-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Chalmers Publication Library

CHALMERS

Cluster-Based Radio Resour ce Management for D2D-Supported Safety-Critical V2X
Communications

This document has been downloaded from Chalmers Publication Library (CPL). It is the author’s
version of a work that was accepted for publication in:
IEEE Transactions on Wireless Communications (ISSN: 1536-1276)

Citation for the published paper:

Wanlu, S.; Yuan, D. ; Strom, E. et a. (2016) "Cluster-Based Radio Resource Management
for D2D-Supported Safety-Critical V2X Communications'. |EEE Transactions on Wireless
Communications

Downloaded from: http://publications.lib.chalmers.se/publication/231485

Notice: Changes introduced as a result of publishing processes such as copy-editing and
formatting may not be reflected in this document. For a definitive version of this work, please refer
to the published source. Please note that access to the published version might require a
subscription.

Chalmers Publication Library (CPL) offers the possibility of retrieving research publications produced at Chalmers
University of Technology. It covers all types of publications: articles, dissertations, licentiate theses, masters theses,
conference papers, reports etc. Since 2006 it is the official tool for Chalmers official publication statistics. To ensure that
Chalmers research results are disseminated as widely as possible, an Open Access Policy has been adopted.

The CPL service is administrated and maintained by Chalmers Library.

(article starts on next page)


https://core.ac.uk/display/70615494?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://publications.lib.chalmers.se/publication/231485

Cluster-Based Radio Resource Management for D2D-Supported
Safety-Critical V2X Communications

Wanlu Sun, Di YuanSenior Member, IEEEErik G. Strom,Senior Member, |IEEE,
and Fredrik Brannstromylember, IEEE

Abstract—Deploying direct device-to-device (D2D) links is a
promising technology for vehicle-to-X (V2X) applications How-
ever, intra-cell interference, along with stringent requirements
on latency and reliability, are challenging issues. In thispaper,
we study the radio resource management problem for D2D-
based safety-critical V2X communications. We first transfom
the V2X requirements into the constraints that are computalle
using slowly varying channel state information only. Secodly,
we formulate an optimization problem, taking into account
the requirements of both vehicular users (V-UEs) and celldr
users (C-UEs), where resource sharing can take place not gnl
between a V-UE and a C-UE but also among different V-
UEs. The NP-hardness of the problem is rigorously proved.
Moreover, a heuristic algorithm, called Cluster-based Resurce
block sharing and pOWer allocatioN (CROWN), is proposed to
solve this problem. Finally, simulations results indicatgpromising
performance of the CROWN scheme.

|. INTRODUCTION
A. Motivation

project [2] considers a maximum end-to-end delay5ohs
and transmission reliability 099.999%.

Current state of the art solutions for V2X are ad-hoc
communications based on the IEEE 802.11p standard and
backend-based communications over the Long Term Evolution
(LTE) cellular standard. However, as analyzed in [3], [AEge
two solutions do not fullfill the stringent quality of sereic
(QoS) requirements of the most demanding V2X applications.

A related trend is the emergence of device-to-device (D2D)
communication, which has been identified as one of the
technology components for future cellular systems [2], [5]
In a D2D underlaying cellular infrastructure, two physigal
close user equipment (UE) devices can directly communicate
with each other by sharing the same resources used by regular
cellular UEs (C-UEs), with the benefits of proximity gain,
reuse gain, and hop gain [6]. In fact, the direct D2D link is
a promising enabler for safety-critical V2X communication
Firstly, the localized nature of V2X services is exactly the
motivating idea for D2D communication. Moreover, the low

Recently, vehicles became the third fastest growing typgency requirement of V2X applications matches well thp ho

of connected devices after smart phones and tablets [1].

4&@in of D2D transmission. Last but not least, the requirdmen

a result, communication in moving networks is attractingr V2X communication on high reliability is congruent with
great interests. In this context, V2X communication plays te proximity gain provided by D2D links. However, using

crucial role since it enables reliable and low-latency ey

D2D underlay for V2X communication leads to interference

such as traffic safety systems [2]. Here “V2X” is a ternfrom resource reuse. Also, guaranteeing the requireddgten

that collectively refers to vehicle-to-vehicle (V2V), ele-
to-infrastructure (V2I), and vehicle-to-device (V2D). this

and reliability for V2X services is challenging. Hence, icad
resource management (RRM) becomes a key design aspect to

work, we focus on safety-critical V2X applications, whichenable D2D-supported V2X communications.
usually have a strongly localized nature and finite transmit

buffers. Besides, V2X applications have to be real time a8l State of the Art

come with stringent requirement on reliability. Here we as- RrM strategies for conventional D2D systems have been
sume harq deadll_nes for the appllcat|on_s, i.e., the tratbestni extensively researched in [6]-[12], to name a few. Studied
message is considered useless when its latency exceedsidfifes include how C-UEs and D2D UESs share resource blocks
deadline and there is no additional benefit if the latency (PQBS) and how each UE allocates its transmit power among
less than the deadline. Note that this is in contrast with sQhe RBs. For more details on this line of research, readers ar

deadlines, i.e., the value of the message decreases s;moQ{¥erred to the surveys in [6]-[8] and the references therei
with the latency. For instance, the European Union METISowever, we note that there are three major limitations in
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most of the existing D2D work for our target application of
safety-critical V2X.

Firstly, the performance objective has typically been to
maximize the sum rate and prioritize cellular links [11]-
[13]. Thus the D2D underlay is considered opportunistic
as their interference to cellular links is controlled to ke a
acceptable levels. As a result, schemes for traditional D2D
systems do not work well for V2X applications that have small
message payloads and very strict requirements on laterity an
reliability.

Secondly, the majority of the literature assumes that tHg eN
is aware of the complete instantaneous channel state iaform



tion (CSI) of all the cellular and D2D links; this assumptisn ematical proof of the problem’s NP-hardness, which is
too optimistic for highly dynamic moving networks. A more absent in [17].

practical solution is to consider knowledge of partial CSl « Due to the NP-hardness, we propose a novel three-stage
consisting only of slowly varying parameters (path loss and heuristic RRM solution, referred to as tiuster-based
shadowing). This, however, gives rise to another challenge RB sharing and @Wer allocatioN (CROWN) algorithm,
how to transform the requirements of V2X communications, to solve the problem; the algorithm requires only slowly

which are subject to random fast fading effects, into c@irsts varying CSI at the eNB. Unlike the RBSPA scheme

that only require slowly varying CSl. Efforts along this elir presented in [17] which uses Perron-Frobenius theory,
tion can be found in [14], [15], which, however, have some CROWN is designed based on matching theory. Besides,
limitations that will be detailed in Section IlI-A. we provide simulations to evaluate the proposed CROWN

Thirdly, most previous studies consider the setup when algorithm and compare its performance with some exist-
an RB can be shared by at most one D2D link [4], [11], ing RRM methods, e.g., the RBSPA in [17]. The results
[12], i.e., orthogonal RB allocation among D2D UEs. In fact, illustrate promising performance of the CROWN scheme
as long as link quality can be assured, allowing multiple and its simplified version called CROWN-noPA, in which
and concurrent D2D transmissions on the same RB (i.e., the last power allocation stage is removed.
non-orthogonal access for D2D UESs) will not only improve
spectrum efficiency, but may also lead to less interference t 1. PRELIMINARIES
C-UEs due to spatial reuse. Recently, the authors of [7], [13\ Notation
[16] allowed multiple D2D links to share the same RB; the

. We use the following notation throughout the paper. Sets
igthFr)n:Jnni[Zz]a’ti%r?s], [16], however, does not apply D2D to szare denoted by calligraphic letters, e 4., with |X’| denoting

When it comes to using a D2D underlay for V2X communi'—ts cardinality. Lowercase and uppercase letters, e.gnd X,

cation, to the best of our knowledge, only a few studies AJ—{ rirl)lzfnsr?r\];[eiislrzr\s/\,/Az\:ve?rﬁitsjiecgggf?;;tlﬁ tteelgsrhrg;]g:iez:? dnf::te_
[17], [18] have been conducted. The suitability of the D2|5ercase boldface Ietterzs e.&, denote matrices v;/herK .p
technique to V2X applications was systematically discdss%enotes thefi, j)th eIemént' T”he superscrigt)” stands Z]%r
in [1], [2], [18]. The authors of [3] proposed a heuristict »J ’

