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Abstract—Relay-based cooperative communication has become @ @
a research focus in recent years because it can achieve disgy

gain in wireless networks. In existing works, network codirg
and two-path relay are adopted to deal with the increase of Q 0 Q

network size and the half-duplex nature of relay, respectiely.

To further improve bandwidth efficiency, we propose a novel

cooperative transmission scheme which combines network dimg @ @
and two-path relay together in a multi-source system. Due to

the utilization of two-path relay, our proposed scheme actaéves Time slot n Time slot n+1
full-rate transmission. Adopting complex field network codng

(CFNC) at both sources and relays ensures that symbols from rig 1. Two-path relay scheme model

different sources are allowed to be broadcast in the same tie

slot. We also adopt physical-layer network coding (PNC) atelay

nodes to deal with the inter-relay interference caused by ta two-

path relay. With careful process design, the ideal throughpt sources to broadcast symbols in the same time slot (TS) on

of our scheme achieves by 1 symbol per source per time slotthe same resource blocks (RBs) after symbol-level operstio

(sym/S/TS). Furthermore, the theoretical analysis proviés a : : ;
method to estimate the symbol error probability (SEP) and at the physical layer. Deploying CFNC, a cooperative nekwor

throughput in additive complex white Gaussian noise (AWGN) With Ns sources offers throughput as highig& symbol per
and Rayleigh fading channels. The simulation results verif the Source per time slot (sym/S/TS), relativeltq2/Ng) sym/S/TS
improvement achieved by the proposed scheme. in traditional cooperative system anid(Ng + 1) sym/S/TS
Index Terms—complex field network coding; two-path relay; 1N GFNC-based cooperative system. Hence, CFNC has been
inter-relay interference; physical-layer network coding; through- ~ applied to diverse cooperative networks [4]-[7].
put. 2) Two-path relay. Relays usually work in the half-duplex
mode, where a transmission process often requests two TSs fo
I, INTRODUCTION the_ relay to re<_:eive the §ignal and the_n_forward it respelgtiv _
S ) which results in a loss in spectral efficiency. To overcome it
B ased on the fact that it is difficult to pack multiple anteny, 18] and [9], a spectral efficient cooperative scheme named
nas per terminal due to the limit of physical space, relays_path successive relay was proposed. As illustratedgn F
b_ased_cooperatwe communication is es_peC|aIIy eye—cr;gchi at each TS, the sourcé sends its symbol to one of
since it can extend coverage and achieve spatial diversiy, rejays and the other relay forwards the symbol received
gain in wireless communication networks. However, due ¥ym s at the previous TS. Therefore, onli, + 1) TSs
the increase of network size and the half-duplex nature gfe required to transmik symbols from:g to D. However

relay, traditional relay schemes are bandwidth_ inefficie_q;,vo_path relay scheme results in inter-relay interfere(igd),
Two methods were proposed to break through this bandwidfiich is marked as the red lines in Fig. 1. As long as the IRI

bottleneck: . _ . can be canceled, we can double the transmission rate without
1) Network coding. Physical-layer network coding (PNCy,ch sacrifice of the performance in terms of symbol error

was proposed in [1] to map superposition of electromagnefg,papility (SEP). In [10], network coding at relay nodesswa
signals to simple Galois field GE() additions of digital z55jied to achieve inter-relay interference cancellal&iC).
bit streams. In [2], Galois field network coding (GFNC)n 111] full interference cancellation (FIC) was proposed

was applied to wireless communication networks to enhanggich requires complicated detection. The orthogonality o
bandwidth efficiency. Afterwards, Wang and Giannakis Pyfe real part and the imaginary part of the symbol was utllize

forward a novel cooperative approach based on complex figld yisiinguish the information and interference in [12]. tdo
network coding (CFNC) [3], which makes it possible fofesearch on two-path relay in recent years can be found in
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Although CFNC allows simultaneous transmissions from all
sources,2. TSs are required to complete the transmissio
of L symbols for each source due to the half-duplex natur
of relay. On the other hand, existing researches on two-p
relay only consider single-source models. With the inceezs

network size, the single-source models in [10]-[14] carliet
directly generalized to multi-source systems with simmsiaus

transmissions at sources.

Therefore, in order to further improve bandwidth efficiency . proposed multi-source cooperative system

we propose a novel transmission scheme based on two-path

Time Slot n: ——»
Time Slot n+1: — — —»
Time Slot nt2r - ==

\
~

(b). Application in cellular network

relay in multi-source wireless networks. Our scheme coe®inrFig. 2. System model

network coding and two-path relay together in a (multi-
source,2-relay,1-destination) system. To allow sim@tars
transmissions of all sources, CFNC is operated before-trans

TABLE |
NOTATIONS

mission. With the help of two-path relay, full-rate transsion =
of multi-source system is achieved. We use physical-layer>"°

Description

network coding at relay nodes to deal with the IRl caused bys
two-path relay and the interference is successfully caucat ,{m
destination. OnlyL.+1 TSs are needed to seridsymbols for D
each source. Compared with CFNC, our proposed cooperativgink
transmission in(Ng,2,1) system achieves ideal throughput
as high as 1 sym/S/TS, twice as high as that of CFNC in
[3]. Compared with [10]-[14], multi-source model, ratheah (')TT
single-source, is introduced to two-path relay system avth
requirements for additional TSs and resource blocks. Besid
theoretical analysis and simulation results also dematesthe  x.
improvement of our scheme’s performance.

