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Abstract—In this work, we present a cloud-driven uplink the cloud [10]. This centralized signal processing enaties
framework for multi-way multiple-antenna relay systems which  interference mitigation across all the users in the uplind a
aids joint symbol detection in the cloud and where users are qq\ynjink. The BSs in the C-RAN are also referred to as remote

selected to simultaneously transmit to each other aided byetays. . . . L S
We also investigate relay selection techniques for the prazed radio heads (RRHSs) as their functionality is often limited t

cloud-driven uplink framework that uses cloud-based buffes and ~ transmission and reception of radio signals [10]. These KRH
XOR network coding. In particular, we develop a novel multi-way are driven by the cloud-processor that communicates with
relay selection protocol based on the selection of the beshk, RRHs via fronthaul links, that can be dedicated fiber optic
denoted as Multi-Way Cloud-Driven Best-User-Link (MWC-Best- — ¢ape5 or wireless links [10]. From an information theareti
User-Link). We then devise maximum-minimum-distance and int of vi he C-RAN delis b d d |
channel-norm based relay selection criteria along with algrithms point ot view, t e - model Is best un erstoo as a relay
that are incorporated into the proposed MWC-Best-User-Lirk network [10], in which the RRHs can be considered as relays
protocol. An analysis of the proposed MWC-Best-User-Link po-  that cooperate in the communication between the cloud and th
tocol in terms of computational cost, pairwise error proballity, mobile users. In the uplink, different users in the sametelus
sum-rate and average delay is carried out. Slmulatlpns show communicate their messages to the cloud through RRHSs
that MWC-Best-User-Link outperforms previous works in terms | Th | . dof d di h
of sum-rate, pairwise error probability, average delay and bit (relays). The _re_ays, 'ns_tea or deco _'ngt (_:" mes;agettyloca
error rate. can retransmit information about their received signalth®o
cloud for centralized processing [10]. The uplink in the C-
Index Terms—Multi-Way Relay Channel, Cooperative diver- RAN can thus pe modeled as a multiple-access relay ghannel
sity, Maximum Likelihood detection, Minimum Mean Square [10]. Moreover, in the downlink, the cloud also communisate
Error detection, MIMO with multiple users through RRHs and the downlink in the C-

RAN can thus be modeled as a broadcast relay channel [10].

|I. INTRODUCTION

In wireless networks, the use of cooperative diversityf2], A. Prior and Related Work
can mitigate the signal fading caused by multipath propaga-The mRC has multiple clusters of users in which each user
tion. The Multi-Way Relay Channel (mRC) [3] includes botlaims to multicast a single message to all the other usersin th
a full data exchange model, in which each user receives datme cluster [3]. Considering users in a cluster corresponds
from all other users, and the pairwise data exchange model,an £-way information exchange among the users in the
which is composed by multiple two-way relay channels. Thgame cluster. A group o relays facilitates this exchange,
incorporation of the mRC with multiple relays in a system caby helping all the users in the system. In particular, the mRC
significantly improve its performance [4], [5], [6], [7]. @sid- pairwise data exchange model (= 2) is formed by mul-
ering 5G requirements [8], high spectrum efficiency relgyintiple two-way relay channels. In Two-Way Multiple-Access
strategies are key due to their excellent performance. Bee Broadcast Channel (MABC) schemes, based on the decode-
of a cloud as a central node can leverage the performamel-forward (DF) protocol [11], the transmission is orgaoi
of relay techniques as network operations and services h#vgwo successive phases: 1) MA phase - a relay is selected
recently adopted cloud-enabled solutions in communinatifor receiving and decoding the messages simultaneousig-tra
networks [9], [10]. The ability to manage interference imitted from two users (sourceS; and S:) and physical-
one of the main advantages of adopting the cloud netwddyer network coding (PLNC) is performed on the decoded
framework [10]. In the Cloud Radio Access Network (C-RAN)nessages; 2) BC phase - the same selected relay broadcasts
architecture, the baseband processing, usually perfotmedthe decoded messages to the two sources. The Two-Way
cally at each base-station (BS), is aggregated and pertbrndax-Min (TW-Max-Min) relay selection protocol [11] has a
centrally at a cloud processor. This is enabled by highdpeaigh performance, when all the channels are reciprocal and
connections, denoted as fronthaul links, between the B8s dixed during two consecutive time slots (MA and BC phases).

Otherwise, with non reciprocal channels, the performance
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equals2 N K), using the extended Maximum Minimum Dis-represent RRHs. The sources haVvk; antennas for trans-
tance (MMD) relay selection criterion [16], [17]. Furthesne, mission or reception and each relayr = 2U Mg antennas,

in [18], the TW-Max-Link protocol (a special case of MW-whereU € {1,2,3...}, all of them used by the selected
Max-Link, for a single two-way relay channek(= 1)), also relay for reception }/r,, = Mpg) and Mg out of VMg
using the extended MMD criterion, was presented. Some otlertennas are selected of each relay used for transmission
buffer-aided relay selection protocols for cooperativege- (Mpg,, = Msg), whereV € {1,2,3...} and VM, < Mg,
antenna and multiple-antenna systems are presented in [I®]ming a spatial multiplexing network, in which the chahne
[20], [21], [22], [23], [24], [25], [26], [27]. Moreover, sm- matrices are square or formed by multiple square sub-neatric
rate maximization is reported for relay selection using-twan the MA mode. Note that the reason for using multiples
way protocols, with single-antenna systems in [28]. Howeveof 2M ¢ antennas at the relays is because the relay selection
multi-way protocols using a channel-norm based criterimn falgorithms explained in Section Il use criteria that depen
sum-rate maximization, with multiple-antenna systemsaoron these matrices to be square or to be formed by multiple
cloud (in which each cluster has a particular buffer), hase nsquare sub-matrices. Thus, the highethe better the system

been previously investigated. performance, as it increases the degrees of freedom. Mereov
the higherU the better the system performance as it increases
B. Contributions the number of receive antennas at the relays. However if we

épcreasd] andV, we have a higher computational complexity,
as shown in Section IV. There is a trade-off between system
erformance and computational complexity, when we in@eas
and V. The selected relays access a numbetotloud
ffers for extracting or storing/s packets in each time slot.
ach cluster has a particular cloud buffer that is estadtisin

In this work, we develop a cloud-driven framework an
a Multi-Way Best-User-Link (MWC-Best-User-Link) protoco
for cooperative MIMO systems, with non reciprocal channel
which selects the best links amoiig pairs of sources (clus-
ters) andN relay nodes and whose results were reported

[16], [82]. In order to perform signal detection at the clard adremand, whose size if packets, as depicted in Fig.1. In the

the nodes, we present maximum likelihood (ML) and line : X .
minimum mean-square error (MMSE) detectors. We then Corrq_ulnple-access phase (uplink), a cluster is selectedrtd 865

sider the extended Maximum Minimum Distance (MMD) [16]packets simultaneously to a selected rely for reception.