. : he transposition, andl and 0 represent the all-ones column
location-dependent resource allocation scheme to prétect .

o . vector and the zero column vector, respectively. Unlessroth

communication of vehicular UEs (V-UEs). The performance;

of C-UEs, however, was not optimized. In [4], considerinlise specified, vector and matrix inequalities are intagate

Q0S requirements of both V-UEs and C-UEs, we proposg(llement-wse]EL] indicates the expectation. Key mathematical

an RB allocation and power control (SRBP) scheme for D2|51_otat|0n is summarized in Table I

based V2V communications, where RB allocation is restiicte
to be orthogonal among the V-UEs. Furthermore, allowirly: System Model
non-orthogonal access for V-UEs, we proposed a two-stageConsider a single cell environment wiftf’ C-UEs andK’
RB sharing and power allocation (RBSPA) algorithm in [17)V-UEs. The latter is counted in terms of transmitters. The
where Perron-Frobenius theory was utilized to design an RBrresponding sets are denoted by = {1,2,..., M’} and
sharing metric. K' £ {1,2,...,K'}, respectively. The D2D underlay is only
used by V-UEs that share the uplink radio resources. The up-
link bandwidth is divided inta®” RBs for each scheduling time
unit. The C-UE RB allocation is assumed to be orthogonal and
In this work, we study the RRM problem for D2D-supporte@dan be performed by any reasonable scheduling scheme. On
safety-critical V2X communication. The main contributionthe other hand, and unlike existing works [4], [12], a cer@i
are as follows. UE’s RBs may be shared with multiple V-UEs simultaneously.
« We propose an improved analytical method comparétence, the V-UEs RB allocation is, in general, nonorthogjona
to [17] to transform the strict latency and reliability re{17]. Moreover, one V-UE may reuse the RBs of multiple C-
quirements of V2X communication, which are subject tJEs. Clearly, intra-cell interference may arise in thisupet
random fast fading effects, into optimization constraints Fig. 1 illustrates the communication scenario when C-UE
that are computable with slowly varying CSI only. Thisn’, V-UE pairsk’ and!’ are using the same RB. In general, we
transformation allows for extending some existing D2@enote the average power gain for desired channels ayd
RRM algorithms, e.g., [11], [12], to cater also for V2Vfor interference channels by. Moreover, primed channels,
communications. i.e.,h’ org’, refers to channels from a C-UE. Primed indicies,
« Allowing non-orthogonal access for V-UEs, we formulate.g.,k’ andm/’, refers to real C-UEs and V-UEs and unprimed
an RRM problem of RB sharing and power allocation faindicies, e.g.k andm, indicate sub-UEs. The notion of sub-
a set of C-UEs and V-UEs as in [17]. This is stated as &/Es will be properly defined in Section IV. Hence, in Fig. 1,
optimization problem with the objective of maximizingh!,,, hr, and h; are the average channel power gains of
the C-UE sum rate with proportional bandwidth fairnesshe three desired transmissions, respectivgly,,, andg;,,,
under the constraint of satisfying the V-UEs requirementienote the two interference channel average power gains fro
on latency and reliability. Moreover, we provide a maththe C-UE to the receivers of V-UE and!’, respectively, and

C. Contributions



Table |
KEY MATHEMATICAL SYMBOLS

Symbol | Definition
C Number of V-UE clusters

Ef') Total number of RBs allocated for the transmission of V-KE

Ey Number of RBs for V-UEL’ per scheduling time unit

E, Number of RBs for C-UEm’ per scheduling time unit

F Number of RBs per scheduling time unit

Ji’ Average power gain of interference channel from V-WETx to the eNB
gr’ 1 Average power gain of interference channel from V-WETx to V-UE I” Rx
g;n,’k, Average power gain of interference channel from C-WEto V-UE £’ Rx

hp Average power gain of desired channel for V-UE plr

R’ Average power gain of desired channel from C-WE to the eNB

k(k) The mapping from sub-V-UE to the V-UE thatk belongs to
K Number of sub-V-UEs
K’ Number of V-UEs
K Set of sub-V-UES{1,2,..., K}
K’ Set of V-UEs{1,2,..., K"}
K | Set of sub-V-UEs in clustet
K’(©) | Set of V-UEs in clustex:
K@) | Set of sub-V-UEs in clusters, .. ., ¢, i.e., KT 2 D y...u Kkl
m(m) | The mapping from sub-C-Ukn to the C-UE thatn belongs to
M Number of sub-C-UEs
M’ Number of C-UEs
M Set of sub-C-UEq{1,2,..., M}
M Set of C-UEs{1,2,..., M’}
Pk Transmit power of sub-V-UE: on the RB used by sub-C-Um
Sm Transmit power of sub-C-Ukn
Ton ke Indicator of RB sharing between sub-C-Uk and sub-V-UEk

C. Time Scale and Channel Acquisition for RRM

One potential advantage of D2D communication is to of-
fload the eNB scheduler [6]. To achieve this offloading gain
in reality, the time scale of interactions between the eNB
and D2D UEs should be much longer than the traditional
LTE scheduling time interval 1(ms). Furthermore, due to
mobility, the channels related to V-UEs are typically highl
dynamic. In this case, short-term RRM at the eNB based on
instantaneous CSI requires a large overhead since the V-UEs
Figure 1. lllustration of V2X and cellular communicationstiwchannel N€ed to report their channel measurements every millisecon
average power gains. or so. For these two reasons, we argue that the eNB should

perform long-term RRM, i.e., RRM based on only slowly
varying CSl (i.e., path loss and shadowing). Even at veria hig
vehicular speeds, the slowly varying CSI can be considered
to be approximately constant for a few hundred milliseconds
gr and g are the interfering channel average power gaitlgom now on, we assume that the slowly varying CSl is known
of the two V-UE transmissions to the eNB. Moreovgy; ;;  at the eNB. This can be achieved if the V-UEs report averaged
andg; - represent the cross-talk, interference channel averdg8l measurements to the eNB every few hundred milliseconds.
power gains between the two V-UEs. We define, = 0 for  Since path loss and shadowing are not greatly influenced by
all ¥’ € K'. See also Table I. frequency in the considered bandwidth, the available CSI is
considered frequency-invariant. Nevertheless, in Sectit

To perform RRM, the eNB needs some degree of knowledgg will also consider fast fading in simulations to evaluiie
of the CSl for all involved links. The average power gaiif)s, validity of the proposed RRM scheme under random channel
grr, and gy can be measured at the eNB itself, but all othejonditions.
links have to be measured by the corresponding V-UE receiver
and then reported to the eNB. The channel power gains are
measured over a relative long time period such that the small [1l. REQUIREMENTS ONV-UES AND C-UEs
scale fading effects are averaged out when there is mability
We note, however, that for a network without mobility, the Naturally, the QoS requirements of V-UEs and C-UEs are
small scale fading does not vary in time, and the measurédifferent. In this section, we mathematically formulatee th
channel gains therefore coincide with the instantaneous CSequirements for both of them.




