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Abstract

This paper investigates the communication problem in a class of multi-user dual-hop networks in which multiple source
terminals desire to distribute their independent messages to multiple destinations through the assistance of multiple relay terminals.
‘We consider an efficient transmission strategy that combines network coding and non-orthogonal transmission techniques to balance
the achievability of spatial diversity and channel utilization. Specifically, in addition to applying a class of finite-field network
codes in the relays, we divide the sources and the relays into clusters such that terminals within each cluster can access the same
channel resource. The achievable error performance under Nakagami-m fading environment is derived and is shown to significantly
outperform the conventional transmission methods.

I. INTRODUCTION

An important application scenario for future wireless communication systems is the content distribution service where a
number of geographically closed content generators intend to broadcast their messages to ambient mobile devices. Potential
examples include sensor networks under the framework of Internet of things (IoT), vehicular networks in intelligent trans-
portation systems (ITS) [1], [2], and advertisement broadcasting or file sharing in 5G device-to-device (D2D) networks [3], to
name a few. In many practical situations, these applications operate in harsh signal propagation environments, e.g., when all
terminals are located indoor or moving with high-speed. It is hence hard to guarantee a satisfactory performance, especially
when the source transmission powers are constrained but the number of desirable destinations is large. Deploying relaying and
network coding techniques are widely considered as an effective solution to address the problem [4]-[7].

To avoid multi-user interference, most existing network-coding based transmission schemes in multi-user relay networks
demand all transmitting terminals to share the available channel resources orthogonally. High reliability of message delivery is
achieved with the cost of relatively low efficiency of channel utilization. From an information-theoretic point-of-view, it is well
known that in multiple-access (MAC) channels non-orthogonal transmission outperforms orthogonal transmission in terms of
achievable rate region [8]. Recently, non-orthogonal multiple access (NOMA) has been deemed as a key technology in future
5G systems to attain high spectral efficiency and massive connectivity [9]. Potential applications have been widely discussed
in cellular downlink MIMO, D2D, vehicular, and IoT systems [10]-[12].

The feasibility of taking the advantages of non-orthogonal transmission in network-coded relaying schemes has been proposed
and initially studied in [13]. A cellular uplink transmission setup is considered such that multiple relays are deployed to assist
in the message transmission from a number of sources to a single destination. In addition to applying a class of maximum-
distance-separable finite-field network codes (MDS-FFNCs) [4] in the relays to achieve full diversity, multiple terminals (either
sources or relays) are allowed to share the same (time) channel resource. In other words, terminals are clustered and those
within the same cluster are non-orthogonally activated. Under Rayleigh fading, it is shown that the proposed method achieves
better diversity-multiplexing tradeoff (DMT) [14] than the conventional approach that orthogonalizes all transmitting terminals.

However, the information-theoretic DMT concept only implies error performance when the operating signal-to-noise ratio
(SNR) approaches infinity. It does not reflect whether the performance advantage still remains in the practical finite-SNR
regime, especially when network topology are more complex and the channel characteristics are more general. This paper
aims to address this question. In particular, we consider message distribution within a class of multi-user relay networks with
multiple sources, multiple relays, and multiple destinations, in a Nakagami-m fading environment. The aforementioned scheme
is adopted such that network coding and non-orthogonal transmission techniques are combined to facilitate the sources to
broadcast their messages to the destinations. Deriving the explicit expression of the system error probability demands the
probability that a particular number of messages can be correctly decoded in a MAC channel, which can be involved in general
[15]. To this end, we provide the result for two-user and three-user MAC channels. Using a number of example networks,
we show that properly clustering the network nodes can provide significant performance gains over the conventional method
that orthogonalizes all sources and relays, not only in the high-SNR regime but also in the finite-SNR regime. The system
error probability expression derived in this paper also allows conducting further system design (e.g., power/rate control and
clustering/relay selection) to optimize performance such as spectral or energy efficiency.
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Fig. 1. System model.

II. SYSTEM MODEL AND TRANSMISSION SCHEME

We consider a class of wireless single-antenna multi-user relay networks, in which M > 2 independent information sources
intend to broadcast their messages to N > 1 independent destinations, with the help of K > 1 half-duplex decode-and-forward
(DF) relays, as shown in Fig. 1. The network can represent message distribution in a wide range of practical application
scenarios in D2D, V2V, and IoT systems.

We denote the set of source messages by Z = {Iy, I, -+ ,Ip}, in which I; is the message generated by the ith source
S;. The complete set Z is expected to be attained by all the destinations D, ---, Dy. Therefore, an error event is define
as the situation that at least one destination cannot fully recover Z. The probability of such an event is termed system error
probability Pe.

