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Abstract

This paper investigates efficient transmission design in a class of multi-user cooperation networks, in which
multiple information sources intend to distribute their messages to a sufficient proportion of ambient destinations
with the assistance of multiple relays, under Nakagami-m fading. We apply a relaying scheme that combines
non-orthogonal transmission with network coding techniques to efficiently utilize available channel resources.
Specifically, the sources and relays are divided into clusters, terminals within each of which are allowed to non-
orthogonally access the same channel. A class of finite-field network codes are adopted in the relays. We provide
the methods to derive the system decoding error probability and diversity-multiplexing tradeoff (DMT). Through
error probability and finite-SNR DMT analysis for certain clustering strategies, and infinite-SNR DMT analysis for
general situations, we show that the considered relaying scheme can notably improve system performance over the
conventional approach that demands only orthogonal transmission in network-coded cooperation networks.
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I. INTRODUCTION

Due to the rapid development of wireless communication technologies, a large variety of novel mo-
bile Internet and Internet-of-things (IoT) applications and services have emerged in recent years. A
very important future mobile communication application scenario is the content distribution network
where information sources (content generators) broadcast their messages to ambient destinations (content
subscribers). For instance, Fig. 1(a) illustrates a potential example in intelligent transportation systems
(ITS). Allowing roadside unit (source S;) and vehicles (sources So and S3) to share their sensing data
regarding a complex traffic environment with other vehicles (destinations Dy, Ds, and Dj3), under the
framework of vehicular cloud networks [1], can enable vehicles to access others’ sensors. The accuracy
and reliability of individual environment perception can be greatly enhanced. Other promising applications
include advertisement broadcasting in shopping malls and video sharing in stadiums supported by the 5G
device-to-device (D2D) technology [2]. These wireless systems in general consist of several sources and
potentially many destinations. The content-rich source messages (e.g., in the form of multimedia files)
should be delivered in severe signal propagation environments (e.g., high-speed or indoor environments).
Providing a high quality of message distribution can be challenging.
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Fig. 1: (a) An ITS application scenario of (b) a multi-source multi-relay multi-destination network

Introducing cooperative relays to improve communication performance in wireless networks has at-
tracted much recent interest [3]. When a number of relays (e.g., Ry and Ry in Fig. 1(a)) are utilized to assist
in the data distribution from several sources to several destinations, the network structure can be abstracted
as a multi-source multi-relay multi-destination network shown in Fig. 1(b). From an information-theoretic
viewpoint, multi-hop networks are fundamentally different from single-hop networks, since relays bring
complicated interference and signal processing issues. The capacity of even very small relay networks is
unknown. Efficient transmission designs and their performances in many types of networks are far from
being well-understood.

In addition to providing power gain, the advantages of cooperative relays have been exploited mainly
from two aspects. First, recent achievements in network information theory have shown that relays can
provide degrees of freedom (DoF) gain to multi-user wireless networks (see e.g., [4]—[7]). This implies
that, the capacity region of multi-hop relay networks may be much larger than that of single-hop networks,
at least for the high signal-to-noise ratio (SNR) regime. The basic idea behind high-DoF transmission
designs is to properly coordinate multiple non-orthogonally activated terminals, with a sufficient knowledge
of the network channel state information (CSI), such that the inter-user interference can be effectively
eliminated or mitigated.

Another research trend takes more practical conditions, including imperfect channel knowledge and
limited node coordination, into consideration and exploits relays’ capability of providing diversity gain
for improving transmission reliability [8], [9]. Extensive investigations have been conducted to design
efficient relaying schemes for link-level information delivery between a single source-destination pair.
These schemes can be readily employed in multiple-user networks when different users’ transmissions are
orthogonalized. However, each relay is normally forced to separately forward different sources’ messages,
using, for example, repetition coding or distributed space-time coding. Network resources are inefficiently
utilized.

Applying the network coding (NC) technique [10] at relays is capable of realizing efficient network-
level transmissions in wireless cooperative networks. For instance, the binary NC can provide excellent
performance in multi-source single-relay [11] and single-source multi-relay [12] networks. Nevertheless,
directly employing the binary XOR operation to combine source messages in multi-source multi-relay
networks may not be able to attain full diversity. Summation in high-order finite field has been considered
as a solution. The maximum distance separable network codes (MDS-NC) [13]-[15] and random linear
network codes (RLNC) [16] developed following this principle are proven to be maximal-diversity-
achievable in the uplink cooperative networks with multiple sources, multiple relays, and one destination.
Further NC designs suitable for such a network structure have been proposed in [17]-[21]. The system
model is also extended to reuse-mode D2D networks with arbitrary sources, relays, and destinations in
[22]-[24].



To concentrate on novel coding strategies design and evaluation, most of existing related works demand
all sources and relays to be orthogonally activated, so that inter-user interference can be avoided [13]-
[20]. Message transmissions are commonly assumed to be conducted under Rayleigh fading [13]-[22],
due to mathematical tractability. In a single-hop multi-source single-destination network, it is known that
orthogonalization leads to an inferior achievable rate region compared with permitting all sources to
non-orthogonally share the channel (i.e., a multiple-access (MAC) channel) [25]. Reference [26] studies
the case that two sources are activated concurrently (but relays are still orthogonalized) and shows
that it can outperform orthogonalizing all sources. Our earlier work [27] proposes a novel NC-based
relaying scheme that permits arbitrary sources (and relays) to transmit their messages together. Through
the infinite-SNR diversity-multiplexing tradeoff (DMT) analysis, it is shown that the performance of the
repetition-coding-based and orthogonal-NC-based relaying schemes can be improved. These observations
demonstrate the potential of combining non-orthogonal transmission with NC techniques in multi-user
cooperation networks. But the applicability of such results is still relatively limited.

First, same as [15]—-[21], the system model considers uplink transmission with only one destination.
Many future content distribution applications may need to deliver services to a number of ambient content
subscribers. Due to the fact that the decoding results of destinations are dependent (affected by the relays),
the system performance cannot be straightforwardly attained from the single-destination case. Second,
similar to [13]-[22], analytical results are obtained under only Rayleigh fading. In many application
scenarios (e.g., vehicular and indoor transmissions), the wireless signal propagation characteristics can
be better modelled by the Nakagami-m fading [28]. Transmission design and performance in these
two environments can be very different, especially when the source-destination, source-relay, and relay-
destination channels have diverse fading properties. Finally, performance gain is discovered using only
a high-SNR indicator, the infinite-SNR DMT. Hence one may ask if the advantage of combing non-
orthogonal transmissions with NC still exists, in more general conditions.

In this paper, we provide investigations on this question. Our main contributions are as follows.

1) We study the communication problem in a class of wireless multi-user network-coded cooperation
networks where several sources intend to broadcast their messages to a sufficient proportion of multiple
destinations, with the assistance of a number of relays, in a Nakagami-m fading environment. Such a
general system model can contain those considered in many related works as special cases. We adopt the
idea proposed in [27] and apply a novel cluster NC (C-NC) relaying scheme to conduct message delivery.
The scheme divides sources and relays into clusters, and allows terminals within each cluster to transmit
messages together. The relays employ a class of finite-field NC to simultaneously forward multiple source
messages. By this means, the advantages of NC and non-orthogonal transmission techniques can both be
exploited.

2) We provide a framework to calculate the achievable system decoding error probability, through which
the finite-SNR/infinite-SNR DMT and certain other performance indicators can also be identified. The
error probability is a function of the clustering strategy and various system parameters. For the finite-SNR
regime, we focus on the case that the number of terminals in each cluster is bounded by three. By finding
the individual decoding error probabilities in the two-user and three-user MAC channels, we can derive
the closed-form expressions of our C-NC scheme’s achievable error probability and finite-SNR DMT. It
is shown that the system performance can be significantly better than requiring orthogonal transmission
among all sources and relays.

3) For more general clustering strategies that allow arbitrary numbers of terminals in each cluster,
we derive the achievable infinite-SNR DMT, and also provide discussions regarding the impact of node
partition approaches in several special network structures. The results can be used to facilitate finding
the best clustering solution for different system setups. A notable performance gain over orthogonal
transmission can also be observed. Consequently, a more complete picture of the potentials of combining
non-orthogonal transmission with NC is exhibited.

