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Abstract

This paper investigates the relay selection (RS) problenetworks with multiple users and multiple
common amplify-and-forward (AF) relays. Considering tivemll quality-of-service of the network, we
first specify our definition of optimal RS for multiple-useaalay networks. Then an optimal RS (ORS)
algorithm is provided, which is a straightforward extemsiof an RS scheme in the literature that
maximizes the minimum end-to-end receive signal-to-nmasi® (SNR) of all users. The complexity of
the ORS is quadratic in both the number of users and the nuafibelays. Then a suboptimal RS (SRS)
scheme is proposed, which has linear complexity in the numfrelays and quadratic complexity in the
number of users. Furthermore, diversity orders of both tR&S@nd the proposed SRS are theoretically
derived and compared with those of a naive RS scheme andrbke-siser RS network. It is shown
that the ORS achieves full diversity; while the diversitgler of the SRS decreases with the the number
of users. For two-user networks, the outage probabilitiesaray gains corresponding to the minimum
SNR of the RS schemes are derived in closed forms. It is prévaidthe advantage of the SRS over
the naive RS scheme increases as the number of relays in tiverkéncreases. Simulation results are

provided to corroborate the analytical results.
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I. INTRODUCTION

Multiple-input-multiple-output (MIMO) techniques arefettive ways of achieving spatial
diversity in wireless communications. Since installingltiple antennas on wireless nodes is not
always possible in practice, cooperative communicatioogrecept that takes advantage of the
possible cooperation among multiple nodes in a networkrm fartual MIMO configuration, has
received significant attention in the wireless communiifly [2]. For cooperative networks with
multiple relays, relay selection (RS) is one important affdctive technique because properly
designed RS strategies can achieve full spatial diversitly low complexity and overhead.

RS problems have been extensively studied in the opentliterdor networks with single
source-destination pair, referred to smgle-user networks, e.g., [B]-[7]. Recently, there is in-
creasing interest in relay networks with multiple sourestchation pairs, referred to asltiple-
user networks. Typical multiple-user networks include ad-hoc, sensod eesh networks. For
a multiple-user multiple-relay network, proper RS is vitabwever, limited attention has been
paid to the RS problem. RS schemes proposed for single-@taorks cannot be extended to
multiple-user networks straightforwardly due to the chiafjes in the performance evaluation,
the competition among users, and the increased compl&{ity [

There are some research efforts on RS in multiple-user mksvé multiple-user multiple-
relay network is considered with amplify-and-forward (Af€laying and decode-and-forward
(DF) relaying in [9] and [[10], respectively. Among the mplg users, the best user is first
selected based on the quality of its direct link to its degton, then the selected user chooses
the relay through which it can obtain the maximum end-to-eeckive signal-to-noise ratio
(SNR). Other users are not allowed to transmit. Sd_In [9] &®],[only one user with its best
relay is selected at a time._[11] considers a multi-user agéwin which all relays are clustered
into two groups based on the available channel state infiam&CSI). Only one relay group
is selected, and all users communicate with their destinatthrough all relays in the selected
group. In other words, multiple users and multiple relays selected at a time, and each user

is helped by all selected relays.
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There is also some limited research wadrk|[12]+[14] on migdtipser multiple-relay networks
in which at a time multiple users can transmit and each uskeliged by a distinct relay set.
Since the RS for one user may impact the choices of other,uberfS problem becomes more
challenging. In[[12], grouping and partner selection fooperative networks with DF relaying
are considered. It investigates how to allocate relays ststassers and analyzes the effect of
allocation policies on network performance. For each uberrelays are selected based on the
strength of the user’s channels to the relays.[Id [13], alsinger network is first considered.
Ensuring that relaying can achieve a larger channel captian direct transmission, a sufficient
condition based on channel quality is derived to find a fdasskt of relays for the single-user
network. Then the work is extended to the multiple-user casehich a semi-distributed RS is
proposed to maximize the minimum capacity experienced byusers. However, the proposed
scheme does not guarantee optimality because each useseshaorelay in its feasible set
randomly. In [14], an RS scheme that maximizes the minimuhiexzable data rate among all
users is proposed. The complexity of the scheme is linedneamumber of users and quadratic
in the number of relays. The work in_[14] focuses on the probfthe optimality of the RS
scheme. Analytical performance evaluation is not provided

In this research, we consider a multiple-user multipleyratetwork in which each user can
only be helped by a single relay and one relay can help at mesuser. The new contributions

of this paper are listed as follows.

