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Abstract—This paper deals with physical layer network-coding
for the four-way wireless relaying scenario where four nods A,
B, C and D wish to communicate their messages to all the other
nodes with the help of the relay node R. The scheme given in the
paper is based on the denoise-and-forward scheme proposedsfi
by Popovski et al. in [1]. Intending to minimize the number of
channel uses, the protocol employs two phases: Multiple Aess
(MA) phase and Broadcast (BC) phase with each phase utilizon
one channel use. This paper does the equivalent for the fowmray
relaying scenario as was done for the two-way relaying sceria
by Koike-Akino et al. [2], and for three-way relaying scenaiio in Fig. 1. A four-way relay channel

[3]. It is observed that adaptively changing the network coihg . .
map used at the relay according to the channel conditions gegly transmitted by the user nodes. It is stated that the scheme

reduces the impact of multiple access interference which cars ~ can be extended to more number of users. These two works

at the relay during the MA phase. These network coding maps however deal with the information theoretic aspects of mult
are so chosen so that they satisfy a requirement calleekclusive  way relaying.

law. We show that when the four users transmit points from the . -
same M-PSK constellation, every such network coding map tha In [1(_)]’ the al_Jthors Jeon gt al. adopt an _opportunlstlc
satisfies the exclusive law can be represented by a 4-fold liat Scheduling technique’ for physical network coding where us
Hyper-Cube of side M. The network code map used by the relay ing a channel norm criterion and a minimum distance criterio

for the BC phase is explicitly obtained and is aimed at redugig ysers in the MA as well as the BC phase are selected on
the effect of interference at the MA stage. the basis of instantaneous SNR. Their approach utilizes six
channel uses in case of three-way relaying and it is mendione
that the approach can be extended to more number of users. A
Physical layer network coding for the two-way relay channdlatin square-like condition’ for the three-way relay clmah
exploits the multiple access interference occurring arétey network code is proposed inl[9], and it is suggested that cell
so that the communication between the end nodes can $wapping techniques on these Latin Cubes can be employed to
done using a two stage protocol. This two-stage protocol wi#gprove upon these network codes. The protocol employs five
first introduced in[[4], and [5],[[6] deal with the informatio channel uses, and the network coding map discussed doesn’t
theoretic studies for the scheme. [Ih [2], modulation schetme deal with the channel gains associated with the channels
be used at the nodes for uncoded transmission for the two-wexplicitly. Latin Cubes have been further explored as a tool
relaying were studied. find the network coding map used by the relay, depending on
Work done for the relay channels with three or more us#te channel gain in [3]. The throughput performance of the tw
nodes is given in[[3],[]7]£[10]. In[]7], a two stage operatiofstage protocol for three-way relaying givenlin [3] is bettean
called joint network and superposition coding, which ergplo the throughput performance of the ‘opportunistic scheyli
four channel uses, three for the MA phase and one for tiRchnique’ given in[[10] at high SNR, as can be observed from
BC phase, has been proposed. The three users transmit totfigeplots given in([B]. Our work in this paper further extends
relay node one-by-one in the first phase, and the relay ndf€ approach used inl[3] to four-way relaying and employs
makes two superimposed XOR-ed packets and transmits b&R channel uses for the entire information exchange antongs
to the users in the BC phase. The packet from the node wite four users, which makes the throughput performance of
the worst channel gain is XOR-ed with the other two packef#ie scheme better than the other existing schemes
It is claimed by the authors that this scheme can be extendedVe consider the four-way wireless relaying scenario shown
to more than three users as well. Work by Pischella and RuyetFig. 1, where four-way data transfer takes place among the
in [8] proposes a lattice-based coding scheme combined withdes A, B, C and D with the help of the relay R assuming
power control, composed of alternate MA and BC phasdbat the four nodes operate in half-duplex mode. The retpyin
consisting of four channel uses for three-way relaying. Th@otocol consists of two phasasultiple acces§MA) phase,
relay receives an integer linear combination of the symbadsnsisting of one channel use during which A, B, C and D

|. BACKGROUND AND PRELIMINARIES
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Let the effective constellation seen at the relay during the
1o MA phase channel use be denoted$yy(H 4, Hg, He, Hp),
ie.,
Sr(Ha,Hp,Hc,Hp) = {Haxa + Hpzp + Hocxc + Hpzp|
TA,ZB,xc,xp € S}.
: The minimum distance between the points in
3 (M FaxFa= {00, 01, 10, 11} .
z-fo123} the constellation Sy (}J_{A,H_B,HC_,HD) denoted by
s= 1314} dmin (Ha, Hp, Hc, Hp) is given in [3) on the next
page, whereS™ = § x § x .. x 8 (n times). From [3), it
is clear that there exists values dfH 4, Hg, Ho, Hp),
transmit to R; androadcastBC) phase, in which R transmitsfor which dp.i, (Ha, Hp, Hc,Hp) = 0. Let H =
to A, B, C and D in a single channel use. Network Coding i§(Ha, Hg, Ho, Hp) € C*dyin (Ha, Hp, Hc, Hp) = 0}.
employed at R in such a way that A(/B/C/D) can decode B'§he elements o} are called singular fade states. For singular
C's and D's(/As, C's and D's /As, B's and C's) messagesiade states|Sg (Ha, Hp, Hc, Hp)| < 4*.
given that A(/B/C/D) knows its own message. Definition 2: A fade state(H 4, Hp, Hc, Hp) is defined to