The remainder of the paper is organized as follows. Section II introduces our system model and the C-NC
relaying scheme. In Section III, we first present the method to calculate the system error probability. The



individual decoding probabilities in two-user and three-user MAC channels are derived and then applied
to the performance analysis of the C-NC scheme. In Section IV, we present the achievable infinite-SNR
DMT for general clustering strategies and provide discussions. Section V concludes the paper.

Notations: We use |A| and A to denote the cardinality and complement set of set A. For a Gamma
distributed random variable X ~ Gamma («, ) with integer shape parameter « and rate parameter ﬂ
its PDF is denoted by fx(z) = % and its CDF is denoted by F(z;a, ) = 1—->.0") (Bm e P,
where I'(a) = (aw—1)! is the gamma function. (a)™ is used to denote max{0, a}. The exponential equahty
X = p® means b = im0 lﬁ)ggz):.

II. SYSTEM MODEL AND TRANSMISSION SCHEME
We investigate data distribution in a class of wireless single-antenna networks in which a set of M

sources S = {Sy,-+-,Sy} intend to broadcast their messages Is,,--- ,Is,, to a set of N destinations
D = {Dy, - ,Dy}. To enhance performance, a set of K half-duplex decode-and-forward relays R =
{R4, -+ ,Ri} are used to assist in the message delivery. We denote the set of source messages by
Tz = {ls,, - ,Is,}. It is desired to guarantee a sufficient proportion, 0% (0 < o < 100), of the

destinations to receive the complete set Z. Otherwise, if less than [N - 0%]| destinations can do so, we
say the transmission fails and an error event is declared. Such a multi-source multi-relay multi-destination
cooperative network is illustrated in Fig. 1(b).

Assume that source messages are encoded using capacity-achieving Gaussian random codes with data
rate 1 bit/codeword. The transmission of each codeword spans one time slot, in a narrow-band Nakagami-
m slow-fading environment. The channel fading coefficient between any transmitter a and receiver b is
denoted by h;,. The channel power gains between different sources and destinations are modeled as
independent random variables following Gamma distribution with integer shape parameter mgy and rate

parameter 5", i.e., [hp,s; |* ~ Gamma (mgd, o ) for j € {1,---,M} and n € {1,--- ,N}. The
value myq measdres the small-scale source- destlnatlon cjhannel fading phenomenon. The special case my =

1 represents Rayleigh fading. (p, s, = E{|hD,,L7sj|2} quantifies the impact of large-scale fading between
S; and D,,. The similar consideration holds for the source-relay channels and relay-destination channels,

o k) for k € {1,---,K}. For

the whole transmission period, h;, remains fixed and is known at only the receiver b. Due to the lack
of transmitter-side channel knowledge, power adaptation is not considered. The sources transmit signals
with the same power ps, and the relays transmit with power p;.

To efficiently conduct message distribution, we borrow the concept presented in [27] and propose
combining non-orthogonal transmission with NC techniques in the considered multi-user cooperation
network. Specifically, as illustrated in Fig. 1(a), we partition the M sources into p (1 < g < M) non-

ie., |hr,s,|> ~ Gamma <msr, 9;”7> and |hp, r,|*> ~ Gamma <mrd,
)

overlapping clusters Sy, - - -, S,,, where §; = {S[j . , S{gﬂ} and SZU } represents the ith source node in S;.
The relays are also divided into x (1 < k < K) clusters Ry, - -+, R, in which Ry = {R[lk], e ,R{gﬂ}

and RM is the ith relay terminal in R. Clearly, b1 [Sjl =M and Y0 [Ri| = K.

We allow the terminals within each cluster to be activated non-orthogonally in order to reduce overall
channel consumption, while different clusters accessing different channels (i.e., time slots) to avoid
unnecessarily large inter-user interference. Therefore, a total of y 4 x time slots are consumed to deliver
7 from the sources to the destinations. The first  time slots are assigned to the u source clusters. At the
jth time slot (j € {1,---,u}), all nodes within S; broadcast their messages together to the relays and
destinations. Afterwards, each of the remaining ~ time slots is reserved for an individual relay cluster.
At each time slot, every receiving node applies successive interference cancellation (SIC) to its received
signal for facilitating decoding.

At the relays we employ a class of finite-field network codes, the MDS-NC [13], [15]. (The RLNC
can also be applied. In this case, the coding coefficients are randomly generated.) The network coding



function applied at the ith relay R; (: € {1,---, K'}) aims to combine the sources’ messages in a certain
finite field to generate a new network codeword Iy, = Zj\il %i,;1Is;- The coding construction follows that
for an MDS code and the coding coefficients ; ; are designed to guarantee the global encoding kernels
to be linearly independent. (Such network codes always exist if the coding field size is sufficiently large.)
Therefore, the complete source message set Z can be fully recovered using any M messages among
Is;, Isys -+ Isys Irys IRy 5 IRy

To avoid error propagation, a relay is activated only if it attains all messages in Z from the transmissions
of sources. Otherwise, it does not participate in the cooperative message distribution process. Use Ry
(R € Ry) to denote the set of activated relays in Rj. The received signal of node b (b € R U D when
t < pu,and b € D when t > ) at time slot ¢ is expressed as:

wlt] = hyata + alt], (D

a€Ty

in which 7, = S; for t € {1,--- , u}, 7227?,75_# fort € {u+1,---,u+ K}, x, is the signal sent by a,
and €,[t] denotes the unit-power additive white Gaussian noise (AWGN).

We term our transmission scheme cluster network-coded (C-NC) relaying. Clearly, if we set © = M
and k = K, each source and relay cluster contains a single node. All terminals in the network are thus
activated orthogonally. This special case is termed orthogonal NC (O-NC) relaying. It is the scheme applied
to multi-user network-coded cooperation networks in most existing related works. Inter-user interference
is avoided at the cost of a large channel consumption of M + K time slots. If 4 = 1 and x = 1, all sources
and relays are non-orthogonally activated in two time slots respectively. This is termed non-orthogonal NC
(NO-NC) relaying. For a single-hop multi-transmitter single-receiver network, demanding all transmitters
to non-orthogonally send their signals can achieve better performance (in terms of e.g., capacity region
and infinite-SNR DMT) than activating a subset of transmitters at a time [25], [29]. But in our considered
network, this may not be the case because the system performance is determined by the joint impacts of
source-destination, source-relay, and relay-destination transmissions.

We aim to evaluate the performances of our C-NC scheme for different clustering strategies (including O-
NC and NO-NC), to reveal the advantages of combining non-orthogonal transmission with NC techniques.
Our main performance metric is the error probability. Let the number of destinations that are able to
correctly recover all the messages in Z be ¢ (0 < ¢ < N). The message distribution is considered to be
successful only if ¢ > [N - c%]|. The system error probability P.., i.e., the probability of occurring an
error event, is hence defined as

Por =Pr{( < [N-0c%]}. (2)

We will show that when the number of terminals in each cluster is no more than three, closed-form
expressions of P, can be attained. To evaluate performance simultaneously from the perspectives of
channel usage efficiency and communication reliability, using P, one can further derive the achievable
DMT. To this end, we assume that the sources’ and relays’ transmit powers can be expressed as ps = asp
and p; = a,p for some constants as and a,. If we allow the average transmission data rate of each source
R = #fﬂ (in bit/source/time slot) to be chosen according to rlog,(1 + p) with multiplexing gain r, the
achievable diversity gain d(r, p) measures the negative slope of the log-log plot of system error probability
versus the common operating SNR p. The complete tradeoff between r and d(r, p) is termed finite-SNR

DMT, i.e., [30]:

R p 0P
r=-—— and d(r,p) = — . 3
o 1) ™ MO ="55, @
Further, if we allow p — oo, the performance of any clustering approach with arbitrary cluster sizes
can be evaluated asymptotically through the infinite-SNR DMT [31]:

logy Py

r* = lim and d*(r*) = — lim :
p=roo log, p poo logy p

4

d*(r*) captures the slope of the curve log, Pe, plotted against log, p in the high-SNR region.



ITI. FINITE-SNR PERFORMANCE ANALYSIS
We start our performance analysis by presenting the general method of deriving FP.

