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Abstract—This paper studies the setup of a multiple-relay with K half-duplex relays, is upper-bounded®by
network in which K half-duplex multiple-antenna relays assist
in the transmission between a/several multiple-antenna swce(s) dir) = (K +1)(1 —r)". (1)
and a multiple-antenna destination. Each two nodes are as-

sumed to be either connected through a quasi-static Rayleig .
fading channel, or disconnected. This paper is comprised of The authors in [2] also suggest two protocols based on

two parts. In this part of the paper, we propose a new decodg-and-forvyard (DF) and amplifytand-forward (AF)
scheme, which we callrandom sequential (RS), based on the strategies for a single-relay system with single-antermues.

amplify-and-forward relaying. We derive diversity-multi plexing In both protocols, the relay listens to the source during the
tradeoff (DMT) of the proposed RS scheme for general single- first half of the frame, and transmits during the second half.

antenna multiple-relay networks. As a result, we show that dr : .
single-antenna two-hop multiple-access multiple-relay X > 1) To improve the spectral efficiency, the authors propose an

networks (without direct link between the source(s) and the incremental relaying protocol in which the destinationdsen
destination), the proposed RS scheme achieves the optimuma single bit feedback to the source and to the relay to clarify

DMT. However, for the case of multiple access single relay 8, if it has decoded the source’s message or needs help from
we show that the RS scheme reduces to the naive amplify-and- e relay for this purpose. However, none of the proposed
forwarq relaying and is not optimum in terms of DMT, while t.he schemes are able to achieve the DMT upper-bound.
dynamic decode-and-forward scheme is shown to be optimum )
for this scenario . The non-orthogonal amplify-and-forward (NAF) scheme,
first proposed by Nabaet al.in [7], has been further studied
I. INTRODUCTION by Azarianet al.in [3]. In addition to analyzing the _DMT of
the NAF scheme, reference [3] shows that NAF is the best

In recent years, relay-assisted transmission has gainedhe class of AF strategies for single-antenna singlayrel
significant attention as a powerful technique to enhance tegstems. The dynamic decode-and-forward (DDF) scheme
performance of wireless networks, combat the fading effettas been proposed independently in [3], [8], [9] based on the
extend the coverage, and reduce the amount of interfereiie strategy. In DDF, the relay node listens to the sendet unti
due to frequency reuse. More recently, cooperative digjersit can decode the message, and then re-encodes and forwards
technigues have been proposed as candidates to exploitithis the destination in the remaining time. Reference [3]
spatial diversity offered by the relay networks (for examanalyzes the DMT of the DDF scheme and shows that it
ple, see [2]-[5]). A fundamental measure to evaluate tlie optimal for low rates in the sense that it achieves (1)
performance of the existing cooperative diversity schemé&s the multiplexing gains satisfying < 0.5. However,
is the diversity-multiplexing tradeoff (DMT) which was firs for higher rates, the relay should listen to the source for
introduced by Zheng and Tse in the context of point-to-pointost of the time, reducing the spectral efficiency. Hence,
MIMO fading channels [6]. Roughly speaking, the diversitythe scheme is unable to follow the upper-bound for high
multiplexing tradeoff identifies the optimal compromise bemultiplexing gains. More importantly, the generalizasoof
tween the “transmission reliability” and the“data rate”the  NAF and DDF for multiple-relay systems fall far from the
high-SNR regime. upper-bound, especially for high multiplexing gains.

The DMT of relay networks was first studied by Laneman Yukselet al.in [4] apply compress-and-forward (CF) strat-
et al. in [2] for half-duplex relays. In this work, the authorsegy and show that CF achieves the DMT upper-bound for the
prove that the DMT of a network with single-antenna nodesjultiple-antenna half-duplex single-relay system. Hoevev
composed of a single source and a single destination atsistetheir proposed scheme, the relay node needs to know the

1The materials of this paper are reported in [1]. 2Throughout the paper, for any real valugat = max {0, a}.



