out this
model’s underlying assumptions as follows:

e Al: Time is slotted into equally-sized slots of length 7 = 1
time unit. Incoming CSRs at any time within a slot are
assumed to have arrived at the end of that slot.

e A2: Each CSR has a constant service time of one slot.
Thus, a CSR admitted into service at the start of a slot will
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complete its service at the end of that slot (i.e., by the start
of the successive slot).

® A3: Each arriving CSR is associated with an initial dead-
line value of A = §. Initial CSR deadlines are independent
and identically distributed (i.i.d.) integer random variables
drawn from a range [0; A« following a distribution
whose cumulative density function (c.d.f.) is denoted by
FA(-). Thus, FA(0) = 0and Fa(d) =1 for§ > Apux. A
CSR’s residual deadline decreases as a function of time.
W.l.o.g., at the start of a slot, a CSR is said to be valid if its
residual deadline is strictly positive. In order to character-
ize the CSR deadline mismatch probability, once A = 0,
it is maintained at O as an indicator of a CSR’s expiry.

® A4: Services are non-preemptive and are work conserving.
An expired CSR is also served.

e A5: The MRN’s queue is finite. It has a number of CSR
waiting positions denoted by P—1. These positions are
conventionally numbered 1 to P—1.

® A6: The initial position of an arriving CSR is known.
Queued CSRs either advance forward through the queue
until they get served, or, alternatively, move backward un-
til they get pushed out from the queue due to the arrival of
CSRs with higher priorities.

® A7: CSR arrivals are assumed to follow a Poisson process
with parameter A.. Relative to a CSR R, that is currently in
the queue with a residual deadline of ¢ at the beginning of a
slot, all arriving CSRs within this slot with an initial dead-
line strictly smaller than § will be inserted ahead of . As
the initial deadlines are i.i.d., CSRs with initial deadlines
smaller than § will thus arrive following a Poisson process
with parameter A; = Fa (6 — 1)A.. Since Fa (0) = 0, then
A1 = 0. As such, CSRs with a residual deadline of 1 are
guaranteed to maintain their positions. Define a random
variable (r.v.) As to be the number of CSRs having dead-
lines less than ¢ that arrive within one slot. The probability
of inserting a number of a CSRs ahead of R is given by:

_ A

a5 =Pr[As; =a] = ceh (1

al

e AS8:Define N to be ar.v. representing the number of CSRs
admitted into service at the beginning of a slot. IV, is ge-
ometrically distributed with parameter 3 and has a proba-
bility mass function (p.m.f.) given by:

Pr[Ns;=n]=p01-08)"

where J was defined in Section II-B as the probability of
CSR blocking due to the unavailability of RBs, while m
is the number of RBs granted to an MRN. Note that 3 is
directly proportional to the total load, and its computation
is currently beyond the scope of this paper.

,n<m (2)

C. Model Resolution

Let o, represent the state of a target CSR R at an arbitrary
time slot %, and so, oy, is described by a pair of random variables
pr. and d, such that oy, = (pg, % ), where:

¢ p; denotes the position occupied by J in the MRN’s queue

and varies in the range [0; P]. Equivalently, pj, represents
the number of CSRs ahead of  and, thus, have to be served
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Fig. 3.  Finite-state-space Markov chain of an MRN’s queue.

before K. Note that, if p;, = 0, then & is immediately ad-
mitted into service. In contrast, if pp = P, then & is im-
mediately discarded. Here, observe that, regardless of the
value of dj, once R reaches either one of the states (0, o)
or (P,dy), it remains there forever. These two states are
referred to as absorbing states.

e 0 € [0; Apax] denotes a CSR’s residual deadline. A value

of 6, = 0 indicates that the CSR has expired.

The {0} } x>0 states constitute a Markov chain, which is char-
acterized by a finite number of states (i.e., finite state space
denoted by ) as shown in Fig. 3. The evolution of this chain is
governed by the following two equations:

i1 = F(O,pr = N + A5, P) (3)
dk+1 = max(O, 5k — 1) (4)
where:
e The function F(n, ¢, ) is defined as follows:
n &<
Fn,0.8)=q¢ .n<od<¢
£ ,90=2¢

e A;, denotes the number of CSRs arriving during the kth
slot with an initial deadline smaller than d;. The p.m.f. of
As, is given by equation (1).

e N s(k) is the number of CSRs ahead of 3, which got served
during the kth slot. The p.m.f. of IV, ék) is given in equation
(2). Since at most m CSRs attempt to access the RBs at the
start of each slot, then N{* € [0; min(pg, m)].