A. System Error Probability Derivation

The decoding behaviors of the destinations are de})endent and cannot be separately considered. To find

P.., we introduce a binary vector m = [ﬂ ], e ,7T|Rl‘, e ﬂ”}, e ‘[R] ‘] indicating the decoding status

of the K relays, i.e., whether they can be activated. If RZ[- ], the @th relay in Ry, fully recovers Z, then

Wz[k} =1. Otherwise, ﬂl[k] = 0. The set of all realizations of 7 is denoted by

sz{w [k]€{01}1<k</<;1<z<|7€k|} (5)

Let Pr{m} denote the probability that a particular realization of m € V, occurs, and Py, denote the
conditional probability that the desired message distribution fails (i.e., less than [N - 0%]| destinations
recover Z) given . The overall system error probability (2) thus is:

P =Y Pr{m} Penyr. (6)

WEVW

We can consider 7 as a sequence of K independent Bernoulli random variables. Therefore,

k| Rkl [K] (k]

i) = T (e 1)) (erf o))

The event 7ri = 1 occurs only if R[ ] correctly decodes all source signals, in each of the first x time
slots. From (1) we can see that at time slot ¢ (t € {1,--- , u}), the sources in S; and R[ ) form an |Ss|-

user MAC channel. We use Qi]’b to denote the probability that, in a MAC channel formed by a set of
transmitters A = {aq, - - , ay A|} and a common receiver b, the terminal b can successfully decode exactly
s (0 < s < |A|) messages through SIC. Now, the probability that ng] correctly recovers all messages

sent from S; can be expressed as Q!‘S}E[k]. This results in

1INy

I
S
Pr {Wz[k] = 1} = H Q!t;'{][_k]- 8)
t=1 !

For each m, substituting (8) and Pr {W[k] O} =1- Pr{ [kl _ 1} into (7) leads to Pr{m}.

Given 7, the destinations’ decoding behaviors become independent. Define a binary vector 7y =
[Tijx, -+, Tnjx| to indicate their decoding status: 7, = 1 if D, obtains Z and 7, = 0 otherwise.
The set of all realizations of 7}, that result in failure of the desired transmission is:

Vie = {7], ZTM,, [N -0%], o € {0, 1}} ) 9)

This leads to

Pefr = Y H (Pr{Tujw = 1}) ™" (Pr{7ye = 0})" ™. (10)

‘r],..EVT| n=1

To find Pr{7,, = 1}, the conditional probability that destination D,, is capable of attaining all source
messages given relay decoding status w, we denote the cluster of nodes that transmit signals at time
slot ¢ (t € {1,--- , 1+ K}) by Tjx. The probability that D,, can successfully decode the messages of s,

0<s < ]7;‘11) nodes in 7y, is the probability Q[St] p,- After p + x time slots, the probability that D,



can obtain 7 is the probability that it correctly decodes at least M signals from all the > /" e 1 | Tiye| signals
it received. Defining vector s = [s1, -+ , S,4x),

ptR
Vsﬂ:{S:ZStZMy(]SStS”fH} (11)

t=1
represents the set of all potential decoding status that allows a destination to recover Z. Then
pite

Prire=1}= > ][] Q%Lpn. (12)

SEVS‘,I. t=1

Substituting (12) into (10), and then substituting (7) and (10) into (6) lead to F.,. From the above
derivation process, we can see that if the probabilities () A] , in MAC channels are known, the error
performance of our C-NC scheme can be attained. Using F..., we can further derive the finite-SNR DMT,
and potentially other performance indicators such as spectral efficiency and energy efficiency [32]. When
|A| = [0] and Qj‘ can be easily found by using the Gamma CDF. Hence identifying Py of the

O-NC scheme is straightforward. However, deriving the closed-form expressions of Q Ap can be very
involved when the size of A is large. [33] studies the 2-user MAC channel under Rayleigh fading. In the
following subsection, we present the results for |.A| = 2 and |.A| = 3 under Nakagami-m fading, and then
use the results to find the performance of the C-NC scheme when the number of nodes in each cluster is
upper-bounded by 3. The more general situations are analyzed through the infinite-SNR DMT in Section
Iv.

B. Individual Decoding Probabilities in MAC Channels

Consider a MAC channel formed by a set of simultaneously activated transmitters A = {a1,--- , a4}
and a common receiver b. Each transmitter a € A uses independent Gaussian random codes to en-
code its message with rate R and transmitter-side SNR p,. b applies SIC for decoding. Let |hyq|* ~
Gamma(m,, = o ) denote the channel fading power gain between a and b. If for a given subset G C A,
the following two events FEyg and E, g occur [33],

> acs Pallival®
Ey g log,( 1+ e ’ >|J|R, VT CG, 13
Ho OgQ( 1+Za’€_@pa’ihb,a’i2 ‘j| j_g ( )
> ek Pallbal’ ) 5
E, & log,(1+ ac ’ <|K|R, VK CG, (14)
2,6 g2< 1+Za'€l€ﬂ§ pa/ihb,a/P i |

then b can decode signals from nodes in G, but not those from the remaining nodes in G. The probability of
occurring such events, denoted by QY o = Pr{Eig, By |G, A}, is termed individual decoding probability
that b recovers the messages of the nodes in G. Consequently, the probability that b recovers exactly s
(0 < s < | A|) messages, i.e. QAb, is calculated by:

5= Q% (15)

|G|=s

where the summation is taken over all possible G that satisfy |G| = s.

If A = {al} i.e., a point-to-point channel, it is simple to have QAb = F(28F — 1;m,, o) and

Q ap=1-— Q A b, in which F(z;«, ) denotes the Gamma CDF. The following proposition provides the
expressions of QY 4 1n a two-user MAC channel. Those in a symmetric three-user MAC channel, where
mg = m and p, ., = pS for all a € A, are presented in Appendix A.'

'Due to paper page limit, we consider only the symmetric network case. The individual decoding probabilities in general 3-user MAC
channels can be derived by following the same procedure presented in Appendix A.



Proposition 1: Consider a 2-user MAC channel with A = {ay,a2}. Let m; = mg,, ma = my,,
1 = 5 Qb , Po = 5 meQ , and 7, = 2% — 1 for any integer s. When 3, = [3,, the probability that b
aj aj ag ag

successfully recovers both transmitters’ messages, Q{‘“ a2}, is

mi—1 ¢ m2+2 mo-+j —Bin2 mo—1mi—1 iJ ,—Bin2
Qv — 0y g s (e —m)'nie
+ e - (16
; ]z; mz—l (i = j)H(m2 +j) ; ; ilj!
When f3; # [, the probability Q{al a2}
Qlneat _ mlzl im"i o mayi=ie=Bim (phe=(B=Bom _ (p, — gy Yle~()mm))
i mz—l)J (i = NGz = Br)m2 9t/ (ma + j — 1))
mo—1mi—1
6]/62 (s — m) 77 o= Bim g—PB2(12—m)
D) oA : (17)
=0 7=0 -
The individual decoding probabilities that b recovers the message of only one transmitter are
mi—1 1 ma+j—1
{ar} _ 12 Z 5162 771 my +j —1)le” frm 1— 2ZJ (51771+52771) —(B1m3+B2m) (18)
Ab T mao—+j /!
=0 j=0 -7 ) (ﬁ1771+62) 1=0
mo—1 1 mi1+j—1
{az} QZ Z 5251 771 my+J — 1)'6 Pam 1— 12] (5277%4‘61771) (ﬂan +B1m1) (19)
Ab - mi+j
i=0 j= 0‘7 ml_ )(/82771+/81) 1+ 1=0 l'

Finally, for an empty decoded message set ¢, Q° Gp=1-— Q{al} Q{”} Q{al az),

Proof: Denote H; = pg,|hp.a,|* ~ Gamma(m27 B;) for i € {1 2}. The binomial expansion (x+y)" =
Yoo ( )m” ‘" and the relationship between the PDF and CDF of random variable X ~ Gamma(c, (),
ie, [ fx(a')da' = F(z;0,8) =1 — S @ —A7 will be used.