The rest of this paper is organized as follows: Section IIJE
depicts the system model. Section Ill details the proposedw
transmission scheme and Section IV illustrates the IRI®-alg ;
rithm. The theoretical analysis of the SEP and the throughpuy<n> ()
are presented in Section V. In Section VI, simulation result
are given to verify the improvement of throughput in diffietre %'{i} ()
scenarios. Finally, Section VIl summarizes the paper. M
i
Il. SYSTEM MODEL z

As illustrated in Fig. 2, we consider a two-path relay coop-y
erative system that consists of multi-sourcés, s, ..., Sn.),
two relays R, R2) and one destinationZf). One of the ap-
plications is being adopted by the uplinks in cellular nakso
to promote transmission reliability for cell-edge usefrgmwn
in Fig. 2(b). Apart from extending coverage and achieving CN(0, 02)
diversity gain, relay-based cooperative scheme could also
reduce the required transmitted power at sources, whidslea Q(x)
to lower inter-cell interference. Due to lower transmitfemiver

: : . Pe
at sources, we consider that the direct links between ssurce;;.
and destination§—D) do not exist. All sources broadcast their Ny
own modulated symbols on the same RB in the same TS

Z

ACL‘7ASyAZ7"'

the number of sources

the ith source;i = 1,2, ..., Ng

the mth relay,m = 1, 2

the destination node

channel coefficient, includingh s, r,, (S—R), hi2
(R-R), hg,,p (R-D)

AWGN, including: wg,, (received byR), wp (re-
ceived byD)

transpose

[01,602,...,0Nng], precoding vector adopted by
CFNC

[z1, 22, ...,xNS}T, sources’ original symbols
[x1,.,z2,, ..., TNg, 17, symbols sent by relay before
multiplied by ©T

the symbol sent by sourceat time slotn

the symbol sent by relay at time sloetcorresponding
to sourcei
the estimation ofr

the symbol received byr,, and D respectively at
TSn

the PNC mapping function

the real part and imaginary part of

the cardinality of modulation symbol set

unit imaginary number

O7Tx, the symbol from sources after CFNC

x + x,, the superposition of desired symholand
interferencex,.

©7Tz, the symbol received by in AWGN channels
regardless of noise

Hgsrx+hi2x,, the superposition of desired symbol
Hsrx and interferencérox,

07Tz, the symbol received byR in flat fading
channels regardless of noise

the modulation symbol set af, s, z, - - -

the circular symmetric complex Gaussian distribution
with zero mean and variance?

1/v2m [ exp(—t?/2)dt, the Gaussian tail func-
tion

probability of error

the mathematical expectation

the noise power spectral density

throughput

the phase of

Two relay nodes, working in the half-duplex mode, take turnsZ
to detect-and-forward (DF) received symbols to destimatio

Relay nodes also employ the same RB, which results in the
IRI. Channel coefficients betwee$y and R,,,, R; and Rs,

the same frequency spectrum. Therefore, regardless of rela

R,, and D are denoted byhig, g, , hi2 and hr, p Where nodes’ mobility, we assum&[|hi2|?] = E[|ha1]?] = 0.

i=1,2,..

,Ng andm = 1,2. According to [15], when the The corresponding channel noisg;,, andwp are assumed

coherence time of the channel is much greater than the symtwobe additive complex white Gaussian noise (AWGN) with
period, channel reciprocity (CR) can theoretically be assti mean zero and varianc&/,. All channel coefficients and
for channels in which uplink and downlink transmissionsrshanoise are supposed to remain constant within one TS and



x‘(‘u+\) =f(X:'”+x,‘"”)

Xy”” _ f’(xé”7+)(y”)

vary independently from TS to TS. Throughout this paper, we
mainly consider two kinds of channels: ideal AWGN channels
with all channel coefficients being 1 and flat slow fading  gx
channels. Under normal circumstances, each receiver knows
the channel state information (CSIRf, knows hg,r, and
hi2, D knowshRmD).

In addition, we introduce some primary notations to describ
our system, shown in Table I.

9 = g,

)};n) :g(x;"”,)r;‘”'”)

Time slot n Time slot n+1

Ill. THE PROPOSEDTRANSMISSION SCHEME Fig. 3. (2,2,1) system model

Under the assumption thaR; and R, are assigned to

relay messages folNg sources, each source has continuou - . o _
L symbols required to send to destination. To guarant gwn from a finite alphabet., with cardinality | A, |, which

that different sources’ symbols can be separated, CENC Sdetermined by modulation mode. Maximum likelihood (ML)

adopted here to establish a one-to-one correspondenceémetv&letecuon is performed &€ and ) as

x= [21, T2, ...,wns|T andO®Tx where®T = [0, 0, ..., On]. [(jgn)7£§n))’ (jg")’jgf))]R —arg  min IIy%")—
Before transmission, the source symhglfrom S; is multi- " ! "™ 2Mea, !
plied by 6;, i = 1,2, ..., Ng. The design of©” is supposed

(n) (n)y _ (n) (m)y|12
to satisfy©7x £ ©7x’ if x # x, which allows simultaneous On(hs pyey” + Moty ”) = Oo(hs, m 2y + hoas S|

transmissions from multiple sources. Among the different (3)
i T i n ~(n . n n n

(r::z;)tl:i:;s foro*, we take it to be any row of the Vandermondﬁjgr)’:cé))[) — arg (E}m IIyE,) _ thD(gle) + 92&5%,‘))”2
. 1 51 - 6{\]571 o ‘ 4

1 6 ... &yt )

wheref; andf, are used to identify the symbols frofy and

C No1 Sy respectively. If there is no interferenceg’f) and :vg:)),

1 Ons ... Opg NsxNs relay node is able to recoveﬁ") andz{" [3]. Therefore, due

where {§,}Vs, = ¢m@u-1/CNs) jf Ng = 2% and to the IRI, the relay just determine R :cgf) rather than

{6, 1Ns, = eim(6u=1)/3Ns) jf Ny = 3 x 2. This design (ign),igf)).Then,we adopt PNC to deal with the interference.

is related to the linear complex field (LCF) encoder given ifhe core idea of PNC is encoding two sources’ symbols at

[16]. relay and decoding at destination [1]. In our scheme, the
For simplicity, we firstly introduce (2-source,2-relay,1combinations of desired symbols and interfererigﬁ@)(ﬂﬁgf))
destination) system: are encoded through functighat relay and separated through
function g at D. Let f : {x, + zplza, 20 € Az} — As
A (2,2,1) system denote the many-to-one mapping function. We fl) =

GR +f§7:)) andxé’:*” = f(am +:E§’:)) to be the symbols

for R; to forward within the next TS.