Our physical layer network coding strategy uses a mathee asingular fade statéor the MA phase of four-way relaying,
matical structure called a Latin Hyper-Cube defined as¥lo if the cardinality of the signal se$r (Ha, Hp, Hc, Hp) is

less thamd.

Definition 1: An n-fold Latin Hyper-Cube L of r-th order Let the Maximum Likelihood (ML) estimate of
of side M[LT] is an M x M x ... x M (n times) array (¢4,%B,zc,2p) be denoted byia,ip,éc,ip) € S* at R
containingM™ entries,M ™" of each ofM" kinds, such that Pased on the received complex numbgy, i.e.,
each symbol occurs at most once for each value taken by each (2a,%p,2c,2p) = arg (oa r;l;nw et IYr —HX][, (2
dimension of the hyper-cub. . where H = [H, Hp He HD]’ and X — A 25 2o 2p|"

For our purposes, we use only 4-fold Latin Hyper-Cubes of
side M on the_symbols from t_he_z SEL = {O, 1,2, ...,t_— 1}, Broadcast (BC) Phase:

t > M?. In this hyper-cube, fixing the first dimension, that pyring the BC phase, the received signals at A, B, C and
represent; As tran_sm|tted syrr_1bo|, we get a three dimeabiog) 4,0 respectively given by,
array, which we will be referring to as cube; then B(/C/D)’s, _ HY Xt Za, Yp = HygXp+ 25, Yo = HaXp+ Zc, Y = Hy X+ 25

Fig. 2. 4-PSK constellation

i 1 (11)
gjgs@tted symbols are along the files(/rows/columnskohe where Xp = MHaHsHoHp (G, 5 dc, @D)) c ,Sl d,e-
notes the complex number transmitted by R &hg H 5, H,
1. SIGNAL MODEL and H ,, respectively are the fading coefficients corresponding
to the links R-A, R-B, R-C and R-D. The additive noises
Multiple Access (MA) Phase: Za, Zp, Zc and Zp are CN (0,02). During BC phase, R

Suppose A(/B/C/D) wants to send a 2-bit binary tuple tgansmits a point from a signal st given by a many to one
B, C and D(/A, C and D/A, B and D/A, B and C). Themap MHaHsHeHp . g4 S’ chosen by R, depending
symmetric 4-PSK constellatiof-1, + j} denoted bYS S on the values offi, Hp, He and Hp. The cardinality of
shown in Fig. 2, is used atA, B, C and D, apd F5 -+ S ' > 64 — 25, since 6 bits about the other three users needs
denotes the map from bits to complex symbols used at §, e conveyed to each of A, B, C and D.

B, C and D whereF, = {0,1}. Letza = pu(sa), 2B = A clusteris the set of elements i§* which are mapped to
p(sp),zc = p(sc),xp = p(sp) € S denote the complex he same signal point i§” by the mapM Ha-Hs:Ho Ho | gt
symbols transmitted by A, B, C and D respectively, whergt., s, He Hp _ {L1,L5,..,L;} denote the set of all such
sA,sB,Sc,sp € F3. We assume that the Channel Statg)sters.

Information (CSI) is not available at the transmitting neded Definition 3: The cluster distance between clusters
perfect CSl is available at the receiving nodes. The redeivg“ L; e CHaHp.He.Hp a5 given in[(#) on the next page,

signal at R in the MA phase is given by, is the minimum among all the distances calculated between

Yr = Haza + Hpzp + Hoxe + Hpzp + Zg, (1) the points(za,zp, 2o, xp) € Li and(za, 25, 2c, 2D) € L;
in the effective constellation seen at the relay node R. The

where Ha, Hp, Ho and Hp are the fading coefficients minimum among all the cluster distances among all pairs of
associated with the A-R, B-R, C-R and D-R link respectivelyhe clusteringz#4-#z:He Ho g jts minimum cluster distange

it i 2 2 . .
The additive noiseZr ~ CN (O,G ), where CAf _(O,cr ) as given in[() on the next page.
der_lotes the cwc_ularlyzsymmetrlc complex Gaussian randomype performance during the MA phase depends on the
variable with variance*. minimum cluster distance, while the performance during the
1 - e BC phase is dependent on the minimum distance of the signal
The definition has been modified slightly from the referreticr “On S/ Aph f d to di h . .
Latin and Hyper-Graeco-Latin Cubes and Hyper Cubes” by kshkn S€LS .Aphenomenonreierred to astance shorteningiven
(Current Science, Vol. 11, pp. 98-99, 1942), in accordanitk the context. in [4], is described as the significant reduction in the valtie



dmin(HAyHByHchD)(z )Igli/n ., )‘\51;14 (J/‘A—l‘iq)-i-HB (xB—:cjg)-i-Hc (:cc—xlc) +Hp (:(:D—:(:’D) | (3)
TA,ZB,LCH,TD ), ZA,ZB,ZC,ZD
(wa,ep,2c,2p) (@), ,0p.20,2)