- o Then, the data is decoded by the cloud processor and XOR
[17] criterion and a channel-norm based (CNB) criterion a ah ’ . . .
devise relay selection algorithms for MWC-Best-User-LinBype PLNC [29], [18], [15] is applied to combine the decoded

An analysis of the proposed scheme in terms of pairwise enciors (inputs Of. the XOR.) and.gener_ate a codeword (output
probability (PEP), sum-rate, average delay and compmiaitioo the XOR) that is stored in their par_tlcular cloud buffers.
cost is also carried out. Simulations illustrate the exrll the broadcast-channel phase (downlink), two rel&ys gnd
performance of the proposed framework, the proposed MWEL? are selected to broadcasfs packets from the particular
Best-User-Link protocol and the relay selection algorishas cloud buffer to the selected cluster. Note thaf, may be

compared to previously reported approaches. Therefoee, fofereTt fr.ont]hRfé' In lr.nis.t S|tuat|or|]‘1? the selzcnonf of only
main contributions of this work are: one relay in the downlink is enough for a good performance.

. L . However, by selecting two relays, the possibility of coniibg

1) A cloud-driven framework with joint detection at thethe channe?/s related ?o the seleycted rellaays incrgasesgrgﬂie
cloud and the nodes; . . of freedom of the system and, consequently, its performance

2) The I\/I_WC—Best-User—Lmk multi-way protocol for €0%is improved. The system could select more than two relays
operative MIMO systems; to further improve its performance, but the computational

3) The MMD a_lnd CNB_reIay selection criteria along Withcomplexity would be considerably increased for a high numbe
relay selection algorithms;

of relays. For simplicity, we adopt the mRC pairwise data
4) An analysis of the proposed MWC-Best-User-Lin y plicity b P

h " f PEP del xchange model, but the full data exchange model can be
scheme in terms o , sum-rate, average delay sidered in future works. Moreover, other kinds of nekwor
computational cost.

) i ) _ coding, as linear PLNC [14] and analog network coding [30],
This paper is structured as follows. Section Il describes th;n pe considered in future works.

system model and the main assumptions. Section Il presents
the proposed MWC-Best-User-Link protocol, relay selattio .
criteria and algorithms. Section IV analyzes MWC-Best{JseA. Assumptions

Link, with the extended MMD and the novel low-complexity \ve assume a non prefixed schedule protocol, in which each

C_NB criteria fo_r relay selection. Section V iI_Iustrates angme slot may be selected for uplink or downlink transmiasio
discusses the simulation results whereas Section VI ghes Hepending on the quality of the available links and the buffe

concluding remarks. status. Thus, the energy transmitted from each source node
to the selected relay for receptioi’{) or from the selected
Il. SYSTEM DESCRIPTION relay(s) for transmission to the sourceSg), in each time

We assume a MIMO multi-way MABC relay networkslot, is the same, i. eEr, = Es. The use of power allocation
formed by K clusters (pair of source$; and S;) and N (Er, # Es) would imply a more complex relay selection
half duplex (HD) DF relays,R,,....Rn. In @ C-RAN, the algorithm, but can be considered elesewhere in future works
sources would represent mobile users and the relays woulith prefixed schedule protocols, using precoders that rely



achieved by the proposed protocol may be considered as an
upper bound.

Packet 1: Preamble 1, Data
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Fig. 2. The frame of each packet.

& Processor

Fig. 1. System model of the proposed cloud-driven multi-welpy scheme.

B. System Model

The wireless channel matrB s, r, incorporates the effects
on CSI (in practice imperfect CSI) at the transmitters. Wef large-scale fading, related to the propagation chariatits
consider mutually independent zero mean complex Gauss@rthe signal over long distances, and the Rayleigh-disteith
random channel coefficients, which are fixed for the durati@mall-scale fading [31]. Hence, the quadratic normt, z,
of one time slot and vary independently from one time sld$ given by
to the following, and the transmission is organized in data 5 _oe 5
packets. Fig. 2 illustrates the frame of the data packets. [Hs, r:ll" = s, r, Gyl (1)

The order of the packets is contained in the preamble aﬂ/ﬂereSk represents each sour6g, or Sy, (k€ {1...K})
the original order is recovered at the destination. Siggali . renresents each relay (€ {f N}S N represents’a
. . . . . T A L

for network coordination and pilot symbols for estimatioR,nsiant defined by the antenna gain, carrier frequency and
of the channel state information (CSI) are also Conta'n%Qhersystem parametetsis the path-loss componeis, .

in the preamble. The cloud is the central node and decides; esents a channel matrix related to fieR; links formed
whether a cluster or the relay(s) must transmit in a givertingy ntally independent zero mean complex Gaussian random
slot i, through a feedback channel. An appropriate signalling ticients andis, . the respective distance betwespand

provides global CSI at the cloud [12]. Moreover, we assUMg  The same reasoning applies B, s, and its quadratic
that each relay only has information about #sR and Ss R norm is given by ook

links. The use of a cloud as a single central node and its

buffers implies a higher control overhead. However, it |Hg, 51> =~ d;zigsk IGR,.s.]°- @)

the system complexity and the delay, since a unique central ) _ )
node decides which nodes transmit (rather than all degtinat 1ne Proposed system can operate in each time slot in
nodes) and the packets associated with a cluster are stdé@ modes: "Multiple-Access” (MA) or "Broadcast-Channel”
in only its particular cloud buffer instead of being spread i(BC)- Thus, depending on the relay selection metrics (ex-
the buffers of all relays. In this work, we focus on the ided?l@ined in Section Ill), the system may operate in each time
case where the fronthaul links have unconstrained capagitis'ot With two options:

and the relays can convey their exact received signals to thé) MA mode: The selected cluster transmits; packets
cloud processor. This could happen only if the relays wefirectly to the selected relat,;

near to the cloud and experiencing high signal-to-noise and?) BC mode:Ry, and Ry, transmits)Mg packets from the
low interference conditions. Practical systems, howelvave cloud buffers to the selected cluster.

capacity-constrained fronthaul links [10] and this limitee  If the relay selection algorithm decides to operate in the
amount of information that the relays can retransmit. Aliio MA mode, the signal sent by the selected clusfe¢S; and
these unconstrained capacities in the fronthaul links kiynp S2) and received at?, (the relay selected for reception) is
our analysis, they do not limit the advantages of the progros@rganized in arU Mg x 1 vector given by

protocol and relay selection algorithms, explained in thgtn E

section. In this context, it is worth noting that 5G systems Ys,R,[i] = VSH&Rgx[z’] +npg, [i], (3)

are designed to achieve very high fronthaul links capacity, &

and thus, the considered unconstrained capacity assumptitherex[i] is an2Mg x 1 vector with Mg symbols sent by,

is reasonable for the purpose of the relay and cloud comn(wt [i]) and Sy (x2[i]), Hs r, is a2UMs x 2Mg matrix of
nication. Moreover, capacity-constrained fronthaul éinkan S; R, andS; R, links andnp, is the zero mean additive white
be considered elsewhere in future works and the performamoenplex Gaussian noise (AWGN) &t,. Note thatHs g, is



formed byU square sub-matrices of dimensidh®/s x 2Mg  wherez'[i] is each of the possible vectors wiflfs symbols.
as given by In contrast, we may adopt the MMSE receiver and the solution

is given b
Hsr, = Hsp,;Hs p,;- - sHS g, ). 4 ©9 Y

Assuming perfect synchronization, we may adopt the Mfl .
receiver at the cloud processor: _ ( v o2 > o o (11)

= WMMSEYR; .S, [1]