Time Yot n+1: S transmits@lxgnﬂ) and simultaneously

Without losing generality, we assume that at time sipt
symbols from different sources are received By and R,
simultaneously forwards the symbol received at previous TS : (nt1) ) _

While at time slota + 1, sources’ symbols are sentf, and 52 ransmitsfay =, Whl'Ch are receiwed byR,. At the same
R, forwards the previously received symbol f, as shown TS. R forwards 91$§7:+ - 92$§7+ ' to D. The received
in Fig. 3. signal atD are given by

Time dot n: S transmits@lxgn) and simultaneouslyss (n+1) _ (n+1) (n+1)
transmitsegscg") where a:z(.") denotes the modulated digital YD hirsp By, = o, ) wp, ©)
symbol sent by sourceat TSn (i = 1,2 andn = 1,2,...,L). and the ML detector ab can be expressed as

At the same TSR, sends the operated signal received at the (1) _(nt1), . (n+1)
previous TSn — 1 to D. Therefore, the received signal Bt (&1, 52,7 )b TUE en lyp
and D are respectively given by i =0 (6)

—hp, (012" 4 G252,

(n) (n) 1) With the purpose of detecting the sources symbols:
+ha (012, + 0225, 7) + Wy, 2\ 24" we introduce another many-to-one functign:
(A;, A:) — A,. According to the symbols detected at TS
n andn + 1, given by (@) and (@), sources symbols can be
We use subscri;%t)to den(o'ge that symbols are sent by relayecovered by

nodes. Hencélxl’: +92x2’: is the symbol sent by?, at TS () A(n) (n) A(nt1) () A(nt1)

n after PNC, which will bé illustrated in the next section. All (21 »32 ) = (9(&1,7, &3, 7), 9(3,7, &5, 7))

the symbolsz"™, :cff) transmitted by sources and relays are = (g(:&ﬁf), FEm + :ng))),g(fcéf), F@ES + :Eéf)))).

yg? =hs, R, el‘rgn) + hs,r, 92‘T§n)

Y9 = hpyp (012" + 0225") + wp. 2

()



The original symbolz:l(.") is recovered througbl(jzl(.:’), f(:i:l(."), denotes bitwise exclusive OR (XOR) operation. Heiﬁf::’@ is
#™)). Depending on thg7 ") andy"” stored atD, all the recovered through

ir

sources’ symbols can be recovered thro{igh The key issue g(jl(:z)’ f(i:z(-") + irz(-f))) :i?z(-f) ® f(ffz(-n) + j?(.n))

is that whether the functiorf and g are able to successfully () () — ~(n) () (13)
cancel the inter-relay interference (IR1), which will bet@ited =&, @© (2, 2; ) =42; .
in the next section. To clearly illustrate the IRIC scheme, we make it simplify
that hy;, = 1. Without losing generality, all sources and
: n) _(n+1)
B. (Vg,2,1) system relays adopt the same modulation modg:", z; €

The transmission scheme can be generalized to the mul@i:j;(” = 1,2,.., L). However, the symbols transmitted are
source (Vs,2,1) networks whereVg > 2. 0" x = s, rather thanx. Satisfying the request for one-to-one

. N X
Time Slot n: According to the previous definition of and MaPPiNg betweex ands, Ns sources generate/ ™= points
O7, the 1/0 relationships are in the constellation ok where M = |.A4,|. Linear growth of
Ng leads to exponential growth of cardinality ef Therefore,

ygll) = O0THgpx™ + h1,07x™ + wp,, (8) we mainly consider modulation modes with laW such as
(n) . BPSK(M = 2) and QPSKM = 4), in order to achieve better
Yp = hr,p© XE”) +wp, (9) anti-noise performance in multi-source system.
. n _
where Hsn = diaglisun, hsas oo Msws ) X = o gpeK modulation
(21", )", ...,z ' denotes the symbols sent by relay at TS

L \Sr . BPSK modulation generates two points in the constellation
n before multiplied by®”. Through ML detection at relay, of g P

the .symbol rqu'{)ed(,}fl?e forV\{e}L?edAtzx)rela)imthmA(tD)e r‘(a)((,tarrier, the baseband digital symbol can be expressed as
TS 'SA?S)ner"fE:) 9T{T =@ +a), fl@y” +d), A, = {1,-1} and M = |A,| = 2. Under the assumption
o J\Tng T TNg ) - that hin, = 1, the symbol detected by relay at is
flang + 255 )] _ hat /. h bol d d by rel TS |
Time Sot n + 1: Ng sources contmu? broadcast symbol§5n) + xE”) € {2,0,—2}. The estimated symbol is given by
and simultaneously?; forwards oTx!"™ to D [17]. The "

each original symbol:. Regardless of high frequency

received signal aD is given by @ +a,ag” + il ngr;s) + 575\?5)7‘)1%
. n n n 14
Ot = b p@Tx ) 4o, (10) sarg | omin lyfp) — O (™ - xmyp A4
after whichx!" ") can be obtained ab by: T
x Y where A, denotes{z = 2™ + x§7>|a:§.“>,z§.f> € A, }. Hence

~ . 1
RO Zarg min [y
$(n+1>€Ar

@

— hg, pOTx("*D)2, (11) We can express the functighas

FEM My =" @™ =118 42, (15)

) ) i iy i
Therefore, rjavmng = [ 2r 70 Ns, 1 from which f(2) = f(—2) = —1 and f(0) = 1. As long as

together with %™ that estimated at last TS, each originaatisfyinga = b & a ® b, note that the so-called not only

ir

~(n+1 (n+1) i.(n+1) j("JFl)]T

symbol z{™ in x(™ = [z 2{", -~-7x§\2]T is recovered meansl @1 = 0,140 = 1, but also varies based on different
through I/O relationships.
5 Zg(atm) D) At TS n+ 1, ©Tx" = oT[r(#\™ + &), rad +
' :g(;(_;) fz(zg(_n) +i(n))) (i=1,2,...Ns) (12) :zg’j)), ...,f(:%g\’,ls) + Q%LS)T)]T is relayed toD. After detecting
K i PO S %"V together with%\" stored at TSn, another XOR