A. Requirements of V-UEs problem in (3). Let

i @)

For safety-critical V2X services, there are stringentiate _
and reliability requirements, though high data rate is s&le VT2 + Z#i SE,i’
significance. Hence, it is natural to consider the V-UE QoS — ) ' )
requirements as constraints in a mathematical optimizatiynere F’;, 5j;, ando” are non-negative constants, and con-
problem. sider

Assume thatz2! RBs are allocated to V-UE'. According 5 >4L, foralli=1,2,..., B, )
to [19], the outage probability, i.e., the probability thaj. ) o
error-free bits cannot be delivered by any coding scheme,lid5) is satisfied, then

(1>

equal to B P
£y Pry 2 plos, <1+ e S .|Gj.z-|2> <M =P
P2 PrdS " plogy (1+7) < Niw ¢, (1) = R ©
- i.e., the outage probability constraint (2) is satisfied.
wherey; = PJ|Hi|?/(0® + 37, ,; S},|Gj[?) is the instanta- Proof: We first present some properties of stochastic

neous Signal to Interference plus Noise Ratio (SINR) ofiRRB grdering that will be used later in the proof. Based on [22,
Pi andSj; are average received power from the desired agthapter 1], a real random variablé is less than a random
interfering users, respectivelyy; and G;; are independent yariable B in the “usual stochastic order” if PA > 2} <

random variables WittE[| ;] = 1 andE[|G;,:|*] = 1 that pyp > 21 forall = € (—oo, 00), which is denoted byl < B.
model the fast fading effects of the corresponding desirggyo properties of stochastic ordering are

channel and interference channel; artdis the noise power. 1) if u(-) is a non-decreasing function antl < B, then
The multiplication with p is due to the fact that an RB ,(4) < v(B);

containsp complex symbols. Then, the reliability requirement 2y it 4, < B, for eachi € {1,2,...,n}, then> " | 4; <
is interpreted from the perspective of outage probabilitg ay" B, -

can be expressed as [2] Now we will give the proof. By [15, Eq.(11)],
out Dr 2

P = Po @ Pr{ - Pi|H§|r e <:v} < Pr{|Hi|2 < _3} )
wherep, is the maximum tolerable outage probability. Note oF + 2y Sl v
that in our problem, the outage probability is measured for anyz > 0. Then, for each =1, .. .7E;';",' and Ny € Ry,
terms of the aggregated number of bits that can be transhmitte SN,
(i.e., the summation in (1) rather than in terms of the SINR.  pyJ 10, (1 4 B Hi| <Ny
For safety-critical V2X communications, the former is more 0% 43,2 55,:Gial?
reasonable since the requirements are us_ually ex_presﬂeaitas _ < Pr{plog2 (1 4 %|Hi|2) < Nk,} : (8)
a certain amount of data needs to be delivered within a certai
time period with a given probability [2], [20], [21]. due to the first property of stochastic ordering.

However, since only slowly varying CSl is available at the Finally, consider the following chain of inequalities:

eNB, it is necessary to devise constraints that (a) invohig o Jo .
slowly varying CSl and (b) imply that (2) is satisfied. Forsthi S plogs (14 Bl Hil < Ny
line of research, the authors of [14], [15] derived mappings p o2+ 30,2 55,:1G4l?
to relate the outage probability to an average SINR margin, .
when outage is based on the instantaneous SINR. However, By
how to derive the relationship between the outage protgbili <Pr Zplog2 (1 + %|Hi|2) < Nw ©)
in (1) and an average SINR margin remains an open issue. To i=1
address this problem, we will replace the requirement in (2) EY,
by a more strict requirement shown in Lemma 1. < Pr ZplogQ (1475 |H2) < Ni (10)
Lemmal. For all4,j, suppose thatH;|* and |G, ;|* are sta- =1
tistically independent unit mean random variables. Moegpv < po. (11)

suppose that the cumulative distribution function (CDF) of .
each|H,|? is concave orR,. Let Here, (9) follows from the second property of stochastieord

ing; (10) follows because; > 7, for all i = 1,2,..., E&,

B and (11) follows from (3). This concludes the proof. ®
T & : 2 Lemma 1 allows us to map the original outage constraint
Y = arg min Pr plog, (1 4+ ~|H < Npr 7 < Do, . ‘ : .
r YER 4 ; 2 1H:[%) ° (2) to the constraints ofy;, which are much easier to deal with

A3) sincey; does not depend on fast varying CSI. Compared to the
7, derived in [17, Eq.(4)], the, defined in (3) is a smaller
where v is the optimization variable of the minimizationvalue, which implies Lemma 1 yields a better requirement



transformation than that in [17]. By better transformation kK= K
Set of sub-V-UESC ________ . Set of V-UESK’

we mean that the identical outage constraint in (2) can be
guaranteed by a smallef,, i.e., a less strict constraint op.
Note thaty; depends on the optimization variables that will be
formally defined later on. From now on, with a slight abuse
of terminology, we refer to (5) as the SINR constraint.

For a givenp, Ny, po, and the probability density functions
(pdfs) of H;, we can treaty], and E2 as functions of each
other. In this paper, we assume a fix&§' and then derive
55, from E py, e.g., Monte Carlo (MC) simulations. It is
worth mentioning that, this derivation can be conductedefl
and the resulting values can be saved in a table for later use.
Besides, for a network without mobility, Lemma 1 still holds R
which can be shown by substituting/;| and |Gj,i| with 1 in  Figure 2/. An example of the mappirig(.) between sub-V-UEs anq V-UEs,
the proof. whereK’ = {1,2,3}, E1 = E2 = E3 =2, andK = {1, 2,3,4,5,6}.

Similar to [4], [17], we reduce the two-dimensional RB al-
location problem over both frequency and time into a seqaeng

2,...,K} with K = |K| and M £ {1,2,..., M} with
= |M| for the sub-V-UEs and sub-C-UEs, respectively. To
relate the original user sets and the extended user setslto ea
Ew=[E"/ L, 5 >4, Vi=1,2,...,E,, (12) other, we define mapping: K — K’ such thatk’ = k(k)

is the V-UE to which sub-V-UEk belongs. An example of

where Ly is the latency constraint in terms of the number %e mapping%(.) is illustrated in Fig. 2. Similarly, we define

scheduling time units anfl}, is the number of RBs aIIocatedmappingm. M — M’ such thatm’ = 7a(m) gives the C-UE
to V-UE £’ during each scheduling time unit. to which Sl.,lb-C-UEm belongs.

By taking the steps _outl|ngd thus far, we have transformedBased on the above definitions, the joint RRM problem is
the V2X requirement in (2) into the constraints @i, and formalized below
¥, with some margin, and the latter requires slowly varying '
CSl only. In the following, we will useFE;, and#], in the )
problem formulation. Recall that these are the results from M ) . Smhm(m)
transforming the original V2X service requirement (2). het o RAX Z ogy | 1+ B K p R
. ) . L. A m,kysm kyPm g +Zk:1 m7kgk(k)
simulations, we will explicitly evaluate the performancéhw
respect to (2), to show the effectiveness of this transftiona

of one-dimensional problems in the frequency domain. Tdwar, ’
this end, the requirements on latency and reliability bezom

m=1

(13a)
: subject to:
B. Requirements on C-UEs ) 01 P < pmax . k 13b
. . m, 6 3 ) m, — m 3
In contrast to V2X communications, the system usuaIIyI wed ]}w k Tmke VI (13b)
strives to provide C-UEs with high data rates subject to some max ,
' S < <
level of fairness. Therefore, the maximization of C-UEsimsu 0= P Z:l Z P < PP, R (13¢)
rate will be used as the optimization objective in our prable R k(k)=k
Moreover, we employ proportional bandwidth fairness for C- 0 < .S,,,, Z Sy < 8™/ (13d)
UEs [23]. As a result, the number of RBS,, allocated to m,rn(m)=m/
C-UE m/ during one sch/eduling time unit is predetermined
for all m’ € M’, andS>Y,_ E/., = F. Since the C-UE RB Z Tmr =1, Vk (13e)
allocation is orthogonal, this implies that all of tiheavailable m=1
RBs are allocated to the C-UEs. P kb ) T
K Z Tm kT (k)
!
IV. PROBLEM FORMULATION o? + Smgm(m)y,;(k) + o P90y, kk)
Our problem formulation jointly deals with RRM for V-UEs ' Vm,k (13f)

and C-UEs. The performance objective is to maximize the C-

UEs’ sum rate with the aforementioned fairness, subject wherek € IC, m € M, k' € K', m’ € M’. In the formulation,

the V-UEs’ requirements on latency and reliability, i.ehet z,,; is a binary variable that equals if sub-V-UE k is

conditions defined by (12). sharing the same RB with sub-C-Uk, and 0 otherwise,
For notational convenience, we introduce the concepts §f, is the transmit power of sub-C-Uk, and P, ;, is the

sub-users and extended user sets. Specifically, we split tkansmit power of sub-V-UE: on the RB shared by sub-C-