The basic 1dea is to divide the sample space of the bivariate Gamma distribution (//; and Hs) into
sub-regions based on the decoding events defined in (13) and (14), and then take integrals regarding the
PDF to reach the corresponding individual decoding probabilities. Specifically,

Q{al @b pp {Hy>m, Hy>m, Hi+Hy>n} = P{A} + P{As}. (20)

A; and A, denote two sub-regions, the union of which corresponds to the events Hy > 1y, Hy > 1, H1 +
Hjy > 19, and P{A;} is the probability that a random sample locates in A; [33], [34]:

P{A} = /"2771 N [ (:cl)dxl) fr,(22)dws = /mm(1—F(772—5€2;mhﬁl))sz(l'z)dxz

mn2—2 m
1y ™ 1 = ; o —11
52 e P i: ()—”2 ./n ! Ze 1 o= (BeP)ea gy
1=0 ;=0 m
P{As} = (/ Jm $1)d$1) f, (w2)dzy = (1 — F(n2 — nl,mz,ﬁz)) (1 - F(nl,mhﬁl))
n2—"m1

If 51 = 5, we can complete the integral in P{A;} and attain

mi—1 1 i amo  i— ] —B1m2 _ mo+j _ o m2t]
P{Al}_zz 1)1 i (2 —m) e

= = (mg — 1)I51(i — )! mo + J



When ; # (2, we have

mi—1 1

1) 81 By e =Py ™0 (F (ny—nisma+4,82— B1) — F (n15ma+3,82— 1))
A} = , .
i) = ZZ (ma — D)5 — ) (B2 — Bi)™ " J(ma +j — 1)!

Substituting the expressions of P{A;} and P{A,} into (20) leads to (16) and (17).
The probability that b correctly decodes only a; but not ao, Qiﬁ})}, can be calculated as

iﬁz}:Pr{H2<771,H1>7]1(H2—|—1} / (/

fan <x1>dx1) Fin (w2

$2+1)

By2e=hm &= o <Z> BiniT(ms + j) :
T T T(m) AT : 21

This is the expression in (18). Due to symmetry, the probability that b correctly decodes only as, i.e., the
individual decoding probability Q A b}, can be obtained by swapping m, and ms, and swapping (3, and (3
in the above equation. This leads to (19) and completes the proof. [ ]

Using Proposition 1 We can attain the probablhtles that the receiver b decodes two, one, and zero
transmitters in A as Q' Ab = {al’@} QE‘] b= Q{al + foi}, and Qﬁ]b = Q" %> Tespectively. These results
can be used to derive Pr {7r} in (7) and Perr|,r in (10) and thus to 1dent1fy the system error probability P,
of our C-NC scheme in (6), if each cluster has no more than two terminals. Consider a 6-source, 4-relay,
25-destination example network. We can divide the 6 sources into three 2-node clusters and divide the 4
relays into two 2-node clusters. The C-NC scheme uses 5 time slots to complete the distribution of the
6 source messages. If the O-NC scheme is adopted, a total of 10 time slots would be required to deliver
the same amount of information. In Appendix A, we also present the individual decodlng probabilities in

specml symmetric three-user MAC channel. Using these results, one can attain Q Abs Ei]b, i}b, and

Q ap for A = {a1,as,a3}. Clustering strategies that have 3-node clusters can also be analyzed. In the
above network, one can partition the 6 sources into two clusters each with 3 nodes, while keeping two
2-node relay clusters. 4 time slots suffice for completing the message distribution. Comparison between
these clustering methods is presented in the following subsection.

Now, if we consider the special case that m,, = m,, = 1, the results in Proposition 1 become

- —(B2—B1)m —e—(B2—B1)(n2—n1)
{a1,a2} __ o {at,a0) _ BaeP12(e e
fazh — (B2 + 1)e D™ when poy Qe = payQass Qe ( o )

e~ Pim e=B2(m—m) when palgb,m £ pQQQb#m’ iﬁz} = %2121?:;21 <1 — 67(5177%%32771)), and finally Q{az}

%12";7:?;11 11— e_w?"%*ﬁl"l)). They are consistent with [33]. Hence all results presented in our paper can

be directly applied to Rayleigh fading environments.

C. Numerical Results

In this subsection, we use an example network with M = 6, K = 4, and N = 25 to demonstrate
the performance of our C-NC scheme. For presentation simplicity, the sources and cooperative relays are
considered to have the same power p, = p, = p, and the large-scale fading power gains are normalized
to €2, = 1 for all transmitter-receiver pairs. We first consider the case with Nakagami shape (small-scale
fading) parameters my = 1, my = 3, and m,q = 2. The destination decoding proportion parameter o = 85,
which means at least 85% or 22 of the 25 destinations are expected to successfully attain the 6 source
messages. For fair comparison, we require different schemes to have the same average transmission rate
R bit/source/time slot.

There are multiple ways to partition the sources and relays. For instance, we can set = 3, k = 2, and
S1 = {S1,S2}, So = {S3,S4}, S3 = {S5,56}, R1 = {R1,Ra}, Re = {R3,R4}. The sources and relays
are divided into five 2-node clusters. We term the C-NC scheme with this clustering strategy “C-NC-1.”
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Fig. 2: (a) Error probability and (b) DMT in 6-source, 4-relay, 25-destination networks.

Fig. 2(a) illustrates the error performance comparison of the C-NC-1 scheme (using 5 time slots) with
the orthogonal direct transmission (O-DT) without relaying (using 6 time slots) and the O-NC scheme
(using 10 time slots), when Ris fixedat R=1 /6. Clearly, both C-NC-1 and O-NC achieve much higher
diversity gain and smaller error probability than the O-DT scheme. Network-coded cooperation provides
protection to the source message distribution. Our C-NC-1 scheme has lower error probability than the
O-NC scheme due to its efficient usage of available channel through non-orthogonal transmission. The
performance advantage can become more significant if we allow the transmission data rate to scale with
SNR. For example, we also display the error performance when the multiplexing gain in (3) is 7 = %,
ie., R= %6 log(1+ p). The C-NC-1 scheme’s error probability is much smaller than the O-NC scheme’s
now, especially when SNR increases. A larger achievable diversity gain is observed.

We can also divide the 6 sources into two 3-node clusters, while keeping the relays as two 2-node
clusters. Four time slots are used to complete the transmission. This scheme is termed “C-NC-2” and its
error probability can be derived using the results presented in Proposition 1 and Appendix A. From Fig.
2(a), it is seen that such a clustering method does not provide performance improvement over C-NC-1,
for the considered rates R = % and R = %6 log(1+ p), because of large inter-user interference. In addition,
we can even discard one relay. This reduces the maximally achievable diversity gain, but may demand a
smaller channel consumption. For instance, in such a 6-source 3-relay network, we treat the sources and
relays as three 3-node clusters, and 3 time slots are sufficient to finish the delivery of source messages.
This scheme is termed “C-NC-3.” We can see from Fig. 2(a) that it achieves lower error probability than
the C-NC-1 scheme for the scenario R = % when SNR is small, and for » = % when p is not too large.
Therefore, discarding certain relays can even be advantageous.

Using the closed-form expressions of F.., we can further apply (3) to derive the entire finite-SNR
DMT, to obtain a more complete description of the performances of the C-NC scheme. In Fig. 2(b),
we plot some results for the same 6-source 4-relay 25-destination network structure, but with a different
decoding proportion coefficient, 0 = 100, and different fading characteristics, my = 2, mg = 3, and
myq = 2. All destinations are expected to fully recover all the six source messages. It is seen that for
the two chosen operating SNR p = 5 dB and p = 15 dB, the C-NC-1 scheme achieves strictly better
finite-SNR DMT than the O-NC scheme, which implies both higher channel usage efficiency and higher
communication reliability. The results shown in the figure provide a positive answer to the question raised



in Section I: Combining non-orthogonal transmission with NC techniques is able to achieve performance
improvements over orthogonal transmission in more general network-coded cooperation networks with
multiple destinations, under Nakagami-m fading and finite SNR. In addition, comparing the two C-NC
schemes with different clustering strategies, one of them can be better for different operating r.

Clearly, for different system parameters (network structure, transmission rate, operating SNR and mul-
tiplexing gain, channel fading statistics, and communication quality requirement, etc.), choosing different
clustering strategies can lead to various performance. Properly partitioning the sources and relays is thus
of importance, especially when the large-scale fading between different nodes (i.e., {2 ,) has diverse
properties. This can be directed by the error probability and DMT results presented in our paper. One can
simply enumerate all possible clustering approaches (including discarding a subset of relays) and compare
their performance to make the selection decision. Note that now the closed-form expressions of F,, and
d(r, p) can only be obtained for clustering solutions with limited cluster sizes. For more general cases,
we can consider resorting to the asymptotic performance analysis by letting p — oo.

IV. HIGH-SNR ASYMPTOTIC PERFORMANCE ANALYSIS

In this section, we present the achievable infinite-SNR DMT of our C-NC scheme. Clustering strategies
in certain special network structures are also discussed.