Finally, N sources successfully sen x Ns symbols gperation is performed througfi3). In order to recover™,
during L 4+ 1 TSs. As long as the destination stores curren{] 1) = g(—1,—1) = —1 andg(1,—1) = g(1,—1) = 1 are

and former estimated symbg(s\" ", x{")), sources symbols supposed to be satisfied. Therefore, functjoran be defined

x(") can be recovered throudh2)). Such transmission schemegg
achieves throughput/(L + 1) sym/S/TS after the IRI cancel- (n) ) (n) (n) (n) (n)
lation (IRIC). WhenL is large enough, the ideal throughput 9(Z; , f(&;" + ;")) =1 —|2;" + f(&;" + ;)| (16)

reaches 1 sym/S/TS. It is clear from (I3) that IRIC is completely successful

and original symbols from sources are recovered at destina-
IV. IRI CANCELLATION WITH PNC tion. The difference between multi-source system and singl
Based on the discussion in the previous section, the symbsdgirce system is the dimensions of vectgramong which
received by relay from sources are interfered with the digngairwise dimensional components are relative independent
from the other relay. For the fact that relays are unable to eand separated b®7,_,, corresponding to theVs sources.
tract the desired symbols of sources, we introduce PNC tb d@aerefore, without losing generality, taking 2-sourceteys
with the interference. We use functighat relay nodes and as an example, a complete transmission process is presented
function ¢ at destination to achieve IRI cancellation (IRIC)in Table Il. The symbols in the last column are totally the eam
Sincei:z(." = g(z\", f(:&l(”) +2{™)), the most straightforward as the original symbols listed in the second column. Theegfo

ip Ty

method is making use of the fact thato « ® b = a where® IRIC is completely achieved at destination.



TABLE Il

IRIC FORBPSK
TSn TSn+1
y | Sources’ symbolq Received byR with IRI || f(&{"” + &™) | y& ™t | g@™, 2{"Y)
25.”) D) xﬁ.”) + x(™ Xs‘n+1) >‘<5-”“) ()
(1,-1) (1,1) (2,0) (-11) (-11) 1,1)
(1,-1) (-1,-1) (0,-2) (1,-1) (1,-1) (-1,-1)
TABLE III
IRIC FORQPSK
TSn TSn+1
y' Sources’ symbolg Received byR with IRI || f(&™ +2™) | 45 | g@™, ")
%™ x(™ x4 x(™ pesany peany (™)
(1+5,1+) (1+7,147) (2+25,2) (-1-j,-145) | (-15,-14)) (1+7,147)
(1+5,1+) (-1+5,-1-) (25,-27) (1-7,1-) (1-7,1-) (-1+5,-1+)
(1+5,1+) (-1-j,1+)) (0,2-2j) (1+j,-1+) (1+j,-1-) (-1-j,1+)
(-1-j,1-) (-1-j,-14j) (-2-25,0) (-1-j,145) (-1-j,147) (-1-j,-145)
(-1-j,-147) (-1+5,-145) (-2,-2+2)) (-14j,-15) | (145,-14) | (-145,-14))
B. QPSK modulation modulation methods with different definition gf and g to
QPSK modulation:A, = {1+ j,—1+j,1 — j,—1 — j} achie_ve PNC mapping. To summarize, a general PNC process
with M = |A4,] = 4. QPSK symbols can be considere¢onsists of the following steps: _
as the combination of two BPSK symbols: the in-phase arfd At €ach relay, for each sourcg, many-to-one modulation

. . n n n+1
the quadrature-phase components. Estimated syngbgts+ Mapping, f: (i + %(T)) - 505 g

. . (n+1 n+1
fcgf),fcg") + :Eg:), 7565\?5) + jg\?s) )r are obtained through 2) Form thii‘?nal for relay to sendmg:r ) 4 92xgr+ ) 4

(@) where A, = {2,-2,0,2j,-2j,2 + 24,2 — 2j, -2 + ---+9Nsx§VST

2j,—2 — 25}. Although 2™ and#!™ are not separable, the3) At D, for each sources;, one-to-one demodulation map-
v r . . n+1 n n

in-phase component{s{™ +§c§f)} and the quadrature-phase’'ng, 9- (5”5 )vxz(T)) T . _

componen&{:ﬁgn) +:E§f)} can be easily separated. ThereforeIh(?j deS|gr?sh01‘]” ar(;dtg .;/adry. balsed on different modulation

it is not necessary to change the definitiorfaindg employed modes, which are detailed in [1].

in BPSK modulation. The PNC operation at relay can bfe NOW we consider a more practical system_under flat SI(.)W
expressed as ading channels. We assume that CSI is available at receiver

nodes. At TSn, relay nodeR; is aware of the CSI of

2D = pREGEM + M) + 5 < F(SEM +2MY). @7) link S=R:i(hs,r,, hsyr, - hsy,r,) and the CSI of link
’ " " R-R:hi>. Hence,[@) can be generalized t&/s-sources sys-
At TS n + 1, after detection o™ ™", together withx "™ tem, expressed as

stored at TSn, another XOR operation on divided in-phase () )y a(n) A(n) () ()

and quadrature-phase components of the received symbols id(@1,21,), (&7, 25,7), s (fstvasT R =

. n n n 19
performed through arg  min ||y§%1) - @T(Hst( )+ h12X$« ))||2- (19
~(n ~(n ~(n ~(n o €A
" =g(R{aM}, FR{E™ + 2 M)) )
Fjx 9(9‘{5557)}, f(%{@(-n) 4 fgf)}))- We still mainly consider%f-") +:2§”). The symbol correspond-

o ing to sourcei for relay to forward can be obtained through
Table 11l shows the transmission process of 2-source systeny.(») @(n))' The IRIC atD is the same as the algorithm
with QPSK modulation. Similar to that of BPSK modulationgiscussed above. In general, the total transmission dses

applying the sam¢ andy at relay and destination respectivelygimijar to that in the system free from channel fading.
the symbols from sources are completely recovered andeentir

transmission process is IRI free. V. LOWERBOUND FORSYSTEM THROUGHPUT
In this section, we mainly analyze the throughput perfor-
C. General PNC process mance for the(Ng,2,1) system as described above. With

In practice, higher order modulation modes might be useithe purpose of giving proof to verify that the proposed
such as 16-QAM, 64-QAM [18] and so on. Apart from BPSKransmission scheme with IRIC can achieve 1 sym/S/TS under
and QPSK modulation, our scheme can be extended to otloral circumstance, we assume that,, = 1. All the additive



complex White Gaussian noise (AWGN) ~ CAN(0, Ny). BPSK
Both sources and relays adopt the same modulation mode, 6,-(-)+6,-1 6,-1+6,-1
i.e., A, with M = |A,].

