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Abstract—In this paper, we propose a spectrally efficient coop- a data fusion center collects data from multiple sensors,
erative transmission protocol for multiple access scenads. The and in traditional cellular networks, where multiple users
key feature is to utilize multi-user diversity and fully exploit the communicate with a base station. In [4] a cooperative mieltip

dynamic nature of radio propagation. In particular, by carefully . Lo
scheduling the multiple sources and relays’ transmissionsa access (CMA) transmission protocol was proposed; similar

source with a poor connection to the destination can have higer  WOrk based on superimposed modulation can be found in
priority to obtain help from a relay with better channel condition.  [9]. In general, these CMA schemes only exploit cooperation
As a result, the full diversity gain is achievable even thoug only  among the source nodes and hence their achievable diversity
a fraction of relays is scheduled to help each user. We develed i, 5 constrained by the number of source nodes. Recall tha
an achle\{able dlversny-multlplexmg tradeoff for the .proposed in a wireless network, the number of active users is typicall
transmission protocol to assist performance evaluation. Wen P . et
the number of relays is large, the diversity-multiplexing radeoff ~much smaller than the idle ones, which can be utilized as
achieved by the proposed scheme can approximate the optimal dedicated relays. Hence it is of interest to invite idle rotie
multiple-input single-output upper bound. Both analytical and  cooperate as relays, and to exploit them as an extra dimensio
numerical results show that the proposed protocol outperfan 1, fyrther enhance the system robustness. However, relays
other comparable schemes in most conditions. are different from sources in the sense that they only repeat
what has been transmitted, and hence it is desirable to eeduc
l. INTRODUCTION the _bandwidth cor_lsumed by such relay transmission. T_his
) o ] motivates the application of network coding over coopeeati
As an alternative to multiple-input multiple-output (MIMO gjyersity to improve its spectral efficiency [10], [11]. Hewer,
techniques, cooperative diversity offers an efficient a1 for many network coded cooperative transmission schemes,
cost way to provide spatial diversity, which is effective ifhe computational complexity at the intermediate relayeasod
combating multipath fading in wireless environments [1¥. B¢oyld be high due to the complicated operations for decoding
encouraging single-antenna nodes to cooperatively shae tang encoding the received mixture. Note that the idea ofgusin
antennas, a virtual antenna array can be formed and Higjicated relays has been previously proposed in [12], [13]
robustness of reception can be improved without requiringhecifically, provided that all nodes are only equipped \&ith
extra hardware cost. Initial studies focused on the base SGingle antenna, a study of the diversity-multiplexing &aff
nario of a source-destination pair [2], [3]. More recentd#s 55 heen carried out for the multiple access scenario wigh on

for cooperative diversity have focused on more realistid afelay. And [12] the number of relays has to be assumed to be
practical communication scenarios, such as multiple &C§sss than the number of source nodes.

channels (MAC), broadcasting channels, interferenceretlan |, this paper, we propose a new relay-assisted coopera-

and the two-way relaying scenario [4], [5]. For examplgjye transmission protocol for multiple access commuiiicat
the use of relay selection has been applied to multi-sourgganarios with dedicated relays. By carefully schedulmey t
multi-destination scenarios in [6], which can achieve tk f {ansmissions of multiple sources and relays, a source avith
diversity gain but suffer some loss of multiplexing gains iBoor connection to the destination is given a higher prorit
order to avoid co-channel interference. in order to obtain better service from the relays. Hence the
The multiple access channel is an important communicatigfhximum diversity gain becomes achievable for each user,
scenario and has been recognized as one of the fundamepig only a fraction of the relays scheduled to help any
building blocks for modern wireless networks [7], [8]. Itsyiven user. A non-orthogonal transmission strategy is also
application can be found in wireless sensor networks, whefgpjied, where the source transmission and relay forwgrdin