A. Achievable Infinite-SNR DMT

To help presentation, we first define some notations. Use M, My, ---, M, to denote the ordered sizes
of the source clusters such that M; > My > --- > M, (i.e., M is the size of the largest source cluster
and M, is that of the smallest). Similarly, use K;, Ks, ---, K, to denote the ordered sizes of the relay
clusters with Ky > Ky > --- > K. Further, let My, = Ky = 0, and for each value U € {0, 1, - ,K}, we
can ﬁnd the integer sy such that 27V ! Ky, < U <3 rv, K. Set f([ l= K, for k 6 {0,1,--- Ky —1},
and K} = U — Y% ! K. Finally, letting Ul = U + 1 =D o My =30 K "I be a functlon of U
and non-negative integers v and v, define two sets regarding the integer two-tuple (u v):

V{U] = {(u,v) 0< ULZ] SMuH} and V[U] {(u,v) 10< Uﬁ] Sf(q[ffl}' (22)

For instance, consider a 6-source 4-relay example network with © = 2, k = 2, and M; = 4, M, = 2,
K, =3 Ky=1.For U =1, wehave/ﬁ—lslncezk OKk<U<Ek o Kk UsmgK” Ky =0,
KM = U~ Ky =1, and expression Ul = 2— Do M= 0 K [1] , we obtain V' = {(0,0), (0,1)} and
V;] ¢. For U = 4, we have x, = 2. Using K = K =0, K4] K, =3, K[4 U—Kl—Kozl,
and Ui =5 — 30 o M; — S0y K, we have Vi = {(1,0),(0,1),(0,2)} and V! = {(1,0)}. Using
these notations, the achievable infinite-SNR DMT, as defined in (4), of our C-NC scheme is summarized

in the following proposition.
Proposition 2: Applying the C-NC scheme in the considered M -source, K-relay, N-destination net-

work with source clusters S, ---, S, and relay clusters Ry, ---, R,, the achievable DMT
(") =, min QUK = U)d0) + (L(1= o%)N] + 1) d(r',U) 23)

where 1" = (p+ k)r* is the effective multiplexing gain for source message (i.e., R = ’log, p), and d(r')
and d(r’, U) reflect respectively the diversity order at each relay and each destination:

a?(r’) = Mg min {(1 — r’)Jr My (1 — Mﬂ"ﬁ} , (24)

d(r',U) = min{ min {dq[wll( )}, min {cﬂ%%(r')}}, (25)
(

(u,v)EV{U]



- N . +
dq[f{)]’l(r') = Mmgg min {Ugi] (1 — Ugﬂﬂ) , My (1— Mu+1r')+}

u v 5 B +
+3 maMy (1= M)+ mg kY (1 - K}f%’) , (26)
k=0

=0
07 = mamin {02 (1= )" R, (1= RE) )
u v _ 5 +
£ maddy (1= M)+ Y mak (1= K) 27)
j=0 k=0

Proof: See Appendix B. [ ]

It can be clearly seen that, similar to P, presented in Section III, the achievable DMT is also affected
by system parameters including network structure (M, K, N), operating multiplexing gain (r*), channel
fading statistics (msgg, My, Myq), cOmmunication quality requirement (o), and the clustering strategy (u, K,
IS1l, -+, |Suls IR1]s - - - o |Ral|). Proposition 2 provides the method of deriving the DMT, for each clustering
approach. Consider again the aforementioned example network with M = 6, K =4, N = 25, 0 = 85,
mg = 1, mg = 3, and myy = 2. Let us set © = k = 2, and divide the sources into S; = {S;, Ss, S3, 54}
and S; = {Ss,S¢}, and the relays into Ry = {R;} and Ry = {Ry,R3, Ry} (we term it “C-NC-47).
Qsing M, =4, My = 2, K; = 3, and Ky = 1, we have ' = 4r*, |(1 — c%)N] + 1 = 4, and
d(r')y =3min{(1 — )", 4(1 — 4r")*}.

For U = 0, we have r = 0, K = 0, and UL) = L= oM =30 K K9 It is easy to see that the
sets VI = {(0,0)} and V! = ¢. In this case, d(r’, 0) = my min {U([)% 1- U([)%] N M (1= M)t} =
mm{(l — )T, 4(1 — 4")"}. For U = 1, followmg earlier discussion, we have x; = 1, Kl = 0,
K'V=1,00=2- Yo My =i OKE, VI = {(0,0), (0,1)}, and VI = ¢. 1t is straightforward to
show d(r',1) = min {2(1 — 2r")*,4(1 — 4")* }.

Similarly, we can also find d(r',U) for U € {2,3,4}. Applying (23) leads to d*(r*) = min{16 —
64r*,19 — 268r*,28 — 448r*} for 0 < r* < %. This result is displayed in Fig. 3(a). We can compare it
with d*(r*) = 4(1 — 6r*)" and d*(r*) = min{4(1 — r*)*, 24(1 — 6r*)*}, achieved respectively by O-DT
and non-orthogonal DT (NO-DT). For small r*, our C-NC-4 scheme significantly increases achievable
diversity gain, due to the utilization of cooperative relays. Compared with d*(r*) = 16(1—10r*)", attained
by the O-NC scheme, allowing non-orthogonal transmission among terminals obtains better diversity gain,
for small values of 7*.

To achieve high diversity gain for a wider range of multiplexing gain, one can adopt other clustering
strategies. For example, we can choose to evenly partition the sources, i.e., |S;| = |Sz| = 3, while
keeping |Ri| = 1 and |Rs| = 3 (termed “C-NC-5”). It strictly outperforms the C-NC-4 scheme, in
terms of DMT. Further, we can also set © = x = 1, which leads to the NO-NC scheme. Different
from the case in single-hop networks, requiring all terminals to non-orthogonally send messages does
not always result in better DMT than O-NC. In this example, the NO-NC scheme achieves d*(r*) =
m1n{16 327’ , 20 — 2007*,24 — 288r*} for 0 < r* < L 13- and outperforms the O-NC scheme only when
0<r < = In Fig. 3(b) we consider the same network structure but with different channel statistics,
Mg = mrd = 2 and mg = 3, and decoding requirement, 0 = 100 (corresponding to the case shown in
Fig. 2(b)). Now the NO-NC scheme is always worse than the O-NC scheme. In both figures, we can see
that if we divide the sources into three 2-node clusters and also divide the relays into two 2-relay clusters
(i.e., the C-NC-1 scheme), a strictly better performance than O-NC can be attained.

It should still be noted that d*(r*) is a high-SNR performance metric. If one clustering approach attains
a higher value of d*(r*) than another method, the error probability of the former can be guaranteed to
be smaller when the SNR p is sufficiently large. But for the low- and median- SNR regimes, it may
not be true. This can be seen from Fig. 2(a) and Fig. 3(a), by comparing the achievable P, and d*(r*)
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Fig. 3: Achievable infinite-SNR DMT in 6-source, 4-relay, 25-destination networks.

of the C-NC-1 and C-NC-3 schemes for r = 1—16. In addition, d*(r*) is related to only the number of
terminals in each cluster. A clustering strategy with R; = {R1,Ra}, Ro = {R3, R4} obtaines the same
infinite-SNR DMT as another strategy with R; = {R;, R4}, Ro = {R2, R3}. But the actual system error
probabilities of these two methods can be different, even through they have the same high-SNR slopes. This
is true especially if the channels between terminals exhibit diverse fading characteristics. Therefore, DMT
provides a relatively coarse indicator for selecting clustering solutions. Properly deciding non-orthogonal
transmission among sources/relays according to system parameters is also important.

In what follows, we provide further discussions regarding Proposition 2, to gain more insights into the
performance of the C-NC scheme. To simplify notation we set z = |(1 — c%)N | + 1.

B. Maximally Achievable DMT

The maximally achievable diversity gain of the C-NC scheme can be readily calculated by setting r* = 0.