Each source message is encoded using a sufficiently strong channel code with rate R bits per message such that decoding
error occurs only if the channel is in outage, i.e., the mutual information between the transmitter-receiver pair is smaller than R.
Wireless signal propagation within the network is assumed to experience narrow-band Nakagami-m slow-fading. We denote the

channel fading coefficient from transmitter a to receiver b by hy , and the channel power gain \hbva\z is modeled as a Gamma-

distributed random variable with integer shape parameter m; , and rate parameter g:“ , L.e.,
,a

2 mb,a
hb,a‘ ~ Gamma (mb,a, m)

[16]. To facilitate presentation, we use f(x;«, 8) = % and F(z;,8) =1— Zf:ol (’Ba”)li,e_m to respectively denote
the probability density function (PDF) and cumulative density function (CDF) of a Gamma random variable with integer shape
parameter « and rate parameter 3. By this means, the PDF and CDF of |h; ,|? can be represented by f(x;mp q, %) and
F(z;myp,q, 73:;‘ ). Throughout the paper, we assume that hy, , remains fixed for the whole transmission period and is known at
only the receiver b. Hence transmitter-side power control according to channel state information is not possible. Each transmitter
a transmits with a fixed power level p,.

The message transmission in the considered network is carried out in a (time) slotted fashion. A number of transmission
schemes can be applied. The simplest approach adopts the repetition coding concept [8], and demands each relay to repeat
each source message by forwarding the same codeword. It allows each destination to apply maximum ratio combing (MRC)
to its received K + 1 messages to achieve spatial diversity gain. However, in the considered M -source network, a total of
M(K + 1) time slots have to be consumed, which is unnecessarily large and leads to low spectral efficiency.

The network coding technique operated in the high-order finite field is known to be an effective solution to this problem.
Instead of individually forwarding multiple source messages, which consumes multiple time slots, each relay can combine
all source messages to form a new message so that a single time slot suffices to forward it. Let fj denote the new message
generated by the jth relay. Then the relationship between I ; and the source messages can be expressed as I ;= Zi\il vj,idss
where the summation is conducted in a proper finite field, and y; ; denotes coding coefficients. The complete encoding process
can be written as a matrix form:

in [ 1 0 S 0 ]
: : : " : I
I{u . 0 0 1 (1)
L M1 M2 o YL,M
. } . Ing
_jK_ | YKl VK2 o VYK,M]

In order to guarantee full diversity gain, the MDS-FFNC strategy [4] demands the coding coefficients to be designed such
that the encoding matrix in (1) has full rank. (Such network codes always exist if the coding field size is sufficiently large.)



By this means, any M out of the M + K messages in the left hand side of (1) suffice to recover the complete set Z. For
networks with V = 1 and Rayleigh fading, full diversity gain is proven to be achievable, with much higher spectral efficiency
than the repetition-coded solution [4], [13].

If we allow the relays in the considered network to apply the MDS-FFNC and orthogonalize all transmitting terminals, a
total of M + K time slots are needed to complete the transmission of Z from the sources to the destinations, through the
relays. In other words, the first M slots are assigned to the M sources, and the remaining K slots are reserved for the K
relays. This method has low decoding complexity. But one may argue that its spectral efficiency is not sufficiently high since
all terminals use orthogonal channels to transmit information. As an evidence, for networks with NV = 1 and Rayleigh fading,
when the SNR approaches infinity, [13] shows that properly' allowing some terminals to transmit messages non-orthogonally
can achieve better performance in terms of DMT.

In this paper, we adopt the similar concept in the considered network. We aim to show that the advantage of combing network
coding and non-orthogonal transmission techniques remains in a more general network setup with multiple destinations and
Nakagami-m fading. More importantly, the performance gain does not require a sufficiently high SNR. However, to reveal it,
one needs to properly consider all system parameters and carefully design the clustering strategy.

Specifically, we divide the M sources into p (1 < p < M) clusters Sy, - -+, S,,, and divide the K relays into v (1 < v < K)
clusters Ry, ---, R,, as shown in Fig. 1. We permit all terminals within the same cluster to share the same time slot
non-orthogonally to reduce channel usage, but demand different clusters to orthogonally use different time slots to avoid
unnecessarily large inter-user interference. Now, to complete the desired transmission requires a total of only p + v time
slots, each of which is assigned to a single cluster. This means, at time slot 1, all sources in S; broadcast their messages
together. Each relay and destination applies successive interference cancellation (SIC) to its received signals to recover the
source messages. At time slot 2, all sources in Sy broadcast their messages together. The process continues until all sources
complete transmission using p time slots.