_ take place at the same time. Since relay transmission istonly
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cooperative network can be viewed as a special case of MIMO Similar to [2], we assume that each of tlierelays can
it is desirable to develop the diversity-multiplexing teadf for decode then-th source information if the source-relay channel
the purpose of performance evaluation. Following the defirgatisfieslog(1 + p|hmr,;|?) > R, whereh,,.., is the coefficient
tion of the MAC outage events provided in [8], the outagfor the wireless channel between thveth source and the relay
probability achieved by the proposed transmission prdtisco r;, R denotes the targeted data rate, ardenotes the average
studied. The fact that the sources and relays are no longeceived signal-to-noise ratio (SNR), which is assumedeto b
scheduled randomly, unlike the schemes in [2], [4], makése same at each relay and the destination. Consider the inde
it difficult to obtain explicit expressions, since the chahn set of relays that can decode the transmission from all ssurc
coefficients are ordered in a certain way. Thus, order §t&is {i : |, |*> > A {1,---,M}}. The motivation for
[14] are applied here to obtain closed-form expressions sfich a relay set will be discussed in the next section. Let
the outage probability. In particular, an achievable diitgr K denote the size of this qualified relay set. Note that it is
multiplexing tradeoff is developed for the proposed relayassumed that there are a lot of relays, or idle nodes, in the
assisted CMA scheme. When the number of relays is largestwork, which is valid for classical wireless sensor ofutet
we show that the diversity-multiplexing tradeoff achieusd networks. For example, in a lecture hall, the total number of
the proposed scheme approaches the optimal tradeoff @hiemobile users could be extremely large. Among these users,
by the classical multiple-input single-output scheme. €onthere are only a few ones making phone calls at a particular
pared to the CMA schemes in [4], [9], the proposed schemement, whereas the rest of the users is idle. According to
achieve a better diversity-multiplexing tradeoff in thevland the proposed scheme, idle users can be used as relays and
intermediate multiplexing gain ranges, and eventuallyobee hence the number of relays, or idle users, can be quite large.
the dominant scheme with a sufficiently large number &imilar scenarios with a large number of relays can be foand i
relays. Monte-Carlo simulation results also demonstrage tthose dense sensor networks. Through an error free sigmalli
performance of the proposed transmission protocol. channel, the destination obtains the number of the qualified
This paper is organized as follows. The proposed coopeelays and determines the size of each data framé asQ M
ative multiple access transmission scheme is described inwhere @ = [%1. Note that a node from the relaying set
Section II. The diversity-multiplexing tradeoff of the prosed will be always qualified for the whole frame since quasiistat
protocol is studied in Section Il and numerical results afading is considered here.
provided. The details for the development of the diversity-
multiplexing tradeoff are provided in Section IV. Finally,g Cooperative Transmission

ludi k i in Section V. . .
concluding remarks are given In >ection In contrast to the CMA strategies presented in [4], [9],

the M source nodes are not scheduled in a round-robin
[I. DESCRIPTION OF THE COOPERATIVE MULTIPLE ACCESS way. Instead, the source with the poorest connection to the
CHANNEL SCHEME destination transmits first. In other words, the source nodes

We consider a setting wherl source nodes deliver data®'® Scheduled for transmission to satisfy

to a common destination. In addition there dreelay nodes |ha|? < |hol?> < - < |l
helping the communication between the sources and destina- o
tion. Each node is constrained by the half duplexing assunifft€reh.» denotes the coefficient of the channel between the
tion, where one node can not transmit and receive at the saftdh Scheduled source and the destination. Similarly, khe
time. Time division multiplexing access is considered riare  dualified relays are scheduled to satisfy
to its _S|mpI|C|ty. AII ch_amels _con_S|dered here are a§sgtoed |91|2 < |92|2 <. < |9K|2-
experience quasi-static identical independent Rayleaginty.
And all nodes, including the sources and relays, use the sawiere g denotes the coefficient for the channel between
transmission power. the destination and the relay scheduled at the— & + 1)-
th time slot. The reason for such a schedule is to ensure
that a source with a poor connection to the destination will
A. Initialization receive better help from the relays than a source with a good

In this paper, the decode-forward (DF) strategy is used fé@nnection. The details of the transmission protocol fello
relay transmission. We assume that each relay has the loE@€ relay selection can be accomplished by using a cerethliz
channel state information (CSlI) for the incoming and outgoi Strategy, where the feedback b/ complex-valued channels
channels. Such CSlI information can be obtained by asking terequired. To reduce the system overhead for scheduling
M source nodes and the common destination to broadcast pigtrces and relays, the distributed selection strategyosexl
signals. In total M/ +1 time slots are required for such trainingn [15] can be applied. In particular, source transmissicars
signaling. Note that one time slot for training is unavoigabbe scheduled in a distributed way by setting their backoff
for the DF scenario with a single source-destination pgjir [Aime proportional to the quality of their source-destipati
Given M source nodes) time slots will be consumed alsochannels, whereas relay transmissions can be scheduled by

for the traditional scheme, and the proposed transmission _ o _
Note that the relay associated witlp is not scheduled at thg-th time

strategy qnly requires On_e e>§tra time slot due to the brmdcé\ot. The reason to have different sorting notation for #lays and sources is
transmission by the destination. to simplify the development of analytical results, as shdster in this paper.



setting their backoff time to be inversely proportional keet ~ An example for the signal model withh = 4 and M = 3
qualities of the relay-destination channg|sAs a result, only is shown as following
the K qualified relays are active and each of them needs to - - - “1r -

feedback one digit flag, which consumes much less system yg; In ]? 8 8 8 8 8183
overhead than the centralized scheme. Similar to [3], [4], y(3) %‘ 2 0 0 o 82(1)
non-orthogonal transmissions have been adopted and hence y(4) =10 903 3 b0 0 83(2)
medium access control protocols have to be designed clyreful 3(5) 0 o 902 gl by 0 21(2)
H H H 1 2 2
which is beyond the scope of this paper. (6) 0 0 0 0 0 hyll|ss®