« We specify an optimality measure of RS for multiple-usemayehetworks. Comparing
with the previous used optimality, maximizing the minimueceive SNR among users,
this measure guarantees the uniqueness of the optimalosphnid takes into account the
performance of all users in addition to the worst one. Anroptirelay selection (ORS)
scheme is provided, which is a straightforward extensiothefminimum-SNR-maximizing
RS scheme proposed in_[14]. The complexity of the ORS is guidin both the number
of users and the number of relays.

« We propose a sub-optimal RS (SRS) scheme, whose complexityear in the number of
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relays and quadratic in the number of users. Thus, for nésvaith a large humber of
relays, the SRS is much faster than the ORS. A naive RS scheead introduced as a
benchmark, in which users select relays one by one basedeanuter indices.

« For the ORS, the proposed SRS, and the naive RS, diversigyade analyzed theoretically
based on the minimum SNR among users using order statisticshown that for a network
with N users andV, relays, with ORS, all users achieve diversity ordér, which is the
full diversity order of a single-user network witN, relays. Thus, user competition does
not affect diversity order if optimally designed. For the SRnd naive RS, however, an
achievable diversity order of all users is shown toye— N + 1.

« For two-user networks, tight upper bounds on the outagegmitbes of the ORS, SRS,
and naive RS are derived. It is shown that the SRS achieves lagtay gain than the naive
RS, and the advantage increases as there are more relalgl@vai the network.

« Numerically simulated outage probabilities are illustthto justify our analytical results
and show the advantage of the proposed SRS over the naive RS.

The rest of the paper is organized as follows. The system hawdkorder statistics of receive
SNRs are provided in Sectidn Il. RS schemes are introducdddatussed in Sectidn lll, in
which we introduce an ORS scheme, which is an extended vedfithe RS scheme in [14],
propose an SRS with lower complexity, and introduce a nai# SRheme for performance
benchmark. The diversity orders of the ORS, the proposed, 8R& the naive RS schemes
are analyzed in Sectidn ]V. Outage probabilities of the éhsehemes in two-user networks
are derived in closed-forms in Sectiod V. Numerical resaltsl the concluding remarks are

presented in Sectidn VI and Section VII, respectively.

[I. SYSTEM MODEL AND ORDER STATISTICS OFRECEIVE SNRS

Consider a wireless relay network wiffi users sending information to their destinations via
N, relay nodes, as shown in Figl 1. Each node has a single ant€hegpower budget i

for each user and) for each relay. The fading coefficients from tita user to thejth relay
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and from thejth relay to theith destination are denoted @s andg;;, respectively. There is no
direct link between a user and its destination. All chan@es assumed to be independent and
identically distributed (i.i.d.) complex Gaussian fadingth zero-mean and unit-variance, i.e.,
fijs 95i ~ CN(0,1). The channel amplitude thus follows Rayleigh distributibhe RS schemes
introduced and proposed in this paper are centralized. Bhuosaster node, which can be a
destination, assumed to have perfect and global CSl, isangehof the RS process. To conduct
AF relaying, the relays are assumed to know their channdls the users.

The users need the relays’ help to send information to thestidations. In this paper, we
assume that each user will be helped by one and only one @laynimize the synchronization
requirement on the network. Since multiple relays’ paptition consumes more power, it also
has the potential of power-saving. We also assume that edai can help at most one user.
This is to avoid having too much load on one relay, which maylqerg network lifetime [[2],

[13]. Thus, we needV, > N.

A conventional half-duplex two-step transmission protasoused [2]. The first step is the
transmissions from users to relays, and the second stepeisrdnsmissions from relays to
destinations. To avoid interference, the users are ass$igrieogonal channels using frequency-
division or time-division multiple access. Without loss génerality, the transmission of User
1 helped by Relayj is elaborated here. Denote the information symbol of Usas x;, which
has unit average energy. Applying AF relaying with cohegawer coefficient[[15], the receive
signal at Destination can be written as

PQ 0
o fre @ 1
U9 =\ BT P 1 P e )

wheren, andn,, are the additive noises at Relgyand Destination, respectively, which are
assumed to be i.i.d. following\ (0, 1). The end-to-end receive SNR of Usethus equals

- PQ|fijg5il°
Y Plfii? + Qlgsil? +1

)

For the simplicity of the presentation, in the rest of the ggaphe SNR of a user means its

end-to-end receive SNR.

September 30, 2018 DRAFT



One main problem of this paper is to find RS schemes that leagbéa performance. At
the same time, low complexity is also desired for practicaisideration. For the RS problem
in single-user networks, the performance criterion isightforward. Also, the competition is
only among relays not users. In contrast, the RS problem itiptetuser networks is a lot
more challenging: (i) the multiple communication tasks ptinate the performance criterion
specification and theoretical analysis; (ii) in additiontth® competition among relays, there
is competition among users to select their best relays irrotd maximize their individual
advantages; (iii) the complexity of exhaustive searcl®isV?), which is very high for large
networks. A good RS scheme should take into account the lbvertavork quality-of-service,
the fairness among users, and the complexity.