UE K’ into Ej sub-V-UEs for allk’ € K’, and split C-UE UE m. If this sharing does not take place, i.e., = 0,

m’ into E/ , sub-C-UEs for allm’ € M’, where each sub- then P,, , must be 0 as well; this is implied by constraint

user corresponds to the allocation of one RB to the UE ({@a3b). Constraints (13c) and (13d) restrict the total tnaihs

question. Moreover, we define two extended user &&t& power for each V-UE and C-UE, respectively. Equation (13e)



ensures that each sub-V-UE is paired with exact one sub+{@3a) is no lower than some given value, which we set to
UE. Finally, constraint (13f) enforces the SINR requiretnerd log,(1+a) for the instance defined above. We derive several
for each sub-V-UE, where the left-hand side is interpreted aonclusions for feasibility and solution characterizatio
A, It should be noted that multiple sub-V-UEs are allowed First, sum rateL log,(1 + @) can be reached if and only
to share the same RB, in contrast to the setup in [4], whigheach C-UE has one RB (i.e, no C-UE will be left without
restricts V-UEs to use orthogonal RBs. being allocated any RB), and uses the maximum poSif*
The input to the problem (13) consists of the number @n the RB, becaus#/ = F = L, and the rate of a C-UE on
C-UEs M’, the number of V-UEsK”’, the number of RBs any RB rate equal®g,(1 + S,,/(1/a)) = log,(1 + a) if and
allocated to each C-UE ,, the number of RBs allocated toonly if S,, = S™* = 1. The observation is independent of
each V-UEE}, the noise powes?, the max power contraint resource allocation of the V-UEs because they do not gemerat
for V-UEs P and C-UEsS™#*, the slow CSlh, ., gr, any interference to the C-UEs. Thus, without loss of geitgral
hiry Grr s girr, @nd the SINR constraint],. The output, we can assume C-UEis allocated RBi, i = 1,..., L.
represented by the optimization variables, is given by theconsider the case of allowing the two V-UEs to share some
sharing indicatotr, , transmit power for V-UEsP, » and  RBs. Suppose two sub-V-UEs, one of each V-UE, are sharing
that for C-UEsS,, for k € K andm € M. RB i with power P’ and P, respectively. Agj; o = g2 = 1,
Even though (13) is an integer programming formulatiorq;L3f) readsP’ > a; +aP” andP” > a; +aP’. Asa > 1 and
it does not prove problem complexity, since many tractablg > 1, it is easy to conclude that these two inequalities cannot
problems can be stated using integer programming modeigsid simultaneously. Therefore, RB allocation for the two V
See [24, Chapter 1] for general background on complexityes is feasible only if no RB sharing occurs between them.
theory. In the following, we formally provide and prove theas a result, the two V-UEs are not coupled by interference.

main complexity result of the paper. In this case, all thé. RBs are used by thé sub-V-UEs, with
Theorem1. The RB sharing and power allocation probleng¢xactly one sub-V-UE on each RB. Consider any sub-V-UE,
formalized in (13) is NP-hard. and suppose this sub-V-UE is allocated RBnd hence shares

Proof: We provide a polynomial-time reduction from thethe RB with C'U.Ei' Note that3; = 1 by the observatior!
partitioning problem that is NP-complete [24, Chapter Z_Sb;)(\a/te.toBAy_(Bf), T c‘)[rdir iﬂeme:\:,é?ebsms StBLef/hSEr;vl?slfh
Given a set of positive integefsi;, . .., az}, the partitioning be af Iegsé(?fﬁl_la)l e FF){ecaII tr):at thel. sub-V-UEs
problem is to determine if the set can be partitioned into, twQ _ a g ) = dir .
such that the elements of the two subsets have equal s0r|g|nate from two V-UEs, and each of the two has power limit

Without loss of generality, we assu@le a, — 2T for some .- Thus the total power used by the sub-V-UEs together

. L o :
integer? > 0. That is, the grand sum of all elements is everpannot b.e hlgher_thaﬁT. E_»gcausezi:l a; = 2T, if there

ST . . is a feasible solution of pairing the RBs with the L sub-V-
as otherwise it is trivial to conclude infeasibility.

F . fitioning inst gef RB sh .UEs with one RB per sub-V-UE, the power of the sub-V-UE
or any given partitioning instance, we define an sharl RB i equalsa;, and, for each V-UE, the total power of

?nd power ;’;\Ilocanﬁnﬂc;lstzincg, aEr)d sﬁhovlv tge',r poI)//\r/ll(l)ml S sub-V-UEs equals the limif, i.e., the solution leads to a
ime equivalence. L€ = Lo By = L V€ ' ges-answer to the partitioning instance.

and F' = L. That is, the number of C-UEs as well as th T lude. if there is a feasibl uti fthe RB shari
number of available RBs both equal the number of integers jn ' © CONcUAE, ITINETE IS a 1easible solution oTthe KB sharing

the partitioning instance, and each C-UE has to be allocat%'aid power allocation instance achieving total valuleg, (1+

one RB. As a result, the sets of C-UEs and sub-C-Ué@’ then th? power gllocation of th? two .V_UES, respective
coincide, i.e. M — M'. There are two V-UES, i.e’ — 2. sub-V-UEs is a solution to t.he partitioning instance, sdpitt
with By + E» — L. This leads toL sub-V-UEs. Thus the two subsets have cardinalitiés and L — Ey, and vice
K={1,...,E,FE; +1,...,L}. More specifics ofF; (and versa. Hence, Iettm_g_ param(_eté‘q take valuesl_, o b1, .
thereby Es) will be given later. solving the recognition version of the_ resulting RB_s_harlng
We setS™ — 1 and P™* — T as the max power limits of and power aIIocaUgn instance is equivalent to prowdmg th
a C-UE and V-UE, respectively. The noise pow&r— 1, and answer to the partitioning instance. As the transformaison

the SINR thresholdsT — 47 — a, wherea — max: . {a;}. clearly polynomial, it follows that the recognition versi®f

The channel gain parameters are set as follows. For commutrq|e- RB sharing and power allocation problem is NP-complete,

cations of own interesty. — 1.vm € M for the M C-UEs and consequently its optimization version is NP-hard. =
andhy = hy = 1 for théntwo 7\/—UEs. We se; = go = 0 A rather common approach for RRM has been problem

with the effect that the V-UEs do not cause interference ¢o tf€composition, in which power and RB allocation are con-

transmission of any C-UE, Between the two V-UEs, the crosidered separately. Indeed, if the power values are givén, R
talk links haveg; » = g».1 = 1. Finally, in the direction from assignment becomes tractable [4] if orthogonality among V-
C-UE m to the two V-UEs g1 =g ="l yme M. UEs is assumed. For our problem with possible RB sharing

N rfynong the V-UEs, however, NP-hardness remains, even if the
power levels are given a priori. This is formalized and prove
iti'an the following theorem.

By the definition ofa, these two values are between zero a
one, and hence they qualify as channel power gains.

For the RB sharing and power allocation problem,
recognition version is to determine whether or not therstexi Theorenm2. The RB sharing problem in (13) remains NP-hard
a feasible solution such that the objective function valueven if the power levels of all UEs are given.



Proof: As in the previous proof, we use the partitionAlgorithm 1 V-UE Clustering Scheme

ing problem for polynomial-time reduction. The partitingi 1.
instance is given by a set of positive integdis,,...,ar}

with Zle a; = 2T for some integefl’. Also, without loss of 2
generality, it is assumed that < 7,7 = 1,...,L, because 3:
otherwise the partitioning instance is trivially infedsib

We construct an instance of the RB sharing problem with:
given power levels as follows. There aké = L V-UEs, with
Ey =1,k =1,...,L,andF = 2. That is, two RBs are to 5:
be allocated td. V-UEs, each requiring one RB and thus the
sets of V-UEs and sub-V-UEs coincide. For convenience, iré:
the sequel we will stick to the sub-V-UE skt= {1,...,L}.
There is no interference between C-UEs and V-UEs in either:
direction, and therefore we do not define C-UEs explicitly as
they have no significance to the proof. The power of subs:
V-UE k is P, = a,k € K. (Since there is no C-UE for
the proof, one subscript is sufficient for the power values.)p:
Moreover,g,; = 7.,Vk € K,l € K,k #1, 0% = £, andh, = 10
%,Vk € K. Asa, <T,0 < h; <1 by construction, 11:
Vk € K. The SINR threshold}, = 1, V&’ € K'.