The source with the channel coefficignt is scheduled to L . L 4L .
transmit a message; (1), during the first time slot of each
data frame. AllK qualified relays decode the message and

store it in their memories. The destination receives
The aim of this section is to analytically evaluate the per-

y(1) = hasi(1) +n(1), formance of the proposed cooperative protocol by calagati
wheren(i) denotes the additive white Gaussian noise at tiiae diversity-multiplexing tradeoff. As can be seen frore th
common destination. During the second time slot, the rel@gnal model (1), the structure of the channel matHxis
with the largest coefficienyyx (the best relay-destinationnot regular, which poses difficulties in obtaining an explic
channel) is scheduled to help the user with the poorest ean@xpression for the outage probability and the tradeoffhia t
condition and forwards;(1). At the same time, the sourcefollowing, we assume that the number of the qualified relays
associated withh, is scheduled to transmit a new messagelus one K +1, is an integer multiple of the number of sources
s5(1). The destination receives the superimposed observatibh which results in the following simpler channel matrix as

Y(2) = hasa(1) + gresi(1) +n(2). hy 0 0 0
gk ha 0 0

IIl. DIVERSITY-MULTIPLEXING TRADEOFF FOR THE
PROPOSEDCMA

Although the remainind K — 1) qualified relays also receive H-= (2)

a mixture, the qualification criteria guarantee that each of S

them can decode: (1) via simple successive decoding, since 0 0 g1 hm|y.n

they were able to decods (1). Hence at thei-th time slot | j4er in this paper, Monte-Carlo simulation results will be

(n=1,...,N), the source withh,,, is scheduled to transmit
a new message,([4-|) wheren’ = (n mod M). At the
same time, forn < K, the relay with gx_,+1 will be
scheduled to transmit its previous observation. Ror K,
all qualified relays have been used and hence non-cooperafiv Achievable diversity-multiplexing tradeoff

provided without assuming such a relationship betwkeand

direct transmission will be adoptéd First we recall the definition of the diversity gain and
As a result, the signal model for one data frame can Bgultiplexing gain as [17]
written as
J2 iy 08lP(0)] p A iy B0 3)
y =Hs+n, 1) p—oo  logp p—oolog p’
where y — [y(l) . y(N)]T, s — whereP, is the probability of error of the maximum likelihood
[51(1) s e s1(Q) - sM(Q)}T, detec;tor gncR is the data raFe of a code. We say that a function
n— [n(l) n(N)}T and the channel matrix is f(p) is said to be exponentially equal $8, denoted ag (p) =
p?%, when lim % = d. The following theorem provides
hy 0 e e 0 an achievable diversity-multiplexing tradeoff for the pesed
gk hs 0 : : : 0 cooperative protocol conditioned on the size of the quadlifie
] relaying set.
H— : : : : : Theorem 1. Assume that all addressed channels are i.i.d.
10 0 g1 Aty 0 o 0 quasi-static Rayleigh fading and the number of qualifiedy=!
0o 0 0 0 b2y 0 0 is K = QM — 1. The following diversity-multiplexing tradeoff
: : : : " " : is achievable.
L0 0 0 0 0 0 hal ey di(r) = (1 —7) + [K — (K + M)r]*, 4

2Note that CSI between relays is needed for the proposed mtage Where(z)" denotemax{z,0}.
scheme. Such inter-relay CSI can be obtained in the follgwtino ways. Proof: The details of the proof for this theorem will be
One is to ask each of th& qualified relays to send training messages ided in Secti Y,
which consumes extra system overhead. The other is toeutiiie fact that provided in Section IV. N ] .
each relay has some priori information for the received mmixtand apply Recall that the number of the qualified relaisis dynami-

the channel estimator based on so-called first-order ttatigl6]. In such a caIIy Changing according to instantaneous channel réalir
case, dedicated training information is no longer needed, the redundant

structure of cooperative transmissions can be utilizedetol yow-cost channel Hence we would like t_o have the diV?rSitYTmUItipleXing tead
estimation. off in terms of L. The important relationship betweén and



the total number of relay$ is characterized in the following As the number of available relaysbecomes large for a fixed

lemma number of sourced?, the tradeoff achievable for the proposed
Lemma 2: Assume that all addressed channels are i.ittansmission scheme approximates the optimal MISO trédeof
guasi-static Rayleigh fading. Then, d(r) — dyrrso(r).

TV On the other hand, the diversity-multiplexing tradeoff
P(K = k) = p~t7h 070, achieved b i i

y the CMA schemes in [4], [9] can be written as
asp — oo.