In [14], an RS scheme is proposed which maximizes the minirtramsmission rate of the
users, which is equivalent to maximizing the minimum SNRh&f tisers. With this RS criterion,
however, the RS solution may not be unique and only the waestsiperformance is optimized.
This paper uses a modified design criterion, which is spelcHie follows. An RS solution is
call optimal if it has the following properties:

« Property 1: the minimal SNR, denoted ag;,, among the users is maximized, which
equivalently means that the minimum achievable data ratellaisers is maximized and
the maximum outage or error rate of all users is minimized;

« Propertyk (k = 2, ..., N): conditioned on the preceding— 1 properties, the:th minimal
SNR of all user SNRs is maximized.

In contrast to maximizing the minimum receive SNR only, tlevroptimality definition guar-
antees the uniqueness of the solution and considers alt usaddition to the worst one.

As to the performance measure, we consider outage pratyahiiversity order, and array
gain. An outage occurs if the SNR drops below a predeterms8i¢® thresholdy,,. The outage
probability corresponding to/mi,, denoted asFouupp IS thus an upper bound on the outage
probability of all users because their SNRs are always meetlathanyg,i,. Diversity order

shows how fast the outage probability decreases with thedse in the transmit power in the
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. : . . . log P,
high transmit power range. It is conventionally definedia& — lim 98 ~out
P—oo log P

the outage probability. For the same reason, the diversitgraderived based ot is a lower

[16] where Py is

bound on the diversity orders of all users. When diversityeos of two designs are the same,
a better measure for performance comparison is the arrayvgaich is the difference between
the required power levels of the two designs to reach the sartege level.

To help the RS procedure, we consider all relay choices #®ugers and construct a receive
SNR matrix as

I‘:['h Y2 o ’YN]T (3)
where~y, = [ Yii Yiz s VN, ] with ;; the receive SNR of Userhelped by Relay;. ~;
contains the possible receive SNRs of Usdrhelped by any of theV, relays. It is theith row
of I'. The jth column ofT" contains the receive SNRs of the users if Relag chosen to help
them.T' is a N x N, matrix.

Now we consider the statistics of the receive SNRs which lglused for theoretical analysis
later. Since all channels are i.i.d;,’s are also i.i.d.. Denote their cumulative distributiondtion
(CDF) and probability density function (PDF) &5(z) and f, (x), respectively. From the results
in [17], we have

Q

B @+1) (111y, z(z + 1)
Fy() =1-2\ %50 e )IC1<2 = ) (4)

where I (-) is the modified first-order Bessel function of the second kiBishcez/C,(z) ~ 1
for small z [18], F,(x) can be well-approximated for largeé and () as

F’y(x)%l—e_(%Jr%)x: (%—i—%)x—i [— <%+$)]1x’ (5)

1=2
If we sort~;;’s in descending order as

Y= > 2 6)

where~, is the kth largest element of, and using the results of eq. (7)-(14) In [19] of order

statistics, the PDF of, can be given as

(NN, ()M 7F1 = P ()], ()

Ful@) = (NN, — k)l(k — 1)!

(7)
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Using binomial expansion, and subsequently applying natgmn by parts, the CDF of,, can
be derived ag”,, (z) = [ f,,(t)dt to yield

NN () (21 Fy (o) ¥ i

k—1
; NN “ht i+ (NN — Rk = 1) ®

[ll. RS SCHEMES

For the N-user N,-relay network, in [[14], an RS scheme is developed using threedr
marking” mechanism to maximize the minimal SNR among alfsis&ith worst-case complexity
O(NN?). Here we consider the following extension to the RS schenfé4hto obtain the RS
that is optimal with the definition specified in Sectioh Il. West apply the RS scheme ih [14]
to find a solution that maximizes the minimal SNR. Supposettiaminimal SNR is with User
1 and Relayj. Then we delete Userfrom the user list and delete Relayfrom the relay list,
and apply the RS scheme [n [14] again to the remaining ugearis relay list. This procedure is
repeated until all users find their relays. Then we get an RS8ltréhat has the properties defined
in SectionIl. We refer to it as theptimal relay selection (ORS) in the sequel. The worst-case
complexity of the ORS scheme @(N?N?), which is quadratic in the number of users and in
the number of relays.

For networks with a large number of relays, quadratic comifyién the number of relays may
be undesirable. Thus, we also propossilaoptimal relay selection (SRS) scheme, described as

Algorithm 1, whose complexity is linear in the number of yada

Algorithm 1 The Suboptimal RS (SRS) Scheme
1: AssignT’y =T.
2. for k=N :1do
3: Let k& denote the number of rows K.