Following Proposition 2, it is seen that d(0) = ms,, CZL[{]]J(O) = mea(U+1) + 35 (mya — mea) K ,LU], and

JLZ{)]Q(O) = ma(U + 1) + D75 (msa — mea) M. Clearly, if myqg < mg:

d*(0) = " %ninK} {(K —U)mg + 2(Umy + msd)} = zmgg + min{ Kmg, Kzmy}. (28)
{0,
Otherwise, for the case m.y > my, if K < M,
d*(0) = " {%HHK} {(K —U)mg + 2(U + 1)m5d} = zmgg + min{ K'mg,, Kzmg}. (29)
e RN

Finally, if m,g > mg but K > M, we have

d*(0)=miny  min  {K—U)mg+z(U~+D)m}, " min K}{(K—U)msr—i—z(Mmsqu(U—i—l—M)mrd}}
€ )

€{0, , M—1} (M,
2Meg+ K mg if 2meq > 2meg > My
= z2Mmg+(K—M+1)mg  if zmyg >mg>2mg. (30)

2Mmgg+ (K —M41)zmy  if mg>z2myg>2mgy

It is seen that d*(0) is irrelevant to My, --- , M, and K3, --- , K,. This means that, if the transmission
data rate R is fixed (i.e., r* = 0), any approach of partitioning the M sources and K relays would result



in the same high-SNR error probability curve slope. This can be seen in Fig. 2(a) by comparing the P,
results of the O-NC, C-NC-1, and C-NC-2 schemes for the case R = %. In addition, d*(r*) becomes zero
when r* > m The maximally achievable multiplexing gain is affected by the terminal partition, due
to inter-user interference. The complete tradeoff between the two gains for different clustering strategies
can be very different.

To attain the highest diversity gain for each operating multiplexing gain 7*, one can enumerate all
clustering strategies to find the method that provides the largest d*(r*). For example, in the network
considered in Fig. 3(a), when r* = 1—15, applying our C-NC scheme by dividing the six sources into p = 2
identical clusters each with 3 nodes, and keeping all relays as a single 4-node cluster (termed “C-NC-6")
outperforms all other approaches. But in the scenario considered in Fig. 3(b), C-NC-1 is the best scheme
for r* = L.

Moreoégr, we can even choose using only a subset of the available relays to assist the sources, to avoid
having to reserve channel resources (i.e., time slots) for all half-duplex relays. For instance, the C-NC-3
scheme neglects one relay and sets ;1 = 2, k = 1, and |S;| = |S2| = |R4| = 3. It can lead to better
performance than other methods in both scenarios in Fig. 3, for some median values of r*. Certainly, if
none of the available relays is chosen to help the sources, the best way of activating the sources is to
set 1 = 1, i.e., the NO-DT scheme which achieves positive diversity gain when r* < ﬁ Therefore, for
each possible multiplexing gain 0 < r* < %, we can try different numbers of relays and enumerate all
clustering strategies to find the highest achievable diversity gain, as summarized in the following corollary.
For the considered example network, the results are shown in Fig. 3 by the curves labelled “Optimal.”

Corollary 1: Define sets M = {(My,--- M) : My > --- > M, > 0,330 M; = M,1 < up < M}
and Kp = {(Ky,--+ ,K,) : K4 > -+ > K, > O,Z;”ZIKJ» =k1<k<k}forke{l- - K}
Let di () = mgamin{(1 —r*)", M (1 — Mr*)*} be the DMT of the NO-DT scheme. The maximally
achievable infinite-SNR DMT in the considered network is

B (1) = masx {di, (1), max{d" ()}, max {d" ()}, max {d"()}}, G1)

for 0 < r* < 47, and max, {d*(r*)} denotes the maximization of d*(r*) calculated by (23) over all
My, -, M, Ky, , K, in sets M and K.

In certain network structures, some clustering solutions can strictly outperform others. This is discussed
in the following subsection.

C. Clustering Strategies in Special Network Structures

Consider a special network structure in which M = ;© holds for some integer ©. One can evenly
divide the sources into x clusters with the same size ©. Now d(r’) in (24) becomes

d(r') = mg min {a-r*ea-ert}. (32)

For each choice of (u,v) € V{U}, the value d\"’

wn (1) in (26) becomes

- . . + Y . . +

dg{)]’l (r') = mggmin {U}}j (1 - Uq[g]r’) ,O(1— @r’)+} +umeg©(1—0r") "+ Z mrdK,LU]<1 - K,EU]T’> ,
k=0

v

and for each choice of (u,v) € Vém, the value d,,;»

(r") in (27) becomes
5 - - - . - -
dq[fi],g(r’) = Myq Min {Ug] (1 — Ug,f]r’) ,Kgﬁl (1 — K}fﬁﬁ’) } + umggO(1—-60r")"

Y - . +
+ > makl (1= K1)
k=0
Substituting these equations into (23) leads to the achievable DMT.



With the same value of p, instead of evenly dividing the sources, one can also choose other clustering
solutions, which would cause M; > O. Following the proof procedure in Appendix B, it can be shown
that when 0 < r* < m their achievable DMT would always be smaller than that attained by the
above approach. For example, in the scenarios shown in Fig. 3, the C-NC-5 scheme (with M; = 3 and
M, = 3) performs strictly better than the C-NC-4 scheme (with M; = 4 and M, = 2). This result is
summarized in the following corollary.

Corollary 2: In networks with M = O, dividing the sources into equal-size ©-node clusters achieves
better infinite-SNR DMT than other source partition methods with the same .

Now, consider the situation that the number of relays K can be written as K = kO for some integer O.
We can also evenly partition the relays into x ©-node clusters. However, this approach may not be able
to outperform uneven clustering strategies. For instance, in a network with M = 6, K = 10, N = 25,
o =100, mgq = mg = myq = 2, given My = M, = 3 and k = 2, one may set K; = 9 and K, = 1,
or set K; = Ky = 5. Following Proposition 2, when % <rt < 11—6, the former strategy achieves higher
diversity.

Finally, for networks where both M = ;0 and K = kO apply, we can set the sources to p clusters and
relays to x clusters, each with © nodes. For example, in the aforementioned 6-source 4-relay network,
one can choose =3, Kk =2, © = 2 (i.e.,, C-NC-1), or 4 =6, Kk =4, © = 1 (i.e., O-NC). When only
K = 3 relays are considered, we can choose 1 = 2, k = 1, © = 3 (i.e., C-NC-3). Although in general
these approaches do not necessarily lead to the maximal DMT presented in Corollary 1 for all operating
multiplexing gain, the expressions of their DMT performance are relatively simple. Specifically, for each
Ue{0,1,--- K}, we have ky = [S]. Let © = U — (ky — 1)©. When m,q < myq, it is easy to show
that

d(r',U) = (ky — Dmea®(1 — 0r')F + mpq©(1 — 6r')* + mggmin{(1 — )", 0(1 — 0r)*}.
Otherwise, when m,q > mgq, define 7y = (%W and ©=U+1— (v — 1)©. Then
d(r',U) = (17 — 1)mea©(1 — Or)* + mggmin{O(1 — "), 0(1 — &)},
if 7y <pGe.,U+1<M).If 7y > p, we have
d(r',U) = pmea®(1—0r") + (1 — 1= 1)meg®(1—Or" ) +mq min{©(1—6r" ), ©(1—6r") "}

Substituting these equations into (23) leads to the achievable DMT.

When both MMI = % = 0, and % = R—Ig = O, can apply, for integers ©; > ©,, following the proof
procedure in Appendix B, it can be shown that dividing sources and relays into (y; + k1) ©1-node clusters
achieves better DMT performance than that with (us + k) O9-node clusters. This means, partitioning
the terminals into larger-size clusters can produce better performance, in terms of infinite-SNR DMT. For
example, in a network with M =4 and K = 4, setting x = x = 1 and |S;| = |R4| = 4 (i.e., the NO-NC
scheme) attains higher DMT than setting © = k = 2 and |Si| = |S2| = |R1| = |R2| = 2. They both
strictly outperform the case with © = x = 4 and |S;| = |R;| = 1 for all i € {1,2,3,4}, which is the
O-NC scheme. This also explains the observation that the DMT curves of C-NC-1 are strictly higher than
those of O-NC in Fig. 3. We summarize such a result as follows.

Corollary 3: In networks with M = p© and K = kO (O > 1), the C-NC scheme that allows © nodes
to transmit non-orthogonally achieves higher infinite-SNR DMT than the O-NC scheme.

All the above results exhibit that properly permitting non-orthogonal transmission in network-coded
cooperation networks has clear advantages over demanding only orthogonal transmissions.