Proof: Denoteh,., as the channel which has the smallest
absolute value among the set containing the channels The advantage of the proposed relay-assisted CMA is its
between thei-th relay and M/ sources. Consider the setcapability to exploit the relay nodes as an extra dimension
{hs,, ..., hy, } Which collects thel. worst source-relay chan-and enhance the robustness of reception, whereas theitjivers
nels. Under the Rayleigh fading assumption, thesariables gain of the schemes in [4], [9] is constrained by the number of
|h-,|? are i.i.d with density function source nodes. Such a capability to utilize relays is paeity

Mz important for a network where the number of idle users is
flz) = Me ' much larger than the number of active ones. However, for a
Consider thel, channels ordered 45T(1)|2 > > |hm)|2, large value of the multiplexing gain, the DMT achieved by
The event that the size of the qualified setiis= k means the relay-assisted CMA is worse than those using the source
|2 = v = |y |2 Wherey = QRT‘l. By using order nodes onlyin [4], [9]. . .
statistics, the probability that the size of the qualifiehyeset ~ Obviously the opportunistic relaying scheme in [15] can

depa(r) =M1 —r), f0o<r<1.

is K = k can be expressed as [14] be straightforwardly extended to multiple access chanbgls
I applying the time sharing approach, which yields the diters
P(K=Fk) = m[l — e~ ML=k [e=M7]k (5)  multiplexing tradeoffd,(r) = L(1 —2r), 0 < r < 0.5 [18].

Another comparable scheme for multiple access transmissio

2f_q has been proposed in [6]. To combat co-channel interference

wherey = = p"~1, asp — oo. Whenp — oo, the use ; ] , ,
of the exponential expansion yields the scheme in [6] requwegM t|me slots to trgnsmMV_[
| source messages, which results in the fact that its acHevab
P(K =k) = Lt (M~)E=F = p~(I=(L=k)g) multipl_exing gain is0.5 at most. Comparing _to these two co-
(L — k)!(K)! operative schemes, the proposed transmission schemeeshie
m larger diversity gains for the multiplexing gains> r > 0.5.

Combining Theorem 1 and Lemma 2, the overall outage

probability can be expressed®as B. Numerical Results
L The analytical results developed in the previous section
P(O) = Y P(OIK =k)P(K =k) (") require the assumptions = QM — 1 and K = L. In this
k=0 section, we provide some numerical results based on Monte-
- XL: (k1) (=)= [k (kM) * = —d(r) Carlo simu_lations tha_\t do not rely on these assumptions.
k_op P : In the first experiment, the outage performance of the

proposed CMA scheme is compared with the superimposed
whered(r) = (1 —r) + [L — (L + M)r]* and the last modulation based CMA in [4], [9] as well as the non-
relationship follows from the fact that the error probaili cooperative scheme. The number of source nodes is set to
with K = L is the dominant factor. For a fixed data rate, (7)/ = 2 and the number of relays is fixed &s= 5. The target
shows that the proposed cooperative multiple access schefaea rate is set t&? = 4 and R = 8 bits per channel use
can achieve the maximum possible diversity gdir+ 1. (BPCU). By increasing the target data rate, the performance
Thus, although each user only uses a fraction of the availabk all studied schemes decrease as shown in Fig. 1. We further
relays, this full diversity gain is still achieved with thelp of observe that the proposed CMA scheme achieves smaller out-
the opportunistic scheduling. Rewrite the achievablersite  age probabilities compared with the two comparable schemes

multiplexing tradeoff as for all SNR. The reason for this performance gain is that the
M i L comparable cooperative schemes do not exploit the availabl
d(r) = { (L+1) (1 - L—+1T) » HO0<r=<13  relays and their diversity gain is constrained by the nunaifer
-, if 7 <r<1 sources.

In the second experiment, the outage probability achieved
by the proposed scheme is shown in Fig. 2 as a function of
SNR and with different numbers of relay candidatés,The

dyrso(r) = (L+1)(1—r), #f0<r <1 number of source nodes is sett = 2. As can be seen from
the figure, the robustness of the multiple access transmissi
3Note that the diversity-multiplexing tradeoff in TheorenisIbtained with can be improved by increasing the number of the relays. As
the assumptior = Q M, which imposes a constraint on the realization of di d by Th 1 i . h b f rel
K that is not considered here. For simulation results, thésimption about Indicate y eorem 1, increasing the number of relays not

K will not be used. only increases the diversity gain, but also improve the tspkec

The optimal tradeoff for the traditional multiple-inpungie-
output (MISO) scheme can be expressed as [17]



efficiency of the proposed CMA scheme since the tradeoff
achievable for the proposed scheme is approaching the alptim
MISO upper bound.