One can observe that the random variables ¢; and p; are
discrete with respective ranges [0; An,] and [0; P]. Hence,
the Markov chain shown in Fig. 3 encompasses a total of
(Amax + 1)(P + 1) states, each of which, is described by a two-
tuple (pg, ) where py, € [0; P] and 0y, € [0; Apax]. Assign to
each one of these states a numerical integer index that varies in
the range & = [0; (Amax + 1)(P + 1) — 1]. Now, w.l.o.g., as-
sume that the state of R at the beginning of slot k is i, where
i € 3. The subsequent state of ¥, say state j (j € J), may be
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probabilistically identified based on: i) the current state i, ii) the
probability distribution of A;, , and iii) the probability distribu-
tion of Ns(k). Furthermore, let p;; = Pr[ojy1 = jlop = 1] de-
note the transition probabilities of the established Markov chain
in Fig. 3. Here, notice that the probability distributions of As,
and Nﬁk) are independent of the slot index k. It follows that
{pi;} are also independent of the slot & and hence, the chain
o = {0} }ren is an absorbing homogeneous Markov Chain. The
finite state space g of o encloses a subset of absorbing states =.
In turn, these states can be subdivided into two subsets, namely:

e U £ the subset of states where R will be served.

e II £ the subset of states where 3 will be discarded.

LetYT = p — (P UII) = p — Zdenote the subset of transient
(i.e., non-absorbing) states. The triplet (W, II, T') constitutes a
partition of p. Temporal homogeneity dictates that the states of
the chain o can be described by the two-tuple (p, §) where p €
[0; P] and ¢ € [0; Apmax]. The above description of the overall
state space p, the subset of transient states T, and the two subsets
of absorbing states W, and II translate into:

p= {(pﬁ)
T= {(1%5)
v ={(0,9)
1= {(P.5)[5 € 0: A}

E= {(pﬁ)

The subsets W and II are subsets of absorbing states that allow
for the characterization of useful QoS metrics, hence their im-
portance. These metrics’ computation methodology is presented
in the next subsection.

pe0;P]and § € [0 Amax]}
pell;P—1]andd € [O;Amax]}

5 € [0; Am]}

p=0,Pand s € [0; Amax]}

D. QoS Performance Metrics Evaluation

Three important QoS metrics are of interest in this paper. They
are listed as follows:

1) Probability of Absorption (PoA): being the probability of

R reaching either one of the two subsets of absorbing states
(refer to [34]).

2) Mean Time to Absorption (MTTA): being the average

number of steps made before R ends up in either one of
the absorbing states. Since only one step is made per slot,
then MTTA becomes equivalent to the average number of
slots that elapse until & gets absorbed by any one of the
states included in ¥ or II.
System’s Response Time (SRT): defined as the mean time
to service (i.e., average number of elapsed slots until ¥ is
absorbed by one of the states in ¥). SRT thus represents
the average period of time R spent at the MRN’s queue
before it got served.

All of the above computations involve the one-step transi-
tion probabilities p;; with (i, ) € S?. These probabilities in-
dicate that the transition of the chain o shifts by one step
(i.e., during one slot) from state i (i.e., (p;,d;)) to state j

3)
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(i.e., (p;,6;)) and can be determined as given in Equation
(5), shown at the bottom of this page. The rationale underly-
ing the values of p;;, as given in Equation (5), is as follows.
First, upon reaching an absorbing state, R resides there for-
ever. Consequently, for all states 7 and j such that (p;,d;) € E
and (p;,d;) € T respectively, p;; = 0. Second, w.Lo.g., as-
sume that %’s current state is ¢ where (p;,d;) € Y. Then, R
may transition to any state j where (p;,d;) € g, and p; and
0; are as given in Equations (3) and (4). Equation (3) in-
volves the two random variables A, and Ns(i) whose proba-
bility distributions are respectively described in equations (1)
and (2). Following the fact that N{" € [0; min(p;, m)], then
in this case, p;; = Z:l:)(zhm) Pr[N{) = n] - Pr[As, = p; —
(pi — n)]. The term p;; will be used throughout the construction
of the transition matrix M of the chain 0. Let C\, = Card(p)
denote the cardinality of the state-space ¢, and hence, M is a
(Cy x C,,) square matrix. Denote by:

e v £ Card(Y) the number of transient states.

e x £ Card(Z) = Card(¥) + Card(II) to be the number of

absorbing states.