Sewy
Sewy

Real

A. SEP of R-D link 6=10,=j
Firstly, we consider the SEP performance®tD link. In 6,-(=D+6,-(-1) 0146, -(=1)
traditional transmission procedure with single-sourbe, SEP
of source symbok,(z, € A,) can be calculated as X s=0"x
PAx.} = Z P{xy, — xp}, Fig. 4. The constellations of symbols before and after CFNC
TpEA, (20)
Ty #Ta TABLE IV

o - PROBABILITY DISTRIBUTION OF §
where P{x, — x,} denotes the pairwise error probability

of mistakingzx; for x,. However, deploying CFNC in multi- ¢: 0 1 2 Ng —1 Ng

source system, the transmitted symbol@$x = s, which

contains the information of all sourceds sources generate

MPNs points in the constellation of. However, the incorrect

detection ofs does not represent the error of all sources’

symbols[z, 22, ..., xns]. AS an example to explain the idea,”’

we assumeVg = 2 and BPSK(M = |A;| = 2) modulation

is adopted by senders. L8t = 1 andf#, = j, as illustrated e el

in Fig. 4. MNs = 4 points exist in the constellation of. | Z Z Q \/— ’ (24)

Without losing generality, we assume the sources symbols

are [-1,1], and thuss = 60; x (—1) + 62 x 1, marked in

the constellation. Even if the detectéd+ s, for example according to which22) can be rewritten as

§ =01 x1405x1, equivalent tax = [1, 1], from which one of

the two sources’ symbol is successfully recovered. Letoand Ng | Asl |As | a4

variable¢ denote the number of symbols failed to be recovered®—rp < Z Z Z Q ( ol )
s NS|A | & V2Ny

amongNg sources. Therefore, the probability distribution of a=

£(0 < £ < Ng) is given in Table IV whereP. denotes the Hxa*buO k

SEP ofs,. The probabilityP._, (k = 1,2, ..., Ng), denoting

k of Ng symbols failed to be recovered at receiver, is given

by B. SEP of S—-R link

Secondly, we consider the SEP.®£R link. Without losing
(21) generality, we setVg_sr = No_rp = No. Links are free
from channel fading and the signal received Rtis the
wheres, = 07x,,s, = 0Tx;. ||x, — x||o indicates the superposition of each node’s symbol. The transmissions fro
zero-norm which denotes the number of nonzero elements/§ sources and one of the relays to the other relay can be
x, — Xp. Hence, the SEP aR-D link for each source can betreated as (1-source,1-relay) link where the symbol serihéy
expressed as equivalent source i®7 (x + x,.). Therefore, the analysis for
R-D link can be applied to the derivation of SEP f§+R
link. However, one of the differences betwegaR and R—D
Pe-rp = E{¢}/Ns = Ng Z ke X Per, (22)  inkis that the symbol i®7 (x+x,) = 07z, rather thar®”'x.
=t Let y = ©T'z. The most significant difference betweerand
where E{¢} is the mathematical expectation ¢f For any vy is that anys, € A, appears with equal prior probability
given constellation, the SEP in AWGN channel can be estlue to one-to-one mapping from on the condition that

1-P Pe_1 Pe_o Pe—(NS—l) PefNS

2,...,|As|). Based on[Z3), P._; is given by

||xa*xb||0 k

(25)

Pok=3 Plsa— sl lxa—xllo = &},
spEA;

Ns

mated by union bound[19]: each symbol in4, has the same prior probability. However,
the prior probability ofy, € A, varies due to many-to-one

i lP < o (S) 23 mapping(x, x,.) — (x + x;). For instance, deploying BPSK

Z {80 = 50} Z Q » (29) modulation, A, = {—2,0,2} with corresponding probability

a# a;&b of 0.25, 0.5, 0.25, respectively. Therefore, when calaudat

. . . Pk, can be rewritten as
where N, is the noise power spectral density of the channel e @)

anddffb) denotes the Euclidean distance betwegmnds;, in A, Al

. )
the constellation.
<
We assume the uniform distribution @f due to one-to- Peok < ZP{‘%} Z Q (./ ) » (26)
one mapping between and x, i.e. P{s,} = 1/|A4| (a = a Hza,zbno k



where P{y,} is the priori probability ofy, and dfj{f denotes Appendix for the proof) according t@5]) and (29):
the Euclidean distance betwegn andy,. Hence the SEP of

T >
S—R link is given by CFNC Z
Ns  |As] | As| (s)
1 dab 2
-] X o) |

Ns Ayl | Ay )

Pe-sr < _ZkZP{ya Z Q < ) . - Hxa—xmo:k )
: ol S i

20 —zol o=k o N5|A | NN Q< )Q(\/m)].

N=1a=1s,€Aq N
(30)

D. Lower bound for throughput with proposed scheme

C. Lower bound for throughput with CFNC Then, we consider the throughput of the proposed trans-
mission scheme with IRIC. According t@2]), the detection
Traditional CFNC [3] require@L TSs to transmitl, con- of original symbols depends on current signal receivedat
tinuous symbols: at odd TSs, sources send symbols to relagRd the signal arrived at former TS as well. Besides, at the
at even TSs, relay nodes forward the symbolfowhile first TS, there is no IRI aR; sinceR; keeps silence, which is
sources keep silence. Since we hae sz and P._rp, the equivalentto traditional CFNC scheme. Hence, the SEP of the
throughput ofS—R—D with traditional CFNC can be estimatedsymbols transmitted at T8 (1 < n < L) can be expressed
by as
pn) :{ 1-(1-=P_gg)(1=Pe—prp)—P n=1
new 1—(l—Pe,SR)(l—Pe,RD)Q—PN ne [2,L]
(1= P._sg)(1 = Pe—rp) + P’ (sym/SITS) (31)

(28) L+1TSs are required to transmit symbols for each source.
where throughpuf” is defined as the number of successfullyf herefore, the throughput of proposed transmission scheme
transmitted symbols per source per TS (sym/S/TS) within oMéth IRIC is given by
transmission cycle. When calculatifg_rp, No in 23] is 1 L
supposed to be the value corresponding to the SNR after maxi- Thew = —— Z(l — P,SZ}U) (sym/SITS) (32)
mal ratio combining (MRC) o8NR g, p andSNR g, p. Due to L+l n=1
no IRI in traditional cooperative communication with CFNCWhen L. — oo, we have

Terne =

N | =

P!_ R can be obtained througBHl), following the analysis of L

link R— D, rather than[27). The factor means that two TSs Thew = lim b Z(l — P

are required to send one symbol from source to destination. LoocL+1 £~ e (33)
The firstterm(1—-P._gp)(1—P._rp) represents no incorrect =(1—P._sg)(1 = Po_gp)? + P,

.. . SR RD .
decision at both? and D, i.e. z, = z, — z,, While the where the first tern{l — P._s)(1 — P._np)? indicates that

/
second ternP” denotes the probability that one symbol is su he respective symbol is successfully transmitted frondeen

cessfully recovered dP while incorrect decisions occur within TS n TS n
o } SR RD to receiver without errors in each linlk — D, S — R
the transmission, i.e. the casge = =, = z, (x4 # Tp).