2 Rf=51<2)HRf Si T _I Ry 810 Y Br S 1!

E
Xx[i] = arg min | |\ys,r, [i] — MS Hgs g, x'[1] , (5 Therefore, atS; we calculate the vector of symbols sent by
/11 S S, by performing XOR type PLNC:
where x'[i] is each of theN?Ms possible vectors of sent %a[i] = x1[i] @ 2, i) (12)

symbols (V, is the quantity of symbols in the constellation
adopted). The ML receiver calculates an estimate of theovect NiS IS also applied a8 to calculate the vector of symbols
of symbols sent by the sourcés]. sent bySs:

In contrast, by considering linear MMSE detection [32], 21 [i] = x3[i] @ #2]i]. 13)

the estimate of the transmitted vectoxsis obtained by
processmg the received vectpg R, li [] with the equa“za“on The estimated channel matrH is considered instead dfl

matrix W y/175, Which is given by in (5) and (10), when performing the ML receiver, and in (6)
L , and (11), when performing the MMSE receiver, by assuming
x[i] = Warnseys,r, [i] imperfect CSI. Note thaH is computed adI=H+H,, where

_(m?. [ —7211 ! e ) (6) the variance of the mutually independent zero mean complex
= | Hsr, Hsr, + o2 SR, Y1, 1] GaussiarH, coefficients is given by? = BE~* (0 < a < 1
ndﬁ > 0) [33], in which E = Eg, in the MA phase, and
where o, = No is the power spectrum density of theE— , in the BC phase. Channel and parameter estimation

AWGN ando? = Es is the power of the signal. Alternative
suboptimal detectlon techniques could also be considered
future work [38], [39], [40], [41], [42], [43], [79], [45], PI,
[46], [47], [48], [49], [54], [55], [56].

By performing XOR network coding, only the XOR outputs
(resulting Mg packets) are stored with the information: "the
bit sent byS; is equal (or not) to the corresponding bit sent
by S;". Therefore, we apply the bitwise XOR:

[67], [68] (691, [70], [71], [72], [74], [75], [76], [77], 8],
[f9] [80] and resource allocation techniques [81] could be
considered in future work in order to develop algorithms for
this particular setting.

IIl. PROPOSEDMWC-BESTUSER-LINK PROTOCOL AND
RELAY SELECTION ALGORITHMS

The system presented in Fig. 1 is equipped with the novel
2() = Xa[i] © Xzl (7)) Mwc-Best-User-Link protocol, which in each time slot may
and store the resulting data in the cloud buffer. Therefane, operate in two possible modes: MA or BC. The relay selection
advantage of applying XOR network coding is that we hawlgorithm needs to compute the metrics relatedty U dif-
to store onlyMg packets in the cloud buffer, instead 28/g. ferent2Ms x 2Ms submatrices related to the uplink channels
Moreover, if the relay selection algorithm decides to operaand 2K N'V? different Mg x Mg submatrices related to the
in the BC mode, the signal sent by the relays selected f@pwnlink channels, wherd” = N + C¥', to select the best
transmissionR (Ry, and Ry,) and received af; and S, is cluster, the best relay(s) and the mode of operation (MA or
structured in am\/s x 1 vector given by BC), in each time slot. Note that when a selected cluster
formed by two source nodes is communicating with each other,
@) the other clusters remain silent. Moreover, the relay sielec
algorithm may operate with two criteria: 1) using the exiehd
where Z[Z.] is a Mg x 1 vector With Mg symbols, v € MMD [16], [17] criFerion; or 2) using the CNB c_riterion. I_n
(1,2, V} o € {1,2,...V}, HY _mHe 4 the f|rst approach, |f.the MMD-based rglay selection aldponit
Ry,512) Ry sSi2) decides to operate in the MA mode, it chooses the rétay
HRf 512 TEPresents thé/[s x Ms matrix of Ry, S1(2) and and the associated channel matki/A/" with the largest
Rf281(2) links, andnsl(z)[] is the AWGN atS; or Sy. Note  minimum distance as given by e

. Er )
YRf,S1(2 [Z] = QM; Rf 51(2) [ ] +ng, ., [Z],

thatH%" is selected amonl? submatrices of dimension
Ry,Su( Y H'RP = arg max BMA (14)
Mg x MS contalned inHpg,, Sy AS given by Hs, g,
1,1 1,V V,1 MA 1A __
Hg; 5., = [Hg,, Sveyr R, 00 HES g0 Rf Sl(2v}'he(9)8mm is the smallest value of the distancB$’4 =

H S r(xi —xp H yue{l,.. UL ie{l,...,N}, x

We may also adopt the ML receiver at the selected cIustei*rfrfdX répresent each possible vector forme@Bys symbols
n

which yields and i # n. The metricBM4 is calculated for each of the
Er g C ¢ (combination ofN2Ms in 2) possibilities, for each sub-
Zy(9)]i] = arg H}Er]l YRy, 12 1] — 2M; HRf Sy Z 1] |(ﬁ<'§1}|x HY . Moreover, if the MMD-based relay selection

algorithm decides to operate in the BC mode, it chooses the



relays Ry (Ry1 and Ry9) and the associated channel sub- TABLE |
A M D

: v,v’ : .. . . MULTI-WAY CLOUD-DRIVEN BESTFUSER-LINK: PSEUDO-CODE OF THE
matrixHy ' ¢ with the largest minimum distance as given RELAY SELECTION ALGORITHMS

by
'+ MM D 2 - 1 .
11’%7;’73 = arg max Bﬁg“ (15) 1 Calculate A%, of each sub-matridly ;. of R;, for MA mode:
g:jys S cMA — ‘det (Hg’Ri) , for CNB,
here B2C is th llest value of the distancB&® S\ for MVID,
wnere Bmin Is the sma2 est value of the distancg = 2: Compute the ordering adl¥ , and find the smallest metric:
’ . i
s |[Ha,,,s(x: _Xn)H ,iandj € {1,...,N},vandv ¢ Asr, = min(Agp ). _ _
hs e . 3. Compute the ordering odlsr, and find the largest metric for each cluster:
{1,...,V}, x; andx, represent each possible vector formed A =max(Asp,).

by Mg symbols and # n. The metricBEC is calculated for 4: Compute the ordering and find the largest metric:
M

Is ey epeys / = .
each of theCY: ~ possibilities, for each sub-matred};” . 5 C“;‘;’J’;feiu,umaxéfsg‘;ﬁ ;Sé matrsE % . of B and R, for BC mode:
In Appendix A, we develop a proof that shows that the MMD- ™ RijS1 Rij»S1 ' 7 '

. . L BC _ v,
based relay selection algorithm minimizes the PEP and also 4/, — {C = ‘det (Hy;,s,)|> for CNB,
. . . ij Pl BC
the error in the ML receiver, in the proposed MWC-Best-User- ’ Briw | for MMD,
Link protocol. 6: Calculate the metri(A}’?’i’; s, Of each sub-matri)H}’?’;”j’Sz.