L, CY K

Initialization: K'(¢) = @, for all ¢ € {1,2,..
’C/
forc=1:Cdo
{k*1*} = argmax, g {gr .} Il worst interfer-
ence link among non-clustered V-UEs
K@ = K@U {k™*1*}, K= K\ {k*,1"*} Il add
V-UEsk'* and!'* to clusterc
while |K'(¢)| < K’/C do
reached the given cardinality
calculategy = > . oo (9rr 1 + g i), for all
ek
I"* = argmax, g {gr} /I find “worst’ non-
clustered V-UE wrt V-UEs in cluster
K@) = K@ u{i™*}, K= K\ {I"*} I/ add V-UE
I'* to clusterc
end while
end for
Output: £ = {k € K|k(k) € K'©}, for all ¢
{1,2,...,C}

/I repeat until clusterc

For the defined RB sharing instance, a solution is clearly a
partition of theL sub-V-UEs into two subsets. The sub-V-UEs
of each subset share a common RB. DenotéCpyne of the A. V-UE Clustering
subsets, and consider an arbitrary sub-VAJE K. Using the  |n constrast to [4], Theorem 2 precludes us from using
power and channeITgain values, it is easy to conclude tha_t f@ximum weight matching (MWM) for bipartite graghto
SINR ofkreadsHZ;Z’IT{lk}al. Hence, the SINR threshold iszchjeve optimal RB sharing for problem (13), even if we
metifand only ify_, . \ 4y a0 <T—ak,i.€.,> ., a; <T. separate RB and power allocation. The difficulty is caused by
Note that the condition applies to all sub-V-UEsAh. That the potential non-orthogonality among V-UEs, which viekt
is, the sub-V-UEs in subseéf; can share a common RB ifa prerequisite of MWM. To tackle this challenge, we could
and only if the sum of their power values does not excEed consider the V-UEs sequentially (i.e., conduct RB sharing f
Because the sum of all power values equaldT’, feasibility each V-UE one by one), since the sub-V-UEs belonging to the
holds for the RB instance if and only if the power sum ofame V-UE cannot use the same RB. However, to utilize the
the sub-V-UEs on each RB equals exacily Hence the RB optimality of MWM for bipartite graphs, we first group the
sharing instance is equivalent to the partitioning instaremd K’ V-UEs into C clusters, where each cluster contaiis/C'
the theorem follows. B V-UES’. The V-UEs in the same cluster are restricted to use

Due to the NP-hardness of problem (13), we cannot exp&hogonal RBs, whereas the V-UEs of different clusters are
the existence of an algorithm that is both time-efficient ar@lowed to share RBs. _
guarantees global optimality, unless=P NP. Therefore, we From a performance standpoint, the V-UEs that do not share

resort to heuristic algorithms for solving the RB sharinglanRBS in an optimum RB allocation should be grouped into
power allocation problem in (13). one cluster. Intuitively, the more interference the V-UEaym
cause to each other, the less likely it is that the V-UEs will
share the same RB in an optimum allocation. By this pringiple
the clustering can be transformed into graph partitioning,
where the V-UEs and the interference channels are integbret
as the vertices and the weighted edges, respectively. Since
the graph partitioning problem is NP-hard [26], we propose
In this section, we propose the three-stage CROWN schefeheuristic clustering method in Algorithm® 1where the
to solve problem (13). To this end, we will first in Section V-A 5 h theory.l) bipart o i del th o
2 . 2 f n grap eory, Ipartite grapns are used (0 mode e scenarios In
present the V-UE CIUStermg method, where V U_ES In the Sara/ﬁich the vertices are divided into two groups, where edgealy possible
cluster do not share a common RB. Secondly, in Section V-Batween vertices of different group) a matching is a set of edges without
we will derive the RB sharing algorithm which treats thgommon vertices. Moreover, an MWM is defined as a matchingrevtiee
clusters sequentially. Thirdly, in Section V-C, based os t (;erm%fr;hge‘g:f:s of the edges in the matching has a maximae vaée [25]
RB sharing results, the transmit power for each V-UE andzro compact presentation, we here assume the number of VAJEss
C-UE is further optimally adjusted taking the sum powaetivisible by the number of clustexs and K’ /C > 2. The clustering method
constraints into account Finally how to handle the siamt €&" easily be extended to handle the case when this assanptimt valid.
" ' .. . L. SMore advanced graph partitioning algorithms can also bézedi at the
when the resource allocation problem is infeasible is dised

) . price of increased complexity. However, since clustersgat the main focus
in Section V-D. of this work, detailed discussions are not presented here.

V. THE PROPOSEDCROWN ALGORITHM



notation is explained in Table I. The essential idea is, sBubjectto further adjustment in the next stage. Recallihat
each step, to include the V-UE that incurs the strongest sdar all m € M, k € K=Y are given. Moreover, note that
mutual interference to all the existing V-UEs in the clustehe max power constraint (14c) and the SINR constraint (14g)
under consideration. Upon termination, the algorithm atgp are imposed on all the sub-V-UEs belonging to clustend

C clusters of sub-V-UEs, where each cluster correspondsanoy clusterc’ < c.

K'/C V-UEs. To apply MWM for bipartite graphs to problem (14), we
introduceM — |K(©)| dummy sub-V-UEs with the associated
B. RB Sharing setICc) As a result, the model in problem (14) can be

consrdered as a balanced bipartite graph, which means the se

Based on the clustering solution from Section V-A, &f sub-C-UESM and the set of sub- VUEé(C) 5 ple UIC(C)

consider RB sharing for clustets. .., C sequentially. Wrthrn

each cluster, the RB sharing strategy will take into accou e[prejs\elnt Itchf ZNO dtlsjotlgt vertte>f< sgzts OT etcrq]ual carrd |r,1\lad|1tyj I
the C-UEs’ sum rate and the SINR constraints on the sub-¥- x enotes [he set ot edges In the graph. Naturally,

UEs belonging to both the current and previous clustersen tft r all the dummy sub-V-UEs, we set the desired channel
sequence. power gains a$), the interference channel power gains from

and to other UEs a8, and the SINR constraint value és
A lusterd -1 1) h b llocated . - . . Y o
RBSSS:J(TZC l:srsrknowncform(cei\/l)an?jvlf Ee,inlf ?)CaAe Besides, an auxiliary set is defrnedlﬁ,%;k) £ IC%' b U{k}
KO U UKD, then the task is to perform optimal RBfor all m € M andk € IC , which contains the sub-V-UEs
sharing for clusteb i.e., decider,, ; for all m € M, k e that share RB with sub- C UEz if the vertexesm andk are
K© We denote byC(l :e=1) the indices of the sub-V-UEs in connected. Furthermore to maximize the C-UES’ sum rate, we

K(:¢=1) such that the RB sharing takes places with sub-C- Ugefine the edge werghIf ', as the maximal achievable rate
m. ie. ke & {klk € Ke=D) g,y = 1), of sub-C-UEm when it is sharing its RB with the sub-V-UE

Due to the sum power constraints (13c) and (13d), the RB . ) _
sharing and power allocation problem for the sub-V-UEs in FOr deriving the edge weigitt,,, , we define some relevant
one cluster is still NP-hard [4]. For this reason, we will st guantities for a set of sub-V- UEs belng assumed to share the
stage temporarily replace the sum power constraint on e&ch 82me RB with sub-C-Ukn. Take the sekC!,’y) as an example,
with the max power constraint on each sub-UE. Specificallyg., assume the sub-V- UEsmm are sharlng the same RB
for V-UE k', the max power on each of its used RBs is set tith sub-C-UEm. We usek; to denote the sub V-UE index
Ppax & pmax /[y, | jkewise, for C-UEm/, the max power that corresponds to thigh element in the self ) . Moreover,
on each of its used RBs is set &% £ S™*/E! .. The e define matrix2(™ ¢ RIKui XIKL1 and vectorsg(m
resulting problem, which is referred to as the RB sharlnlg m) 9(m) andp(m)max with d|menS|on|IC |, where
problem for the sub-V-UEs in clustet is formulated as ok