L C; .
7 (Ha,Hp,Hc,Hp) = min Ha (xA — x’A) + Hp (:cB - x’B) + He (xc - :c'c) + Hp (xD - x'D)’ 4)
(171,601/3,19,11’3)651:,
(z'y2g 202 p)ELS
doin (CHA7HBaHC'7HD) — min
(zazp.zczp) (2,2 2p,x))eS?,
MHAHBHCHD (34 ap,ac,ap)gmPafBHoHp (o7,

d

Hp ((EA—IEA)—FHB (:EB—:BIB)—‘,-HC ((Ec—:vlc)—i-HD (IED—(E,D)‘

,zjg,zlc.,le)
5)
dmin (C{(HA’HB’HC’HD)},hA,hB,hc,hD) = min , hﬁ(mA—miq)—i-hB (mB—I,B)-i-hc (:Bc—wlc)-i-hD (wD—m,D)}

(¢ wp,2c,2p),(2y,2g,20,2)€S?,

MIAHE TG HD (4 2 0 ) M4 B TCD (01t o 07 )
(6)
Ha,Hp,Ho ,H Hpa,Hp,Ho,H / / / !/ !/ !/ / / /
MEAHEBECHED (g4, xp,x0,vp) # MPANBHEC D(xAvxgvxcny)7va7xB7xByx07xcnynyEsv(xByl’CvxD)?é(xsvxcny)

@)

Hjya,Hp,Hco,H Hjya,Hp,Hco,H / / / / / ’ ’
MTEAEETC D(xAvavx07xD)7éM AHB R HED TA;XTB; Ty Tp 7V1’A71'A71’B71’071'071’D71’DESv(xA7x075UD 7é Tp,T 71‘D2
8)

)
Ha,Hp,Hc ,H Ha,Hp,Ho ,H / / / / /! / / /
MEAHEBECHED (g4, xp, 0, vp) # MPARBECGED (o) a'h xo,xp) VoA, 2, 28,0, %0, xp,xp €S, (za,TB,TC) # xA,:cB,:cc)

(10

! !
) e
Ha,Hp,Ho ,H Ha,Hp,Ho ,H / / / ! / / / / /
MIEATBC D("EA7$B7$C7"ED)7EM AT B HO D(mA7vamC7mD)7va7$A7"EB7"EB"’EC7$D7xD 687($A7"EB7"ED)7£($A7"EB7:ED)
!
(s ) )7

dpnin (CHA-H5He Hp) for values of (Ha, Hp, He, Hp) in uses using our proposed scheme.

the neighborhood of the singular fade states. If the clumjer « Itis shown that if the four users A, B, C, D transmit points
used at the relay node R in the BC phase is chosen such from the same M-PSK constellation, the requirement of
that the minimum cluster distance at the singular fade state satisfying the exclusive law is same as the clustering
non zero and is also maximized, then the effect of distance being represented by a 4-fold Latin Hyper-Cube of side

shortening can be avoided. M. (Section III)

We say a clustering#4-Hz.He.Ho removes a singular fade « The singular fade states for the four-way relaying scenario
state (Ha, Hg, Hc, Hp) € H, if dpy (CHAH5He Hoy > are identified. (Section 1V)
0. Let ci(Ha.Hz.He Hp)} denote the clustering which re- « Clusterings that remove these singular fade states are
moves the singular fade staté/ ., Hg, Hc, Hp) (selecting obtained and are of size between 64 to 90. (Section V)
one randomly if there are multiple clusterings which remove « Simulation results are provided to verify that the adaptive
the same singular fade statéis, Hg, Hc, Hp)). Let the clustering as obtained in the paper indeed performs better
set of all such clusterings be denoted 8y, i.e., Cyx = than non-adaptive clustering at high SNR. (Section VI)
{Ct(HaHn He Ho)} - (H o, Hp, Ho, Hp) € M} The remaining content is organized as follows: Section