Therefore P’ is given b and R "' D. P” denotes the probability that incorrect
’ 9 y deC|S|ons occur at least twice among all three links whike th
source’s symbol still can be recovered By The calculation

1 Ns | As| of P” is divided into two cases: s sh o mD
P’ = Z A Z Z P{s, iy spt - P{sp s Sa} 1) case 1: No error occurs inR —% D, i.e.z, =5 xp
o Nfl = spE€EAq N xq(xq # xp) @t TSn+1. Similar to the analysis on traditional
Ng |Asl Fo) CFENC, the probability of case 1 can be expressed as
ba
Z Z § Q ( ) Q (\/ 2N0> Pcasefl = (1 - PefRD) : Pm- (34)
- =138 a, N
(29)  Similar to @9), P is
Ns Ayl
where A, v = {sulsy € A, (xa)v # (x)n} and (xo)y P *N SN Pl Y. Plua FutP{s W sa)
denotes théVth element ok, = [241, T2, - - ., Tans]|” (54 = N=1a=1 Yy €Aa, N
07xq). Ns 1Ayl d(y) 4
Under the assumption tha¥y_sr = No—rp = No, we Z ZP{ya} Z Q Q \/2“T0
have P._rp = P._gp since no IRl in traditional CFNC- S N=la=1 €A N

based scheme, which resultsfarnc = 3[(1 — Pe—grp)* + :P’”,
P’]. Hence, we achieve the lower bound for throughput (see (35)



where A, v = {w|yp € Ay, (2a)N # (2p) N} E. Practical system with Rayleigh fading channels
TSn

2) case 2 (n'l)'ransm|SS|on errors ?nc)cur ”?n)_> l(zl') V¥e Now we consider a more practical system where the chan-
assume that ,ItheNth elementobe = [z1 ..., I nels are assumed to be flat Rayleigh fading. We thave, ~
is sentenced tajs,f) in R—D link at TSn. In order to recover CA(0,02,), hi2, ho1 ~ CN(0,0%,), hr,,p ~ CN (0,02, ),

? m

(") simultaneously sent by sources at TS the symbol (i =1,2,...,Ng,m = 1,2).

X
x’g" D detected byD at TSn + 1 should satisfy We still firstly analyze the linkR—D, where the transmitted
" n) rnt1) () (nt1) (n) symbol ishg, p©Tx,. Each vector’s length in the constel-
glay’ 2y ) =glay) oy, ) =y, (36) Jation of s is multiplied by|hx, p| which follows Rayleigh

wherexg\’,? and:cg@“) are the correct symbols supposed to b‘é

detected byD without errors. Hence, the probability of casé®
2 can be expressed as

istribution. ThereforeP{s, — ss|hr,, p} can be expressed

2
|hr,,pl%d,;’

Prosez =P{a) B 200} . pal) S=E5P yin1)y Plse = silhn,p} € Q [ FEE | @)
1 Ns |As| RD
. /
~ Ng| A, NZ_I;P{SG — sal wheredffb) denotes the Euclidean distance betwegrand s;,
A \TA | in AWGN channel. According to Chernoff bound [20], we
1 8 Y .
AT 2 Pl S ud 3Pl s, 2O
ST p=1 k=1 st / 204 2
h 24 (s) h 24 (s)
(37) Q | Rm2[])\|[ ab < exp <_| Rm4lj)\|[ ab ) (44)
where s/, is the correspondence t/, = [, ,..]7. 0 0
In @0), y» = s« + s» and s, is the correspondence to " ) ) ] o
S ,..]T, which satisfiesty = 9@, ). Probability density function (pdf) of Rayleigh distribati is
ReplacingP{- -T-} with Q(- - ), P.ase—2 IS given b)7 ' ) )2 0 <y
Ns |4 p(v) o7 P (_W) (0= v <o0) (45)
(v <0)

\ (s)
1 d,.,
Pcasef Si Q =
? NS|AS|NXZ:1; <\/2N0> . . o
AL A Besides, the phase @fg,, p follows uniform distribution on
I = «— < dgf ) < d,(f)/ ) intervals [0,27] and is independent of the distribution of
Q > Q

V2N, |hr, p|- Hence, letv,,p = |hg, p| and Zhgr, p = a, we
can acquire

38 hr,,p|2d2
) <En lexp (_%)]
_According to ([23)),[217),(B3) and @B8), we define._gp, 4No

P._sr, P" and P.,.._> as the bounds foP._zp, Po_sg, /277 1 /oo - w2 U%Ddzf)
— — ¢ dv,, pda
0 0 "
0

P" and P.,s.—2 respectively by replacingP{---} with =

— exp
; 2 2 202 4N
Q(---). Besides,P.osc—1 = (1 — P._grp) - P". Let 72TN ImD ImD 0
5 o D . pIn =
Pcasefl — (1 PefRD) P (39) 2N0 + UglpdzE:)
Based on the fact thaP” = P.qse—1 + Prase—2, We 0btain (46)

the lower bound fofl},.,,:
d )

N ~ ~ N (s
Tnew > (1 - Pe—SR)(l - ‘Pe—RD)2 + Pcase—l + Pcase—27 ReplaCingQ (Lbo) with —

—=20 ——in , the SEP
) W i @

(40) bound for R,,,—D link is attainable.P._gp = +(Pe_p,p +

and the proof of 2" is similar to the derivation of CFNC- p,_ . ) owing to the equivalence of two relays.

based scheme. Then, we consider the performance®#R link. Regardless

In AWGN channels without fading, the union bound fop noise. the signal received by relaydd Hgpx + 07 hiox, .
SEP, obtained fronf23]), approaches the actual value. Therg-q; 5 :,HSRX + hiox, and§ = ©7z. Then, @7) can be
fore, the lower bounds can be the approximations of practiqa,,ritten as " ’

throughput, especially in high SNR regime. When SNR tends
to infinity (i.e. Ny tends to zero), the SEPs tend to zero and

we can achieve 1 Ns 1Al |45 49
1 1 Pe*SRSN—ZkZP{Qa} Z Q(ﬁ) ;
Terne = lim S[(1=P._gz)(1—Pe—rp)+P'] = 5 (41) S k=1 a=1 =1, 0
No—02 2 |Za—2b|lo=Fk

Thew = lim (1= Po_sp)(1— Po_pp)?+P" =1, (42) (47)
NQ*}O

from which the throughput of 1 sym/S/TS is verified. wheredfl%) denotes the Euclidean distance betwggmandyy,.