The p;; elements in M are arranged in such a way that the
rows and columns of M are labelled to allow the placement
of the transient states before the absorbing states, [34], [35].
The first v rows of M are composed of the one-step transition
probabilities, p;;, related to the transient states (i.e., V(p;, §;) €
T and Y(p;,d;) € p). On the other hand, the last x rows of
M are composed of the one-step probabilities, p;;, related to
the absorbing states (i.e., V(p;,d;) € E and ¥(p;,0;) € p). As
such, the canonical form of M is given by:

_ 1w Q
w[¥ 9

where W is a (v x v) matrix of one-step transition probabili-
ties among transient states, Q is a (v X x) matrix of one-step
transition probabilities from the transient states to the absorb-
ing states, 0 is an (y X v) matrix of zeros, and I is an (y x x)
identity matrix. Note that the elements of the matrices W and
Q can be computed using Equation (5). Recall that ¢ is a an
absorbing chain, hence, according to [34] and [35], the matrix
I — W is invertible. To this end, let Mg = [I — W] ! be the
(v x v) fundamental matrix of the chain o. Mp is indispens-
able for the computation of PoA and SRT. A derivation of this
matrix’s structure is, therefore, done as follows. Conveniently,
assume that the states in U precede the sates in II. Hence, for
all purposes of simplicity, the following numeric scheme will be
adopted hereafter to describe each state i such that (p;, §;) € @:
o jcly = [1;U] ,V(pz,él) e .
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Recall that an arbitrary element, p;;, of the matrix W located
at row 7 and column j such that (4, j) € [1;v]?, is the one-step
transition probability from the transient state ¢ to the transient
state j. Let pgf) be an element of the (v x v) matrix W& that
denotes the x-step transition probability from transient state i to
transient state j. Note that, in an absorbing Markov chain, the
absorption probability will eventually equate to 1. As such, it
can be easily shown that:

lim W* =0

T—00

(I—Wl) (I+W1+W2+...+Wr) 1 wetl %)

Multiplying both sides of equation (7) by My leads to having:
I+W'+ W2+ + W*) = Mp (I-W"t) ()
At this point, taking the limit as z — oo results in:

Mp=I+W'+W?+...
=W W W g =Y WY 9)
=0

If the element of Mg at row 4 and column j is denoted by m;;,
then in light of Equation (9), m;; can be expressed as:

oo
mij =7
=0

1) Evaluation of the Probability of Absorption (PoA): In

computing PoA, the following events are defined:

e 1); occurs when R, having been admitted into the MRN’s
queue at an initial position ¢ (i.e., the chain o starts initially
at state 0y = 1), ends up being absorbed by one of the states
of the subset V.

e 7, occurs when ¥, having been admitted into the MRN’s
queue at an initial poisition %, eventually gets absorbed by
one of the states in the subset II.

It follows that the events v; and 7; can be expressed as:

(10)

vi={3220.3jen

00 =jlov=1i}

Wi:{ﬂxzo,ﬂjeln

00 =jlov=1i}

Denote by s; = Pr[t;] and 9; = Pr[r;] the respective proba-
bilities of occurrence of v; and ;. s; is derived first for i € I.
Resorting to the Chapman-Kolmogorov equation, the x-step
transition probability of transitioning from state ¢ € Iy to state
7 € Iy can be computed as:

« icly=[v+ 10+ Card(W)],¥(pi,6,) € V. P =" Y sy (11)
e jcIn=[v+Card(¥)+ 1;v+ x|, V(p:,6;) € IL Vzely
0, V(pi, 5,) € = and V(pj, 53) eY (5)
TS NG = 0 Pr{Ay, = py — (i — )], V(pi,6;) € T and ¥(p;, 6;) €

n=0
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By definition of v;:

si=Priy] = > > pf¥)

Vjiely x=1

,Vi € Iy (12)

Using equations (10) and (11), equation (12) is expanded as:

- YA

Vjielgy Vzely x=1

Z Z Mz * Pzj ,Vi e Iy

Vjely Vzely

Pzj

13)

Note that, if ¢ € Iy, then s; = 1. In contrast, if ¢ € I, then
s; = 0. Thus, combining all of the above together leads to:

0, 1€ I
Si = Prw}l] = Zng[q, ZV;:GIT Miz Pz 1€ I (14)
1 1€ Iy
Similarly, it is easy to show that:
1€ ly
9; = Prlm] = ELﬁMEL%I Mz - e € Ix (15)
i€ I

At this point, it is worthy of indication that multiple metrics may
be derived from the above computed PoA. Each of these metrics
is dependent on the initial position p and initial deadline d of .
These metrics are listed as follows:

e Probability of Matched Service Completion (PMSC),
Prsc, being the probability of @ getting served with a
residual deadline of § > 0. Equation (14) is used to com-
pute Py, for all values of j € {Iy — {v + 2}}, which
corresponds to states (0,d;) where §; € [1; Apax].

® Probability of Deadline Mismatch (DMP), Py, being the
probability of R getting served with a residual deadline of
6 = 0. Equation (14) is used to compute Py, with a value
of j = v + 1, which corresponds to the state (0,0).

® Probability of Premature Blocking (PBP), Py, being the
probability of R getting discarded from the MRN’s queue
before it expires (i.e., § > 0). Equation (15) is used to com-
pute P, with values of j € {I;; — {v + Card(¥) + 1}}
corresponding to states (P, d;) where d; € [1; Apax]-

® Probability of Justified Blockmg (PJB) Pjp, being the
probability that } is discarded from the MRN’s queue
upon/after its expiry (i.e., 6 = 0). It is computed using
equation (15) with a value of j = Card(¥) + 1, which cor-
responds to the state (P, 0).