Definition 4: The minimum cluster distance of the clustert|] demonstrates how a 4-fold Latin Hyper-Cube of side 4
ing C{(HaHs.He Ho)} for (Hu, Hp, He, Hp) € H, when can pe utilized to represent the network code for four user
the fade state(ha,hp,hc,hp) occurs in the MA phase, communication. In Section IV we define what we mean by
denoted byl,y,;,, (C1H4-HuHe Ho)k hy hp ho,hp), is the  singular fade subspaces and in Section V, focus in on the
minimum among all its cluster distances. removal of such singular fade subspaces using 4-fold Latin

When (ha,hp,hc,hp) ¢ H, we choose the Hyper-Cube of side 4. Simulation results are provided in

clustering Ca s -he ko to be CHUHaHp.He Ho)l ¢y, gection VI. Section VII concludes the paper.
such  that dy, (1B Ho HD)} by b, ho,hp) >

doin (C{(H;‘,Hg,Hé,Hb)}7hA7hB7hC7hD N (Ha, Hp, Ho, Hp) # I1l. THE EXCLUSIVE LAW AND LATIN HYPER-CUBES
(H!\, Hy, Hy, Hp) € H. The clustering used by the relay is In the previous section, it was stated that in order to ensure
indicated to A, B, C and D using overhead bits. that A(/B/C/D) is able to decode B's, C’s and D’s(/A's, C’sthn

In order to ensure that A(/B/C/D) is able to decode B's, C'p’s /As, B's and D’s /A's, B’'s and C’s) message, the clusteyi
and D's(/As, C's and D’s /A's, B's and D'’s /A, B's and C’s) C that represents the map used at the relay should satisfy
message, the clustering should satisfy the exclusive law,the exclusive law. We assume that the nodes A, B, C and
as given in [[¥),[(8),[19),[{10) on the next page. We explaib transmit symbols from the 4-PSK constellation. Consider
Exclusive Law in more detail in the next section. a4 x 4 x 4 x 4 array, containingl* = 256 entries indexed

The contributions of this paper are as follows: by (4,25, zc,zp), i.€., the four symbols sent by A, B, C

« Exchange of information in the wireless four-way relayand D in the MA phase. The four cubes of tHis 4 x 4 x 4

ing scenario is made possible with totally two channelrray, are indexed by four values takendy. Each file (/frow



hSE [T1 (] (1] in the BC phase in order to remove the singular fade state

/ P“(a{z T T T AT T T T T T T (Ha,Hp,Hc, Hp) is referred to as &ingularity Removal
’;“D e ] LT T T T 1T Constraintfor the fade statéH 4, Hg, Hc, Hp) for four-way
X Tdo | 1T T T 1K T 1L H T LA relaying scenario.
l - H— H— H— The relay receives a complex number, given By (1), at the
T T T T end of MA phase. Using the ML estimate of this received
Xes X=1 Xa=2 Xa=3 complex number, R transmits a point from the constellation
! A— . . /wi inali 4 itti
Fig. 3. A 4-fold Latin Hyper-Cube of side 4 represents thelwsice law S’ With cardinality at most®. Instead of R transmitting a
constraint for the relay map when 4-PSK is used at end nodes point from the4* point constellation resulting from all the

possibilities of(z 4, x5, zc, xp), depending on the fade states,
the relay R can choose to group these possibilities intdensis
represented by a smaller constellation, so that the minimum
Yluster distance is minimized, as well as all the users vecei
the messages from the other three users, i.e., the clugterin
s?tisfies the exclusive law. We provide one such clusteng f
fiie case of four-way relaying in the following.

Let (Ha,Hp,Hc,Hp) be the fade coefficient in the
MA phase. SupposéH 4, Hg, Ho, Hp) is a singular fade
state, andI' is a singularity removal constraint corre-
sponding to the singular fade statgfs, Hg,Hc, Hp).

/column) of each such cube is indexed by a value: pf(/z¢
lzp), for this fixed value ofr 4. The repetition of a symbol
in a cube results in the failure of exclusive law given b
(7). Considering thet x 4 x 4 array with its files being the
first(/second/third/forth) files of thé x 4 x 4 x 4 array. Each
4 x 4 x 4 array so obtained, corresponds to a single value
xpg. A repetition of a symbol in this array will result in the
failure of exclusive law given by {8). Similarly, a repetiti of
a symbol in thet x 4 x 4 array with its rows(columns) being
the first(/second/third/forth) columns of the< 4 x 4 x 4 array,
that corresponds to a single value of (xp), will result in . ;ST
the failure of exclusive law given b)[](&gl):(ﬂl)O)). Thus, foeth Then there eXISt(xA’,xB’,xC’,xD),’ (xA’:Cr]B’hxc’xD) €L
exclusive law to be satisfied, the cells of this array showd lng’ 5,20, 2p) 7 (T4, ¥, Ty xD/) suc ,t at, , /
filled such that thel x 4 x 4 x 4 array so obtained, is a 4- 474 " Hp75 *foro+Hpmp = Hazy +Hprp + Hoto T HDp
fold Latin Hyper-Cube of side 4, fot > 64 (Definition 1), ~ ~ 744 ~7a)* #alrn = wp) tfote = re) # fp(p = wp) =0
The clusters are obtained by putting together all the tuples e
(i,4,k,1),i,4,k,1 € 0,1,..t — 1 such that the entry in the " & e )¢ <[ sc —<h ]> 2
(i, 7, k,1)-th slot is the same entry frof,. et