IV. PROOF OFTHEOREM1

As discussed in [17], the error probability of the maximum
likelihood detector can be tightly bounded by the outage
probability at high SNR, and hence the outage probability
will be used as the criterion for performance evaluatiorhis t
paper. Since the multi-user scenario is considered, thageut
event can be defined as [8]

02| Joua, (8)
A
and the outage probability of the cooperative network can be
written as
P(O)=P (U 0A> <) PO, 9)
A A
where

€A

R; denotes the target data rate for thh source, A C

{1,

...,M} and |A] is denoted as the number of users in

A. Note that the symmetric tradeoff is of interest in this
paper, which meangA|R = . , R;. From the definition,
the mutual information for each outage event can be written

as

Ix = logdet [Iy + pHT 4HY], (11)

whereZ4 £ TI(sa;y|sac, H = H), andT'4 is formed by
removing the columns of the identity matidix corresponding
to columns ofH associated with the users j#°. Take A =
{i} as an example. Th@ diagonal elements df 4 are ones,
TAll¢—1)Q+1i,(¢g—1)Q+i=1forqed{l,...,Q}, and
all other elements are zero.

According to the elements contained in the dethe outage
events can be classified into three events.

« The first event, denoted b§),, is an event where one

user is in outage (i.6.4| = 1). Furthermoref(p) is said
to be exponentially smaller thast, denoted ag (p)<p?,

when lim % < d. The following lemma provides
p—00

an upper bound for the outage probability of this type of
events.

Lemma 3: Assume that all channels are i.i.d. Rayleigh
fading and the number of relays Is = QM — 1. The
outage probability for the evert?, is upper bounded as

P(Ol)ﬁp_dol(r),

wheredo, (r) =1—r+ (K — (K + M)r)*.

Proof: See Appendix. [ ]
The second outage event, denoted(as is the event
where the overall sum rate is in outage (i,e, the set
A contains allM users,|A| = M). The following
lemma provides an upper bound for the outage probability
associated with such an event.

Lemma 4: Assume that all addressed channels are i.i.d.
Rayleigh fading and the number of the relayshs=
QM — 1. The outage probability for the eve@t, can be
upper bounded as

P(Oy)<p~ o2 (),

wheredp,(r) = M(1 —r) + (K — (K + 1)r)*.
Proof: According to the signal model, the sum rate
can be written as

Ix = logdet Iy + pHH"]. (12)

It is easy to show thallH" is a tridiagonal matrix, and
hencely+HH] is also a tridiagonal matrix. According
to [19], the determinant of a tridiagonal matrix can be
obtained iteratively as

Dy =1+ p(zn + Yn-1)]Dn-1 — prnynlean-

where D,, = det[I,, + H,_1H? ,], H, is then x n
top-left submatrix fromH, andx,, andy,, are then-th
element on the principle diagonal and subdiagonafof
respectively. By using such a property, we can obtain the

following inequality
K
p|gi|2‘| )
1

1=

Q
+

M

Za > log [H(1+p|hi|2)
i=1

whose proof can be accomplished by following similar
steps in [20]. Hence the outage probability can be upper
bounded as

P(Zx<QMR) < P{(z1+2)<29MF}
< P{a <29ME} Pz < 20MEY
1 1
- pM—Mr pKf(KJrl)r
M Q K
wherezy = [T, (1+ plhif?)] 22 = [IT, plail?]

and the last inequality follows from the proof for Lemma
3 [ |

« The third type of outage events, denoted@s corre-

sponds to the case where the gkicontains more than
one user, and less thad users,1 < |.4| < M. Obtaining
a closed-form expression for the probability fé¥; is
difficult, and we only prove that the probability @¥; is
upper bounded by the probability d?,. The following
lemma will be needed for the development®fOs).
Lemma 5: Consider a(P + 1) x P complex-valued
matrix, denoted a® p, whose(m, m)-th element ish,,
and its(m+ 1, m)-th element igy,,, for m € {1, ..., P}.
The remaining elements of this matrix are zero. The
following inequality holds

P P
det{Ip + p@FOp} > T plhil® + [ (1 + plg; )

i=1 j=1

Proof: See Appendix. ]
By using this lemma, we can have the following result
about the probability o3 and O,.



Lemma 6: Assume that all wireless channels are i.i.d.i.d. exponentially distributed variables. Hence, itslpability
Rayleigh fading and the number of relayAs= QM —1. density function is
The probability of O3 can be upper bounded as M)

Tualy) = (n—1)(M —n)! c
And its outage probab|I|ty can be written as

7(M7n+1)y[1 _ efy]nfll
P(03)<P(O1)<p ),

Proof: See Appendix.