Finally, since DCRS implements the EDF-WC scheduling
policy, a CSR may be admitted and allowed to complete its ser-
vice even if its deadline has expired. Also, a CSR may be pushed
out of the MRN’s queue even if its deadline has not expired yet
(i.e., due to the arrival of other higher priority CSRs). It fol-
lows that the overall service completion and overall blocking
probabilities are respectively given by:

Ps = Prnsc + Pdm
Py = Ppo + Pjp

(16)
a7
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2) Evaluation of the System’s Response Time (SRT): Let T
represent the SRT experienced by a CSR # which was admitted
into the MRN’s queue at an initial position ¢ (i.e., the chain o
started from the transient state ¢ € I). T equivalently denotes
the expected number of slots that R goes through starting from a
transient state ¢ until it gets absorbed by one of the states in W. Itis
derived as follows. Consider an indicator random variable NE J ),
which is equal to 1 when R starts from an initial state o¢ = 1,
and prior to absorption, it visits the transient state o = jattime
slot k. Otherwise, N( ) = 0. Hence, Z )

expected number of tlmes that ), starting from the initial state 7,
visits the transient state j prior to absorption by any state in W.
Let ¢ be the event where R gets absorbed by a state in W. Since
R’s initial state oy = i, the expected number of times J visits
the transient state j prior to absorption by a state in W is:

ZM Z]E[N(k}:Pr[ak:ijUo:i] (18)

Hence, TT’% is obtained by summing equation (18) over all
possible values of j € Iy. This is done as follows:

Tp=> E ZN(k)]

Jjelr

= > Prlox =j,sloo =1,

jely k=0

represents the

i€ Iy (19)

Bayes’ Theorem is then used to expand Equation (19) as:

Th=3 Prlox=jloo =i Prlslox = j,00 = i
jelv k=0

= Z ZPr [0k = jloo = i] - Pr[yy]

jelv k=0

=D s

jelv+ k=0

= E m;j - S

jely

i€ Iy (20)

Following the above derivations, it is worth highlighting the

two below remarks:

1) In Computer Networking (refer to [41]), the communi-
cation delay comprises four components, namely: i) the
transmission delay, ii) the queuing delay, iii) the propa-
gation delay, and vi) the processing delay. The propaga-
tion delay in a wireless medium, where transmitters and
receivers are within wireless transmission range of each
other, is relatively insignificant as it is equal to the sepa-
rating distance divided by the electromagnetic wave prop-
agation speed (close to the speed of light). The process-
ing delay at the MRN is also typically insignificant, as it
has to do with checking for bit errors, decoding and re-
constructing the packet, determining the next destination,
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and performing other protocol functions. The transmis-
sion delay at every transmitting node is the time to send
out and absorb all the packet bits. It is equal to the packet
size divided by the bit rate of the network interface card,
and further divided by the probability of coverage since it
accounts for the packet loss due to imperfect channel con-
ditions. Finally, the queuing delay is the time the packet
spends in the queue of the transmitter and is derived in
this paper. This delay (i.e., T%) is the least deterministic
of the four components, and the most challenging, hence
its derivation in this subsection.

2) This paper only focuses on computing and reporting the
queuing delay for a single hop (i.e., the relaying MRN).
One can easily extend this work to consider the overall
delay experienced in a multi-hop relaying scenario. For
instance, assume that the path from the UE towards the
eNB is composed of m hops. For simplicity, let T ;, de-
note the average queueing delay experienced by a CSR
R at MRN £ (k € [1;m]). Depending on the position of
admission of the CSR at each hop and w.l.0.g., the values
of Tr,j, for any k are all computed exactly as dictated by
Equation (20). Hence, the total average queueing delay
experienced over m hops is equal to the sum of the indi-
vidual average queueing delays experienced at each one
of the m hops; that is Z::l m Moreover, if the total
communication delay in a multi-hop scenario is of interest,
then, in a similar way, one may compute a per-hop esti-
mate of the other delay factors mentioned above and then
summing them up. For example, the per-hop transmission
delay depends on the channel condition experienced by
the MRN and, hence, the achievable bit rate at that hop.
This has been widely investigated in the literature (e.g.,
[22], [23]) and these studies can be easily adopted to com-
pute the individual transmission delays (i.e., packet size
divided by the achieved per-hop bit rate) independently of
the presented queueing model.