The remaining v time slots are reserved to the v relay clusters respectively. Albeit the fact that each relay is capable of
encoding and forwarding only a subset of Z, to minimize system complexity we consider the worst-case scenario in which
a relay is activated only if it recovers all the M source messages from its received signals in the first time slots. Otherwise,
it remains silent without participating in the message transmission process. Use R; to denote the set of activated relays in
the relay cluster R;. Now at time slot p + 1, each relay in R, combines all the source messages in Z using its MDS-FFNC
coefficients and forwards its network-coded message to the destinations, each of which applies SIC to its received signal. At
time slot u + 2, all relays in R are activated to forward their network-coded messages. The process continues similarly until
the (p+ v)th time slot. If the total number of messages that one destination can recover is at least M, the destination can fully
obtain the source message set Z. If all destinations recover Z without error, then the transmission is deemed to be successful.

We term this scheme cluster FFNC relaying. Clearly, the aforementioned approach that orthogonalizes all sources and relays,
which we term orthogonal FFNC relaying, serves as a special case with ¢ = M and v = K. We aim to derive the system error
probability P of the cluster FFNC relaying and show that the scheme can provide better performance than the orthogonal
FFNC relaying. To this end, we need to characterize the decoding behaviors of every relay and destination in each time
slot. Obviously, in each slot, the activated node cluster and every receiver form a MAC channel. In the next section, we will
temporarily divert our presentation from the considered multi-user relay network to a single-hop MAC channel and elaborate
the method to calculate the probability that the receiver correctly decodes a particular number of transmitter messages. The
result will be used in Section IV to derive P.

III. ERROR PERFORMANCE OF MAC CHANNELS

In this section, we focus on a single-hop MAC channel [8] formed by a set of L simultaneously activated transmitters
L =1{ay, - ,ar} and a common receiver b. Assume that a; (1 <1 < L) encodes and transmits its message using unit-power
capacity-achieving Gaussian random codeword z,, with rate R bits per message and power p,,. Let hy ,, denote channel
coefficient between a; and b. The received signal at b is

Yp = Z vV Pay hb,alxal + €,
al€L

where ¢, denotes unit-power additive white Gaussian noise.
In order to recover the transmitted messages, b applies SIC to y;. Let |A| and A denote the cardinality and complementary
set of set A, respectively. If for a given subset A C L, the following two events E 4 and E, g occur

Zajej Pa; |hb,a] ‘2
T+ >0 eiPalhya|?

Eq 4 :logy (1—1— ) > |TJIR, VJ C A,

Note that activating all sources (relays) simultaneously may not be a good solution. This is different from the case in a single-hop MAC channel, where
allowing all transmitters to use the same channel always attains better DMT than activating subset by subset.
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then b can successfully decode all nodes in .4, but cannot decode the remaining nodes (i.e., those in .A) [15].

For example, consider a 2-user MAC channel with £ = {aj,a2}. The event that b is able to correctly recover only the
message from a; occurs when A = {a1}, A = {az}, the event E {a,3 is logy (1 + %) > R, and the event 5 (,}
is 10g2 (1 + paz‘hb,a2|2) <R

The probability of occurring the events Ey 4 and E, z is termed individual error probability and is denoted by Q;‘}’b
Conse?uently, the probability that b recovers exactly 5 (0 £ s < L) transmitting messages from its received signal, denoted
as QU £.p» can be calculated by the sum of Q7 75 over all realizations of A given |A| = s. For instance, in a two-user MAC
channel, the probability that b decodes exactly one transmitter message can be found by Q[ {ag.an}sb = {Zi astb T Q%Zf}w} b

Although the above paragraphs provide the method to calculate the individual error probability in a MAC channel, in practice
finding the closed-form expressions of Q 7. and Q £ can be involved in large networks, even for Rayleigh fading [15]. In
what follows, we provide the results for the two-user case when the channels are Nakagami-m faded and the channel fading

E, 4 :log, <1 + ) <|QIR, VQCA,

power gains are modeled as |hy o, |> ~ Gamma (mb ars Q i JLIS ) with integer shape parameters my, ,, and rate parameters Qb :‘
(I € {1,2}). In the appendix, we provide the results in a three -user network for the special case myp o, = m and £ 5, = folr
all [ € {1,2,3}. These results will be used in Section IV in a few simple example networks to demonstrate the key objective
of the paper: combing network coding and non-orthogonal transmission techniques can lead to better performance than the
orthogonal FFNC relaying.