Of the three events, the probability 6f, dominates. As a P 5 Mle~(M—n+l)y
result, the overall outage probability can be upper bouraded {py" < } (n —1)!/(M —n)!

e

) < ZP (04) = pdor(m) (13) Applying R = rlogp, we obtain% = p~ =7, Hence the
facts ofr <1 andp — oo yields p~(1=") << 1, and thus
proving Theorem 1. ) Miyn—ldy 1

P {plhn|? < 2" / - LA
V. CONCLUSION { b= (n—1)I(M —n)! — pn(=7)
In this paper, we have proposed a spectrally efficient C}1)\/here the exponential expansion is used to obtain the approx

ation.
operative transmission protocol for multiple access séesa DeflneI _ 1“1_[ [1+ pzars_n]. The density function
By carefully scheduling the multiple sources and relays’
of Z will be first studled to obtain the outage probability
transmission, the full diversity gain can be achievablesfach T RIn2'. Recall that the density of th tual
user although only a fraction of relays is utilized by eac or{ma?o% ca?l t};e ?'(t:taen as e density of the mutual in-
user. An achievable diversity-multiplexing tradeoff (DMT : wni
was developed. With a large number of relays, the DMT Q
(1) =& 0| T ;

achieved by the proposed scheme can approach the optimal - H (1 + pini—n] (15)

multiple-input single-input upper bound. Both analytieaid =1

numerical results demonstrated that the proposed protowdlich contains a non-analytical Dirac delta function, s&H [

can outperform comparative schemes that employ only sour find the outage probability, the delta function has to be

cooperation in most conditions. removed from the expression @fZ). Recall the following
property of the delta function:

APPENDIX
| / 5(thn — )3( — ) dtp = S(tby — V), (16)

Proof of Lemma 3:The set of the usersl corresponding

to the outage even®; can be further divided into two \yhich can be used to separatein the delta function. Hence
types which will be studied separately in the following twQ,q have
T(Q—-1)M—n
/ / <e - H(l + pxin— n)>

subsections.
A Theevent with A= {n}tand1 <n< M -1
Xf(xr—n, -+, TQM— n)de n e dTOM—n,

Recall that such a outage event corresponds the case where
all users’ information can be decoded correctly expectiite where the joint density function of th€@ ordered variables
user's message, which means that the mutual information azn be written as [14]
be written as

Q fla x (H fla ) G0
M—n, """ s TQM— n) = ri) | T o 1
Ta = log [T [1+p(hal® + lgiar] . (29) (M =n—1)
= L ) ﬁ [F(ay,) = Flay, )M
Hence the outage probability can be upper bounded as (n—1)! (M —1)! ’

=2
Q - . .
where f(z) denotes the probability density function (PDF)
— 2 X 2 QR
PIa<QR)=P {H [1+ p(1hal® + [girs—n[*)] <2 } f(z) = e ® and F(z) is the cumulative distribution function
=t (CDF) F(x) =1 — e *. Since an upper bound to the outage

Q A . ; .
)@ . 2 QR probability is of interest, the following bound is employtd
< P{ plhal?)9 + 1:[1 [1+ plgin—nl?] <2 } simplify the expression of the joint density function as

Q flan— nsz e TQM-n) <

2 R R I’ ny n =
< P{plh,|* <2 }P{H 1+ plgin—nl’] <29 } jM-n-1 @ M1
i1

iZ?
K! T, r)
Hf S Vp—T 1 M ,
Denotey, = |h,|* andz; = |g;|>. The factorP {py,, < 27} i=2
can be easily analyzed as following. According to the adbpte/here the inequality follows from the fact that the CDF is
transmission scheduleg,, is the n-th smallest amongy/ always positive. Furthermore, singéz;) = e=* < 1, we




have]_[?:1 f(z,,) < 1. Together with the fact that—e~* < z which can be written as

for z > 0, we have CLeM-nT b1 b 2Q !
e @ g 0@ = S [ [T [T

T—ms " I—mn <K| Z]Wn
f(«rl\f ) 7xQ1\{ )— (M—n—l)' J (M—l) Ce]w n)I
i=2 — —/ n¢1¢(Q 2 ¢
= f/(fona"' ,IQan), pQM n(Q_z)'
_ K! ! _ Cle(M_n)Z 1 o k
where C} =, DGy and f = _ e & _ IZ e
Cy AT wingn M=l To further simplify

the development, the integration region of the expectation Where ¢; = Int; and the last equahty fOHOWS from Eq
(15) is extended to the entire positive plane (3.351.1) in [22]. Given the density function of the mutual

information, the outage probability can be expressed as the
integral of the density function
) < Cre / / 1 + pTivi—n)

QRIn2
P(I < QRIn2) < / o(T)dT
0

X f(xar—n,- - 71'Q]W—n) diCM—n o drQr—n,
. o : o iy QRIZ 0y e(M-m)T 1
since the simplified joint density function is always posti = / QM (CpyeT dz
over the addressed region. 0 ) p
In the following, we will focus on how to remove the T peRm2 CreMt " a7
delta function out of the density function. First we obtdie t B /0 pOM=n [l(—n)Q—k=1 "

expression as shown in the top of the next page. where the F=0
following property of the delta function is used Interestingly the second integral at the right hand of the
previous equation can be solved again using Eq(3.351.1) in

t/ 54 — )6 — o) dtb = (b — ). [22] as

CreM-—m)QRIn2 Q-2 o

Again using the property (16) we obtain the equation shown P(I <QRIn2) < W - (19)