CSI of all the channels in the network which may not bA. Notations

practical. Throughout the paper, capital bold letters represent matri

ces, while lowercase bold letters and regular letters semite
ectors and scalars, respectivelx| denotes the norm of
ectorv while ||A|| represents the Frobenius norm of matrix

Most recently, Yanget al. in [10] propose a class of AF
relaying scheme called slotted amplify-and-forward (SAF

for the case of half-duplex multiple-relay(> 1) and single A. |A] denotes the determinant of matrik. The notation
source/destination setup. In SAF, the transmission frasne < B is equivalent toB — A is a positive semi-definite
divided into M equal length slots. In each slot, each rela}ﬁa?rix. Motivated by the definition in [6], we define the
transmits a linear combination of the previous slots. Mor%- tationf(P) = ¢(P) aslimp F(P) h;ﬂp o)
over, the authors in [10] propose a half-duplex sequenti ? . . o9 log(P) 700 log(P)

SAF scheme. In the sequential SAF scheme, following t milarly, f(P)<g(P) and f(P)>¢(P) can be defined.

first slot, in each subsequent slot, one and only one of the Il. SYSTEM MODEL

relays is permitted to transmit an amplified version of the , i ,

signal it has received in the previous slot. By doing thig, th T_hi Se?rj]p in this twc(;-p;ﬁrt gapl_er fons]stihﬁf r:e:(f%(/js I
different parts of the signal are transmitted through déffe ass:js ing et source art1_ eth es '?a lon in 'teh at- up ei‘
paths by different relays, resulting in some form of spatidf'©%¢: !-€- aE ahg|ven |mde, e relays car& el her .ransrrlljl
diversity. However, [10] could only show that the sequenti&" recelvs. o ach two nodes f‘T‘re sssrm‘; f? er 'E] to Ie
SAF achieves the MISO upper-bound for the setup of nofi?"n€cted by a quasi-static flat Rayleigh-fading channel,
interfering relays, i.e. when the consecutive relays (@de "&- the channel gains remain constant during a block of

by transmission times) do not cause any interference on Otﬁ%psmlssmn_ and change _mdepend_ently fr(_)m bk_)Ck to block;
another. or ii) to be disconnected, i.e. there is no direct link betwee

them. Hence, the undirected gragh= (V, E) is used to

In this two-part paper, we propose a new scheme, whishow the connected pairs in the netwbrEhe node set. is
we call random sequential (RS), based on the amplifffenoted byV = {0,1,..., K 41} where thei'th node is
and-forward relaying for general multiple-antenna mbop  €9uipped withV; antennas. Nodes and K + 1 correspond
networks. The key elements of the proposed scheme aref@he source and the destination nodes, respectivalye
signal transmission through sequential paths in the négwoféceived and the transmitted vectors at #ith node are
2) path timing such that no non-causal interference is chusd’oWn byyx and x;, respectively. Hence, at the receiver
from the transmitter of the future paths on the receiver ef t§ide of thea'th node, we have
current path, 3) multiplication k_)y a random un_itary mz_itrix a Vo = Z H, yx, + 04,
each relay node, and 4) no signal boosting in amplify-and- '
forward relaying at the relay nodes, i.e. the received signa
is amplified by a scalar with the absolute value of at mo¥thereH, ; shows theN, x N, Rayleigh-distributed channel
1. Furthermore, each relay node only needs to knows tAatrix between thesz'th and the b'th nodes andn, ~
signal-to-noise ratio of its corresponding receiving aren (0, Ix,) is the additive white Gaussian noise. We assume
and the destination is assumed to know the equivalent eriiciprocal channels between each two nodes. Hege, =
to-end channel. In the first part of the paper, we derive t[ﬁ;a. HOWeVer, it can be easily verified that all the statements
DMT of the RS scheme for general single-antenna multipléf the paper are valid under the non-reciprocity assumption
relay networks. Specifically, we derive: 1) the exact DM1n the scenario of single-antenna networks studied in the
of the RS scheme under the condition of “non-interferingfst part of the paper, the channel between nodeand
relaying”, and 2) a lower-bound on the DMT of the RS is denoted byh(,; to emphasize both the SISO and
scheme (no conditions imposed). Finally, we prove that féie reciprocally assumptions. As in [3], [10], each relay is
Sing'e-antenna mu|tip|e_access mu'tip|e_re|ay netw(ﬁmm assumed to know the Signal-to-noise ratio of its incoming
K > 1 relays) when there is no direct link between théhannel, and moreover, the destination knows the equitzalen
sources and the destination and all the relays are connec@g@-to-end channel. Hence, unlike the CF scheme in [4], no
to the source and to the destination, the RS scheme achigv&d feedback is needed. All nodes have the same power
the optimum DMT. However, for two-hop multiple-acces§onstraint,P. Finally, we assume that the topology of the
single-relay networks, we show that the proposed schemegiwork is known by the nodes such that they can perform
unable to achieve the optimum DMT, while the DDF schen distributed AF strategy throughout the network.
is shown to perform optimum in this scenario. In the first part of the paper, we consider the scenario in

which nodes with a single antenna are used. Moreover, in

The rest of the paper is organized as follows. In section Theorems 2, 3, 5, and 6, where we address DMT optimality
the system model is introduced. In section lll, the proposed _ ‘ N
random sequential scheme (RS) is described. Section IV i%Note that however, in Rgm_arks 2 and 3, the directed graphrlsm_tered.
dedicated to the DMT analysis of the proposed RS scher@ Throughout the paper, it is assumed that the network censisbne