Now, consider a two-user MAC channel, as shown in Fig. 2(a) To simplify the presentation, let H; = pai|hb,a,,|2 ~
Gamma(o, 5;), where the parameters a; = mp,, and 5; = . Define n; = =28 _ 1 and N2 = 22E _ 1. Then

Qb a; P
following the above analysis, the probability that b can correctly decode the messages of both a; and as is Qigigﬁ p =

Pr{H,>m,Hs>n1, H +Hy>no}. From Fig. 2(b), we can see that the conditions Hy > 1y, Hy > 11, Hy + Ho > 775 are
represented by the union of two sub-regions A;; and A;5. We denote the probabilities corresponding to these sub-regions as
P{Ai11} and P{A;2}, respectively. Using the PDF f(x;«, 3) and CDF F(x;a, 8) of Gamma random variables, we have

Mn2—"n1 ee}
/ / flx1;ar, frlae)de f(22; g, f2)dzs
m N2—2

[e% 1 3 a i s i _
_ IZ Z B2 Bie 51772( 1)n5 7 . n2—m 20217 = (B2a—B1)e2 4,
Z' 042 — 1) n 2 2

i=0 j=0 1

P{A11}

P{A2} = / f(x1; o, Br|ze)dey f(x2; g, Ba)das
n2—n1

1
= (1= F(n2—m;az,B2) (1= F(n;a,81))-

The value P{A1;} depends on the relationship between 3 and Ss. For the case 5 = 82, we have
2 1,02
QU ayy = Qlvwl =P{An} + P{A}
ar—1 1 <Z) /Bi §2e—ﬁ1n2né—j((,’72 _ ,,71)042+j _ ,'7?2+j)
o \J

g (—1)il{as — 1)!(az + ) (1= F(n2 =m0z, 62)) (1= Fm3 a1, 51)) )
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de to express P{A11} and have

Otherwise, if 31 # B2 we can use equation F(z;a,3) = [
2 ai,as
QY s = Qe = P{An} + P{Aw)

ar—1 ¢ JB 6@2 —B1m2 i j( + _1) | |
—Z Z( ) ’L' 042 _el) (ﬂ:_ﬂf)QQQJi (F(UQ — MN1; Q2 "1‘],52 —ﬁl) _F(771;042 +],ﬁ2 _ﬁl))

=0 7=0
+(1 = F(n2 —m; a2, 82) (1 = F(m;oa, Br)). 3
As mentioned earlier, the probability that b recovers exactly one message can be calculated by

o {ar} {az}
Q{al as},b T Q{ai az},b + Q{af,ag},b' “)

Clearly, the probability that b can correctly decode only a; is Q {a aQ} , = Pr{Hs <y, Hy > n1(H + 1)}. From Fig. 2(b)
we can see that the event corresponds to the reglon Ay. Therefore, we have

7
Q{Zl}a p = f(x1; an, Br|ae)dey f(xo; az, B2)das
{a1,a2}, 1 (a1

a;—1 4 a
S Z '\ BiBste g / " a1 = (B 4B2)ea g
il(ag — 1)! 0 2

i=0 j=0
a1—1 1
- 852 Binte P (ag + 5 — 1)! )
- “F(msaz +7, + B2). 5
; JZO ( ) il(g — 1) (B + Ba)** T (s 0z + 3, brm + fz) ®)

By symmetry, the probability that b correctly decodes only as but not a1, which corresponds to the region As, is

az—1 ¢ —Bam o
{az} ( ) Bl ﬁQ'fhe (051 —|—j 1) F( ) .
ai,a a msaq +]762771 +61) (6)
{ Laskb Zz « jzo il(ar — 1)1 (Bamy + B1) 1+7

Finally, the event that b is able to decode neither a1 nor ay corresponds to the region A4 in Fig. 2(b). Its occurring probability
can be obtained simply by

(0] _ {a1} {a2} {a1,a2}
Q{al’GZ}’b =1- Q{al,GQ},b - Q{al7a2}~,b - Q{ahaz},b’ (7
In summary, equations (2), (3), and (5)-(7) characterize the individual error probabilities in the two-user network. Equations
(2)-(4) and (7) provide the expressions of the probabilities that b decodes a certain number of messages.

If we consider a special case where both transmitter messages are sent with the same power level and experience similar

fading environments, i.€., Mp,q; = Mpa, = m and bey  — 0 202 — 3, we can attain
’ ’ b,aq Pay b,ag Pag

m—1 i Bm“ﬂje o ((772—771)"”’ 7 - 77m+2 ]) e B (g = m)inje e

QP
Qo= 2 2 )i~ — )l (m +i — j)(m P3P ilj! ’ ®

=0 j=0 =0 j=0
m—1 1 i 26m+1 ie—ﬁnl(m_i_i_ _1)' m4i—j—1 ((ﬁ —|—ﬁ) )l
Q{a ashb — () Ui miif' N - Z Me—(ﬁm%ﬁ)m 7 9)
1 =0 j= J i!(m— D1 (B + B) J = I
Q[O] -1 Q Q[z] 10)
{a1,a2},b ™ {a1,a2},b {a1,a2},b"

If we set m = 1, i.e., channels are Rayleigh faded, it is easy to show the above results become the same as those in [15].
In the next section, we will use the individual error probabilities for the two-user and three-user (provided in the appendix)
MAC channels to calculate the achievable system error probability of our cluster FFNC relaying scheme.