(Fn)@ T
in (17). Recall another property of the delta function as k=0
1 1 (QRIn2)7
f@W) ¢eD X — M@RI2N? 2T )
/ 0(x — ) f(x)dx —{ 0 otherwise ° (18) pQ@M=nfl \ (ZDM)F+1 Z (—M)k+1=7
Together with the high SNR assumption, we can finallRecall that the d|ver5|ty-mult|plexmg tradeoff can beabed
remove the delta function from the density function by substitutingR = rlogp into the outage probability. By
. . using the relationship betweenand R, we first have
1 Q-2
/ / / wla"'an 1, P H w dwla QR1D2: QTlngzlanr'
v loge
where Following similar steps in [9], it can be shown that
NG S Yo-2 Po-1 CreM— @RIz LM
(wlw"an—lap)_f (%1%7 ’M/)—Q17T>. pQMf'n. (_n)Qfl pQMf'n. (_1)Q71’
Substituting the simplified density function, we can obtain and
Q-2
, Ch 1
z — 20
ql(l/Jl,...,l/JQ_l,p):f/ e—aﬂf" am7% Z pQM[_nk!(_n)Q_k_l <(_M)k+1 ( )
pY1 pa pYo-1 P
Ch M-n—1)T n _¢MQRIn2 QRan LMo
< pQ(M_l)_na Ty Z s | = e @

Interestingly, only one variable, is left in the joint density opyiously the latter is dominant at high SNR, and hence the
function, which shall simplify the following developmentoutage probability can be upper bounded as
significantly. By using this simplified result, the densit§ o

the mutual information at high SNR can be upper bounded asp(7 < QRIn2) < igT
= p I—n
-1
¥1 vo-2 ¢y e(M—n-11T Qi—[ 2y And the outage probability fo® 4 can be expressed as
pQ L pQ(M 1) n wl wh

Vi P(Za < QR) P(p|h,|? < 2®)P(T < QRIn2) (23)

e e(M—n)T 1 Yo zQ ! (n+-MQ)r
- 1PQM n / 7/)1/ / dd}n piM, VTLE{L"',M—l}.

@

MQr
Ve {1, , M- 1)22)

IN-



Y1 PQ-2
q(I) < / / / / / (eF — L+ pzar—nltn) 6 (W1 — [L+ prans—p]tha) - -+
:EQZ\I n
(wQ—l - [1 + PUCQM—n]) f (TM—ny s TQM—n) dTM—p -+ - dTQM—p, A1 - - AN 1,
el —yr\ 1 P — P
i@ < / / pi (IM" i > pia <x2M" i > a7
X;(S <$QMn - %) F@v—n, oM —n)dTr—n - dTQM—n, A1 - dpN_1.

B. The event with A = {M}

The event with the casd = {M} is different to the cases
with A = {i,7 # M}. According to the proposed transmissio
protocol, only(Q — 1) relays will be used to help th&/-th F@arny - xomn) < f (&M —n, - ZQM—n)
user’s information wherea§ relays are scheduled to help 0-1 M-1
each of the rest of the users. As a result, the expressioreof th =, { H «TiM} ’

Since f(x;) = e™* < 1, we haveH *, f(zy,) < 1. Also
F( ) <1 and1l — (xz) <1 andF(:z:lH) F(ZCZ) < Tig1-
|§o the simplified joint density function can be expressed as

mutual information can be written as

Q K!
whereCy = —=++7z. By using this simplified expression,
T =log { [+ pliarP) [T [1+ o + |gz-MM|2>}} we obtain
=2
Ch _
N U1, .. hg-2,p) < WG(M 1)27
<log { 1+ p|hM|2}"2 + H [1+ plgini—n|?] } , p(Q@-D(M-1)
i=2 which is no longer a function of;. Hence the density of the

Comparing with the expression Bfin (14), the number of the Mutual information is simpler compared with the cade=
relay-destination channels is reducedQe- 1. By using such 1% 7 M} and can be written as

an approximation, we can upper bound the outage probability CreMt o
as q(I) = pQMfl\f{I )
P(T4<QR) < P{[l +p|hM|2]Q < 2QR} (24) Whereg; = Iny;. Recall that the outage probability can be
o reduced as
QR/loge
xP {H [T+ plgine—nl?] < QQR} , P(I < QR/loge) = / q(T)dT (26)
1=2 0

As  discussed previously, it can  show
P{[1+p|hM|2} <2QR} pM—lm. Again
T = I, [1+plgin—al?].

define

that __Ci ( @2 _ ygr S (QF/loge)! )

= \ A e T

k=0

The second probability SubstitutingR = rlog p, it can be shown that

can be evaluated by using the steps similar to the previous OMr

section. Here we only point out the different and key steps.

First the mutual information can be shown as
Q-2

" le/ /wl /%S‘PH—d% (25) P(Za<QR) =

where
v f <GI P YPg-s 1/)Q2>
po1 pbs’ T pbg_a p
From the order statistics,

Q-1 M-—1

f(l']w,"'

[F(wim) — F(xiMfM)]M '[1 = Flegu-a)M!