4: Find the maximum element of each row Bf. Denote the: elements as:, - - - s Vhjz
5. Find v;-j = min (yy:,- -+, ), and assign Relay* to Useri*.

6: Delete thej*th column and thé*th row of T'y.

September 30, 2018 DRAFT



The main idea of the SRS is to find a relay for each user se@ligntnot necessaries in the
order of the user index) to achieve a complexity that is linreahe number of relays. In Step
4, the best relay for each user that has not selected a retag j@und. To avoid RS conflict,
in Step 5, the user with the smallest best SNR selects itsrblest This procedure is repeated
until all users have made their selections.

Now we consider the worst-case complexity of the SRS schéme consider the:th round
of RS, the required number of operations in Step 4 to find themam elements of N —(k—1))
rows is (N, — k)(N — k + 1); the required number of operations in Step 5\is- k. Therefore,

the total complexity for the SRS is

C— [(Nr—k)(N—k+1)+(N—k)]:N<3NNT+36NT_N2_5). )

Noting that N < N,, from (8), the complexity behaves & (N?N,), linear in the number of
relays and quadratic in the number of users. Therefore, éwarks with many more relays
than users, the SRS is advantageous in complexity.

The SRS does not always result in the optimal solution. Wherbest relays of two or more
of the users are the same, the SRS scheme may lead to a suddopBuit. To see this, consider

the following example of a network with two uses and four yslaFor one channel realization,

, 1.08 0.14 0.09 0.05
we have the SNR matrixt® = . The ORS scheme selects Relay 1

1.07 0.15 0.50 0.04
for User 1 and Relay 3 for User 2, with SNR beih@8 and0.5 for the two users, respectively.

This is the optimal RS solution. The SRS however selectsyRelfor User 1 and Relay 1 for
User 2, with the SNRs bein@ 14 and1.07 for the two users, respectively, which is not optimal.
In this section, we also introduce a naive RS scheme as a ivemkhn evaluating the ORS
and the SRS schemes. Intuitively, for the multi-user nekwar naive method is to assign the
best relays to the users one by one from User 1 to W&erhat is, User 1 first selects its best
relay (the best relay results in the maximum SNR). Then Ussel@cts its best relay among
the remainingN, — 1 relays; and so on so forth until Uséf selects its best relay among the

remainingN,, — N + 1 relays. As to the complexityly, — k operations are needed to find the
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best relays for Usek. Thus, the overall complexity igfle(Nr — k) =1(2NN, — N? = N),
which is linear in both the number of relays and the numbersefrst Obviously, the naive RS

does not always result in the optimal RS.

IV. DIVERSITY ORDER ANALYSIS

In this section, we analyze the diversity orders of the s@®mtroduced in SectidnlIl. As
explained in Sectiofi]ll, we can derive achievable diversityers of RS schemes based on the

analysis of the outage probability correspondingyt@.

A. Diversity Order of ORS

It is noteworthy that to our best knowledge, the performaanalysis of the ORS is not
available in the literature. This paper is the first that \éesithe diversity order of the ORS. The
following theorem is proved.

Theorem 1. With ORS, each user achieves diversity ordér

Proof: The receive SNR matrix for a general network is given[ih (33ing the ORS and
with the SNR ordering in[{6)ymin can takeyy, ..., Or yv_1)n,+1. Thus an outage probability

upper bound Foytupp,ors Which is the outage probability with respect+g;,, can be calculated

as Pout,upp,ORS: i(ji]_vl)NT—i_l Prod'Ymin = 'Vk:)ka (%h)-

For simplicity of the presentation, we assur@e= P in the sequel. The results can be
generalized to unequal power case straightforwardly ag &nthe powers of all nodes have the
same scaling. Wher? is large, using[(5) and8), we have the following approxiorat

(N=DNo+1 k-1 Prob{ymn = ) (N N)!(*71) (<17 (B — 352, SRl

P, ~
outUpp,ORS k;v var: (NN, —k+i+1)(NN, — k)l(k — 1)!

) NN, —k+i+1

Sincev, ;'s are i.i.d., Prot(ymin = 'Y(N—I)N,--i-l) does not depend oR. Thus, with respect t@,
the highest order term in the summation is the term with (N — 1)V, + 1 andi = 0. Thus,
we have

Prob(vmin = Yv_1)n,+1) (27 h)Nr (NN~ -
Fout,upp,ors™ ( mjl\n, (N(— 1;!(;{7])\7 _tN I PN O (P~ ) (10)

September 30, 2018 DRAFT



11

which has diversityV,. Since the outage probability of each user is no higher than,pp.ors
we conclude that each user achieves diversity order [ |

For a single-user network withv, relays, the best RS achieves diversity. Theorem[IL
shows that for multiple-user networks, even with user cditipe for relays, ORS can achieve
full single-user diversity order.