(m) a ’Yk(k yJhe(kej) /gk ki) if i
Qi_’j = _ (15)
0 otherwise

i < s .~
max logy | 1+ — i )
— o° + Zkﬂke/c(l:c) Pm,k!];;(k) gz(m) = Gi(k) (16)

14a (m) o AT
subject to: e S m) k) Tk o
J - Gz(m) - G ’Yk(k ) (18)
Tmx €{0,1} Vme M, ke KO (14b) (myma &
0< Prp < P,y Yme M, ke KO (14c) Pi Pty (19)
0<8,, < Srpax Vm € M (14d) Note that for different sets of sub-V-UEs, the definitions of
™ ki, QUM g0m) () g(m) | and p(m)max have the same
Z emp =1, VkeK® (14e) interpretations, but vary in dimensions and values.
Lemma2. For all sub- C UEm € M and sub-V-UEk €
Z Tmi € 10,1}, VmeM (14f) ICE\C , the edge werghﬁ/m & Which is defined as the maximal
achievable rate of sub-C-Uiz when sharing its RB with sub-
V-UE k&, is given as

k,kekc(e)
Pkl 1)

> Tk Vi s
0'2 + Sm IA ~ + Pm i 7. Tk (k) Sgd;; hm m .
rin(om) (k) 2 LIk() R (k) log, |14 —mtm)_m(m) if ke kY (20a)

Llek(:e) 14k 0.2
VYme M, ke kKt (149)

P .
where constraints (14b)—(14g) have similar interpretetias (¢ )k log, (1 F— n aTg(m)S*(‘ J)rﬁTg(m)> if ke K,
for constraints (13b)—(13f). Here the optimization valésb m
are S,,, P, for all m € M, k € K9, andx,, ; for all (20D)
me M, ke K. However, the key output consists ©f, . (I — )=l >0, andg < p(m)max
for all m € M, k € K(©), whereas the power variables are oo otherwise, (20c)

’




wherea 2 (I — QU)~1y(m) g2 (1 —Qm)~1g(m),

S = min{ {0 } . @

andQ (™, g(m) (M) 9(m) andp(™)max gre given by (15)—
(19), respectively.

From the first derivative of (24) with respect 1,, it can be
easily verified that (24) is nondecreasingdp, > 0. Hence,

by also taking into account constraints in (22b) and (22®), t
maximum of problem (22) can be reached at the power value
S in (21). Finally, substitutingS;, into (24), we obtain the
optimum of problem (22) as given by (20b). This concludes
the proof. |

(1:¢)
(m),max Ko

3

St — Bi)/as |

=1

Proof: For each dummy sub-V-UE < IC,()C), the edge
weight ¥(®

m,k?

With the vertex sets\t andIC,(f), as well as the established

i.e., the maximal achievable rate of sub-C-URyeightsw'®, from Lemma 2, problem (14) is in fact a MWM

m, is equal to (20a), since there is no SINR constraint qtoblem for bipartite graphs and can be reformulated as

sub-V-UE L and there is no interference from sub-V-UEgo
sub-C-UEm.

On the other hand, for each non-dummy sub-V-WE
K@, w') is the optimum of the maximization problem (22).

b

Sgﬁ(}fﬂ) log, <1 + W) (22a)
subject to:
0 < p™ < plmimex, (22b)
0< Sm < SE™, (22c)
(I — QM)pm) > pmg 4 gim) (22d)
wherep(™ stacks the power valueB,, ;. with pg”“ 2 Pk

for all i e KU,

constraints on sub-V-UEs. is
Consider the constraint in (22d). As shown by [27], a
necessary and sufficient condition for (22d) to have a pa@siti
solutionp(™ for every positive vectop("™ S,, + 6™ is that
(I-Q0™)~1 s nonnegative fof2(™) > 0. In addition, due to
the max power constraint (22b), problem (22) is feasiblend a
only if (I —Q()~1 >0 andg < p(™):max [28]. Therefore,
(I — Q)= combined with3 can be used as a metric to
determine the feasibility of RB sharing between sub-C+WE
and sub-V-UEk. More specifically, if(I — Q(™)~! > 0 and

and (22d) is a matrix form of the SINRbounded byO

max Z xmklllfgk (25a)
" meM kek(®
subject to:
Zmk €{0,1}, VYme M, ke K (25b)
S war=1 keky (25c¢)
m,meM
> tmr=1, YmeM (25d)
kkek(

We can use the Hungarian algorithm [25] to efficiently solve
the problem (25), and thereby obtain the optimal RB sharing
indicator solutionz;

k- 1he number of operations is upper-
(F3) [25] (recall that the total number of RBs

F = |M|). Moreover, if the maximum of problem (25) is

oo, we consider both problem (14) and the original problem
(13) infeasible.

Until now, we have optimally solved problem (14) and

obtained the RB sharing results;, , for the sub-V-UEs
belonging to cluster. The algorithmic steps for all the'
clusters are presented in Algorithm 2, where lines 3-8 dlescr
the RB assignment procedure for cluster

B < plmmax the edge betweem and k represents feasible Algorithm 2 RB Sharing Scheme

RB sharing of the two sub-UEs and its weighf)k equals the

maximum of problem (22); otherwise, RB shafingmfandk ;
is infeasible and we disable this edge by sett\In(,Q)k =—-00 g3
so that the edge between and k will not be selected. 4
Now the task is to solve problem (22) for the cade—
Q0™)~1 > 0 andd < p(™ ™2, Since the objective function .

(22a) is nonincreasing in terms of each elemenp@t), the
solutionp(™)* satisfying the equality in (14g) must be optimal
to problem (22). By solving this equality, we obtain

(23)

Due to the nonnegativity off — Q(™)~1, we havea > 0
andB > 0. Then, by substituting the expressionBf™)* into
(22a), we eliminatg™) and transform the objective function
into
Sl m)

o2 +aTgims,, + BTglm

(22a)= maxlog, <1 +

10:
11:
12:

. Initialization: Feasibility= true; K(1:0) = ()

cfore=1:Cdo
K(l:c) _ K:(l:c—l) U IC(C)
Tk = x5 ., forallm e M andk € K1:e=1) jn

(14)//c|ustersl,7. ..,c—1 have already been allocated RBs
K = K© UKy, wherekY is the set of dummy
sub-V-UEs for cluster:
caIcuIate\I/iz?k by Lemma 2, for allm € M and

k € IC,(f) /I edge weight calculation for the bipartite
graph of clusterc

derivez;, , in problem (25) for allm € M andk €
K() /I by the Hungarian algorithm

if the maximum of problem (25) is-oc then

Feasibility = false (i.e., problem is infeasible),

break

end if
end for
Output: Feasibility; =

*
m,k?

forallme M andk € K

(24)
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C. Power Allocation possible outcome of the RRM context that we consider. Due to

If the problem is reported feasible by Algorithm 2, the thirdhe stringent requirement of safety-critical V2X commuanic
stage of the CROWN is to allocate power, which is referrdéPns, it is of paramount importance to notify the applioati
to as the power allocation problem (PAP). In PAP, the su@Pout the absence of reliability. Hence, as in [30], [31], we
power constraints (13c) and (13d) for each UE are consideréa@n Use an Availability Indicator to include the feasililit
instead of individual power limits of the sub-UEs. Based ofiformation. More specifically, the required reliability 92X
the RB sharing results from Algorithm 2, we denotefby, £ Ccommunication (in terms of (13f)) is declared to be avagabl
{klk € K,z*, , = 1}, for all m € M, the indices of the @ RRM_scheme leads to feasible solution and to be unavailable
sub-V-UEs such that RB sharing takes places with sub-C-lptherwise.

m. Then, forC} , the quantities defined in (15)—(18) can be
obtained, here denoted Q(™)*, g(m)* (™= and @)+, VI. PERFORMANCEEVALUATION
Assuming feasibility in Algorithm 2, i.e(I — QU™*)~1 >0 A Scenarios and Parameters