IV. SYSTEM PERFORMANCE AND NUMERICAL RESULTS

Now we focus back to the considered multi-user relay network and start presenting the performance analysis of our cluster
FFNC relaying scheme. We will first elaborate the approach to derive the system error probability. Afterwards, the individual
error probability for MAC channels presented in the above section will be used in a few simple example networks to numerically
show the performance advantages over orthogonal FFNC relaying.

As defined in Section II, message distribution is deemed to be successful if all the /N destinations are able to correctly
recover all the M source messages. It is not difficult to see that the decoding behaviors of different destinations are actually
dependent. In order to calculate the system error probability P, i.e., the probability that at least one destination fails to
recover the complete source message set Z, we define two binary indicator vectors to represent the status of the relay and



destination terminals respectively. The first is a K -dimensional vector m = [w£1]7 e ,ﬂmlu, e ,77,[,1], cee T HR ”] indicating

the decoding status of the K relays. If the ith relay in R, (v € {1,--- ,v}), represented by RL], can fully recover Z and thus
is activated to assist in the source message delivery process, the element 7T1[)] = 1. Otherwise, 771[)] = 0. The set of all possible

realizations of 7 is denoted by set W, i.e.,

WWZ{ﬂ':?TLi]6{0,1},1§U§V71§i€|7€v|}. (11)
The second indicator vector is defined as an N-dimensional vector 7 = |11, - ,7n] indicating the decoding status of the N
destinations: 7, =1 if D,, (n € {1,---, N}) recovers Z and 7,, = 0 otherwise.

Use Pr{m} to denote the probability that a particular realization of w € W,. occurs. The conditional probability that at least
one element in 7 is zero, i.e., the desired message transmission in the considered network fails, given 7 is denoted by Pen|,,.
Then the overall system error probability of our cluster FFNC relaying scheme can be derived using the following expression:

P = Z Pr{m} Parr|m- (12)

TEWr

Let us start from Pr{m}. The event wg = 1 occurs only if Rgf] correctly decodes all source signals during the first 4 time
slots, Clearly, at each time slot ¢ (¢t € {1,2,---,u}), the sources in S; and RL%] represent a |S|-user MAC channel. The
probability that RE} I can correctly recover all these |S;| source messages can be calculated using the MAC channel individual

error probabilities as Q‘[S‘S‘Pg[i]. This leads to
Dy

el

=1

~

forallve {1,--- ,v}and i € {1,--- ,|R,|}. Using Pr {771[}] = } =1- Pr{m[ﬂ = }, we attain
v Rl / ke i) " 1-ml
St St
prim} =111 <H Qfs,,fpjw) (1 -11 QQE&&J) ' 1
v=1i=1 \t=1 =1

When the relay activation status 7 is decided, whether the destinations are able to attain Z becomes independent. Given 7, we
denote the cluster of activated relay nodes (i.e., those with m[ﬂ = 1) that transmit signals at time slot p+v (v € {1,2,--- ,v})
by R, jx. The probability that the nth destination pn can successfully decode the messages of s; (0 < s; < |S;]) nodes in S,
and those of 840 (0 < 8pq0 < IRU‘,,D nodes in R, can be calculated using the MAC channel individual error probability as
Q D and Q[G“J’“]D respectively. After all source clusters and relay clusters completing their transmissions, the probability

1/|1r7 n

that D,, can fully recover Z (conditioned on ) is the probability that it correctly decodes at least M signals from all the

SIS+ >0, |7@U‘"| transmitted signals it received. Define vector s = [sq,-- - , s,4,]. Then this probability is
Pr{r, =1} = Z HQ b, H QL [+ (15)
SEW, | t=1 poi P

where W, is the set of all potential realizations of decoding status that allow a destination to recover Z:

v
Wshr = {S : Zst >M,0<s5 < |8t|70§ Su+v < IRv|1r|}

t=1
Now, Py, the conditional probability of communication failure in the considered system can be found as

Tn

N

Pel‘r\ﬂ' =1- H Z H Q‘;ttJD‘n Q[S“-‘:},]Dn : (16)

n=1 \s€EW;|, t=1 v=1

Armed with such knowledge, we can substitute (14) and (16) into (12) to attain the system error probability P..
The above analysis is suitable for applying our cluster FFNC relaying scheme in any arbitrary network topology and clustering

strategy, with any channel fading characteristics and system parameters p, and R. As long as the expressions of Q“ ’RM in
t7 v