However, due to user competition, the achievable array gaithe ORS for multiple-user
network is smaller compared with that of the single-useecd® see this, we investigate the
probability of ymin = v(v—1)n,+1. The event happens when the largeSt— 1) N, elements, i.e.,
Y, - YN-1)n,, Of I' given in [3), are inV — 1 rows of theN rows inT'. In other words, the
smallestN, elements ofl, i.e., yn_1)n,+1,---.7~nN,, are all in the same row. This happens

with the probability

(N, — 1)

Prob(ymin = vv_1)N,+1) = : 11
(me Y(N-1)N +1) lNzrl_l(NNr By (11)

Using (10) and[(T1)Poutupp,orscan be simplified as
Pout,upp,ORS% N (Q’Vth)NT pir +0 (P_(NT—H)) , (12)

which increases aé/ increases. This shows that due to the competition amongVthesers,
the achievable array gain of the multi-user network degsdihearly with the number of users

compared with the single-user network.

B. Diversity Order of SRS

For the SRS proposed in Section Ill, the following diversitgler result is proved.
Theorem 2. With the SRS, the achievable diversity order of each usewoitess thanV, —
N +1.
Proof: With the SRS described in Algorithid 3,in can takeyy, yn1, ..., or yxv—1) v, +1)+1-

Thus, the outage probability can be calculated g uppsrs= 3o Prol(ymn =

Vi) oy (Ven) -
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Similar to (10), whenQ = P > 1, Pouupp,srsCan be approximated as

Prob(vimin = Yv-nv, +1)+1) (29)" " (NN )L~V
(N, = N+ 1)(N, = N)! (N —1)(N, + 1))!

Pout,upp,SR§j + O<P—(N7-—N+2)) )
(13)
Similarly, since Prohiymin = 7(N—1)(M+1)+1) does not depend o, an achievable diversity

order of every user iV, — N + 1. [ |

C. Diversity Order of Naive RS

Now, we analyze the diversity order of the naive RS. We firsistaer the relay assignment to
Userk (k € {1,---, N}). Userk selects the best relay that results in the maximum SNR from
N, — k + 1 available relays. Denote the maximum SNR of UBeaS ymaxi. Since all SNRs,
7i;'s, are i.i.d., the CDF Ofjmax is thusE, , (t) = [F,,(¢)]Y~*~1. The minimum SNR of the

.....

Therefore, an upper bound on the outage probability for #ieenRS scheme is

N
Pout,upp,naive: 1- H [1 - F’y(’Yth)Nr_(k_l)} . (14)

k=1

When@ = P > 1, we have the following approximation

Pout,upp,naive% (2’Yth)NT_N+1 p~(Nr=N+1) +0 (P_(NT_N+2)) . (15)

Since the outage probability of each user is no higher tRafpp,naive an achievable diversity

order of all users isV, — N + 1.

V. OUTAGE PROBABILITY ANALYSIS FOR TWO-USER NETWORKS

In this section, we provide outage probability analysistfes-user relay networks withv, > 2

relays. With two users, the receive SNR matrix of the netweak be written as

21 " V25 - V2N,
gl V2j V2N, XN,
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A. Outage Probability Bound of ORS

As mentioned in Section Il, we calculate the outage proigthbsed on the minimum SNR,
~Ymin,» Which provides an upper bound on both users’ outage prbtiedi The following theorem
is proved.

Theorem 3: For a two-user network, with the ORS, the outage probadsliof both users are

upper bounded by

No+1 N,
N, —1 N, 42 ’ 2N, (;)
P =—F —F ! F.,
out,upp,ORS IN, — 1 72 (’Yth) + 2(2Nr — 1) 73(7th> + Zz:; (2Nr — (’L — 1))(3]_\/{) Vi (%h)?
17)
where F,, (x) is the CDF of~, given in (8).
Proof: With the ORS,~min can takey,, s, -+, or v, 1. The outage probability upper
bound, Pout,upp,ors Can be calculated as
K
Pout,upp,ORS: Prod')/min < 'Vth) = Z Prod')/min = 'Vk:)Prod’Yk < 'Yth)
k=2
K
:Z Prob(vmin = &) Fy, (in) (18)

k=2

where K = N, + 1. We now calculate the probability of.i, = . wherek =2,--- /N, + 1

by considering the following three cases.