In the second approach, if the CNB-based relay selectiom: Compare the metricsl}’?’;”j/s1 and.zél}’z’;”j/s2 and store the smallest one:

algorithm decides to operate in the MA mode, it chooses the A}’—g”/s - min(A;””’S w“?{",s ).
ij ij°1 1§02

relay R, and the associated channel maﬁg%f as given g Compute the ordering and find the largest metric:
by AR;;s = max (AR o)
ij
CNB __ MA 9: Compute the ordering and find the largest metric, for edabter:
HS’RQ A Hlsazf Crmin: (16) Akpnax ps = Max(AR,; s)-
o 10: Compute the ordering and find the largest metric:
Where MA min |det(HY , U 1,...U and Amax RS = maX(Akmax )
. Comin ’ ( S’.=Ri)’ e {L } . 11: Select the transmission mode
i € {1,...,N}. Therefore, in the MA mode, the metric Y

if %;m > LoL, then " BC mode" and select the cluster
whose buffer is fullest.

elseif %::ii—%? > G, then " MA mode",

otherwise, " BC mode"

|det(HY 5,)| is calculated for each sub-matr , and
CMA s the smallest of these values. Thus, the selected matrix

HSP has the largest)/st value. Moreover, if the CNB-

min

based relay selection algorithm decides to operate in the BC
mode, it chooses the relay®; and the associated channel
1CNB
sub-matrixHp' ¢ as given by
o0/ CNB BC whereuw € {1,..,U} andi € {1,..,N}. In the second
Hp ¢ =arg Hma,x ey (17) step, we compute the ordering oft;; and find the smallest

Rig»S metric:

whereCP¢ = ‘det( 7-1;:;/,5)‘. Therefore, in the BC mode, the

. . 4
metric C¢ is calculated for each sub-matrB{y;” ¢. Thus,

the selected sub—matriﬂg’_,gm has the largest?¢ value. ~ In the third step, we compute the ordering gy, and
Note that the reason for using multiples 21/s antennas find the largest metric:

at the relays is because this relay selection criterion nidpe

on the channel matriceHs r, and Hpy,, s to be square or A sz = max(Asr, ), (19)
to be formed by multiple square sub-matrices. In Appendix o

B, we develop a proof that shows that the CNB-based rel${rerek € {1,..., K}. After finding A, ;. for each cluster,
selection algorithm maximizes the sum-rate in the MwVe compute the ordering and find the largest metric:
Best-User-Link protocol and in Appendix C we show that

this algorithm minimizes the effects of the effective noise Amax sr = MaX(Apyo )

the MMSE receiver. Table | shows the pseudo-code of the

relay selection algorithms of MWC-Best-User-Link and the Therefore, we choose the cluster and the relgy that

following subsections explain how this protocol works. fulfil (20) to receive Mg packets from the selected cluster.
For each cluster, in the fourth step, we calculate the nsetric

’
v,V

Ar,, s, related to theRS; links of each sub-matri iy 81
associated with each palt; and R;, for BC mode:

ASR'L = min('Ag’Ri)v (18)

(20)

A. Relay selection metric for MA and BC modes

For each clustef (formed byS; andSs), in the first step,
we calculate the metrigl¥ , related to theSR links of each , CcBC — ’det (H”*”, )|, for CNB
square sub-matril% .. associated witlR;, in the MA mode: A% s, = Rig S17] ’
S K 9ot BBS, for MMD,
u = CMA = |det (HY )|, for CNB, whereH}" o = Hj, g, + HY o, vandv €{1,..,V},i
: BMA for MMD, andj € {1,...,N}.

min’



In the fifth s/tep, this reasoning is also applied to calculate Pairwise Error Probability
the metricA%" g . In the sixth step, we compare the metrics The PEP assumes an error event when is sent and

}Jézjj,sl and S and store the smallest one: the detector calculates an incorregi (where | # n),
based on the received symbol [15], [16], [17]. Consider-
v min( A ASY ), (21) N D' = |H(x, —x;)||?, in the MA mode, andD’ =
Rij$ Rij §17 i 2 L H(x, — x;)||, in BC mode, the PEP is given by
After finding A" ¢ for each pair of sub- matrlceHR s € P(x, — x[H) = O ( E;q D') . (25)
H};” 50 We compute the ordering and find the Iargest metric: 2NoMs

We may consider that the worst value of the PEP occurs for
AR,;s = max(Ag; S) (22) the smallest value P’ and then the PEP worst case’{,;,)
is given by
In the seventh step, after findindg,,s for each pair of

relays, we compute the ordering and find the largest metric:  p(x,, — x|H) = Q ( 2]\?;/[ D’min> _ (26)
04VLs

Ak ns = max(Agy; s), (23) Assuming that the probability of having no error in the two
e phases of the system is approximately given by the square of
wherek € {1, ..., K'}. After finding Ay, s for each cluster, (1 _ p(x —, x;/H)), an expression for calculating the worst
we compute the ordering and find the largest metric: case of the PEP for cooperative transmissions (CT), in each
time slot is given by

Amax rs = max( Ak, ns)- ( PCT (%, xu[H) = 1 — (1 — P(x,, — x|H))?
Therefore, we select the cluster and the rel@sand R; Es 2 (27)
_that fulfil (24_) to send simultaneously/s packets stored =1- (1 -Q (,/ SN D'min>> .
in the associated cloud buffer to the selected cluster. The 085S
estimated channel matrikl is considered, instead d, if Note that this expression may be used for calculating the

we consider imperfect CSI. Additionally, a designer mighforst case of the PEP, for both symmetric and asymmetric
consider precoding and beamforming techniques [57], [5&hannels.

[59], [60], [61], [62], [63], [64], [65], [66], [72], [73], B3],
[50], [51], [52] to help mitigate interference rather thpeo
loop transmission.

H
Q
s

B. Choice of the ransmissonmode 2 | ONE o H e

i
S
S

=y

After calculating the metrics related to theR and RS
links and findingAn.xsr and An.x rs, these metrics are
compared and we select the transmission mode:

H
S
E)

- MWC-Best-User-Link (MMD), N=3
=[F Mwc-Best-User-Link (MMD), N=5
=E- MwC-Best-User-Link (MMD), N=10

if L’;}SC“ > LoL, then " BC mode" and select the clus EJ MWC-Best User-Link (CNB), N=3

Pairwise Error Probability (worst case)

10°® | =3 MWC-Best-User-Link (CNB), N=5 i)
whose buffer is fullest. —E- MWC-Best-User-Link (CNB). N=10 | ‘
elseif 4maxs2 > G then " MA mode", 0 2 4 6 8 10
Amax RS SNR(dB)
otherwise, " BC mode"

whereG = g[Amidst} chkeﬁS is the total number of packetsFlg 3. Theoretical PEP performance versus SNR.
stored in the cloud buffersl.oL is a parameter that when _ _
reduced increases the probability of the protocol to operat Fig. 3 illustrates the theoretical PEP performance (coegbut

in BC mode and, consequently, to achieve a reduced aver&yethe algorithm based on the selected channel mairiin
delay (low latency). each time slot) of MWC-Best-User-Link (MMD) and MWC-

Best-User-Link (CNB) protocols, folls = 2, Mg,k = 4
(U = 1), Mg,, = 2(V =1, K =3 N = 3,5
IV. ANALYSIS and 10, Lol > KL, perfect CSl, BPSK and unit power
symmetric channels. By maximizing the metfl¥ ,,;,,, the
In this section, the PEP of the proposed MWC-Best-Usezxtended MMD criterion minimizes the worst case of the PEP
Link protocol is analysed and expressions for the sum-nmade ain the MWC-Best-User-Link protocol. Otherwise, while not
average delay of MWC-Best-User-Link are derived. Morepvegnking into accountD’,,,;,, CNB maximizes the sum-rate in
the cost of MWC-Best-User-Link and existing protocols soal the MWC-Best-User-Link protocol and has low computational
examined. cost.