: g Surce. However, in Theorems 5 and 6, we study the case ohdpwo-
Finally, section V concludes the paper. multiple sources single destination scenario.

{a,b}eE
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of the RS scheme, we assume that there is no direct link

. . 3 . @ --—-—-------- R N
between the source(s) and the destination. This assumption M A
is reasonable when the source and the destination are far ’ ! ! .

. . 0 .- | ‘ N
from each other and the relay nodes establish the connection P 1 1 :.
between the end nodes. Moreover, we assume that all the ’ | o | L
relay nodes are connected to the source and to the destinatio N N
through quasi-static flat Rayleigh-fading channels. Hetiee \2‘ 7777777777 j‘

network graph is two-hop. In specific, we denote the output
vector at the source as, the input vector and the outputFig. 1. An example of a 3 hops network whely = N5 = 2, N1 =

vector at thek'th relay asrj, andt, respectively, and the N2 = N3 = Na=1.
input at the destination ag. T T T 2 T 35 T 4 5 5 [ 7]
[1l. RANDOM SEQUENTIAL AMPLIFY-AND-FORWARD p1 0,1) 51,33 53,53 = — — —
RELAYING SCHEME D2 — 102 124 ] @5 — -
P3 —_ _ —_ (07 1) (174) (47 5) -
In the proposed RS scheme, a sequenke = P4 — — — — 02 ] 23 [ B
(p1,p2,-..,pz) of L path$ originating from the source TABLE |
and ending at the destination with the length, I, ..., 1) ONE POSSIBLE VALID TIMING FORRS SCHEME WITH THE PATH
are involved in connecting the source to the destination SEQUENCEP1 = (p1, P2, P3, P4)-

sequentially 1§;(0) = 0, p;(l;) = K + 1). Note that any path
p of G can be selected multiple times in the sequence.
Furthermore, the entire block of transmission is divided

into S slots, each consisting af" symbols. Hence, the entire of the future paths causes no interference on the output
block consists of” = ST’ symbols. Let us assume the source signal of the current path.

intends to send information to the destination at a rate of
bits per symbol. To transmit a messaggethe source selects
the corresponding codeword from a Gaussian random co
book consisting ob57'" elements each of with lengthT”.
Starting from the first slot, the source sequentially traitsm

the i'th portion (1 < i < L) of the codeword through the , .
. . - .~ “the case of single-antenna nodes, or to block lower-trilmgu
sequence of relay nodes ip;. More precisely, a timing . .
in the case of multiple-antenna nodes.

Ll : - :
sequences; ;},”; ;_, is associated with the path sequence. i - _
The source sendé thith portion of the codeword in the An example of a.thr(.ae hop network.conS|stlng fof =

. ; . . . 4 relays is shown in figure (1). Consider the four paths
s;,1'th slot. Following the transmission of th&h portion of b (0,1,3,5), p (0,2,4,5), p (0,1,4,5) and
i K < i< ] 1:757!2:_57513:575__

the codeword by the source, in th, th slot, 1 < j < L, (0,2,3,5) connecting the source to the destination.

he n .(j) receives the transmi ignal from the nod&* — ) .
t .((a. Sdl?)l,(b{s)sueniien eg (t.)ei; ?10? thtéegessgn:tio: not dg ioedgssume the RS scheme is performed with the path sequence
pilJ ' 9pilJ ' "Py = (p1,p2,P3,p4). Table 1 shows one possible valid

§V< lz: ]rsultfplszrs]égﬁqric&\é?rils I%?glrilguttzjjgigft rzya?rix timing sequence associated with RS scheme with the path
pi(7) * “¥pi(7) : y yn sequenceé;. As observed, for every < i < 3, signal of