« Ymin = 72 happens when; and~, are in two distinct rows and columns. Thus Rrah, =

_ Ny—1
72) — 2N, —1°

« Ymin = 73 happens when, and~, are in the same column, of and~, are in the same

row and-s is in a different row. Thus Prabmin = v3) = 55— + 2(2]{\,{:_1) = z(évj(,j_zl).
e Ymin = Y for k =4, --- N, + 1 happens when al,~,,--- ,y,_1 are in the same row
isi i — — 2N7‘(k{\31>
and~y, is in a different row. Then Pradbmin = %) = N D) ()
Using these probabilities i _(IL8), (17) can be obtained. [ |
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Using (8) and with some straightforward algebraic maniﬁmﬂm, [1T7) can be rewritten as

1 1 Nyp4i—1
_ N, (N — Fy(ym)™
Fouupp.ors=F5 (1) l(zN —1)( 2N —2) 'Z 2N i1
(N +2)( 22: (%) B () N2 10
4(2N, — 1) 2N—3'Z:O 2N +i—2 (19)
+Nr+1§ ( ) ( )( )(_1) F (’Y h) —j+it+1
= = N =+ DEN, =i+ )N, = )6 - DG

Now we consider the large-power approximation of the oufagéability for the special case
thatQ = P. This is useful in the array gain discussion in Secfion]V-D.

When N, > 2, the highest order term aP in ([19) is the term withj = N, + 1 andi = 0
in the double summation, which equals 2. Therefore, usifgHX&: upp.orsCan be approximated

for large P as

Pout,upp,ORS% 2NT+17th7 P_NT + @) ( NT—H)) (20)

When N, = 2, the double summation if_(IL9) does not appear and the highdst term in[(1D)

is the term with; = 0 in the second summation, which equals 4. Thus,

Pout,upp,ORS% 2NT+2’7th7 P_NT + @ ( NT—H)) (21)

B. Outage Probability Bound of SRS

For the SRS, we calculate the outage probability basedygn similarly and obtain the
following theorem.
Theorem 4: For a two-user network, with the SRS, the outage probadsliof both user in

the network are upper bounded by

Nyr+1 N,
N, —1 N, +1 - 2N, ()
P, F +——_F E F.,
out,upp,SRS— ON, — ’72(’Yth) 2(2N _ 1) “/3(’Yth> + — <2Nr _ (/{J 1))(2]\77) “/z(’}/th)

M - )R
’ Z (2N, — (k= 2))(2N, — (k= 1)) (™)

(22)
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Proof: With the SRS, ymin Ccan takey,,vs,- -+, Or vn,42. Therefore, outage probability can
be written as[(18) wher& = N, + 2. In the following, we calculate the probability 6f.in = v
wherek =2,--- | N, + 2.

« Ymin = Y2 happens when; and~, are in two distinct rows and columns. Thus Rrah, =

_ N—1
72) — 2N,—1°

e Ymin = 73 happens wheny; and ~, are in the same column ang is in ~;’s row, or

~v and -y, are in the same row ang; is in a different row. Thus Prdbmin = v3) =

1 4 Ne . _Netl
22N,—1) | 2(2N,—1) _ 2@2N,—1)"

e Ymin = Y for k =4,--- /N, + 2 happens when 1),,--- ,v,_; are in the same row, and

~v1 and~, are in the other row, angl, and~, are in the same column. This event happens

2(N—1)( )
(2N, —(k—2)) 2N, —(k—1)) (35) ,or2) vy,

2

with the probability

-, Yx—1 are in the same row and

Ny
v, 1S in the other row. This event happens with the probabity 2V, (- 1)2N,).

(@N—(k—1))(
Using these probabilities ih_(1L8), (22) is obtained. u
Following the same steps in Sectim/-%utu,)p SRscan be rewritten as
_ N, + 1)( %h)N"H
P :F N,-—1 (
outuppsrs=F5 (7in) [4(21\@ —1)(2N, — 3 ! Z 2N +i—1

Ny+i—1

(N —|'1 Z (’Vth)
4(2Nr—1)2N—3' 2N+Z—2

N, (2N,)! ( 1) (51 (1B () N2

) < (2N, —z+1)(2N —ziy+1)(2N — )i — DY)

Nyp+1 i—

W 2(N; = DEN)(X) () (17 B () N H9+2
* g ]Z 2N, —i+1)(2N, —i +2)(2N, — i+ j + 1)(2N, —i)!(i — D)I(3Y) |

(23)
Next, we consider the large-power approximation of the gaitprobability for the special

case thaty) = P. Noticing thatF, (y,) ~ O (1/P), the highest order term aP in 23) is the
term withi = N, + 1 andj = 0 in the second double summation, which equal§N, + 1).