(13), and Q[S’] and Q ’+”D in (15) are obtained, then calculating P, can be conducted, through enumerations over the
sets W, and 1/\/s|,r Foeim D

In what follows, we use some simple examples to numerically show the performance of our cluster FFNC relaying scheme.
It should be noted that when the number of concurrently transmitting nodes in a MAC channel is large, the exact expressions
of individual error probabilities can be hard to attain. However, using the results presented in Section III (i.e., MAC channels
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Fig. 3. Performance comparison in a network with M =4, K =2, N = 3.

with two or three users) suffices to demonstrate the advantages of combining network coding and non-orthogonal transmission
techniques. When clustering strategies with large clusters are taken into consideration, one can use asymptotic performance
(such as DMT?) to show the performance gains and identify the optimal clustering solution.

The first example network has M = 4 sources, K = 2 relays, and N = 3 destinations. To simplify presentation, we consider
the case such that all channels experience similar fading characteristics such that the whole network has the same Nakagami-m
fading parameters m = 2 and 2 = 1. If relays are not used for helping the sources, one can non-orthogonally activate all the
four sources to broadcast their messages to the destinations. This method, termed non-orthogonal direct transmission (DT),
uses a single time slot to complete transmission and is known to outperform the approach that orthogonalizes the sources.
This reflects advantage of non-orthogonal transmission. But the achievable diversity gain is relatively low, which leads to a
relatively slowly decreasing error probability when the SNR increases.

Appl?ring the orthogonal FFNC relaying (whose system error probability can also be derived following the above method
with @ {131}_17 =1-— F(ni;m, MLQ)) in this example network requires 6 time slots to deliver messages to the destinations
(if repetition-coding is applied in the relays, then 12 time slots would be needed). For fair comparison, we fix the average
transmission rate of different transmission schemes to be the same as R bits per channel use (i.e., per time slot). Then if a
scheme demands T time slots to complete transmission, then its message rate R should be set to R = T'R bits per message
to maintain R. Fig. 3 illustrates the error probability comparison of the orthogonal FENC and non-orthogonal DT (through
simulation, since the closed-form error probability expression is unknown) schemes. Again, for fair comparison, we fix the
average received SNR to be p. At each time slot, if A terminals are activated simultaneously, then each node transmits with
power 4. In Fig. 3, we set R= % This means that for the non-orthogonal DT scheme each source transmits with rate R = %
and power 4, while for the orthogonal FFNC relaying scheme each source and relay terminal transmits with rate R = 3
and power p. From the figure, the diversity gain of deploying relays can be clearly seen. However, for relatively low SNR,
the non-orthogonal DT scheme performs better, because the channel usage of the orthogonal FENC relaying is large which
demands a large R to maintain the average rate.

Now, we apply our cluster FFNC relaying scheme by dividing the sources into two 2-source clusters and treating the relays
as a single cluster, i.e., p = 2, v = 1, and |S1] = |S2| = |R1| = 2. Since all channels have the same fading statistics, the
individual error probabilities for source-relay, source-destination, and relay-destination links are the same. Hence we simplify
the MAC channel error probability expression Q[Z}b with Nakagami-m fading parameters m and €, and node transmit power

Pa = ﬁ, by Q‘[‘Z]‘. For instance, Q[22] means the probability that the receiver in a two-user MAC channel can decode both

source messages. And Q[ll] =1-F2F -1;m, p%) denotes the correct decoding probability for a point-to-point link.

Following the analysis shown earlier in this section, it is easy to see that Pr{mw = [0,0]} = (1 — (Q[22])2)2, Pr{mr =
[1,0]} = Pr{w = [0,1]} = ( [22])2(1 —( [22])2), and Pr{r = [1,1]} = (62[22])4 are the probabilities of all potential relay
decoding status. The associated conditional error probabilities at each destination are Pr{7, = 1jm = [0,0]} = ( [22])2,

2The achievable infinite-SNR DMT in a general multi-source multi-relay multi-destination network with arbitrary clustering strategy and Nakagami-m
fading, as well as the finite-SNR DMT for certain special cases, will be presented in our full journal-version paper.
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Fig. 4. Performance comparison in a network with M =3, K =3, N = 3.