The same can be extended to an M-PSK constellatioMhere for a4 x 1 non-zero vectow overC,
i.e., if the network code used by the relay node in thg»L
BC phase satisfies exclusive law, it can be represented by L . . a
a 4-fold Latin Hyper-Cube of side M and > M? with It can be proven thatv)™ is a three-dimensional vector
cubes(files/rows/columns) being indexed by the constetiat SUPspace 0‘_:4_- Sincer,xp,xc, T, ¥y, ¥, Te, Tp € S,
point used by A(/B/C/D), symbols from the s&t, (Fig. 3). where S. is finite, there are only finitely many pOSSIb.Ihtlle.S
Any arbitrary but unique symbol fromiC;, .., £;} denotes a for the right-hand side of(12). Thus the uncountably indinit

4
= {w = (w1, w2, w3, ws) € C* | wivy + wavz + wavsz + wavg =0 .

unique cluster of a particular clustering. singular fade state§f 4, Hp, Hc, Hp), are points in a finite
number of vector subspaces®©f. We shall refer to these finite
IV. SINGULAR FADE SUBSPACES number of vector subspaces as Siagular Fade Subspaces

As stated in Section I, a clusteri@f’4-5.He . Hp jg said  [3]. There are four possibilities of singular fade subsjsaoe
to remove singular fade statgf4, Hp, Ho, Hp) € H, if four-way relaying as we explain individually in the followg.
i (CH4HE:HesHD) >, je., any two message sequence§ase 1: Only one ofry — &'y, 2 — &'z, x¢ — 2 OF xp —
(ra,zp,7c,zp) € S* that coincide in the effective constella-is non-zero, resulting in the following 4 subcases:
tion received at the relay during the MA phase should be keptl) x5 = 2/5, z¢c = 2f, xp = 2, andxy # 24
in the same cluster @@/« #5.He. oS0, removing singular  2) x4 = 2/,, 2¢ =z, 2p = 2/, andap # 2’y
fad_e states for a four-way relay channel can alternatively b 3) x4 = 2/y, x5 = 2’3, 2p = 2/, andzc # zf,
defined as: 4) x4 =2y, xp =25, xc =z andzp # 2

Definition 5: A clustering C"4.#=.fe-fo s said tore-  cage 2: Two of 4 — 4!y, wp — 2y, B0 — Tl OF Tp — &' are
move the Sinqg'_f}r_ fadef Sthat@HAvHBvHCvHD) bG 7?] i non-zero, resulting in the following 6 subcases:
any two possibilities of the messages sent by the user oy oy ] p
(xa,zp,zc, D), (¥, 2, xp, o) € S that satisfy S'LZ; ra B xf“ B B z,B’ e 7 Z,C andzp 7 x,D

T = x;“’ To = arlc, xp # leg E;?](;a:D 7;%?
Hpzxpa+Hprp+Hcocxc+Hpxp = HAwa—‘rHBwlB—i-chlc—i-HleD ig iz — i;;: ig _ ig: ij ;éi/f andjg 7& i/g
are placed together in the same cluster by the clustering. 5) =B = 25, ¥p = 2, za # )y andac # ¢

Definition 6: A set{(z,zp,zc,zp)} € S* consisting of ~ 6) Zc =z, xp =2, va # 2y andzp # v
all the possibilities of(x4,zp,zc,zp) that must be placed Case 3: Three ofxy4 — 2/y, 2 — 2’5, xc — 2 OF zp — 2/
in the same cluster of the clustering used at relay nodeaRe non-zero, resulting in the following 4 subcases:



1) x4 =2y, xp # 2, vc # 2 andzp # ', We partition and prove this Lemma in three parts: Lemma

2) xa #1y, xp =2, vc # v andzp # ', 2, Lemma 3, Lemma 4 given in Case 2, Case 3, and Case 4
3) wa #2y, v # 2y, xc = andxp # 2, respectively of this paper.
4) x4 #2, g # 2’5, xc # v andzp =2 Lemma 2:When z4 # 2y, zp # a5, zc =