Therefore, using(5)Poutupp.srscan be approximated for large as
Ny—1

2N C(No.— _
Pout,upp, SRS~ 7N’Yi 1 p~N=b L0 (P N") . (24)
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C. Outage Probability Bound of Naive RS

Now, we consider the naive RS scheme. Using (14), for two-telay networks, the CDF
of ymin Of the naive RS scheme &, , = [F,,, ()" + [E,,, (t)]" ! — [F,,, (t)]*"*~'. An upper

bound on the outage probability for the naive RS scheme is thu

Pout,upp,naive: Fv(’Yth)NT_l I+ F’y(%h) - F’y(%h)Nr . (25)

When@ = P > 1, we have the following approximation
Pout,upp,naive% (2%h)NT'_1P_(NT'_1) + O (P_N7') . (26)

D. Discussions

In this subsection, for the two-user network, we discusspifoperties of the ORS and SRS
schemes and compare with the naive scheme (the benchmark).

First, the ORS scheme is shown to produce the optimal RStrasdl full diversity with
a complexity that is quadratic in the number of relays. We campare its performance with
single-userV,.-relay network to see the performance degradation due todhmpetition between
the two users. For single-user network, with the best/RS [p@]outage probability i8¢ single =

F,(v)N". For largeP, it can be approximated as

Pout,single% (Q%h)NTP_NT + O (P_(NT—H)) .
Now we compare the array gains of the single-user networktla@dwo-user network. Consid-
ering the ratio of the outage probability upper bounds, weeha

P, 2~3dB if N, > 2
CORS, single=— th ~ OULUPPORS _ (27)

—co Poutsingle 4~6dB if N, =2 .
This shows the degradation of performance of a two-userar&tdue to the competition between
the two users. Compared with the naive RS scheme, diversigr gesults in Section IV show
that the ORS achieves a larger diversity order with highengexity.

Second, we discuss the properties of the SRS. The SRS istsubhband it loses one diversity

order in two-user relay networks based on the results in@dbf] But it has a lower complexity:
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linear in the number of relays. Comparing with the naive RBeste, the SRS has the same
diversity. Now, we discuss the array gain difference of tiRSSand the naive RS scheme.

Considering the ratio of the outage probabilities uslng) @4d [26), we have

P i N, +1
Cnaive, SRS= lim —outupp.nawe _ 101log ( ; ) dB. (28)

P—oo Pout,upp,SRS
This shows that the SRS has a larger array gain due to a cleder of users in selecting
relays. As there are more relays in the network, the arrag gdvantage of SRS increases in

the logarithm of the relay number.

VI. NUMERICAL AND SIMULATION RESULTS

In this section, we give simulation results to justify ouabsis, and to evaluate the perfor-
mance of the ORS, SRS, and naive RS schemes. All nodes araesso have the same power,
i.e., @ = P. The SNR threshold,, is set to be 5dB.

Fig.[2 is on two-user networks with two and four relays. Itwhsimulated outage probability
corresponding to,,;, (shown in small circles), exact analytical outage probigbdorresponding
t0 Ymin IN €95s. [(19),[(2B) and (25) (shown in continuous lines), gput@aximated analytical outage
probability corresponding te,,;, in egs. [2D), [(211),[(24) and (R6) (shown in dashed lines) for
the ORS, SRS, and naive RS schemes. For the entire simulatext pange, we can see that our
analytical results exactly match the simulation resultsalbschemes and both network settings.
This confirms the accuracy of our analysis. The outage piitityadpproximations are accurate
for large P. This confirms the validity of our analysis in diversity ordend array gain.

In Fig.[3, for a two-user network with two and four relays, wew the simulated outage
probabilities of User 1 with the ORS and SRS schemes and aempith the outage upper
bound derived using the minimum SNR. Due to the homogendith® network, User 2 has
the same outage probability as User 1. It can be seen fromgheefthat the outage probability
upper bounds are tight especially when the number of reaiarge. It is within 2 dB and 1 dB

of the user’s outage probability fav,, = 2 and N,. = 4, respectively. It can be further observed
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that ORS and SRS have almost the same performance at lovmitgo@wver region, but ORS
has better performance in the high transmit power regiomumee of its diversity advantage.