= : ) L PINES Mt ith path interferes on the output signal of the- 1'th
signal by the maximum possible coefficient; considering . . )
the output power constrai® anda; ; < 1, and transmits path. However, no interference is caused by the signal of
= future paths on the outputs of the current path. The timing

the amplified signal in the; ;4:'th slot. Furthermore, the .
timing sequencds; ;} should have the following propertiessequence corresponding to Table | can be expressed as
J sij = i+ |5] +Jj — 1 and the scheme us@snumber of

(1) for alli,j, we havel <s;; <. slots. i.e.S — 7
. -/ . ., H - T - ' . .
2) fpr i <i', wehaves;, < si; (the ordering assump As an another example, consider RS scheme with the
tion on the paths)
(3) for j < 4, we haves;; < s;; (the causality

At the destination, having received the signal of all paths,

ctjhe decoder decodes the transmitted messafased on the
e- : . : L

signal received in the time slotss; i, },” ;. As we observe

in the sequel, the fourth assumption ¢s; ;} converts the

equivalent end-to-end channel matrix to lower-trianguer

assumption) [Tme [ T [ 2 [ 3 [ 4 [ 5 T 6 ]
(4) for all ¢+ < ¢ and s;; = sy, we have p1 0,1 ] (L3 | 3,5 | — — —
{pi(4),p#(j’ — 1)} ¢ E (no noncausal interference D2 — [0.2) Eg‘llg E‘ll g; T
. . . . P1 — - 5 ; ) —_
assumption). This assumption ensures that the signal - — — =T ey @
5Throughout the paper, a pathis defined as a sequence of the graph TABLE Il
nodes (vo,v1,v2, ..., v;) such that for anyi, {v;,v;+1} € E, and for ONE POSSIBLE VALID TIMING FORRS SCHEME WITH THE PATH
all © # j, we havev; # v;. The length of the path is defined as the total SEQUENCEP2 = (p1, P2, P1,P2)-

number of edges on the path,Furthermorep(i) denotes the’th node that
p visits, i.e.p(i) = v;.



path sequenc®; = (p1,p2,p1,p2). Table Il shows one Theorem 1 Consider a half-duplex single-antenna multiple-

possible valid timing-sequence for the RS scheme with thelay network with the connectivity graptd = (V) E).

path sequenc®,. Here, we observe that the signal on everpssuming “non-interfering relaying”, the RS scheme with

path interferes on the output of the next two consecutitke path sequencépi,ps,...,pr) achieves the diversity

paths. However, like the scenario wikh, no interference is gain corresponding to the following linear programming

caused by the signal of future paths on the output signal @btimization problem

the current path. The timing sequence corresponding teeTabl .

Il can be expressed as; =i+ j — 1 and it results in the drs,n1(r) = min Z e 3)

total number of transmission slots equal6toi.e. S = 6.
It is worth noting that to achieve higher spectral effiwherep is a vector defined on edges@fand R is a region

ciencies (corresponding to larger multiplexing gains)isit of p defined as

desirable to have larger values f&r Indeed,Z — 1 is the

highest possible value. However, this can not be achievedn_ {N

some graphs. On the other hand, to achieve higher reliabilit

(corresponding to larger diversity gains between the e .
nodes), it is desirable to utilize more paths of the graph %?thhermore, the DMT of the RS scheme is always upper-

the path sequence. It is not always possible to satisfy both Oounded as

these objectives simultaneously. As an example, condider t drs.ni(r) < (1 —7)T minwg(S), (4)
3-hop network in figure (1). As we will see in Part Il of the . . S

paper, the RS scheme corresponding to the path sequefibgre S is a cut-set onG. Finally, for any grpahG, by

P, achieves the maximum diversity gain of the networkproperly selecting the path sequence, the RS scheme under
d = 4. However, it can easily be verified that no valid timing=non-interfering relaying” constraint can achieve

sequence can achieve fewer number of transmission slats tha drs.ni(r) > (1— ler)" msm we(S), (5)

the one shown in Table I. Hencé‘; = % is the best RS

scheme can achieve withy. On the other hand, consider theyheres is a cut-set orG andl; is the maximum path length
RS scheme with the path sequerite Although, as seen in petween the source and the destination.