Since all channels are independent of each other, we have

2 = & & )
_ 9.
d(y) d ()
ab <E ab
7o~ | = BHgsg,h ex -
Q (\/m sr,h12 p AN,
Hsg,hi2
B 21 poo 21 poo VimV2m -+ UNsm¥U12 % 151 . »
= cee 5 5 .2 5 €Xp| — (48) s —A— Proposed Scheme: Simulation
0 0 0 0 91m%92m UNsm012 =1 —6— Proposed Scheme: Theory
9 2 9 d2(17> e —— CFNC: Simulation
v v v 2 —8— CFNC: Theory
(o2 4+ o 24 ))dvudalz g 4
207, 20’Nsm 207, 4Ny 1 4
vasmdaNsm Tt dvlmdalma
where Hsrp = diag(hs,r,,, hs;R,s - sy r,) and .
|hS; R | = Vim, 12| = vi2 (i = 1,2,...,Nsg m = 1,2). 057 . . n - .
The phases of channel coefficients atés,r,, = ain, and SNR [dB]

Zh1a = aq2. In addition,

dzf) _ |@T(HSRXa + hoxe. — Honxy — h12XbT)|2, (49) Fig. 5. Throughput for (2-2-1) system in AWGN channels
whereHsrx, + h12Xa, = Z, and Hgpxy, + hioxp, = 7.

Since all thev;,,, and«;,,, are independent of each othéfg) 3 ‘ ‘ o &6 o6 o o
can be obtained through one by one integration. To reduce t
complexity of integral, we make some simplifications, €ifg.,
the sources stay close during a period of time, we may clai
the same channel coefficient for each of them. Besides, due 245
the large scale of constellation, we can only d§€", rather
thand'?), for eachjj, whered™™ is the minimum Euclidean
distance betweef, and other points in the constellation. Since
d™" mainly determines the SEP performancef®f{y,}, the
mean error can be low enough. For any givenx,,. ,x;, and

xp,, by replacing@ % with (48], the SEP bound for

S—R link [@7) can be achieved by calculation. ‘ ‘ ‘ ‘
The subsequent analysis of throughput is the same as tl 10 S SR 2 %

in AWGN channels, based aR._sr andP._gp. The perfor-

mance of our proposed scheme in Rayleigh fading channgl$ s Throughput for (3-2-1) system in AWGN channels

through simulations is presented in the next section.

—A— Proposed Scheme: Simulation
—6— Proposed Scheme: Theory
—%— CFNC: Simulation

—8— CFNC: Theory

N

Throughput(sym/TS)

VI. SIMULATION
A. Simulation Setup are detected at both relay nodes and destination. Assuming t

L. . . the noise power spectral density remains unchanged durin
We apply the transmission scheme to the uplinks in cer] P P 5 () g g

. L. d . .
lular network and the simulation parameters are configurti entire transmission proces@,(\/ngo) is equivalent to
according to the 3GPP LTE specifications [21][22] and specifi /. ) ) ) -
parameters related to such transmission scheme as wethwH? | =7V SNR) where SNR is the received SNR aiff is

are shown in Table V. the Euclidean distance betwegn ands, in the constellation
TABLE V whereE{||s||? = 1} (i.e. transmitted power is normalized to
SIMULATION PARAMETERS be 1). Given modulation mode, the number of the soursgg (
and the design 0®7, the throughput is only determined by
Parameters Value SNR. We still assume&Vy_sr = No_rp = Ny. Therefore,
Modulation Mode BPSK,QPSK we mainly consider the performance of SEP and throughput
Packet Size 128 bits in various scenarios for practical SNR values. Additiopall
User Ag?pnna Gain ch[f‘%' since the linear growth oiVg leads to exponential growth of
Noise Power -174 dBm/Hz cardinality of©@7x and©7 (x +x,.), which results in deterio-
Path Loss 15.3 + 37.6log, o d ration of SEP and throughput, we mainly consider the systems

Uplink Receiver Type MRC(Maximum Ratio Combining) with 2-source and 3-source. To verify the improvement of

the performance and illustrate the difference betweenu2eso
Two scenarios of channel are considered: AWGN chanraid 3-source, the throughput in this section is defined as the
and Rayleigh fading channel. The desigradf is the same as number of successfully transmitted symbols from all sosirce
the description in section Ill. Through ML detection, syrtsho per TS (sym/TS), rather than sym/S/TS.
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Fig. 7. Throughput performance in Rayleigh fading channels
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B. Results and Discussions

.| ~A—3-2-1 (Proposed Scheme)

—©— 2-2-1 (Precoder design with CFNC)
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Fig. 9. SEP comparison in AWGN channels
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Fig. 10. SEP comparison in Rayleigh fading channels
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and the simulation values are almost identical in high SNR