T(@Q-1m) K'fozM H%
=2

(M —1)! (M —1)!

Now the outage probability for the evedt can be written as
P(I < QR/loge)P{[1+ plhn|?] <27}

. (Q+1)Mr
s P
< QM

Comparing the outage probability for the case

{i,s # M}, the outage probability for the case
A = {M} is the dominant one and the lemma is provel.

Proof of Lemma 5Here we use mathematical induction to
prove this lemma. We treat the determindnt = det{Ip +
p®pO®H1 as a function ofP.

1) For P = 1, the matrix®p becomes a column vector,

©p = [h1 g1]7. So the determinant can be written as



Ip = plhi)® + (1 + plg1|?). Hence forP = 1, the Note that the structure d; fits the requirement of Lemma 5.
lemma holds. Hence by applying this lemma, we can obtain an upper bound
2) Assume that forP = [, the following inequality holds for Z; as

l l Q .
l Q JM—1
> |2 1?).
) VG V(R U A (Hmm?) I T a+ola)
= = i=n j=1 \i=jM—n

The aim is to show such an inequality also holds for . _ 3 _
P =1+ 1 given the fact provided in (27). First rewriteUsing such an inequality, the outage probability assodiate

the matrix®; as with this small set4; can be upper bounded as
hi O 0 0 1
g hs 0 0 P(Z; < (I-n)QR) < P{Hp|hi|2 < 2<l”>R}
(")l — . . . : 1=n
0 g1 h 2
T -1 l 2 I—-n)QR
o . 0 & xP jl;[l[uplgjam ) <207
When P = [ + 1, the new matrix®,,; can be written ) ] _' =
as which has a similar form to the probability of the outage dven
0 . — ©®, h 0;. Hence applying the steps similar to the ones in the proof
+1= |, Ji+1 for Lemma 3, the two probabilities in the above equation can

where0; is 1 x [ all-zero vector andy 1 = [0; hy41]7. be bounded as

As a result, the determinant fd? = [ + 1 becomes ! |S|r
Y P olhal? < 20-m7 G = 2
IH_l = 10g det(IH_l + p®l+1 (")H_l) i—n P
= log[det(I; + p©F @) (1 + p(|his1]? and
+lgee1l?) = P91 i ]?) o o
. 1 l —-n "
SinceZ; > [1i_, plhil® + TT.—, (1 + plgi|?), we have P H [1+4 plgjar—i]?) < 20-mMQE & = ;QM*I.
I+1 1+1 Jj=1
2 2
Tiow = [Lelmal® + TT0 + plail®). And hence the outage probability for a small user subket
1=1 1=1

. . . . can be eventually bounded as
Summarizing these two steps, the inequality derived in

. . 1
Lemma 5 holds for all integeP. | P (L- < 2(l7n)QR) SpQMf(QI\{JrM)r'

_Proof (_Jf Lemma 6.:Reca|| that t_he user setl associated 2) A small set contains the M-th user: When a small
with O3 is characterized by its dimensiom, < |A| < M.
Without loss of generality, we assume that the detonsists
of several disjoint smaller set$ = {A4,...,.A;}, where each
small user set contains several continuously indexed users
example, consideM = 7 and the user sefl = {1,2,4,5,7}
can be grouped into three smaller sets = {1,2}, Ay =
{4,5} and A3 = {7}.

According to Whethe_r a small set cqntains theth user, Z; = logdet{Ign—nt1) + ﬁfﬁj}
we can have the following two categories. _ _ _

1) The small sets do not contain the M-th user: Without WhereH; = diag{H ¢,..., H;:} and
loss of generality, consider a small user set contains the

set contains thel/-th user, its associated channel matrix is
different to the case discussed previously, which meanis tha
its outage probability has to be studied separately. Withou
loss of generality, consider a small set contgifs — n + 1)
continuously indexed usersl; = {n,..., M}. Then we can
have the following mutual information based this user set

. . hnp, 0 0 0
continuously indexed users from to I, A; = {n,...,l}. _ A 0 0
Consider the following mutual information based on thisruse Hj,i= g(“l?M*" ? _
set : - . :
Z; = logdet{Ig;_,) + HH;} 0 0 gi-vym+1 hu

where the channel matrix is defined a¥l, = The sub-matrices ol are still tridiagonal ones. Again
diag{Ho,...,H;} and applying the property of the tridiagonal matrix,

hn, 0 0 0 - M M-n Q GM—1

gisi-n hnpr 0 0 Z; > [T+ plhs»)? + < II plgil2> It II elel?
I:Ij _ . . . . . i=n i=1 j=2 \i=jM—n
0 S giM—i41 hy Note that the number of the relay-destination channelslig on

0 0 GiM—1 (M —n)Q — 1. The outage probability associated with this
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