Pr{r, = ljxr = [0,1]} = PrﬂTn = 1r = [1,0]} = Q)2 + 2QPQMQM, and Pr{r, = 1r = [1,1]} = (QY)? +
2020 QY + oy + 200N + (Q")2)QPP. In Fig. 3 we show Pu. by both analytical and simulation results, with
R=3R= % It can be seen that they match nicely, which proves the accuracy of the results presented in both the previous
section and this section. The performance advantage over the orthogonal FFNC relaying can be clearly observed. The error
probability achieved by setting all four sources as a single cluster (i.e., © = 1 and v = 1) is also displayed (through simulation).
This approach is termed non-orthogonal FENC relaying, since it requires all sources (and relays) to non-orthogonally use the
channel. Different from single-hop MAC channels, simply demanding all terminals to access the same channel may not
necessarily be the best choice.

To more clearly see the advantage of our cluster FENC relaying scheme, we follow the concept of finite-SNR DMT [17]
and allow the average transmission data rate to scale with SNR as R = rlog(1+ p). Setting r = % we can see that the slope
of the error probability of the cluster FFNC relaying scheme becomes larger than the orthogonal FFNC relaying scheme. This
implies a better tradeoff between diversity and multiplexing gains in the finite-SNR regime. We conjecture that performance
advantages of combining network coding and non-orthogonal transmission can be found using other metrics such as the tradeoff
between spectral and energy efficiencies.

In Fig. 4, we consider a different network structure with M = 3 sources, K = 3 relays, and N = 3 destinations. We
treat the sources as a single cluster and relays as a single cluster and apply our cluster FFCN relaying scheme, i.e., up = 1,
v =1, and |S;| = |R1| = 3. Two time slots are consumed to complete the transmissions, while the orthogonal FENC relaying
needs six time slots. Following the analysis provided earlier, we can attain the probabilities of different relay decoding status
Pr{m = [0,0,0]} = (1 - Q§")%, Pr{m = [0,0,1]} = Q5 (1 = Q)2 Pr{m = [0,1,1]} = (Q")2(1 - @), Pr{m = [1,1,1]} =
(Q:[;’])3, and the conditional error probabilities Pr{7, = 1|m = [0,0,0]} = Q:[;’], Pr{7, = 1jm = [0,0,1]} = Q[33] + QE]Q[ll],
Pr{r, = ljm = [0,1, 1]]} = QP 4+ QP QY + @y + QVQY, and Pr{r, = 1jr = [1,1,1]} = Q¥ + Q@) + Q' +
Qg’]) + le]( :[32] + Q[33 )+ QgO]QE]. The system error probability can be derived, and is verified through simulations. From
the figure, we can attain similar observations as in Fig. 3. The advantages of our cluster FFNC relaying scheme are clear.

V. CONCLUSION

We have investigated an efficient transmission scheme for multi-user relay networks where multiple sources intend to
distribute their messages to multiple ambient destinations. Multiple relays applying a class of finite-field network coding
are deployed to assist in the transmission process. By dividing the sources and relays into proper clusters, non-orthogonal
transmission can be combined with the relaying and network coding techniques to further enhance system performance. We
have provided the method to derive the system error performance, and used example networks to show that it can notably
outperform the conventional approach that orthogonalizes all terminals. We conjecture that the performance gain of combining
network coding and non-orthogonal transmission can be further enhanced through additional system designs such as power
control, rate adaptation, and clustering selections. These will be treated as meaningful future works.



APPENDIX
A. Individual error probability in 3-user MAC channel

In this section, we present the individual error probabilities in the three-user MAC channel with transmitter set £ =
{a1,a2,a3} and a common receiver b. Due to page length limit, we provide only a sketch of the derivation approach of the
individual error probabilities. Afterwards, the results for a special case, where all three transmitters send their messages with
the same power level in a similar fading environment such that my ,, = m and Q = 0, Vi € {1,2, 3}, are shown.

The analysis follows the similar approach in the two-user case. We can also use an event figure similar to Fig. 2(b) (but with
three dimensions) to identify the integration region for the probability of each error event. More specifically, for i € {1, 2,3},
define 7; = 2% — 1, and letting H; = pg,|hp.q,|? leads to H; ~ Gamma(a;, 3;), where 3; = ijl)a The conditions
that lead to the event that b can correctly decode all three transmitters can be expressed as E1 (4, as,a5} : : : logy (14 H;) >
R,logy (14+ H; + Hj) > 2R,log, (1+ Hy + H2+ H3) > 3R for all i,j € {1,2,3} and ¢ # j. This means, we have

{a1 az,az} (or Q[ ] ) as

L,b L,b

,{cag’% oot = PF{H1 >, Hy > no, H3 > n3, Hy + Ha > 12, Hy + Hz > n2, Hy + H3 > 12, Hy + Hy + H3 > 773}-