Firstly, we compare the performance between propostgfime, which verifies the derivation in Section V. Moregver
scheme and traditional CFNC scheme. CFNC [3] needs twte theoretical values demonstrate that even the lowerdsoun
TSs to complete one transmission. In our proposed scheraehieveNg sym/TS, not to mention the actual values. Then,
with two relays alternatively forwarding the symbols f, we consider a more practical system where the channels are
only (L + 1) TSs are required to transmit symbols. BPSK assumed to be flat Rayleigh fading. Although the throughput
modulation is adopted for all nodes. We evaluate the througtecreases compared with that in AWGN channels due to
put performance for §s,2,1) systems in AWGN channels.channel fading, the new scheme can also reach the upper limit
In Fig. 5 and Fig. 6, the average throughput of proposél high average SNR regions, as shown in Fig. 7.
scheme based on two-path relay with IRIC in (2,2,1) and Secondly, throughput comparisons for various SNR settings
(3,2,1) systems is compared with that of traditional CFN@n Rayleigh fading channels are given in Fig. 8. The relay
Even when SNR is as low as -5 dB, the throughput of nemodes always locate between sources and destination,kso lin
scheme is higher than the upper limit of traditional CFNCS—R or R—D achieves better link quality than that of direct
With the increase of SNR, the throughput of proposed schetitk S—D. Link quality can be represented by SNR. Since
approaches the upper limit, which is 2 sym/TS in 2-sourde is located either close to sources, close o or not
system while 3 sym/TS in 3-source network. Furthermorelose to both, we set corresponding SNR& g, Yrp) in
we calculate the theoretical values of throughput based lgarithmic-scale are (SNR10 dB,SNR), (SNR,SNR 10 dB)

30) and {@d), marked as Theory, and compare them with thend (SNR,SNR), respectively. According to the simulation
simulation values under different SNR. To clearly investey results, the relays close to sources (SNR dB,SNR) are

the tendency of the lower bound derived above, SNR varisgpposed to have high-priority in relay selection, esplgcia
from 5 dB to 30 dB due to large scale of constellation fan high SNR regime. Furthermore, better link quality $fR
3-source system. It can be observed that the theoretioaésalrequests lower transmitted power at sources, which reduces
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TS on the same RBs. In order to deal with the IRI caused by
relays, PNC is applied at relay nodes and IRI is successfully
canceled at destination. Theoretical analysis is predetue

verify the performance of proposed scheme. Lower bounds
for throughput in AWGN channels and Rayleigh fading chan-

@
5 g nels are given to estimate throughput of such system. The
£ simulation results in various scenarios illustrate thig trew
% scheme achieves higher throughput than that of other scheme
E in either AWGN or Rayleigh fading channels.

f —— 2-2-1 (AWGN channels)
t —6—2-2-1 (Rayleigh channels) APPENDIX
—A— 3-2-1 (AWGN channels)
—=—3-2-1 (Rayleigh channels) The proof for (30):
0% 10 15 20 25 30 Through@9), we defineP’ to be
SNR [dB]

Fi ; ; Ns |As| (s) (s)

g. 11. Throughput performance adopting QPSK modulation P’ 1 Z Z Z 0 ( dab ) 0 ( dba )
NS|A5| N=1a=1 Sbe-Aa,N V 2N0 vV 2N0
inter-cell interference caused by cell-edge users. (50)

A novel transmission scheme based on precoder deSignTFerefore we havé — P,_pp > 1— P._pp andP’ < P’

proposed in [7], which also achieves symbol rate as hi%he to the fact thatt > b and ¢ < d cannot directly lead
as 1 sym/S/TS regardless of noise and interference. Dur%ga Le>bad our_purpose is to verify thaf, >
traditional transmission process, the symbol is trangaithe [(1— P _RD)2 + ]5/] CFNC 2

by one separately. In [7], source’s symbol transmitted ianch 2
nel is the superposition of two original modulated symbols,
which doubles the ideal throughput. Therefore, we evaluat
the performance of symbol error probability (SEP) between
our new scheme and the scheme proposed in [7], shown in
Fig. 9 and Fig. 10. Although the scheme based on precoder
design is free from IRI, half of the symbols are detected thase
on S=D link in [7]. However, the link quality ofS—-D is where
worse than that ob—R-D, which apparently deteriorates the R R
whole performance. Therefore, in either AWGN or Rayleigh —Pe—rp(1 = P.—rp) > —Pe_rp(1 — P._grp).  (52)
fading channels, it can be observed that our proposed scheme. . 5 ,
achieves better SEP performance than what is proposed.ineé/is'des’ Ietpf*RD + A&rp = Perp, ]IDe—RD + Bgrp =
All the simulations above are based on BPSK modulatiofe—rp @nd P+ Apr = P (0 < App, Agp, Apr < 1), we
To check modulation other than BPSK, we test the throughgtAVe
performance of proposed scheme adopting QPSK modulation. —P, (1 — P._zp) = — P._gp(1 — P._gp)
From Fig. 11, although many transmission errors occur under
low SNR due to large scale of the constellation, the throughp
can also achieve the upper limit when SNR is large enoughfinom (52) and (G3), we haveAgrp — A%, > 0. Moreover,
either AWGN or Rayleigh fading channels. note thatP? ., consists of all the cases when transmission
In general, the simulation results have verified that thteugerrors occur, i.ez, SR T RD zp (zq # Ty, 2y # x1), Which

put of the proposed scheme in this paper is able to reaghniainsp’ - o 5B - RD o (xa £ x3). Therefore, it is

the upper limit (1 sym/S/TS). Compared with other methogl,ious thatA’. . > Aps, S0 iSAgrp —Ap > 0. Hence, the
which can also attain 1 sym/S/TS Mg —source system, our ¢acond term (;%ﬂg]])_: ' B '

proposed scheme achieves better performance.

The throughpuflz ¢ can be rewritten as
crne ==[1 —2P._grp + P2 pp + P/

N =N -

1= Pe_pp(l—Pe—gp)+ (P — Pe—_grp)],
(51)

(53)
+ Agp — Azp.

P'—P._pp =P —P._pp+App—Ap > P — P._pp,
(54)
together with(52), the lower bound foflcrxn¢ is obtained
In this paper, we propose a novel cooperative communi
tion scheme based on two-path relay with IRIC to improve
throughput in multi-source wireless networks. The twoRpaty .. = [(1—P._gp)?+ P> =[(1 - pe_RD)z + p/],
successive relay scheme ensures that the source continuous (55)
sends symbol to the two relay nodes alternatively at any
TS. Deploying CFNC, the single-source system with two-paffhe lower bound foff 7y ¢ in ([BQ) is verified. Furthermore,
relay is generalized to multi-source system, from whichtal the lower bound foff’},.,, can also be verified through similar
sources are able to broadcast their own symbols in the samethod presented above.

VIlI. CONCLUSION

N =
N~
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