_ Om)x\—1g(m)= (m),max i
and (I — € )6 <p , the PAP is formulated We assume a single cell outdoor system with a carrier

as follows. , frequency of800 MHz and that each RB has a bandwidth of
s 12\4: log, [ 1+ Smhrh(m) 180kHz. In particular, we consider test case tgst cadefined
Pr i Sm £ 2 o2+ Zkykem Pchgfc(k) by METIS® [32]. The case uses an urban environmental model
(26a) Similar to the Manhattan grid layout. The channel models are
. ) specified in [32], which describes large scale modeling for
subject to: : . ) )
various propagations scenarios (PSs). We will use:PH
(13c) (13d) [32] for the links connected to the eNB (i.6:;,, and g;.,)
(I —Q*)pm) > pmxg 1L gim*  vm e M. (26b) and PS9 in [32] for the links between UEs (i.eh; and
m . m'k!)-
wherep|™ £ P, i, for alli € {Kp,}. ! Sir?mlation parameters are summarized as follows: the max-

Since the objective function (26a) is not concave with rex, \m transmit powers ar@™ax — §max — 94 dBm and each

spect toP,, i, the PAP is not a convex problem. Nevertheles}seB carriesp = 84 complex symbols. The antenna height is
by the same argument used when deriving (23), we know thit, o the eNB and.5 m at each UE. The intended broadcast
the solution in the form of range of each V-UE i50m. Also, the noise floor is assumed
pl™ = (I — QU= (pm*s, 4+ gim)*), (27) to be—117dBm at the eNB and each V-UE. The fast fading
. . effects of channels are assumed to be Rayleigh distribuitbd w
must be an optimal solution to problem (26). In other words, . . . .
. ) . unit power gain and independent over the RBs. Finally, one
for all k € K}, the optimal powerP?, , can be expressed as L s : ) .
, . . K scheduling time unit (i.e., the time period of one RB)iSms
an affine function ofS,,, with nonnegative slope and offset.and the period of CS reports from V-UEs i80ms
Furthermore, by substituting’* , into (26a), problem (26) '
is transformed into an equivalent convex problem, where
the convexity can be shown through verifying the positivVB. Baseline Methods
semidefinite property of the Hessian matrix of the objective We consider CROWN as well as its simplified version
function. The transformed problem can then be solved by @ithout the last power allocation stage, which is denoted as
interior point method to obtain the optimal pow&}, for sub- CROWN-noPA. In the CROWN-noPAS?, and P* ,, for all
C-UE m. m e M andk € K, are set as the correspondinyg values that
Moreover, the CROWN algorithm has much lower complexgchieve the optimum when solving problem (14) for cluster
ity compared to solving (13) optimally by an exhaustive sbar C'. We compare the CROWN and CROWN-noPA with the
that has exponentially increasing complexity with respect following schemes.
the problem size. Specifically, in the CROWN scheme, the 1) [12]-Ext. In [12], a three-step scheme is derived to
computations of the first two steps, i.e., V-UE clusteringl anmaximize the sum rate of C-UEs and V-UEs with SINR
RB sharing, are upper-bounded ly(K’?) and O(CF?®), constraints on both C-UEs and V-UEs, where different V-UEs
respectively. Moreover, the third step of power allocatioannot share a common RB.To apply this scheme to the D2D-
which is achieved by an interior point method, is quite effiti supported V2X framework proposed here, we have made some
in practice and its complexity hardly grows with the problemadaptations. Firstly, we introduce sub-C-UE and sub-V-bE t
size [29, p. 595]. The overall polynomial-time efficiency omodel the candidate RBs for one UE. Correspondingly, the

the CROWN scheme promotes its practical relevance. max power constraints becorﬁé‘;?x andp]?;ax for each sub-
. ) C-UE and each sub-V-UE, respectively. Moreover, we change
D. What if the Problem Is Infeasible? the objective from maximizing the sum rate of both C-UEs and

Given the fact that wireless communication systems ayeUEs into maximizing the sum rate of C-UEs, and drop the
not designed for full reliability at any cost, infeasibyfitis a
5In addition to METIS, 3GPP also defines D2D proximity servic&iron-
4This infeasibility can be caused by either the problemfit&ely., problem ments. However, the setup given by 3GPP is for a generic D2iligsafety
(13)) or the limitations of the algorithms. Unfortunatetjeciding the feasi- scenario, but with no specifics for vehicular communicatiget. Therefore,
bility of problem (13) is NP-hard. Thus, we will not distingh between the we leave the evaluation of the proposed CROWN scheme in 3@&¥asos
sources of infeasibility here. for future work.
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SINR constraints on C-UEs. Finally, we perform the scheme 1

for each V-UE sequentially to allow for non-orthogonality [12]-Ext, 1.118
among the V-UEs. 0.8 PoA =0.85 o

2) RBSPA in [17] which solves problem (13) in two stages. 0.6/ Optimal, 1.192
Firstly, ignoring the max power constraints for both V-UEs 5 R?}f:’*f(f;f 4" PoA =085
and C-UEs, RBs are assigned to sub-V-UEs according to a 0.4r o
specifically designed metric that relies on Perron-Fralmeni 0 CROWN, 1.162, PoA = 0.85
theory. Secondly, based on the RB sharing outcome of stage ' CROWN-OPA,1.130, PoA = 0.85

one, the transmit power for each V-UE and C-UE is optimally 0 . 3 4 5 & 7 s
adjusted by considering the sum power constraints.

bit/s/Hz

3) The_ global optimal solution to prob_lem (13),_ f(_)_u_nd by th;e_igure 3. Sum rate of C-UES Wit — 4, M’ — 4, K/ = 2, B/, — 1,
exhaustive search over all the RB sharing possibilities BU £,, = 2, andC = 2. "
its exponentially increased complexity, the approach iag
only for the case off" = 4, i.e., 4 RBs in total during each
scheduling time unit. (126t 4451 1

0.8 PoA = 1\

C. Performance Metrics o.d RBSPA 4353 102

Following the similar ideas of the performance metricgs | PoA =09 Lo | \ RBSPA
proposed in [21], i.e., service reliability, service asaility, © 04 ’\ © . (12)-Ext
and service failure, we base our evaluation on four metrics EROWN. 4633 10 e o
1) probability of availability (PoA), where “availability” s 0.2 RO obAL627 -
defined in Section V-D;2) sum rate of C-UEs when fast 0 PoA =1 o
fading is disregarded (i.e., value of the objective in (13)) 385 biU‘;/HZ 45 5 ' Tobis ¢
cumulative distribution function (CDF) of the C-UES’ sum @ b)
rate;4) CDF of one V-UE’s transmitted bits withiams, i.e.,
the left-hand side of the inner inequality in (1). Note thafigure 4. F = 100, M’ = 25, K’ = 30, E/ , = 4, Ey = 6, and

m .
as explained in Section Ill-A, the transmitted data from \ﬁit;nlg'ré?ffr“;“aﬁfev_o&E'UES' (b) Number of bits that could be tréttech
UEs is assumed to span over the entire time period,jm@s
in our simulations. Hence, as long as the RRM algorithms
declare availability, all V-UEs achieve a delay ®ims with a
probability exceeding — p,.
The following results are obtained frof00 random net-

are based on the long-term CSlI, i.e., the performance metric
2), whereas the CDF curves represent results for which fast
. . - fading effects are accounted for, i.e., performance m@&yic
work instances. The calculations of the last three metnies y comparing the values to the CDFs, it can be seen that
conditional on availability. The second metric is the age even though the RRM decisions are based on long-term CSI,
result over thes00 network instances. The last two metrics Ao results remain reasonably accurate for realistic oflann
evaluated when the randomness from both network realiztiq. - jitions with fast fading. Moreover, we note tHasA —

and fast fading effects is involved in simulations. 0.85 even for the optimal solution, which illustrates the fact