Part Il of the paper, the scheme achieves the diversity gain

d = 2 which is below the maximum diversity gain of the  Proof: See [1]. u
network, it utilizes fewer number of slots compared to the Remark 1-In scenarios where the minimum-cut 65 is

case using the path sequeriee Indeed, it achieve% — %_ achieved by a cut of the MISO or SIMO form, i.e., the edges
that cross the cut are either originated from or destinetido t
IV. DIVERSITY-MULTIPLEXING TRADEOFF same vertex, the upper-bound on the diversity gain of the RS
scheme derived in (4) meets the information-theoretic tppe
) _ ) bound on the diversity gain of the network. Hence, in this
In this subsection, we derive the exact DMT of th@eenario, any RS scheme that achieves (4) indeed achieves
RS scheme in general single-antenna multi-hop relay ngfe optimum DMT.
works under th_e condition that there exist neither CaqsalRemark 21n general, the upper-bound (4) can be achieved
nor nqncausal interference betyveen the signals tran;*’n!tfgr various certain graph topologies by wisely designing th
over d|ffere_nt paths. More preusely, we assume the “m'%th sequence and the timing sequence. One example is the
Sequence 1S deIS|gned such th"_"tslafj = Sitg _then We  case of the layered network [11] in which all the paths from
have {p;(j), pi'(j* = 1)} ¢ E. This assumption is strongery,e source to the destination have the same lehgth_et

than the fourth assumption on the timing sequence (here fie 555 me that the relays are allowed to operate in the full-
conditioni < ¢’ is omitted). We call this the “non-interfering duplex manner.

relaying” condition. Under this condition, as there exists

interference between signals over different paths, we cBn General Case

assume that the amplification coefficients take values great |n this section, we study the performance of the RS scheme

than one, i.e. the constraint ; < 1 can be omitted. in general single-antenna multi-hop wireless networks and

First, we need the following definition. derive a lower bound on the corresponding DMT. First, we

show that the RS scheme can achieve the optimum DMT for

Definition 1 For a network with the connectivity gragh = the single-antenna parallel-relay networks where theigtsex

(V, E), a cut-set o1 is defined as a subsé&tC V such that no direct link between the source and the destination. Then,

0€S,K+1 e 8¢ The weight of the cut-set correspondingve generalize the statement and provide a lower-bound on

L
0<p <L) max figp()p(-1)y = L - ST}
i=1

1<5<l;

A. Non-Interfering Relays

to S, denoted byw(S), is defined as the DMT of the RS scheme for the more general case.
As stated in the section “System Model”, throughout the
wa(S) = Z Na X Np. ) two-hop network analysis, we slightly modify our notations

a€8,beSe,{a,b}eE to simplify the derivations. Specifically, the output vecéd



Ry the RS scheme, we haye| < 1. Hence, the amplification

v A. coefficient is equal to
Ry X
/// //' .\\\ \\\ P
v IR ar =min ¢ 1, 5 5
T{I,“;://’ ‘v Rz P <|hk| + ’i(k)‘ ) +1
N -V
IR [P In this manner, it is guaranteed that the noise terms of the
\ /,/‘:./’ different relays are not boosted throughout the networks Th
RT=" R, is achieved at the cost of working with the output power less
than P.
Fig. 2. An example of the half-duplex parallel relay netwsetup, relay Let us dEfineXb,k71‘b,k7tb,k7 ... as the portion of signals

nodes{1, 2} are disconnected from relay nodgs, 4}. that is sent or received in thé — 1) K + k'th slot. First, we

show that the entire channel matrix is equivalent to a lower

_ triangular matrix. At the destination side, we have
the source, the input and the output vectors atittie relay, 9

and the input vector at the destination are denoted, as,

tr andy, respectivelyh; and g represent the channel gain

between the source and tiéh relay and the channel gain

between the:’'th relay and the destination, respectively) g Z Db—by ke ks (Pl Xby oy + Moy iy )

and (b) are defined agk) = ((k—2) mod K) + 1 and 1<b1 <b,1<k <K

(b) = b— | 2|, Finally, i(4), ng, z, and a, denote the DRk <D

channel gain between théth and the (k)’th relay nodes, Here, py ., has the following recursive formulgg 1 =

the noise at the:'th relay and at the destination, and thel,pb7,€7,Cl = (k) (k) P(b), (k),k: - DEfINING the squard K x

amplification coefficient at thé’th relay. BK matricesG = Iz @ diag{g1,92, - ,9x}, H=15®
Figure (2) shows a realization of this setup withelays. diag{hi,hs, -+ ,hx}, @ = Ip @ diag{ai,as, -+ ,ax},

As observed, the relay séfl, 2} is disconnected from the and

relay set{3,4}.