B. SUm-Rate TABLE I

. . C C
The system capacity upper bounds the sum-rate of a given OVPUTATIONAL LOST

system [14]. In MWC-Best-User-Link, as the relay selectedProtocols additions2 multipli%ations
for receptionR, may be different from the relay selected for meMBeSLt Ukselrs'-'”k ig\%;/ X+ KUNY igvj\z[\;/ Z+ KUNJ
transmissionR, its capacity is given by [37]: ax-Link [15] s —3) sU)

TW-Max-Link [18] N Mg (Utotel —3) N Mg (Utotal)
1 . [ SR, RS TW-Max-Min [11] NS (ytotal _ 3) IS (ytotal)
Cpr = §m1n{IDF ARt (28) 2
where the terms in (28) are the maximum rate at whigltan ) .
=N+CY, X=0,if Mg =1, X =1, if Mg =2, and

reliably decode the data sent by the selected cluSteand
So and at which this selected cluster can reliably decode trf
estimated data sent by, respectively. In [17], the relation- Ms
ship between mutual information and entropy is establis
for a given channel matrifls r, and the maximum mutual
information is given by

2Mg—1,if Mg >3,V =1,if Mg =1, =4Mg—1,

>92 Z=0,if Mg =1, Z = 2, if Mg = 2,
hgadZ_2(M2 Mg), if Mg > 3, J = 2,if Mg =1,
J = 4M5 2Mg, if Mg > 2, and the number of calculations
of the MMD metric for each relay is given by

2Ms Ms
— log, det (HS r,(Qs,n,/No)HY Rg+1), (Q9)  gyoret = 3 g nic2Me 9y 2 wicMs (34)

=1 =1

ISR

where Qs r, = E[x(x)"] = T ££, and the vectorsc are
structured by independent and identically d|str|butedd(b where W (quantlty of distances between the constellation

Rfs

108

— log, det (HRf s(Qr,.s/No)HE o+ I) . (30)

Es

WhereQRf s =1 . However, instead of considering the
minimum of the terms in (28), to calculate the sum-rate ¢ 10°
the proposed protocol, we employ an approximated expmess
given by the average of the values found in each time sl
Therefore, in the case of a time sloselected for MA mode,
the sum-rate is given by

e
- J
-

Number of operations

1
R;SR = 5 1Og2 det (HS,Rg(QS-,Ry/NO)HngQ + I) ’ (31)

Furthermore, in the case of a time slaelected for BC mode, 1072
the sum-rate is given by

MW-Max-Link (MMD) [13] - additions
MW-Max-Link (MMD)[13] - multiplications
MWC-Best-User-Link (CNB) - additions
=+ MwcC-Best-User-Link (CNB) - multiplications
=¥ TW-Max-Min (MMD) [10] - additions
=¥ TW-Max-Min (MMD)[10] - multiplications

RS 1
: 12) _ 5 10g2 det (HRfysl(z)(QRf-,Sl(z)/NO)Hgf,Sl(z) +I) 1 2 y 3 4

s

R

Therefore, by summing the sum-rate values found in each _
time slot and dividing this result by the total number of tim&i9: 4. Computational cost.
slots, we have that the average sum-ra9 6f the MWC-

Best-User-Link scheme can be approximated by 4 shows the complexity of the relay selection algorithm in

MWC-Best-User-Link (CNB), MW-Max-Link (MMD) and
SPSERSR L SRS (REST L RES2) 33) TW-Max-Min (MMD), for Mg,, = 2Ms (U = 1) and
nsg + Nrs ’ (33) Mg, = Ms (V =1), K =5, N = 10 and BPSK. From
wherensr andngs are the number of time slots selected fofliS result, we notice that the complexity of the relay setec
SR and RS transmissions, respectively. algorithm in MWC-Best-User-Link (CNB) is smaller than the
complexity of the relay selection algorithm in MW-Max-Link
) (MMD). If we increase the number of antennasit = 3 (or
C. Computational Cost more) the complexity of the MMD criterion is considerably
The number of operations of the relay selection algorithgreater than that of CNB.
of the proposed MWC-Best-User-Link is related to the com-
plexity of the CNB or MMDJ[15], [16], [17] criterion. Table
II shows the complexity of the relay selection algorithm ifp- Average Delay
the proposed MWC-Best-User-Link (using the CNB criterion) In [12], a framework based on Discrete Time Markov
and the existing MW-Max-Link [15], TW-Max-Link [18] and Chains (DTMC) is proposed to analyze the traditional Max-
TW-Max-Min [11], here adapted for multiple-antenna sysseniink algorithm, that considers single-antenna systemss Th
(using the MMD criterion), forK clusters, N relays, Mg framework has been used in many subsequent works to analyze
antennas at the userd/rp,, = 2UMg antennas at the other buffer-aided relay selection protocols whose buier
relays andMpg,, = Mg (selected out oV M), considering finite [34]. Moreover, in [34], this framework is used to

R ~

tx



analyze the average delay of an approach based on the Meomsidering an ideal balance between the operation modes, w
Link algorithm. In the following, we use this frameworkhave:
to analyze the average delay of the existing MW-Max-Link L if Lol — 0
[15] and the proposed MWC-Best-User-Link protocols for E[d)°P = PR (38)
multiple-antenna systems. { KL, if LoL > KL.
Similarly to Max-Link [12], MW-Max-Link [15] was origi- or
nally considered for applications without critical delagne
straints. In this work, by considering the importance of a E[d°P ~ LoL, if 0 < LoL < KL, (39)

short average delay in most modern applications, an express

for the average delay of the proposed MWC-Best-User-Lirfhnoddte))S/ c&lsgj:rgggr:apsc())snsi,:]bgleal.lpr:?izlsance between the opgrati

protocol is presented. The average delay is calculated by
considering the time a packet needs to reach the destination

once it has left the source (no delay is measured when the V. SIMULATION RESULTS

packet resides at the source [34]). So, the delay is the numbewe assess via simulations the proposed MWC-Best-User-
of time slots the packet stays in the buffer of the relay [84]. Link and the existing MW-Max-Link [15], using the CNB-
MW-Max-Link, each relay is equiped with a set &f buffers based and the extended MMD-based relay selection algo-
(each cluster has a particular buffer in the relays). Fod.i.i rithms. We employ BPSK signals and note that other con-
channels, the average delay is the same on all relays. Hergtellations as QPSK and 16-QAM were not included but can
it is sufficient to analyze the average delay on a single relgg examined elsewhere. The performance of MWC-Best-User-
[34]. By Little’s law, the average packet delay at relay’dfeu  Link and MW-Max-Link protocols was assessed for a sef of
R;, denoted byFE[d;] is given by values. Then, we found thdt = -~ = 3 sets of Mg packets

M,
is sufficient to ensure a good perf(s)rmance. We consider gterfe
gig.] — ELL]
=Ty