In Fig.[4, we compare the simulated outage probabilitieshef®RS and SRS with those of
the naive RS scheme and a random RS scheme in a two-user keftitbr2 or 4 relays. In
the random RS, each user randomly chooses a relay to helpuvitonflict. For the ORS, the
SRS, and the random RS scheme, both users have the same prdbgbility, thus only the
outage probability of User 1 is shown. For the naive RS schemtage probabilities of User
1 and User 2 are different. User 1 actually achieves the peeoce of the single-user case
since it has allN, relays to choose from. User 2 has a worse performance sirftasionly
N, — 1 relays to choose from. Considé¥, = 4. It can be seen from Fid.] 4 that the random
RS has diversity order 1 only, while the achieved diversityeos of ORS and SRS are 4 and
3, respectively. The naive RS scheme also achieves divensier 3. Further, we compare the
outage probability of User 1 in ORS denotéd, 1 ors With that of User 1 in the naive RS
scheme denoted®, 1 naive (Which is equivalent to the outage probability of a singéeubest-
relay case denotey,;singld. Since Foyt1,0rsiS smaller thanfy,:upp,.ors We can conclude that
]Ij"ufil“m is less tharvors, singegiven in [27). From Fig.J4, in the high transit power regiéﬁﬁ’;je
is around 3 dB whemV, = 2 and is almost 0 dB wher, = 4. This means with more relays, the
performance of either user becomes closer to the singlebest-relay case. Next we compare
the outage probability of User 1 in SRS denofég; ; srswith that of User 2 (the worse user) in
the naive RS scheme denot&gl 2 nave NOte thatFoyt upp,srsaNd Poytupp,naive@rl® upper bounds of
Pout1,srs@nd Poyt 2 naive respectively. Soi"“%”;gse may not be equal teqe srsgiven in [28) but
an approximation. From Fidl 4, in high transmit power regi%ﬁu‘ﬁ is around 4.7 dB when
N, = 2 and around 6 dB whei, = 4.

Next we further investigate the array gain differences Iiwben ORS and the single-user
best-relay case (which is equivalent to the performance sdrld in the naive RS scheme),

and 2) between the SRS scheme and the naive RS schemél] Fiy.ldg{og scale) shows

simulation results of the outage probability bounds of OBRS, and naive RSt upp,ors
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Poutupp.ors FPoutupp,naivd @nd the outage probability of User 1 in the naive RS schemeialent

to Pousingid. We have the following observations from the figure. Coregawith the single-
user best-relay case in high transmit power region, the O&S6hdB loss in array gain when
N, = 2, and has 3 dB loss in array gain whé) = 4. Compared with the SRS in terms of
outage probability bound in high transmit power region, tlaéve RS scheme has 1.7 dB loss
in array gain whenV, = 2, and has 4 dB loss in array gain whéh = 4. These are consistent
with our analysis in[(27) and_(28).

Figs.[6 and 7 are on three-uséY & 3) networks with four and six relays, respectively. The
two figures show the simulated outage probabilities of thersisvith ORS, SRS, naive, and
random RS schemes. We can see that ORS achieves diversily bihd 6 in the two cases,
respectively, which are full diversities; SRS achievesebity order 2 and 4 in the two cases,
respectively, which are equal tov{f — N + 1). For the naive RS scheme, outage probabilities of
User 1, User 2 and User 3 are different, and they have diyevsiters 4, 3, and 2, respectively,
for N, = 4, and 6, 5 and 4, respectively, fé¥, = 6. Again, it can be seen that the random
selection has diversity order 1 only. These observatiordiwarsity orders confirm the validity of
the approximations in the diversity order analysis in QediM| It also shows that the proposed

ORS and SRS have better fairness among users.

VIlI. CONCLUSION

The relay selection problem in a network with multiple usarsl multiple AF relays is
investigated. First, a scheme that can achieve the optietea} selection result with complexity
guadratic in number of users and in number of relays is iniced. Then a suboptimal relay
selection scheme is proposed, with complexity quadratimimber of users and linear in number
of relays. The diversity orders of the schemes are theaitiderived. For two-user networks,
outage probabilities corresponding to the minimal SNR dfedent relay selection schemes are
theoretically derived. The suboptimal relay selectionhsven to achieve a higher array gain

than a naive relay selection.
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Fig. 1. A multiple-user relay network model.
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Fig. 2: Outage probability corresponding1g;, for networks with two users andy, = 2,4 for
ORS, SRS and naive RS schemes.
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Fig. 3: Outage probabilities correspondingit@,, and of users in networks with two users and
N, = 2,4 for ORS and SRS schemes.
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Fig. 4: Simulated outage probability for a network with tweets andV, = 2, 4 for ORS, SRS,

naive and random RS scheme.
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Fig. 5: Array gain difference between ORS and single-uset-teday case, and between SRS

and the naive RS schemes.
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Fig. 6: Outage probability for a network with three users and= 4 for ORS, SRS, naive, and
random RS schemes.
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Fig. 7: Outage probability for a network with three users a)d= 6 for ORS, SRS, naive, and
random RS schemes.
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