Yok = Zbk + gy bok = Zo kTt

1 0 0 0
. . P0,2,1 1 0 0
Theorem 2 Consider a single-antenna half-duplex parallel 1 0

- ) . = Po,3,1 Po,3,2
relay network withK > 1 relays where there is no direct F ) )

link between the source and the destination. However, any : : :
pairs of relays can interfere on each other. Consider the RS PB-1,K1 PB-1,K2 --- PoKK-1 1

scheme with!, = B, § = BK + 1, the path sequence where® is the Kronecker product [12] of matrices aihg

is the B x B identity matrix, the entire channel from the
transmitted symbols to the received symbols\oK paths is
whereq, = (0,k, K + 1) and the timing sequence ; = equal to

i+ j— 1. The RS scheme achieves the optimum DMT which

iS dopt(r) = K(1 —7)T as B — oc. y(s) = GQF (Hx (s) + n(s)) +z(s). (6)

Proof: First, notice that according to the timing sequencdere, we observe that the matrix of the entire channel is
design, when the source is sending signal toitierelay ina  €quivalent to a lower triangular matrix of sizék x BK
time-slot, just the(k)'th relay is simultaneously transmitting or @ MIMO system with a colored noise. The probability of

and interferes at the'th relay side. For the sake of simplicity, 0Utage of such a channel for the multiplexing gai(r < 1)
throughout the proof of the theorem, we assume that & defined as

the relays interfere with each other. It can easily be vefifi - Hoy—1
that statements is yet valid for having any set of relay pa(i?rps{g} =P {bg ‘IBK + PHrH P, ’ <(BK+ DTIOgP}

interfering on each other. whereP,, = Ipx + GQFFEQHEGH, andHy — GQFH.
Hence, at thé'th relay, we have Assume |[hy,|2 = P=rr, |gi2 = P, |in2 = Pex,

QE(Q17-"aQK7C117-"aQKa---th-"aQK)

and R as the region inR3X that defines the outage event
€ in terms of the vector[u®, v WT|T, where p =
According to the output power constraint, the amplificatioHllm : "MK]_T.vV = _[V11{2 T VK]_T w = [wiwy - wi]”
coefficient is bounded as), < P How- The probability dlstrlputlop fL.JnCt_IOH (and.also the comple
P(Ihk\2+|i<k)| )+1 ment of the cumulative distribution function) decays expo-
ever, according to the signal boosting constraint imposed pentially as P=P~" for positive values ofé. Hence, the

rp = hpx + Z(k)t(k) + ny.




outage regiorR is almost surely equal t&® . = RﬂRiK.
Now, we have

P{g} P{|HT|2 |Pn|_1 < P—BK(1—7')+7-}

®) i
< P {BZ (,Uk + v — min {Ovuk,w(k)})*

k=1
BKlog(3) + log |P,,|
< —BK(1 -
log (P) - ( Tt
© 1 B2K? 41
2 pl_prlell i )}-FBK(l—T)
log(P)

K
—r < BZ (tr + Vi), potes Vi Wi > 0} - (M
k=1

[Klp,o0) x [0,00)2K~% we observe
(a) .
P} < PR}

(b)
< / Fuow (12, 0) dpad +
RNOT

2K

ZP{[MT,VT]T € ﬁﬁlf}

=1
< VOI(R N T)P™ MM pernr Hlkoteo)

2K p~Hlo
— p—Kl

= pr[KO-n-5] ®)

Here, (a) follows from (7), (b) results from writingR as
(ﬁﬂI) U [Uﬁl (fzﬂIf)} and using the union bound on

the probability, andc) follows from the fact thaﬂiﬂI is
a bounded region whose volume is independentof(8)

Here, (a) follows from the fact that for a positive semidefiniteShows[K (1 —7) — 5] is a lower-bound for DMT for finite

matrix A, we havelI + A| > |A| and (b) follows from the
fact that

P

Osz = min< 1 —

| | 9 1
Pl—Hk Pl-ww 1

1
> 3 min {1, P, P**, P“®}

and assuming® is large enough such thd > 1. Finally,
(c) is proved as follows:

As |ax| < 1, we concludep, i, < 1. Hence, the
sum of the entries of each row iFFY is less than
B2K?. Now, consider the matribA £ B2K?2I — FFZ,
From the above discussion, it follows that for everywe
have 4;;, > Zi# |4; ;|. Hence, for every vectok, we
have xT Ax > Zi<' |ALJ|.CE12 + |Ai,j|$? + 2|Ai,j|$i$j =
>icjlAijl(xi£2z;)” > 0, and as a resultA is posi-
tive semidefinite, which implies thafF¥ < B?K?Ip.
Consequently, we hav®, < Ipx + B’K’GQQIGH.
Moreover, Knowing the fact thaP {R} = P{R.}, and
conditioned onR ., one has|gi|> < 1, which implies that
GG < I. Combining this with the fact tha®Q < I (as
lag|? < 1, Vk) yields P,, < Ipx + B2K2GQOQEGH <
(B%K? + 1) Izx. Moreover, conditioned ofR ., we have
min {0, ui, w(r) } = 0. This completes the proof df).