(35) and imperfect CSI, symmetric unit power channet$ f, =
0% ¢ = 1) and also asymmetric channels. We consider het-
where E[L,] and E[T;] are the average queue length an@rogeneous [31] and homogeneous path-loss. As an example,
average throughput, respectively [34]. The derivationtfe in the simulated configuration with heterogeneous distance
average delay at the high SNR regime is given in [35]. Agnd path-loss, the distance between each i)HEC(BSM or

the selection of a relay’s buffer is equiprobable, the ageraSs,) and each relayR; is given byds, r, = o0 and

throughput at any relay’s buffeR; is %, wherep is the the path-loss between each soufje(S:, or S,) and each

average data rate. Since we have half-duplex lipks 1/2 relay R; is given byés, r, = &s,_, . r, X (1 +0.25(k — 1)).
and thereforeZ[T;] = 357 . Then, assuming an ideal balancén contrast, by considering homogeneous distances and path
between the operating modes (MA and BC), it can be showgss, the source and relay nodes are distributed with difter
that the average queue length at any relayEid ;| = % locations, but the relays have approximately equal dig&nc
where L = ﬁ Thus, by Little’s law, the average delay inand path-loss to the sources. Thus, the system model is
the MW-Max-Link protocol is given by simplified and given b 5, r, = Gg,, r,. Moreover, we con-
BA BA sider time-uncorrelated and time-correlated channelsais
E[d;]”" = Eld]”" = NKL. (36) example, in the simulated configuration with time-corredat

nnels, the channel matrix in each time slot is given by
i+1 = pH; + /1 — p2H,,, whereH, is the channel matrix
in the previous time-slot-1 < p < 1 andH,, is also a channel
%atrix formed by mutually independent zero mean complex

However, due to a possible unbalance between the operafj
modes,E[L;] may be smaller or larger thak, (E[L;] < L),

and, consequentlyE[d;]®4 < 2NKL. So, as either the
number of relays, the number of clusters or the buffer si
increases, the average delay of MW-Max-Link increases.
contrast, in the Cloud-Driven MWC-Best-User-Link protgco

there is a unique set ok buffers that resides in the cloud. h the rel q e 1. Th
Consequently, as the number of relays increases, the aa/elfé m each source or the relay(s) and we consitigr= 1. The

delay remains the same. Thus, by considering an ideal pipnsmission protocols were simulated #1000Ms packets,

ance between the operating modes, the average delay in gﬂtgh W'trlg :I 103 sy(rj‘ntbhols. \lNe azsmtjmed p}erftecF S|g|r_1al|ng
proposed MWC-Best-User-Link is given by etween the cloud and the relays, but iImperiect sighaiing ca
be considered in future works.

aussian random coefficients & 0, for time-uncorrelated
channels). The signal-to-noise ratio (SNR) given ByN,
ranges from 0 to 10 dB, wherg is the energy transmitted

E[d)°P = KL. (37)

However, with a possible unbalance between the operatiftg PEP @nd Sum-Rate performances

modes, the same reasoning is applied and, consequentlyn this section we present the theoretical PEP (computed
E[d;]°P < 2KL. Nevertheless, the average delay can bg/ the algorithm based on the selected channel majx
further reduced by forcing the protocol to operate in B@ each time slot) and the sum-rate performance obtained by
mode and to select the cluster whose buffer is fullest, wheimulation of the proposed MWC-Best-User-Link (using CNB
the number of sets ofifs packets in the cloud buffers isand MMD) and the existing MW-Max-Link [15], TW-Max-
greater than the low latency paramefesl.. By using LoL, Link [18] and TW-Max-Min [11] (using MMD).
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Fig. 5. PEP and Sum-Rate performances versus SNR. 0 2 4 6 8 10
SNR(dB)

Fig. 5 illustrates the Sum-Rate and the theoretical PEf®: 6. BER performance versus SNR.
performances, for homogeneus path-loss, Gaussian dis-
tributed signals and BPSK, respectively, of MWC-Best-User A
Link (MMD), MWC-Best-User-Link (CNB), MW-Max-Link than 10d3. The_ r_esults sh(_)wn in F_|gs. 5 and 6 demon_strate
(MMD)[15], TW-Max-Link (MMD)[18] and TW-Max-Min the benefits of joint detection provided by the cloud-driven
(MMD)[11] protocols, for Mg = 2, Mg,, = 4 (U = 1), framework.
Mg,, =2V =1), K =5, N =10, LoL > KL, perfect
CSI and unit power symmetric channels. The PEP performar
of MWC-Best-User-Link (MMD) is considerably better than
that of MWC-Best-User-Link (CNB), as MMD maximizes
the metricD’,,;,, and the PEP performance of MWC-Best:
User-Link (CNB) is close to the performance of MW-Max-
Link. Nevertheless, the sum-rate performances of the MW1
Best-User-Link (MMD) and MWC-Best-User-Link (CNB) are
considerably better than those of the other protocols for
the range of SNR values simulated. Moreover, the sum-r¢ =~ MWC Best UserLink Us1,v=2 Lol =0 %

=
o
w
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=3~ MwC-Best-User-Link,U=1,v=2,LoL=0
«+{* MwC-Best-User-Link,U=1,v=2,LoL=1
=[3F mwc-Best-User-Link,U=1,v=2,LoL=5
=3~ MWC-Best-User-Link,U=1,V=2,LoL>KL
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MW-Max-Link [13]
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Average Delay
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performance of MWC-Best-User-Link (CNB) is Superior tc  °°{“G micsevserinku-iv-2105

== MWC-Best-User-Link,U=1,V=2,LoL>KL

that of MWC-Best-User-Link (MMD), as CNB maximizes the :8:ch,aes.,um.nk,u:m,m

MW-Max-Link [13]
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B. BER and Average Delay performances with the ML re-  Fig. 7. BER and Average Delay performances versus SNR.
ceiver
In this section we present the BER and average delayFig. 7 illustrates the BER and the average delay per-
performances of the proposed MWC-Best-User-Link (usirfigrmances of MWC-Best-User-Link (MMD) and MW-Max-
the CNB-based and the extended MMD-based relay selectidnk (MMD) protocols, for homogeneous path-loss, BPSK,
algorithms) and MW-Max-Link [15], using MMD, with the Ms =2, Mg, =4and 8 U =1 and 2),Mp,, =2 (V =2
ML receiver, for homogeneous path-loss and time-uncaedlaand 4), K = 5, N = 10, LoL = 0, 1, 5 andLoL > KL,
channels. perfect CSI and unit power symmetric channels. The average
Fig. 6 depicts the BER performance of the MWC-Best-Usedlelay performance of MWC-Best-User-Link is considerably
Link (MMD), MWC-Best-User-Link (CNB) and MW-Max- better than that of MW-Max-Link, as MWC-Best-User-Link
Link (MMD) protocols, for homogeneous path-losgs = 2, has a unique set df cloud buffers. When we reduce the value
Mpg,, =4 (U =1), Mg,, =2 (V =1), K =5, N = 10, of LoL to 0in the MWC-Best-User-Link protocol, the average
BPSK, LoL > KL, perfect and imperfect CSI3(= 0.5 delay is reduced tad time slot, keeping almost the same BER
and o = 1) and unit power symmetric channels. For botperformance. This result validates our analysis in Sedbn
perfect and imperfect CSI (full and dashed curves, respddoreover, the BER performance of MWC-Best-User-Link is
tively), MWC-Best-User-Link (MMD) outperforms MWC- considerably better than that of MW-Max-Link féf = 1 and
Best-User-Link (CNB), mainly for SNR values greater tha = 2. For higher values o/ and V' the BER performance
6dB, as MMD maximizes the metri®’ ;.. MWC-Best- of MWC-Best-User-Link is considerably improved, due to a
User-Link (MMD) also outperforms MW-Max-Link for the higher diversity gain in the uplink and the antenna selectio
range of SNR values simulated. Moreover, MWC-Best-Useir the downlink.
Link (CNB) outperforms MW-Max-Link for SNR values less Fig. 8 illustrates the BER and the average delay per-
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Fig. 9 depicts the BER performance of the MWC-Best-User-
Link (MMD), MWC-Best-User-Link (CNB) and MW-Max-
D G G G Link (CNB) protocols, for homogeneous path-loddg = 2,