/! _ / I —

Case 4: All of x4 — 'y, 25 — 2y, zc — 2, Or 2p — 2, are  *c andeD = T tfor a gien vector v =
non-zero, i.e.xa # 'y, xp # vy, zc # ¥ andxp # a.  PA T ¥a, TB T Tp; 0, 0] over Dy U Dy, there are

precisely 4 or 8 vectors (including) over D; U D, that
Case 1 Onl P o . _, generate the same vector space dVeasv.
wase L. DNly one olwa =y, & — Iy, To — o 0N Ip = Tp Proof: The difference constellatord = AS =
is non-zero, resulting in 4 subcases. Without loss of gdihera (s—s : 5,5 €S} wheres is 4-PSK constellation, is given
we discuss the first subcase ©se 1 The singular fade EUb_ by [12]' ’ '

x4 —x
space in this case will be given 3/ = [ 8 -I . AS ={0}uU {Qsm (mn/4) e*™/2|n odd}
0 . j(km/24m/4
Let D denote the set of differences of t\'he pointsi}fi.e., U {251” (mn/4) /24T D ever} ’

D={wi—z; | wi,x; € 5} ={0,£1+j,4+2j, 42} . Wecan \here1 < n < 2 and0 < k < 3. So,v can also be written
write, D = {0} U Dy U Do, whereD; = {+1=£j} and gq

Dy = {£2, +2}. oo 2sin T8It
Now, z4 —z’y € D can take eight non-zero values. So there [ A A -I ks
. A~ ¢ T — T 2sin TRz oi¢2
are eight total possibilities for the vectary — 2’4, 0, 0, 0], v = 0 Bl = 4
wherev! denotes the transpose of a vectorSince each one 0 0
of +1 + j, 25 and +2 can be obtained as scalar multiples 0
! ' where¢; = k;n/2 if k; is odd andg; = k;w/2 +n/4 if k; is
of 1 + j (overC), we have h ko /2 i & dd /2 4if k
(<1144, 0,0, 07 =[1-4, 0, 0, 0)F even.
. . T _ [_ . T
(7) [1+]" 0.0 O}T = lf]’ 0.0 (;} A vector w over D; U D, shall generate the same vector
(=) [1+3, 0,0, O}T =150 O’TO] space ovelC iff w is a scalar multiple ofv, i.e., for some
(I+4)[1+4, 0,0, 0" =[25, 0, 0, 0] complex numbere’? € C,
(_1_.7) [1+.]7 07 07 O}T = [_2.]7 07 07 O}T ok . .
in Tk oid i, Tk i
(L-3)+4 00 07 =20 0 07 2sinTre 2simTe
(~1+)[1+4 0,0, 07 =[-2, 0, 0, 0 b= el = | 2T | e | 2sinTirel
0 0
Therefore, 0 0

H

2

coc o+

143 +1+35 +2;5
<{ D:q 0 D:q 0 D:q D where fori = 3,4 ¢; = kin/2 if k; is odd and
0 0 ¢ = ki /2 4+ /4 if k; is even.
As a result, only one singular fade subspace arises from
this subcase, vizs' = ([1+, 0, 0, 0}T>l. Similarly, for the  Then,
other three subcases, there is a single singular fade stéspa

coco

resulting in a total of 4 singular fade subspaces arisinghfro 2Sin%em1 =rel? x 2sin%eﬂ¢3 (14)
this case.
and L .
. TR2 i0 . TR4 4
Case 2: Two of x4 —2/y, 25 — 2’5, ¢ —x OF xp — 2/ are QSznTeW? — red? x 2SZnTeJ¢4' (15)

non-zero, resulting in 6 subcases. Without loss of gertgrali . . .. . .
we consider the case for which the singular faije subspagceeltmvIdlng (14) by [13) and taking modulus of both sides, we

va x;q sinTk sin™ks

for this case is given bys” = B —Tp . Both 4 — 4_ (16)
0 . 7Tk2 - 7'rk4
0 sin= 2 sin= 4

x4 — vy andrp — 2z € D can take eight non-zero valuesas shown in[12], this is possible only i, = ks andky = k.
each. There are therefore, 64 total possibilities for thetare A5, from [13) and[(T5) we have

/ / t

[ta — 2y, zB — g, 0, 0]". sinhL sinhs

Lemma 1:Givenv = I:IA -2, 2 — 23, Tc — TH, Tp — w'D] 4 ej(¢1—¢2) — 4 ej(¢3—¢4)' (17)
with entries fromD; U D,, when at least one of, # sin T2 sinha

/ / / / H
'y, T # o'y, xc # v andzp # 2y, there are precisely From and@7). we have
4 or 8 vectors (including) with entries fromD; U D, that (18) [ )" .
generate the same vector space dveasv. eI (#1=92) — i(9s=04) (18)

t



]
s D= D= D D = D= DU D -y

Fig. 4. Null Spaces of the Singular Fades Subspaces for $@aca # 'y, zp # ©y, o =z, andzp = z/,.