On the other hand, for vectorg®, ", w® > 0, we
0 0 0
haveP {p > p’ v > 10 w > w'} = pr(l4et) By
taking derivative with respect tp, v, we havef,, ., (1, v) =
1. v - log[3(B?K?+1 ,
i detnings & G
R 2 {pv>0 %1 -(u+v)>1}, the cubeZ asZ £

0,Klp)*", and for1 < i < 2K, I¢ 2 [0,00)" ! x

value of B. However, for large values aB, the lower-bound
converges toK (1 — r)™. On the other hand, according to
the cut-set bound Theorem [13], we know thH@fl — r)*,
corresponding to the MISO cutset, is an upper-bound for the
DMT of the network. This completes the proof of Theorem
2. [ |

We can easily generalize the argument of Theorem 2 and
provide a lower-bound on the DMT of the RS scheme for
general single-antenna multi-hop multiple-relay netvgork

Theorem 3 Consider a half-duplex single-antenna multiple-
relay network with the connectivity graptd = (V,E)
operated under the RS scheme wiitipaths,S slots, and the
path sequencépi,po,...,pr). Definings. for eache € E

as the number of paths in the path sequence that go through
e, then the DMT of the RS scheme is lower-bounded as

drs(r) > —= (1—§r)+. (©)

max L
mas Be

Proof: See [1]. ]

Remark 3-It should be noted that (4) is yet an upper-
bound for the DMT of the RS scheme, i.e., even for the
case of interfering relays. This is due to the fact that in
the proof of (4) the non-interfering relaying assumption
is not used. However, by employing the RS scheme with
causal-interfering relaying and applying (9), one can find
a bigger family of graph topologies that can achieve (4).
Such an example is the two-hop relay network studied in
Theorem 2. Another example is the case tfiat a directed
acyclic graph (DAG) and the relays are operating in the full-
duplex mode. In order to proof, consider the path sequence
(b1,D2, - - -, Ddg) that form the maximum flow of the graph
from the source to the destination. Notice that according to

6A directed acyclic grapld is a directed graph that has no directed cycles.



the Ford-Fulkerson Theorem, we knaly: = mins w(S). gain of
Consider the RS scheme with= Lydg paths such that each
Di is used L, times in the path sequence. More precisely.

Pi-1)Lo+j = Di1 < j < Lo. Now, consider the path

y +
1+ KB &
KB fm

drs,mac(ri,r2,...,rv) > K <1 -

) =1
[£1-1 " (10)
sequence; j =i+ j— 1+ Z 1, wherel;, denotes the wherery,ry, ..., ras are the multiplexing gains correspond-
k=1 ing to usersl,2,..., M. Moreover, asB — oo, it achieves
length ofpy. As a result,S = L + ijl l;. Here, it is easy the optimum DMT which iSlop prac(r1,re, ..., 7)) =
to verify that only non-causal interference exists betwe% M +
: : : L =2 et Tm
the signals corresponding to different paths. However, by
considering the paths in the reverse order or equivalently proof: See [1]. -

reversing the time axis, the paths can be observed withRemark 4-The argument of Theorem 4 is valid for the
the causal interference. Hence, the result of Theoremgdneral case in which any arbitrary set of relay pairs are
is still valid for such paths. Here, knowing that for allyon-jnterfering.

e € E, we have§. € {0, Lo} ard applying (9), we have  Remark 54n the symmetricsituation for which the mul-

drs(r) > dg (1—7— Z‘;j% li which achieves (4) for tiplexing gains of all the users are equr_:il to sayhe lower-
) oea ) ) bound in (10) takes a simple form. First, we observe that
asymptotically large values df,. This fact is also observed e maximum multiplexing gain which is simultaneously

by [14] independently. achievable by all the users {5 - 525 Noting that no signal
is sent to the destination i%}%—+1 _portion of the_time, we
observe that the RS scheme achieves the maximum possible
symmetric multiplexing gain for all the users. Moreoveonfr
. . . 10), we observe that the RS scheme achieves the maximum
In this subsection, we generalize the result of Theorel} . ) - .