T I Mp —4@W =1), My, —2(F = 1), K = 5
N = 10, BPSK, LoL. > KL, perfect and imperfect CSI

10°

=
o
)

=~ Mwc-Best-User-Link

g % MWCBestUserLink, o, =05 (8 = 0.5 and a = 1) and unit power symmetric chan-

%, %ﬂﬁiiﬁ:ﬂ;"k %508 nels. For both perfect and imperfect CSI (full and dashed

g MV MaLink [13), 2, =05 curves, respectively), the BER performance of MWC-Best-
—E e BestUserLink 10t [TO Mwmaikis, o705 | User-Link (CNB) is considerably better than that of MWC-

=¥ MwC-Best-User-Link, 02 =05

MWC BestUserLink, o2 =05 Best-User-Link (MMD), as CNB minimizes the error in the

0 %xax:t::t{g s MMSE receiver and MMD is based on the ML principle

O MWMacLink13), o =05 and the PEP. Moreover, MWC-Best-User-Link (CNB) also

w0 . . ., 0 08— 8—8—8—8—8 ,iperforms MW-Max-Link (CNB) for all the range of SNR
SNR(dB) SNR(dB) values simulated.

Fig. 8. BER and Average Delay performances versus SNR.

10%
10™

formances of MWC-Best-User-Link (MMD) and MW-Max- S—0————2
Link (MMD) protocols, for homogeneous path-loss, BPSK ;.| e P ey e
Ms =2, Mg, =8 (U = 2) Mg, =2(V =4), g [
K =5 N =10, Lol = 0, symmetric 3, = 0js =1) ¢ Y Bttt
and asymmetric channelsrg r = landoy g = 05 0or “w0° g';’ $:xmiﬁﬂuﬁgngu:aiv:aZLoL:o
o%r = 0.5 ando} ¢ = 1) and perfect CSI. The average * o
delay performance of MWC-Best-User-Link is considerabl | T bestuserinkl Ly Eol0
better than that of MW-Max-Link. WherL.oL equals 0 in B mwosesusertinustvoztolos : == —H
the MWC-Best-User-Link protocol, the average delay equals %mg_gz:;_gzz;_t:::,3;;:;{5;3 1 Y RSN NS 1 SN, SO 1
time slot and the BER performance of MWC-Best-User-Lin s 222y 1 ———8—8—8
is considerably better than that of MW-Max-Link, for botr  ° *  S.o0 ° *  ° % ew 0

symmetric and asymmetric channels. If we consider higher
values ofU andV/, the BER performance of MWC-Best-User-Fig. 10. BER and Average Delay performances versus SNR.

Link can be further improved. ) )
Fig. 10 illustrates the BER and the average delay per-

formances of MWC-Best-User-Link (CNB) and MW-Max-
C. BER and Average Delay performances with the MMSE Link (CNB), for homogeneous path-loss, BPSK(s = 2,
receiver Mg,, =4,8and 16 U =1, 2 and 4),Mp,, =2 (V =2,

In this section we present the BER and average deldy2nd 8./ =5, N =10, LoL =0, 1,5 andLoL > KL,
performances of the proposed MWC-Best-User-Link (usi rfect CSI and unit power symmetric channels. The average

the CNB-based and the extended MMD-based relay selectlb%Iay pﬁ rforrrr:anc? I\(;I(NMI\\//IV C-Eeskt-Use&\LAi/rél:( és COSSide[abkly
algorithms) and MW-Max-Link [15], using CNB, with the etter than that o -Max-Link, as est-User-Lin

linear MMSE receiver, for homogeneous path-loss and timgas a unique set dt’ cloud buffers. When we reduce the value
uncorrelated channels. of LoL to 0 in the MWC-Best-User-Link protocol, the average
delay is reduced ta time slot, keeping almost the same BER
performance. Moreover, the BER performance of MWC-Best-
10° User-Link is considerably better than that of MW-Max-Link
for U = 1 andV = 2. For higher values of/ and V' the
BER performance of MWC-Best-User-Link is considerably

m
m
]

o 55::ﬁ~ improved, due to a higher diversity gain in the uplink and
SR 3: % the antenna selection in the downlink.
i S~ :=== Fig. 11 illustrates the BER and the average delay perfor-
® S © oo mances of MWC-Best-User-Link (CNB) and MW-Max-Link
102 {5 MW BestUser-Link (WMD) < - (CNB) protocols, for homogeneous path-loss, BPSK; = 2,
MWC-Best-User-Link (CNB) R Mg,, =8 (U =2), Mg,, =2 (V =4), K =5, N = 10,
T v . 5205, act LoL = 0, symmetric ¢% , = 0% ¢ = 1) and asymmetric
:3 et L (OB) o0 o= channels ¢% , = 1 ando%, ¢ = 0.5 or 0%, = 0.5 and
107 3 '4 ' . . o o%.¢ = 1) and perfect CSI. The average delay performance
SNR(dB) of MWC-Best-User-Link is considerably better than that of

MW-Max-Link. When LoL equals 0 in the MWC-Best-User-
Fig. 9. BER performance versus SNR. Link protocol, the average delay equdlgime slot and the
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for time-uncorrelated or time-correlated channels, asdhe
protocols select the best links in each time slot. Moreover,
the BER and sum-rate performances of MWC-Best-User-
Link considering heterogeneous path-loss are almost gqual

10°

1021 [ Mwe-BestUserLink ] that for homogeneous path-loss, as the links selected by the

102 g % s Zz proposed protocol tends to be associated with the cluster of
& ) :§-MW.MM.L.”K[B] C users which is closest to the cluster of relays. Furthermore
g o i Zz the BER and sum-rate performances of MWC-Best-User-Link

—F3- MwC-Best-User-Link
107 | =% MWC-Best-User-Link, 0% =0.5

MWC-Best-User-Link, néS:O.S
MW-Max-Link [13]
=¥ MW-Max-Link [13], 0% .=0.5

2
-0O Mw-Max-Link [13], 036705

considering heterogeneous path-loss are considerabigr bet
than those of MW-Max-Link.