Note that here, the LHS is fixed. It therefore suffices tgenerate the same vector space dieasv.
compute the number of values that RHS takes for the fixed Proof: The proof of this Lemma is similar to the proof
value of the LHS. It can be verified, that for a fixed value off Lemma 1 and is therefore omitted. [ |
¢1 — ¢2, there are precisely four pair of values of and¢s  Sincexy — 2y, 25 — 2%y andzc — 2, € D are non-zero,
that result in the same value of — ¢,. We now look at the we can say that
following possibilities:
Case 1:k; = ko. Then, ks = k4, i.e., there are exactly two ra—2y, vp — 2z andxc — z; € Dy U Da.
possibilities forky; andks, viz., k1 = ko = 1 andk; = ko = 2. .
With two pairs of values foks andks and four pairs of values As a result, we have the following three subcases:
for ¢3 and ¢y, we_havg a total of eight set of values that 1) One ofz, — t'y, xp — 2’y andzo — xl, € Dy
can take. Hence, in this case, the vector space generated by 2) Two of x4 — z'y, xp — vy andzc — 2, € Dy
can be generated by exactly eight other vectors @4gr D-. 3) Allof 24 — 24, 5 — 2y andzc — 2}, € Dy
Case 2:ky # ky. Then, ks # ks, 1.€., there is precisely one \yo 4o with each one of the subcases one-by-one.
possibility for k; and ks, viz., ky = ks and k1 = k4. With , , ;

. . Subcase 10ne ofx4 — 24, 2 — 25 andzc — z € D;.
only one possible set of values fbs andk, and four pairs of . . ¢

Without loss of generality, we assume thaf — 2/, € D,

values forgs and¢,, we have a total of four set of values that don — 2l 2o — 2l & Do There are 64 possibilities
w can take. Hence, in this case, the vector space generate By ©5 B ¢ ¢ 2 P ¢

y ! A ! !
or’ the vectorv' = [zy — 2y, xp — 25, xc —x, 0].
v can be generated by exactly four other vectors @goDs. For each of the 64[ Sossib?litiesB forBtherectg;r‘ ]:

_ _ . (x4 — 2y, T — &5, T —ap, 0], precisely 4 vectors of
In this case we end up with 12 singular fade subspac®gth 4 overD, U D, generate the same vector space over
given by the null spaces of the spaces given above in Fig: As a result, this case leads to 16 singular fade subspaces.
M. Similarly, for each of the other five subcases, there are $8e same holds for the case whem — 2ty € Dy and
singular fade subspaces, resulting in a total of 72 sindatée ., _ #y, ro — x}, € Dy, of whenzo — 2}, € D; and
subspaces for the case. za — 'y, xp — 2’5 € Do. This subcase therefore results in
48 singular fade subspaces.
Case 3: Three ofxy — 2y, 2 — 2’5, xc — 2 OF xp — ',  Subcase 2Two of x4 — 2y, zp — 25 andzc — 2, € Dy.
are non-zero, resulting in 4 subcases. Consider the suybcdges subcase can be dealt with similar to the Subcase 1 and
where the singular fade subspace in this case is given hgnce also results in 48 singular fade subspaces.

1
[ TA — Ty _I Subcase 3:All of x4 — 2y, ©p — oy andzc — 2}, €
S = oo _aP . Here each ofry — 2y, x5 — D; (or D,). There are 128 possibilities for the vector
[ 0 ¢ A — 2y, 2B — 25, T — T3, O]t overD; (or Dy). For a

rp andzc — x; € D can take eight non-zero valuesgiven such vector, 8 other possibilities of 4 length vectors

There are therefore, 512 total possibilities for the vectaverD, UD, that generate the same vector space @€fFhe

A — 2y, o — 25, To — 20, 0]’ subcase therefore leads to a total of 128/8=16 singular fade
Lemma 3:For the case whemy — 2/y # 0, zp — 2’y # Subspaces.

0, z¢ — xzp # 0 andzp — 2/, = 0, for a given vector The three subcases result in a total of 48+48+16=112

v=[ra—2y, xp — 2, o — T, O]t overD; UD,, there singular fade subspaces. So, there are a totabof12 = 448

are precisely 4 or 8 vectors (including over D; U D, that singular fade subspaces corresponding to Case 3.



Case 4: All of x4 — 2y, xp — 25, xc — x; or xp — 2, As shown in[12], this is possible only iy = ks andk, = kg.
are non-zero. The singular fade subspace in this case is gi®milarly, dividing {I9) by [21) and taking modulus of both