. L . . ~diversity gain of K for any finite value ofB, which turns

2 to the multiple-access scenario aided by multiple/single .
- out to be tight as well.

half-duplex relay nodes. Here, similar to Theorem 2, we . . . .
. : . Next, we consider the special scenario of multiple-access
assume that there is no direct link between each source and

the destination. However, no restriction is imposed on thSéngIe-reIay (& = 1) network. Here, the RS scheme is

induced subgraph o on the relay nodes. réduced to the simple amplify-and-forward relaying in whic

) ) ) ) the relay listens to the source in the first half of the frame
We first consider the multiple relay&(> 1) scenario. As- 514 ransmits the amplified version of the received signal in

suming having}/ sources, we show that for the rate sequengge second half. However, AF relaying no longer achieves the
r110g(P), 2 log(P), ..., rarlog(P), in the asymptotic case optimum DMT. On the other hand, we show that the DDF
of B — oo (B is the number of sub-blocks), the RS schemg.heme achieves the optimum DMT for this scenario.
achieves the diversity gainlgs aac(ri,r2,....,Tm) =

K(1- Zﬁf:l rm)+, which is shown to be optimum dueTheorem 5 Consider a multiple-access channel consisting
to the cut-set bound on the cutset between the relays afdV/ transmitting nodes aided by a single half-duplex relay.
the destination. Here, the RS scheme is applied with thssume that all the network nodes are equipped with a
same path sequence and timing sequence as in the cassirgfle antenna and there exists no direct link between the
Theorem 2. However, it should be mentioned that in theources and the destination. The amplify-and-forward sehe
current case, during the slots that the source is supposedhithieves the following DMT
transmit the signal, i.e. in the ;’th slot, all the sources send v 4
their signals coherently. Moreover, at the destinatiore sid (r1, 7 r) = [1-2 Z ,

after receiving theBK vectors corresponding to the outputs ARMACNL T2 -5 TM "

of the BK paths, the destination node decodes the messages ) )
wi,ws,...,wr by joint-typical decoding of the receivedHowever, the optimum DMT of the network is
vectors in the corresponding K slots and the transmitted M +
signal of all the sources, i.e., in the same way that joint- ;4o (r1,7a,... 1) = <1 _ Zm;ﬂ}””) 7
typical decoding works in the multiple access setup [13]. L= e1Tm

which is achievable by the DDF scheme of [3].

C. Multiple-Access Parallel Relay Scenario

Theorem 4 Consider a multiple-access channel consisting Proof: See [1]. ]

of M sources aided by< > 1 half-duplex relays. Assume Figure 3 shows DMT of the AF scheme and the DDF
there exists no direct link between the sources and tkeheme for multiple access single relay setup consisting of
destination. The RS scheme with the path sequence add= 2 sources assumingymmetricsituation, i.er; = ro =
timing sequence defined in Theorem 2 achieves the diversity
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Fig. 3. Diversity-Multiplexing Tradeoff of AF scheme vessthe optimum
and DDF scheme for multiple access single relay channelistorg of
M = 2 sources assumingymmetrictransmission, i.er; = ro = r.
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V. CONCLUSION

The setup of the single-antenna multiple-relay network is
studied in this paper. Each pair of nodes are assumed to be
either connected through a quasi-static Rayleigh fadirmmeh
nel or disconnected. In this part of the paper, a new scheme
called random sequentia(RS), based on the amplify-and-
forward relaying, is introduced for this setup. Furthermor
bounds on the diversity-multiplexing tradeoff (DMT) of the
RS scheme are derived for a general single-antenna multiple
relay network. Specifically, 1) the exact DMT of the RS
scheme is derived under the assumption of “non-interfering
relaying”; 2) a lower-bound is derived on the DMT of the
RS scheme (no conditions imposed). Finally, it is shown
that for the single-antenna two-hop multiple-access ipleki
relay network setup where there is no direct link between
the source(s) and the destination, the RS scheme achieves
the optimum diversity-multiplexing tradeoff. Howevery the
multiple access single relay scenario, we show that the RS
scheme is unable to perform optimum in terms of the DMT,
while the dynamic decode-and-forward scheme is shown to
achieves the optimum DMT for this scenario.
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