=
S)
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VI. CONCLUSION

10 I 10('_._._'_'_.
0 2 4 6 8 10 0 2 4 6 8 10 H H
SNR(E) SNR@E) A novel framework using a cloud as a central node with

buffers has been introduced and investigated as a favorable
Fig. 11. BER and Average Delay performances versus SNR. relay selection strategy for multi-way protocols. We have

examined relay-selection techniques for multi-way coapee

o ) MIMO systems that are driven by a cloud central node,

BER performance of MWC-Best-User-Link is considerablynere a cluster with two sources is selected to simultarigous
better than that of MW-Max-Link, for both symmetric andransmit to each other aided by relays. In order to perform
asymmetric channels. If we consider higher valueS @ndV',  signal detection at the cloud and the nodes, we have presente
the BER performance of MWC-Best-User-Link can be furthqfj  and linear MMSE detectors. Simulations illustrate the
improved. excellent performance of the proposed MWC-Best-User-Link

protocol, that by using the novel CNB-based or the extended
D. BER and Sum+Rate performances, for heterogeneous path- MMD-based relay selection algorithm outperformed the texis
loss and time-correlated channels ing MW-Max-Link scheme in terms of PEP, sum-rate, average
delay and computational cost. In particular, this novetgqeol

In this section we present the BER and sum-rate perf las a considerably reduced average delay, keeping the high

mances of the proposed MWC-Best-User-Link and the eX'St'r(}I%/ersity gain, both for MMSE and ML detection. Moreover,

MW Max Link .[15] (qsmg th.e extended MMD based relayMWC-Best-User-Link (MMD) has the best performance when
selection algorithm with the linear ML receiver and the CNB- C T o S

. . . . ML detection is used, as the MMD criterion minimizes the
based relay selection algorithm with the linear MMSE re-

ceiver), for heterogeneous path-loss and time-correkzhag- error in the ML receiver. In contrast, MWC-Best-User-Link
nels ' 9 P (CNB) has the best performance when MMSE detection is

present, as the CNB criterion minimizes the error in the
MMSE receiver. Thus, by comparing the complexity and the

performance of these relay selection algorithms and recgiv
we recommend the use of MMD and ML detection, for
N Ms < 2 antennas, and CNB and linear MMSE detection,
5 otherwise.
w Q
@ >§ APPENDIXA
S - SRt O o R o o PROOF OF THE MINIMIZATION OF THEPEPAND OF THE
B s s N e S ERROR IN THEML RECEIVER- MMD
10 | =[F MwcC-Best-User-Link (CNB), Hom., Corr. =[F Mwc-Best-User-Link (CNB), Hom., Corr. . . .
MWC-Best-User-Link (CNB), Het, Unc. \ MWC-Best-User-Link (CNB), Het, Unc. The ML detector is the optimal detector from the point
MW-Max-Link (MMD) [13], Het, Unc. ] 2 ﬁ-MW-Max-Lmk(MMD)[13],He(,Unc. . R .. e .
¢ :8-MW-Max-Lmk(CNB>mmuﬂc. \ MW Link (CNB) [13], Het, Une of view of minimizing the probability of error (assuming
e 2z 4 6 8 0 0 2 4 6 8 10 paquiprobablex) and the solution is given by
SNR(dB) SNR(dB)
2
Fig. 12. BER and Sum-Rate performances versus SNR. r. . . Eg e
x[i] = argmin | ||y[i] — 1/ —Hx[{] ,
x'[1] Mg
Fig. 12 illustrates the BER and the sum-rate performances ) (40)
of MWC-Best-User-Link (MMD) and MWC-Best-User-Link Es _ . Es .
(CNB) protocols, considering 3 different configuration3: a = argg}g}l Mg Hx[i] + n[i] — Ms Hx'[1]
homogeneous path-loss and time-uncorrelated channéis; b)
mogeneous path-loss and time-correlated chanpéls=(0.9),  we have seen in Section IV that the PEP worst case is given

c¢) heterogeneous path-loss and time-uncorrelated chariael by
BPSK, Ms = 2, Mg,, =8 (U = 2), Mg,, =2 (V = 4),

K =5, N =10, LoL = 0 and perfect CSI. The BER and
sum-rate performances of MWC-Best-User-Link are the same

E
P(x, — x|H) = Q < 2NO§WS D’mm> . (41)
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where 2 H (xn —x;)||>, in MA mode, andD’ = maximizing the sum-rate, as shown by
T H(xn — x )|I, in BC mode, and # n.

The proposed MWC-Best-User-Link, using the MMD relay HYNZ = arg max = log, det (H(Q/No)H” +1)
selection criterion, selects the channel maHX’ P, mini-

— H
mizing the PEP worst case, as shown by = argmax det (H(Q/No)H" +1)
= argnax det (HHH + I)
HMMD — arg mén P(x, — x;|H) = arg max det (HHY
(45)
E =
— arg m&nQ < ~ ?\/[ ;o ) arg max det (H) det (H*)
0 = argmax det (H) (det (H))’
Es (42) ,
= D'min =
arg max < SN, Mo ) arg max |det (H)|

= argmax |det (H)| .

= argmax D in
H

= argmaxnun L (x — 1) This reasoning may be applied also for each of the square
sub-matricesH* in a non square matridl (formed by
multiple square sub-matrices). Thus, it is proven that the

Consequently, the MMD relay selection criterion, by maxeNB relay selection criterion maximizes the sum-rate in the
imizing the minimum Euclidian distance between differenjroposed MWC-Best-User-Link protocol.
vectors of transmitted symbols, minimizes the error in the M
receiver, as shown by

|E |E
HMMD _ arg m}z}x min H ﬁSHxn + n[z] - ﬁSHXl

. Es
= arg maxmin (M IHx,, — Hxl||2)

APPENDIXC
59\ PROOF OF MINIMIZATION OF THE ERROR IN THEMMSE
RECEIVER- CNB

g{)the linear MMSE receiver the estimate of the transmitted
\;e or of symbols is given by

= argmax min ||H(x, — x;)||°. x[i| = WumseY|i]

-1
= <HHH + Z—EI) Hy[i]. (46)

x

This reasoning may be applied also for each of the square

sub-matricesH" in a non square matri (formed by Sinceyli] = Hx[i] + n[i], from the above equation we can
multiple square sub-matrices). Thus, it is proven that theynclude that the performance of linear detection is diyect

MMD relay selection criterion minimizes the error in the MLyg|ated to the power of the MMSE effective noise [36] which
receiver, in the proposed MWC-Best-User-Link protocol. s calculated as

2
. (47)

x

2 -1
E (HHMMSEHQ) =F H <HHH + %I) HHn[z]

APPENDIXB

PROOF OF THESUM-RATE MAXIMIZATION - CNB . . .
The effects of the effective noise in MMSE can be mini-

mized if the power of the coefficients of the pseudo inverse

We have shown in Section IV that the sum-rate of ghannel matrixW,p = (H”H)~"H" are small. Note that

cooperauve system in each time slot for a given channelimat™V z# corresponds to the equalization matrix in the Zero
H is given by Forcing (ZF) receiver.
The relation between Wy and its determinant
) (det(Wzp)) is given by
R = = log, det (H(Q/No)H” +1), (44) .
2 Wzr = (1/det(W5)Ad] (W) (48)
= det(Wzp)Adj (W) .
where Q = E[x(x)] = I £, in the MA mode, and
Q=1 ﬁj , in BC mode. By considering a square channel By considering a square channel matfk the proposed
matrix H, the proposed MWC-Best-User-Link, using the CNBAWC-Best-User-Link, using the CNB relay selection crite-

relay selection criterion, selects the channel maHi%™V 2, rion, selects the channel matd#“™~ 2, minimizing the effects




of the effective noise in ZF and MMSE receivers, as showmns]
by
HONB = arg min det(Wzr) [16]

arg m}iln det((HPH)THT)

 det (HP) 17
— eI\ et (HAH) 8
1

- det (HH) (49)
— MBI det(HT) det (H)

) [19]
— U <F(H))
= argmax det(H) = arg max |det (H)| . (20]

This reasoning may be applied also for each of the square
sub-matricesH* in a non square matrixd (formed by
multiple square sub-matrices). Thus, it is proven that the!
CNB relay selection criterion minimizes the error in ZF and,
consequently, in the linear MMSE receiver, in the proposézk]
MWC-Best-User-Link protocol.
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