IV. MRN MOBILITY CONSIDERATION

As was described in Section III-B, each arriving CSR is asso-
ciated with an initial deadline value of A = §. Initial CSR dead-
lines are i.i.d. random variables drawn from a range [0; Apax]-
As will be explained below, the UE computes for each MRN it
detects in its wireless sensing range a time of connection (TOC).
This parameter represents the expected maximum time that the
UE expects to stay connected to the MRN, given the latter’s
mobility (i.e., speed, direction, and road it is on). Therefore the
queuing model presented in Section III may be connected to
the MRN mobility mechanism by setting A« to TOC. That is,
when UE; submits a CSR to MRNj;, the value of A, associ-
ated with UE; at MRN; will be set to the TOC estimated by UE;.
MRN; will then randomly select a value ¢ in the range [0; A ]
and accordingly adds UE;’s CSR in its queue.

The adopted mobility mechanism, based on which the UE
computes the TOC for each candidate MRN, is described with
the help of the illustrative example in Fig. 4(a). This figure shows
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Fig. 4. MRN mobility dynamics.

three MRNs (MRN,,,, MRN,, and MRNj) together with a con-
sidered UE. MRN}, is currently covering the UE in its trans-
mission range and it is assumed to be navigating at a speed v.
Depending on the path that this MRN chooses after reaching
the intersection (middle of the figure), the UE may or may not
stay connected to it. The boundary points (i.e., Points 2, 3, 4
and 5) are clearly shown in Fig. 4(a). Beyond these points, the
UE will get disconnected from MRNy,. Towards computing the
TOC, the UE defines a range of interest as a circle centered at its
position and having a radius TR that represents the transmission
range of the MRN (assuming that all MRNs have the same trans-
mission range). Referring to Fig. 4(a), TR is shown as directed
lines between the UE and MRN,, at Points 2, 3, 4, and 5. This
is better illustrated in Fig. 4(b), which shows the intersections
of the circle with all the road segments. Hence, the UE will not
be able to communicate with MRNs moving beyond those inter-
section points. In the remainder of this paper, these points shall
be referred to as exit points.
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Given its knowledge of the roads’ map and the transmission
range (TR) of the MRNSs, the cell edge UE draws a circle centered
at its current position and having a radius equal to TR, and then
uses it to determine the exit points on all roads intersecting with
the circle (i.e., Points A, B, C, D, E, and O), as shown in
Fig. 4(b). Consequently, for each MRN that is in the range of
the UE (i.e., inside the circle), the UE considers the road the
MRN is currently on, its position, and direction of movement;
and identifies the set of possible distinct paths from the MRN’s
location to the exit points. Basically, the possible paths that the
MRN can take starting at its current position can be modeled
as a directed acyclic graph (DAG) traversal problem. In this
DAG, the vertices are the MRN’s current position, the set of
road intersections inside the circle, and the set of exit points.
For example in Fig. 4(b), the vertices are the current position of
the MRN, intersections Iy, I and I3 as well as the exit points A
through F. It helps to point out that in the example of the figure
the number of possible paths that the MRN can take to all exit
points is 9.

The cell edge UE then computes the paths’ lengths in meters
{li,lp,...,lx} and their corresponding times {t, 5, ...,k }
where K is the number of possible paths. The times are ob-
tained by dividing the lengths by the average speed of the MRN,
where the latter could be computed based on average vehicle
speeds in the area, or based on reported speeds by the MRN
itself. Next, given that the MRN will likely take any road upon
reaching an intersection, the average (expected) time that the
MRN will take until it disconnects from the UE is therefore
%(tl + ¢y + - - - + tx ). This value is referred to as the expected
time of connection TOC of the UE with the considered MRN.
Hence, and as was explained earlier, upon submitting its Con-
nection Service Request (CSR) to the MRN, the UE sets the
Apnax parameter of the CSR to TOC.

V. NUMERICAL ANALYSIS AND SIMULATION

This section is dedicated for verifying the validity and accu-
racy of the proposed model in Section IV as well as for evalu-
ating the performance achieved by an MRN in the context of an
MRN-assisted LTE-A network such as the one shown in Fig. 1
in terms of the following QoS metrics: i) Ppsc, i) Pam, iii)
Py and i) T}'%. A custom-built PYTHON-based discrete-event
simulator was developed for the purpose of capturing and emu-
lating the dynamics of an MRN queue operating under DCRS.
The above-mentioned performance metrics were evaluated for
a total of 10° CSRs and averaged out over multiple runs of the
simulator in order to ensure the realization of at least a 95% con-
fidence interval. The simulator’s input parameters are summa-
rized in Table 1. Note that a generic time unit (t.u.) was assigned
to the minimum and maximum deadline values. As a point of
fact, the DCRS scheme together with its representative stochas-
tic queueing model proposed herein and this presently developed
simulator are highly flexible in the sense that they admit as in-
put any range of deadline values, depending on the type of the
user-requested services. For instance, a t.u. of seconds may be
more suitable to those real-time short-lived interactive service
requests (e.g., instant messaging and social media) rather than
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TABLE I
SIMULATION PARAMETERS AND VALUES

[[ Parameter [ Value | Unit ||
Number of RBs [6;100] —
Number of MRNs 66 —
Number of UEs/MRN 15 —
Maximum Deadline 60 t.u.
CSR Arrival Rate [0.01;0.1] | CSR/t.u.
CSR service time 180 t.u.
Pr[Resource shortage], 3 [0;0.9] —
Vehicle Speed [0; 100] Km/hr

the more tolerant large data transfers whose deadlines are in the
order of minutes. It is, therefore, worthwhile noting that the pre-
sented results hereafter are generic in the sense that points on
the reported SRT curves are assigned general t.u.s.