It can be shown that the error event corresponds to six non-overlapping sub-regions in the error event figure. Let fy(x) =

f(x; a1, Bi|ze, ¥3) f(22; o, Ba|w3) f(23; a3, B3). We can calculate Qgigzgj , via the following integrations:

{a1,a,a3} n2—n1 73 —"N2 M2—"M1
137177 ’ / / / d$1d$2d$3+/ / / d.TleCQdJZ?,
N2—T3 N3 —T2— Is N3—N2 v N2—T3
73 —"N2 N3—N1—Z3 N3 —"2 oo
—l—/ / / fa (X)d$1d$2df1)3+/ / fH(x)dxldxgdarg
N2—m m N3 —T2—T3 N2—"N1 N3—nN1—x3 1M1

[e'e] n2—mn1 o0 [e'e) o0 o0
+ / / / fH(X)d.’L‘ld.’Egdxg + / / / fH(x)dacldedxg. (17)
n3—"n2 YN n2—23 n3—mn2 JnN2—"mn1 J M

Similarly, the probability that b can decode a1 and as but not as, i.e., Q‘{{Zi’zz}as} »» can be derived as

et _ pf M Hi
L,b r{1+H3 771’1+H3 771,1+H3 N2, 3 < mn1

m  p(nz—m)(l+zs) poo m poo 00
/ / / fu(x)dz dzedrs + / / / fr(x)dzdzodrs (18)
0 i (1+z3) n2(1+z3)—z2 0 (m2—n1)(A+=z3) Ini(1+xs3)

By symmetric, the probabilities Qgg’a?’} and Qgg’a?’} can be attained using the similar method. These lead to QI7, =
QL™+ @l + QL. |
Furthermore, the probability that b can decode only a; but neither as nor ag, i.e., Q{ﬁ"lg}, can be derived as Q{‘“}

H H H: .
Pr{l—i—Hgl-ﬁ—Hg > 11, 1+f2[3 <m, 1+13_12 <m,Hs+ Hs < 772}, 1.e

m pm(l+zs) N2—M1 [ N2—2T3
ot = / / / fr(x)daydaodzs + / / / (x)dz1dzodas. (19)
n (14z242x3) 771(1+x2+zs)

Similar analysis can be applied also to Q{QQ} and Q{%} As a result, Q[l] Q{al} + Q{az} + Q{a;}.

L£b =
My, a b a mMp,a
For instance, consider the case m m =m =m and L = 2 3 = 3. We can have
’ b’al baz = baz = Qb aqPaq Qb agPag Qb agPag B

m—1 4 J ﬂ2m+z 1)i—le—Bnspl i’l o s o v v
Q[g}b - Z Z (21'(2)—]) 1(j _777)!01 (77 ((772+1) ((772—771) - ) - ((7]3—772) — (2 —m) ))

g
i=0 j= 1:0 2

+ Z ()7 "n ( =03 ((n2 —m)7 — (m)7*) + (m + 1) ((nz — m2)™ — (2 — 771)03))>

7=0 g!(o1 — q)los

+ 75 i: (;) m (26_‘3"2”] ((772 —m)7t — 77‘1”) (1 ~ £l = msm, 6))

i=0 j—=0
(L= Pl £)) X0 = (G = )” = (2 =)™ )
+ (1 - F(m;m,ﬁ)) (1 = F(n — nl;m,ﬁ)) (1 — F(ns — nz;m,ﬁ)), (20)



B = S S () (") e o1 ™ )Pl 0 + 1)

m—1m—1i+j5 ,. . 1 ,—pBn2 _ iJ
Z Z i+37) 38" (ne —m)'n , ) :
+Z. . ( l )i!j!(m1)!(772+1)021+i(02+Z—1)!F(771702+%/3(772+1)), 2D

F(no2+q,8(m2 +1))

n= %y i(é)(?)%ln{e_ﬁm(m_1)!((’2_”!le;az,ﬁ(mu))
)"

if((m = 1)) (. + 1)
Z) (q +j) Bli 3¢ (ny —m)(o1 — 1)!(on + ¢ — 1)!
ilg! ((m =120 + 1)71 (2 + 1)72+4

EEESE (O

=0 j=0 (=0 ¢q=0s=0
! —1)! —Bns(_1)apt—q
' <W(F(W2 — 105, Bog) — F(771;U5,506)) - %((m — )% — 77175)>,(22)

where oy =m+i—j,oo=m+j—1lLo3=2m+i—q—1l, o4, =2m+i—1l, 05 =m+q+s,and og =2+ 1 + .

n
Finally, the probability that b is unable to decode any message can be simply found by Q[ﬂo}b =1- Q[ﬂl}b — Q[ﬁz}b — Q[g]b
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