V. CONCLUSION

We investigate the advantages of combining non-orthogonal transmission with network coding tech-
niques in wireless cooperative networks. A general form of multi-user relay networks is considered, in
which several relays are used to assist multiple sources to distribute messages to a sufficient proportion



of ambient destinations, under Nakagami-m fading. We apply an efficient C-NC relaying scheme that, in
addition to employing a class of maximum-diversity-achieving finite-field network codes in the relays,
divides sources and relays into clusters such that multiple terminals can share the same channel resource.
We have presented the error probabilities and finite-SNR DMT of the C-NC scheme with cluster sizes
bounded by three, and also the infinite-SNR DMT for general situations. Our results have shown that
permitting proper non-orthogonal transmission can provide notable performance improvement over the
conventional approach that orthogonalizes all terminals. Such a design may potentially be applied in many
other types of cooperation networks with different network coding solutions and fading characteristics.

APPENDIX
A. Individual Decoding Probabilities in a 3-user MAC Channel

Denote H; = pq,|hpq,|* ~ Gamma(m;, 3;), for « € {1,2,3}. In what follows, we focus on the case
with m; = m and f3; = Qb?pa. = f3, Vi. The derivations of the individual decoding probabilities follow
the similar procedure in the 2-user case. The sample space of three Gamma-distributed random variables
H,, Hy, and Hj are partitioned into non-overlapping sub-regions according to the decoding events defined
in (13) and (14). The probability that a random sample locates in each sub-region A can be attained by

taking integrals of the following form:

pey= [ ([ ([ fntenan ) fin(eadn ) i o) (33)
X31 X21 X11

where y;; and ;2 represent the integral boundaries of H; for i € {1, 2, 3}.

Consider first the case that b is capable of decoding all three transmitters. According to (13) and (14),
this requires: H > i, H; > m, H; > i, H,+Hs > 2, Hi+Hs > 2, Hy, +H; > N2, Hi+Hy+Hy> N3,
where 7, = 2°f — 1. These events can be proven to correspond to six non-overlapping sub-regions in the
three-dimensional sample space. Hence we can write

fiveams) = PLAY + P{A} + P{As} + P{A} + P{A:} + P{As). (34)

The six-tuple [(x11, x12), (Xa1, X22), (X31, X33)] for P{A;}-P{As} can be respectively expressed as [(13 —
T2 — 3,00), (12 — x3,m3 — 12), (M, m2 — M), [(m2 — x3,00), (N3 — 1m2,00), (M, 2 — )], [(n3 — @2 —
r3,00), (M, M3 — M — 3), (N2 — M1, M3 — n2)]s [(M1,00), (M3 — m — @3,00), (M2 — N1, M3 — M2)], [(2 —
3,00), (11,72 — M), (13 — 112, 00)], and [(11, 00), (2 — 11, 00), (13 — 172, 00)].

P{A1}-P{Ag} can be derived with closed-form expressions by completing the integrals according to
(33). When 3; = 3, = 33 = 3, the decoding probability Q{al @205} g

1)i7j+l52m+iefﬁn3nj—l

{a1a2a3} : 3
ZZZ[‘ (1 — ) j—l) (m+i—j)(m—1!(m—1)!

=0 j=0 [=0

m—4i+l— +i—j m m4i—j—
_ T (ams2im2) = Thnt) T +mZ](—1)q771 T  gom i1
m+ 1 g(m+i—j—q)(m+i+q)/(m+i—j)!

q=0
m—1 3

+

2 Bm—i-z m+] l J —Bn2

Nm4-5€ )
B e |

— F (ns —nzsm, B))
=0 j=
= ( 1)J gmtin] s T (Mam+2j — 77m+j)(773—7}1)"7%75(’737"1)
parferd (i = ) (m = Dl(m + j)
+(1=F(n:m, B8)) (L= F (nz —m;m, B) ) (1 = F (n3 — m23m, 8) ).

The event that b can decode a; and ay but not a3 is guaranteed as long as the following conditions are
satisfied: Hy > ny(1 + H3), Hy > m(1 + Hs), Hy + Hy > no(1 + Hs), H3 < m;. Comparing these with

+ (l—F(Th;m,ﬁ))



the conditions for calculating Q{ 192} i the two-user MAC channel in (20), we can see that Q{al 2} can
in fact be derived using

{(11 aQ} m._
Ab Proje, fr,(23)ds, (35)
0

where P12|x3 denotes the probability defined in (20) but replacing 7; and 7, with 7;(1+x3) and 75(1+x3)
respectively. When 31 = 2 = B3 = 3, solving the integral provides us with

mlzm—l—z

{a1 as} ZZZ m—i—z m—i—l—l)'ﬁm+Z lnmﬂnz Nim-+5€ P (nym 41 B(1+1n))
— ) (m 4+ = DIm — D(m — D)I(m + j)(n2mrz + 1)

=0 j=0 [=0
i—0 =0 I=0 Z!J!“(Z +J— l)( 1) (N2m+2t + 1) ’

By symmetry, Q{al 3} and Q{“"’ 3} have the same form as the above expression.

Furthermore, when m > 1, ﬁ < n, 1f13{ < m, and Hy 4+ H3 < 1), the receiver b can
decode only a;. The corresponding sample space can be shown to include two non-overlapping sub-
regions, denoted by A; and Ag. Therefore, we have Q{al} P{A;} + P{As}, in which P{A;} and
P{Ag} can be derived by calculating the integrals in (33) with [(x11, X12)5 (X21, X22)5 (X31, X33)] being
[(m(1 + @2 + x3),00), (0,m1(1 + 23)), (0,m1)] and [(m1 (1 + z2 + x3),00), (2 — 1,72 — x3), (1,72 — M)
When m; =m and ; = 3, Vi € {1,2,3}, we have

{al}_mzl i ZJ Blie=Pm(m 47— j = Dm+j — L= DIP(qsm + 5 — 1, B(m + 1))
QA,b - (7 _ 2\ _ | 2m+i—1
pr e NG =0 — ) m =D (m — 1) (m + 1)

m—1 i m4i—j—1 q+j

Ja+ = DG = §)la(m — Dl — Dy + 1)resess =
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Again, due to symmetry, Q{”} and Q{a3} have the same form as the above equation.

For the more general cases where 61 = [ = f3 does not hold, the derivation of these decoding
probabilities can follow the same procedure. We can respectively consider 5, = (85 # (83 and 31 # P2 # (3
to calculate the above integrals. We omit the results due to page length limit.

B. Proof of Proposition 2

We start our proof by finding the achievable DMT in a MAC channel formed by a cluster of transmitters
A= {ay,- - , ay A|} and a receiver b. Let the channel power gain between a € A and b follow Gamma
distribution with integer shape parameter m and rate parameter % Consider that all transmitters send
messages with the same transmitter-side SNR p. Following Section III-B, the probability that b recovers
only the first s (s € {0, 1, ,[A|—1}) transmit messages is Pr { E1 g, F5 5|G = {a1,- -+ ,as} }. It is upper-
bounded by Pr { 5 5|G }, which is further upper-bounded by Pr{log,(1+ >,z plhsal?) < (JA| —s)R} =



Pr{H,  , + H, c+ H, o < 20A=9E 1) with H,, = plhye,|? m, Q
| Al

the error probabrhty upper bound Pr{zizs o Ha < 2412 R _ 1} is bounded between the associated
probabilities when all H,, have the same rate parameters T {Qba} and P {Q 3 its diversity order
equals that when all channels have a same value of €2, ,. Now let Qe = Q, Va. The sum of n i.i.d.
Gamma distributed random variables with shape parameter « and rate parameter (5 is a Gamma distributed
random Variable with shape parameter na and rate parameter . Hence the upper bound can be written
as [(2041=9) L; (|A] = s)m, 25). Let R = r'log, p for p — oo. Using the expression of F'(z;a, ),

(mp(\.A|7s)r/71)i ﬂp(\Alfs)rlfl

QAb is upper-bounded by (‘ ‘) Z (Al € @ . When (|A| —s)r' —1 <0, it is

p(|.A| s)r' —1

i Al ~ Gamma(m, -5'—). Since

easy to see e~ @ — 1 and the upper-bound is dominated by (2 p{A=r'=1)(AI=)m for p — oo,

Therefore, asymptotically we can express Q Ap as

sl —m(|A|=s)(1—(JA|=s)r") T
QE&l],b:p (A=) (A= (|A]=s)r") "
Since min;egs i1, ap{i(l — @ )+} = min{s(1 — 5", |A|( |A|7")*t} [29], the probability that b
cannot decode at least 5 € {1,2,--- ,|A|} messages is Z l“tl T = p=dt") with

d(r') = min{ms(1 — s7")", m|A|(1 — |A|7")"}. (36)