A. MRN Mobility Simulation

The Car Following Vehicle Mobility (CFVM) model pre-
sented in [39] is adopted herein owing to its popularity and
simple operations. In CFVM the behavior of each vehicle is
described in relation to the vehicle ahead, while still regarding
each single vehicle as an independent entity. The vehicle’s speed
is computed so as to maintain a safety distance from its leading
vehicle. Throughout this present simulation framework, single
lane roads (i.e., inner-city and urban roads where connectivity to
the eNB is mostly desired) are considered. Vehicles navigating
along such roads do not change lanes; hence, no lane changing
operations have to be handled. However, intersection crossings
may often occur. These are accounted for by the conducted sim-
ulations through the implementation of a simple mechanism that
follows a set of recommendations presented in [39]. Precisely, a
vehicle approaching an intersection decelerates at a constant rate
of 4m/s® until it reaches a complete stop at the intersection. This
procedure is subject to maintaining a safe distance with another
vehicle that may be navigating ahead of it. Next, the vehicle
selects one of the other roads emanating from the intersection
with equal probabilities, and then accelerates at the same rate as
the deceleration rate, also while maintaining the safety distance
with a possibly present leading vehicle.

B. Model Validation and Results Interpretation

Fig. 5(a)—(d) plot theoretical and simulation curves that cor-
respond to the adopted QoS performance metrics. These figures
constitute a tangible proof of the validity and high accuracy of
the proposed model. This is especially true since, after relax-
ing the model’s assumptions in the simulations (e.g., constant
service time), each of the theoretical curves almost perfectly
matches with its simulated counterpart. Here, it is worthwhile
to note that throughout the model verification, the theoretical
and simulated versions of the above-mentioned metrics were
evaluated in the absence of resource shortages (i.e 5 = 0). Un-
der such conditions, the only factor that imposes stress on the
MRN’s queue is the arrival rate of CSRs. Indeed, for a fixed CSR
service time, a larger CSR arrival rate will cause the number of
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Fig. 6. Performance evaluation of DCRS.

CSRs in the MRN’s queue to build up. As such, following Lit-
tle’s Theorem, the queueing delay (i.e., the SRT) will increase as
shown in Fig. 5(d). Under such conditions, CSRs experiencing
larger delays become more likely to suffer from deadline ex-
piries. This explains the increase in the probability of deadline
mismatch as shown in Fig. 5(a). Also, given that that the MRN’s
queue is finite, a larger CSR arrival rate will increase the likeli-
hood of overflow. Hence, once the MRN’s queue becomes full,
all subsequently arriving CSRs will be immediately dropped
(i.e., blocked) due to the unavailability of waiting places; thus
explaining the increase in the blocking probability shown in
Fig. 5(b). Obviously, the increase in the blocking and deadline
mismatch probabilities as a function of the CSR arrival rate leads
to an equivalent decrease in the probability of matched service
completion, as shown in Fig. 5(c).

C. DCRS Performance Evaluation

This subsection is dedicated for further evaluation of the
DCRS performance while varying other impactful resource
availability factors, such as the probability of resource short-
age (i.e., # in Section II-B) and the number of available RBs.
Note here that for a given number of available RBs, a CSR may
be denied service (i.e., forced to reside at the MRN’s queue
HoL position) due to unavailable resources, as these have been
assigned to other CSRs that were admitted into service earlier.
Moreover, a CSR may be further held by the MRN at the HoLL
position of its queue due to a poor signal quality experienced by
the MRN, particularly if that MRN is roaming at the edge of the
macro-cell with no possibility of multi-hop path formation with
other intermediate MRNSs. This can be interpretted as another
form of resource shortage, accounted for herein by the parameter
(. Fig. 6(a) plots the matched service completion, deadline mis-
match, and blocking probabilities as a function of the resource
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shortage probability. Throughout this round of simulations, the
number of available RBs and the CSR arrival rate were respec-
tively fixed at m = 6 (corresponding to a granted bandwidth of
1.4 MHz in LTE) and A. = 0.02 [CSR/s]. The chosen value for
A is representative of a stable MRN queue under normal condi-
tions (i.e., 8 = 0). Accordingly, the objective here is to show the
effect of 5 on the performance of the MRN queue and its ability
(as itincreases) to push this queue to the limits of instablility. As
Fig. 6(a) indicates, the larger the probability of resource short-
age is, the further CSRs will be forced to extend their waiting
time in the MRN’s queue, causing an accumulation of CSRs.
The effect of this is two-fold, namely: i) an increased likelihood
of CSR expiry (i.e., an increase of the deadline mismatch proba-
bility) and i) an increased likelihood of buffer overflow (i.e., an
increase in the probability of blocking). This in turn will cause
the probability of matched service completion to decrease and
the SRT to increase, as shown in Fig. 6(b).