that the unavailability could be inevitable due to unfawdea

D. Simulation Results scenarios. Besides, the performance difference of all RMR

From the requirements given by METIS [2], we havéchemes to optimum is small in this toy example. Especially,
Ny = 12800 bits, p, = 10~° (i.e., a transmission reliability the deviation of CROWN and CROWN-noPA from the optimal
of 99.999%), and Ly = 10 (i.e., a latency requirementsolution is very small.
of 5ms). As analyzed in Section IlI-A, the relationship Now consider the more realistic scenario with = 100
betweenEZ'/' and 74, can be derived from (3) through aRBs per scheduling time unit. We define the traffic load as
MC method. ThenE), can be calculated via (12). Thisthe number of V-UEs. With medium load, i.ef’ = 30,
way, the combinations of Ex/, 7/, } that have been used areFig. 4(a) and Fig. 4(b) show the performance of C-UEs and
{2,1406.6}, {3,162.5037}, {4,51.0853}, {5,24.2406}, V-UEs, respectively. In Fig. 4(a), the CDFs of the C-UEs sum
{6,14.2085}, {7,9.4319}, {8,6.8325}, {9,5.2168}, rates are plotted. It is again observed that the long-teriviRR
{10,4.1500}, {12,2.8682}, {14,2.1471}, {16,1.6891}, schemes lead to valid results even when fast fading effects
{18,1.3862}, {20,1.1645}, {22,1.0009}, {24,0.8751}, are present. Moreover, CROWN and CROWN-noPA perform
{26,0.7751}, {28,0.6947}, and {30,0.6289}, where the better than [12]-Ext and RBSPA. Fig. 4(b) depicts the CDFs
values ofy], are in linear scale. Comparing the combinationsf the number of bits that could be transmitted withims for
here with that in [17], improved requirement transformatioone V-UE when problem (13) is declared feasible. The four
proposed in Lemma 1 is demonstrated. CDF curves are below the poiliVy, po), implying that the

Fig. 3 compares the C-UEs’ sum rates of the RRM schem#4JE QoS requirement (2) is indeed fulfilled by all the four
when F' = 4 and shows the performance gap with respect sthemes. Note, however, that the V-UEs have aNy bits
the global optimum. Recall that the values shown in the Rbdb transmit. Hence, the curves in Fig. 4(b) simply say that th
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Figure 5. F = 100, K’ = 10, M’ = 25, E/,, = 4, andC = 10. (a) Figure 7. F = 100, M’ = 25, E! , = 4, Ejy = 5, andC = 10. (a)

Availability. (b) Sum rate of C-UEs. Availability. (b) Sum rate of C-UEs.
! ad radius which, however, does not perfectly optimize the C-UE
o8 \CROWN_nopA rates. Finally, we note from Fig. 6(b) that CROWN performs
CROWN 42 slightly better than CROWN-noPA.
<08 B, To summarize, the choice afb, will indeed affect the
& RBSPA g performance of the RRM schemes. In general, increasing
04 “ 38 [2-Ex Ey gives less required transmit power of the V-UEs on the
0 5 o CROWN-noPA allocated RBs due to the lowereg],, which then leads to
[12]-Ext increased rate of the C-UE for which RB sharing takes place.
SR Fa— 3.4, ; s Pa— On the other hand, increasingj. implies that more C-UE
B By RBs suffer from interference caused by V-UEs. Therefore,
(@ (b) the optimal Ey, is not fixed and usually depends on the
Figure 6. F — 100, K’ — 50, M’ = 25, ', — 4, and C = 10. (a) considered §cheme as well as the trafﬂ_c load. Nevertheless,
Availability. (b) Sum rate of C-UEs. m two conclusions can be drawn here. Firstly,, = 2 and

Ey = 3 are often poor choices since the correspondipg
may be too aggressive. Secondly, the proposed CROWN and

V-UEs succeed in transmittindy, bits with a probability that CROWN-noPA have a relatively wide range of acceptdble
exceedsl — p,, whenever the RRM problem is feasible. ~ Based on our observations, settifig in interval [4, 8] works

Next, we evaluate the RRM schemes based on a palettenadl for most traffic load scenarios, e.@.< K < 90.
factors such adZy,, K’, andC. 2) Effect of K’: The RRM methods are evaluated in Fig. 7

1) Effect of E/: Note that Ey, is an input to the RRM with respect toK’ for Ex. = 5. It can be observed that
algorithms and has a direct impact on the SINR constraitiite [12]-Ext performance in both PoA and sum rate drops
1., as explained above. Fig. 5 plots the PoA and C-UEs swignificantly whenk’ > 50. Moreover, as seen in Fig. 7(a),
rate for K’ = 10 with 0 < Ej < 30. Concerning availability, the PoA of the RBSPA degrades notably with increas&d
both RBSPA and the proposed schemes are robust to variadsle the PoAs of the CROWN and CROWN-noPA show
Ej. On the other hand, the PoA of [12]-Ext drops significantlgtrong robustness. Concerning the sum rate of the C-UEs,
after B, > 16. This dramatic degradation also appears in theot surprisingly, the performance of all the RRM schemes
rate curves for [12]-Ext, as shown in Fig. 5(b). Recall thateteriorates with largek” as shown in Fig. 7(b). Compared
we employ a straightforward extension to apply the schemetm other algorithms, however, the CROWN schemes exhibits
[12], which is devised for orthogonal V-UE model, to the getusuperiority, especially for high load scenario.
where non-orthogonal V-UEs are allowed. The unsatisfgctor 3) Effect ofC: The results in Fig. 4 to Fig. 7 assume that
performance of [12]-Ext reveals the ineffectiveness of th@ = 10 clusters are used. Now we assess the influena@ of
simple adaptation and implies the necessity of the specifio CROWN and CROWN-noPA. To simplify the presentation,
RRM design when allowing multiple V-UEs to share the samee define the number of V-UEs per cluster@s: K’/C. For
RB. Besides, for this low load scenario, i.& = 10, the rate K’ = 60, Fig. 8 plots the C-UEs sum rate versbsFor these
difference between RBSPA and CROWN (as well as CROWISettings, both algorithms have a PoA that is equal.tbfor
noPA) is quite small, as observed from Fig. 5(b). the considered range d@f. Hence, the PoA is not shown in

Results for the case when the number of V-UES$ is the figure. As seen, the sum rate is first improved and then
increased t®0 are depicted in Fig. 6. The poor performancdegraded with increased. In fact, the smaller the is, the
of [12]-Ext is again revealed here. Moreover, in this situat more the spatial reuse gain can be obtained, but at the same
RBSPA has obviously worse performance than CROWN atiche, a smallerd results in larger loss of the optimality of
CROWN-noPA. This is due to the limitations of RBSPA) MWM. Hence, the optimum ofb is a tradeoff between the
its RB sharing step ignores the max power constraint for eattio factors and obviously depends &fi. By the scale of the
UE; 2) the metric for RB allocation is based on the spectrgtaxis in Fig. 8, we observe that the difference in sum rate is
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Figure 8. Sum rate of C-UE$" = 100, K’ = 60, M’ = 25, andE’ , = 4.

m

not significant, implying that the selection @f i.e., C, is not
crucial. According to our experience, keepi@garound10 is
generally a good option for various traffic load situationg.,
10 < K’ <90.

Moreover, we have measured performance for varylifig

but since the performance follows the same trends as the oH&
shown above and to conserve space, no figures are included

here.

VII. CONCLUSION

Direct D2D communication is a promising enabler fo
safety-critical V2X communications, although this reesir

(5]
(6]

(7]
(8]

El

[10]

[11]

[13]

14

the development of application-tailored RRM schemes. is tH1°]

paper, we have presented an approach to transform the strict

latency and reliability requirements of V2X communicagon[16]
into mathematical constraints that can be computed usifyg on

slowly varying CSI. Utilizing the mathematical constraint

the RRM process has been formulated as an optimizatiam]
problem, taking into account the requirements of both V-

UEs and C-UEs and where the V-UEs are allowed to share
common RBs. We proved that the optimization problem [$8]

NP-hard, which motivates the use of heuristic algorithrashs
as the proposed three-stage RRM algorithm called CROWy

A simplified version, CROWN-noPA, is obtained by removing

the last power allocation stage. Simulation results indithat

the CROWN schemes yield not only better availability an

o

cellular sum rate performance, but also improved robustngsi]

to the number of V-UEs as well as the required number
RBs per V-UE compared to the considered existing schem

A

Moreover, the CROWN algorithm outperforms CROWN-noPAR3]

at the expense of increased complexity.
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