The probability that b recovers all the |.A| transmitted messages can be found by 1 — Zw ”Al

We extend the system to two clusters of transmitters .A; and A5, intending to send their messages to a
common receiver b. All transmitters within the same cluster are activated simultaneously, but the two clus-
ters are orthogonalized. Without loss of generality, assume |.A;| > |.A2|. We aim to find the error probability
that b cannot decode at least 5 messages from the |.A; |+|.A;| transmitters. It is the probability that b cannot
decode at least 5; € {max{0,5—|As|},--- ,min{s, |A;|}} messages from A;, and at least 5, = 5—35; mes-

sages from A,. This probability can be written as S ™" t#M411} <Z|ZA§‘1 Q ,'L(i‘f‘ Z]) <Z|A2| Q”AQ‘ ﬂ)

51=max{0,5—| A2} Jj=352
When p — oo, it is dominated by the probability of the case s; = min{s,|A;|}. Therefore, it can
be expressed as p~"), where d(r') = min{ms(1 — s')*, m|A|(1 — |A|7)T} if 5 < |4, and
d(r') = m|A;|(1 = [As[r")" +min {m3(1 — )", m|As|(1 — | Az|r') "} otherwise with § = 5 — |A;]. The
probability that errors come first from the larger cluster dominates.

In addition, we consider the case |A;| + |A2| = A for a fixed integer A, and the size of cluster 4,
can be chosen between [%1 and A. For each value of |A;|, when p — oo the probability that b cannot
decode at least 5 messages can be written as p‘d(‘“‘“' ) where the diversity order d(].4,],7") is a function
of both |4, | and 7. It can be shown that when 0 < 7/ < ‘A » we have d(A, ') < d(| Ay, 7") < d([47, 7).
This means, unevenly clustermg the avallable transmitters leads to smaller achievable diversity order than
evenly dividing them for 0 < ' < The worst case is that all transmitters are set to the same cluster
and interfere each other.

The above results can be extended further to systems with more clusters. Specifically, consider that
there are C' orthogonalized transmitter clusters A;, ---, Ac with |A;| > -+ > |Ag|. It can be shown
that when the SNR is sufficiently high, the probability that the common receiver b cannot decode at least
5 messages is dominated by the probability that all errors are from the largest clusters. To derive the
achievable DMT, we let |Ay| = 0 and find the integer 7 such that 3.7\ |A4;| < 5 < 3.7, |.A;|. The
asymptotic behavior of the error probability can be expressed as p d(’ ), where a(r')y =>21_, m\A |(1—
|A;|7") T +min{ms(1—sr")", m|A|(1—|A )T} and s =5-"1 ].A |. In addition, if the total number
of transmitters is fixed, evenly partitioning the transmitters results in hrgher achievable diversity order than
any uneven clustering strategy.

Now, we consider another situation with two sets of transmitter clusters C; = { Ay, - - -, A¢, }, and Cy =
{By, -+, Bc, }, intending to send information to a common destination b. All clusters are orthogonalized,
but the nodes in each cluster are activated non-orthogonally. Use m; and €2; to denote Nakagami fading
parameters of the channels between clusters in C; and b. Again, we are interested in the probability that b

IA\



cannot decode at least a certain number of 5 € {1,2,--- > .o |A|+D 5., [B|} transmitted messages.
Without loss of generality, assume |A;| > |As|---| > |A¢,| and |By| > |By| -+ > |Bc,|. Following the
above discussion, we know that within each set of transmitter clusters, the probability that b cannot decode
at least some number of messages is dominated by the probability that all errors come from the largest
clusters. Therefore, consider an integer v € {0, 1,--- ,Cy}. If all the messages from the first v clusters in
set Cy are decoded with errors, then b should be unable to decode at least 5 — >, _, |B;| messages from
clusters Ay, -+, Ac,. Find the integer u such that 0 < s — > 7 [A;] — > 75 [Bi| < |Ausa|. Define
Uuw = 8 =250 [Ajl = 25— [Bk|]- When p — oo, the probability of seeing this event can be expressed

_ 48] /
as p duv1 (") where

duy 1 (') =Y malBel (1= [Bilr) " + > |A|(1 = [Ailr)*
=0

k=0 —
+min{m, U8 (1 — UE)* my| Ay | (1 — | Ausa )} (37)
Similarly, consider integer v € {0,1,---,C;}. If all the messages from the first u clusters in set C; are

decoded with errors, then b should be unable to decode at least 5— >, |.A;| messages from clusters By,

-+, Bg,. Therefore, find the integer v such that 0 < 5—3 " [A;| = > i_, |Bk| < |B,41|. The probability
. . . (5] /
of seeing this event, when p — oo, is p‘dw?(T ), where

di o (') =3 [ (1 = [Ar) T+ malBel(1 = [Bilr)*
7=0 k=0
+min{moUEN (1 — U ma| By |(1 — |Boga|r') T (38)

In the high-SNR region, the overall error probability is dominated by that with the smallest diversity
order. This means, we can define two sets

Vi={(u,v) 10 < Upp < |[Aupa|} and Vo = {(w,v) : 0 < Uy < |Boga|}- (39)
') with diversity order

cf(r’) = min { (ur,il)ienvl {duww1(r)}, (ur,il)iélvg {du2(r")} } (40)

The probability that b cannot decode at least S messages is p~

Armed with the above results, we can start proving Proposition 2. We aim to find the dominant factor
in the system error probability P, in (6). First, focus on Pr(m) for a particular relay decoding status .
Let ||w|| denote the norm of vector w. The event m means that after the sources complete broadcasting
their messages, a total of ||m|| relays can obtain the source message set Z and thus can participate in
the following message forwarding process. In other words, each of the remaining K — ||m|| relays has at

least one source message that is not successfully recovered. For each relay, the probability that it cannot
(K]

pmindms (=) Tme MyA=M) T} D with ¢/ = (4 4 k)r*. Substituting Pr {772['?] — 0} and Pr{wz[k] = 1} —
1—Pr {’/Tlm = O} into (7) gives

decode at least one message from S, ---, §,, i.e., Pr {7r = 0}, can be expressed as Pr {Tl[k] = 0} =

Pr{7r} - p*(K*H‘"H)CZ(T)’ 41)

in which d(r) = min{mg(1 — '), maM;(1 — Myr')*}. Therefore, different realizations of 7 with the
same value of ||m|| (asymptotically) have the same occurring probability. Let U = ||m||. Then for each
value of U € {0,1,---, K}, we aim to find the realization of 7 that causes the largest value of Peyx.
Such a F.jr would dominate the decoding error probability given U.

Assume that a particular relay decoding status @ occurs and ||mw|| = U. For each destination D,,, the
probability Pr{r,, = 0} is the probability that D,, cannot decode at least U + 1 messages sent from
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the M sources and U activated relays. Following the above discussion, the worst case occurs when all
the activated relays come from the largest relay clusters, i.e., all the relays in the first 7y — 1 relay
clusters and (U — Zggl K}) relays in the 7th largest relay cluster are activated to assist in the source
message transmissions. This means, D,, sees two sets of transmitter clusters. The first set is the source
clusters, with sizes M,, ---, M, respectively. The second set is the activated relay set, with sizes K7,

LK respectively. The probability Pr{7,. = 0} can thus be calculated by the above process with

U
C, = {A,---, A} with |A| = M; for i € {1,---,u}, Co = {By,---, By, } with |[By] = K} for
ke{l,--- v}, = (u+k)r*, and s = U + 1. The system error probability is defined as the probability
that less than [V - 0% destinations can recover Z. Substituting Pr{7,, = 0} and Pr{7,, = 1} =
1 — Pr{7, = 0} into equation (10) leads to the worst case conditional error probability, and the term

([(1 = oc%)N| + 1)d(r',U) shown in Proposition 2. Therefore, for each value of U € {0,--- , K}, the

~ ~

worst case error probability has diversity order (K — U)d(r") + (| (1 — c%)N| 4+ 1)d(+', U). Finally, for
all possible values of U, the largest error probability value (with the smallest diversity order) dominates
the overall error probability and leads to the result in Proposition 2. The proof is complete.
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