Alternatively, depending on the operational channel band-
width (i.e., LTE channel bandwidth range in [1.44;20] MHz),
the number of available RBs varies as specified in Table I, which
is yet another type of resource availability constaint that adds on
top of the effects accounted for by the parameter 5. As shown
in Fig. 6(c), the probability of deadline mismatch and that of
blocking decrease as a function of the number of available RBs.
Indeed, as this latter increases, more CSRs will be concurrently
admitted into service. This, in turn, will lead to a decrease in the
number of queueing CSRs and hence an increased likelihood of
successful service completion, together with a decrease in the
SRT, as shown in Fig. 6(d).

D. DCRS Run-Time Complexity

1) Run-Time Complexity of Buffering Operations: All in-
coming CSRs are buffered in increasing order of their deadlines
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Fig. 7. Performance evaluation of DCRS.

in a priority queue implemented using a Heap data structure. The
Heapsort Algorithm has a time complexity of O[n log(n)] where
n is the number of CSRs in the priority queue, [40]. As newly
incoming CSRs are added to the heap, the latter must be restruc-
tured to preserve order. More precisely, consider at time ¢ (£ > 0)
a priority queue populated by n CSRs, respectively, Ry, R, ...,
R,,, where the subscripts denote the positions in the queue, with
position 1 indicating the Head-of-Line (HoL) position. Each
of these CSRs is associated with a deadline d; (1 < j < n).
Now, assume that at time ¢, a new CSR R, arrives with a dead-
line d; and must be inserted in a position ¢ (1 <i<n+1)
where all CSRs in positions ¢ 4 1 through n + 1 have respec-
tive deadlines that are larger than d;, and similarly, CSRs in
positions 1 through ¢ — 1 have smaller deadlines than d;. It is
known that such an insertion can be performed with a worst-case
O(log(n)) time complexity and a best time complexity of order
O(1) (i.e., if the incoming CSR has a larger deadline than that
of the last CSR in the queue). The same applies for the dele-
tion of a CSR. Finally, when dequeueing a CSR for service (i.e.,
transferring the packet to the eNB), it is always the case that
the CSR occupying the HoL position is dequeued. This is espe-
cially true since that CSR will have the highest priority (i.e., the
shortest deadline). The dequeueing is done with an O(1) time
complexity.

2) Computational Overhead Induced by MRN Mobility:
In light of the adopted MRN mobility model presented in
Section IV, the induced computational overhead due to the MRN
mobility lies in having the UE determine its TOC with the MRN.
As discussed earlier, this depends on the number of possible exit
points that the MRN can take as well as the number of intersec-
tions with the UE’s coverage circle. Quantitatively, assuming
there are k exit points and [ intersections with the UE’s cover-
age circle, these can be represented as vertices in a graph whose
edges are the road segments that connect them. According to
Graph Theory, the upper bound on the number of possible paths
from the MRN to all exit points is |k -+ |>. Then, the compu-
tations needed to determine the lengths of these paths and the
times the MRN will navigate along these paths (simple division
of the length by the speed) introduce an O(|k + [|?) time com-
plexity. It is worthwhile noting that this is not burdensome on
the UE since the number of intersecting roads is typically not
more than a few tens and so is the expected number of the roads
intersecting with the UE’s coverage circle.
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E. Further Discussions

In this subsection, the performance of DCRS is contrasted
to that of the Round-Robin (RR) scheduling adopted in [19] as
well as to the typically adopted First-Come-First-Serve (FCFS)
scheduling policy (e.g., [36]-[38]). While the FCFS implemen-
tation is quite straight forward, the RR scheduling has been im-
plemented as follows. Assuming there are N UEs within the
range of an MRN and desiring to upload CRSs to this latter.
The MRN will poll each user in a circular order allowing each
user to upload one CSR at a time. Incoming CSRs will queue in
order of their arrival in an FCFS queue, and each CSR will be
admitted to service for exactly one time slice (i.e., quantum). If
at the end of its allocated time quantum a CSR has not yet com-
pleted service, it will be preempted and re-queued at the tail of
the MRN’s queue; hence, allowing the next CSR in the ordered
sequence to enter service. This process will be repeated until
either the CSR successfully completes service or expires, and
thus gets dropped. Moreover, the queue being finite, incoming
CSRs to a full queue will be immediately discarded. In order to
be able to assess the merit of DCRS over its RR and FCFS coun-
terparts, the least number of m = 6 available RBs is considered
under the annihilated external effect of possible resource short-
age (i.e., 5 = 0). Such parameters are chosen with the objective
of giving RR and FCFS the best possible operational conditions.

Fig. 7(a) plots the achieved probability of deadline mismatch
under DCRS with its counterparts achieved under RR and FCFS,
versus the CSR arrival rate. While the performance trend of
DCRS is somehow expected (i.e., the deadline mismatch prob-
ability increases as a function of the CSR arrival rate), the spike
exhibited by this probability under FCFS and RR is surely non-
trivial. Fig. 7(a) illustrates that there exists a threshold CSR
arrival rate (under the considered simulation parameter values,
Ae = 0.03 CSR/t.u.) before which the deadline mismatch proba-
bility rapidly increases, and then under FCFS, it starts decaying
at a slower pace while, under RR, it becomes quasi constant
and almost equal to 1. The exhibited FCFS trend follows from
the fact that at relatively lower CSR arrival rates, arriving CSRs
are queueing and served in order of their arrivals. A finer ob-
servation of the MRN’s queue shows the frequent queueing of
a relatively large number of short-deadlined CSRs behind those
having larger deadlines. Consequently, the MRN queue under
FCFS will experience a large number of CSR expiries causing
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the deadline mismatch probability to overshoot. Now, what hap-
pens under RR, is that each CSR is allowed to receive service
for one time quantum and then will have to be preempted only
to re-join the tail of the queue. Under high CSR arrival rates,
the number of the incoming and queued CSRs is large. As such,
upon preemption, the re-queued CSR will find in front of it a
large number of CSRs and, hence, will have to wait a much
longer amount of time before it can regain access to the RBs in
order to continue its service. However, as time never stops, the
deadline of such a CSR will expire much sooner than it does un-
der FCFS and DCRS. Aggregately, this happens to almost all the
CSRs leading to an extravagant quasi 100% CSR expiry. This
phenomenon explains the almost negligible blocking probability
as shown in Fig. 7(b). Indeed, a close observation of the MRN’s
queue reveals that a large number of queueing CSRs are expiring
(hence, getting dropped) and being replaced with newly incom-
ing CSRs. Here, note that the expiry of CSRs may occur either
during the time these CSRs are buffered in the MRN’s queue
or during service. Hence, newly incoming CSRs will rarely find
a full queue. This explains the negligible blocking probability
under RR. However, under FCFS, beyond the above-mentioned
threshold point (i.e., . > 0.03), for a fixed CSR service rate, the
MRN queue will have built-up to almost capacity (as CSRs in
service are never preempted, and will hence be kept until service
completion). This will reduce the admissibility of newly incom-
ing CSRs into the queue (exhibited by a sudden increase in the
probability of blocking under FCFS, as shown in Fig. 7(b)). In
other words, the likelihood of finding new shorter-lived CSRs in
the MRN queue will decrease, causing the probability of dead-
line mismatch to start decreasing, although at a much slower
pace as shown in Fig. 7(a). On the overall, DCRS remarkably
outperforms FCFS and RR due to its ability to maintain a signif-
icantly lower probability of deadline mismatch. The ability of
DCRS to dynamically re-arrange the MRN queue allows more
short-lived CSRs to occupy the front position of the queue while
CSRs with larger deadlines are always found at the tail, causing
some of them to be prematurely discarded. This explains the
slightly higher probability of blocking under DCRS, especially
at larger offered loads, as shown in Fig. 7(b). At this level, it is
needless to dwell much on the fact that the almost zero blocking
probability achieved under RR does not mean that RR outper-
forms DCRS in terms of the blocking probability. As a matter
of fact, RR’s zeroed blocking probability is due to the earlier
explained quasi 100% CSR expiry.

Finally, The ability of DCRS to maintain an MRN queue size
that is significantly smaller than that under FCFS and RR en-
ables it to be relatively more advantageous by several orders of
magnitude in terms of SRT, as shown in Fig. 7(c).

VI. CONCLUSION

This paper proposes a Deadline-constrained Connection
Request Scheduling (DCRS) scheme for servicing connection
requests to a Mobile Relay Node (MRN), in the context of an
MRN-assisted LTE-A network. DCRS accounts for the request’s
service urgency, and prioritizes short-lived requests over long-
lived ones. A stochastic work-conservation-based queueing
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model is formulated to capture the dynamics of an MRN’s queue
operating under DCRS, and evaluate its QoS performance. An
extensive simulation and numerical analysis framework is es-
tablished for the purpose of validating the proposed model and
confirming its accuracy, as compared to other adopted policies
such as FCFS and RR. Results show that DCRS clearly outper-
forms FCFS and RR in terms of vital QoS performance metrics.
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