[ za—a ‘| + sides, we get
" _ B —Tp ! _ iy k1 i ks
by, s = [ xc_ch J . Here each oft4 — 2y, xp Sl.nﬁi _ Sl-n;zi ' (24)
zp — 'y ) sint2 sin=t
2z, zc — xp andzp — 2, € D can take eight non-zero_ = ] ] o
values. There are therefore, 4096 total possibilities far t 1S iS possible only it = k5 andks = k7. Similarly,
t
vector[z 4 — 2y, xp — 2y, v — x5, Tp — ). ki = ke andky = ks. (25)
Lemma 4:For the case whenzs, # 24, B
¥y, xe # x, andzp # o, for a given vectorv = Also, from (19) and[(20) we have
[xa — 2y, zB — 2, T — 2(, xD—x’D]t over Dy U Do, sinThL sinTks
there are precisely 4 or 8 vectors (includimgover D; U Ds -—7741@6“%7@) = _—;‘,%ej(%’“b“’). (26)
that generate the same vector space dversv. ST St
Proof: As mentioned in the proof of Lemma 1, from [12],From [23) and[(Z6), we have
D=AS={0}U {2sin (mn/4) e?*™/2|p, Odd} eI (91792) — pil(¢5—¢0), 27)
u {2sin (wn/4) eIk /247/0) |, ever} ) Similarly,
) I (P1—=83) _ i(Ps—¢7) (28)
wherel < n <2 and0 < k < 3. Therefore, we can write,
ki and
A -7, 2sin=gtel® I (61-04) _ oilés—ds). (29)
/ 2Sinﬂ—k2€j¢2
B —Tpg 4 . . .
V= o — T i mha pios In 27), (28) and[(29), the LHS is fixed. It therefore suffices
o o e to compute the number of values that the RHS takes for fixed
p 2sin”T’“eJ¢4 LHS in the three equations. It can be verified, that for a fixed

value of ¢1, @2, ¢35 and¢y, there are precisely four set of
values of¢s, ¢g, ¢7 andgg that result in the same value of
¢1 — Pa, ¢1 — @3 and gy — ¢4. We now look at the following

ossibilities:

ase 1:ky = ko = k3 = ky. Then,k5 = k¢ = k7 = kg, ie.,
there are exactly two possibilities fég, kg, k7 and kg, viz.,
k5:k6:k7:k8:10rk5:k6:k7:k8:2.WithtW0
QSmﬂTlﬂeml -| QSm’TT’“Se-WS sets of values foks, ks, k7 andkg and four sets of values for

282.”%;@663-% o5, ¢6, o7 andgs, we have a total of eight set of values that

where¢, = k;w/2 if k; is odd andp; = k;n/2+ w/4if k; is
even.

A vector w over D; U Dy shall generate the same vecto

space overC iff w is a scalar multiple ofv, i.e. for some
complex numbere’? € C,

2sin”Tk28j¢2

v=refw= — red? can take. Hence, in this case, the vector space generated by
B in ks ojo: - 25in kL ei 07 i
2sin"32el?s 1 can be generated by exactly eight other vectors @er D,.
9gin Tk pida QSmﬂTksejcbs Case 2:At least one ofk; # k;, for1 <i <4,1<j<4.
4

Then, k; 14 # kjya, SO that, using[(23)[(24) and (25), there
where fori = 4,56 ¢; = k;w/2 if k; is odd and is precisely one possibility foks, ks, k7, ks, Vviz., ks = ki,

¢; = kim/2 4+ w/4 0f k; is even. ke = ko, kv = ks and ks = k4. With only one possible set
of values forks, kg, k7 and kg and four sets of values for
Then, o5, ¢, ¢7 andgg, we have a total of four set of values that
Thy _ ks can take. Hence, in this case, the vector space generated by
2sz'nTeJ¢1 =rel? x 2sz'nTe”’5, (19) can be generated by exactly four other vectors @eu Ds.
|
28inﬂ-—erj¢2 — red? % 282.”77_1%‘6]-% (20) In Case 4, since all of s —2'4, xp—2, xc—x andzp—
x', € D are non-zero, we can say that
2sin%em3 =rel? x 281'71%6](757 (1) za-—12, zp— 2y, o —x andzp — ', € Dy U Ds.
and, As a result, we have the following four subcases:
Qsmﬂ_k‘lejm — red? 252-””_]{86.7'%' (22) 1) Onlyone ofxq—2'y, xp—2a'y, xc—x, andzp—2a', €

1
Dividing (I9) by [20) and taking modulus of both sides, we 2) Two ofz4—2'y, p—2'3, xc —z, andzp—2', € Dy
get . . 3) Threeofvs—2/y, zp—2'y, xc—2 andzp—z', € Dy
sin®{h  sin®® 4) Allof x4 -2y, xp—2'5, zc—x andzp —a/, € Dy

= . 2 .
sin™2  sinThe (23) We deal with each one of the subcases one-by-one.




Subcase 1:0nly one of z4 — 2/, zp — 2’5, ¢ — fade subspaces. Let the fade stébey, hp, hc, hp) denote
zy andzp — 2, € D;. Without loss of generality, we a point in one of the 1484 singular fade subspaces. The
assume thaty — 2’y € D; andzp — 2’5, ¢ — 2, xp — constraints on the x 4 x 4 x 4 array representing the map
xp € Dg There are 256 pOSSIbIlItIeS for the vector = at the relay node R during BC phase for a singular fade
a4 — 2y, v — 25, Tc — T, D —:vD] But precisely 4 state, can be obtained using the vectors of differences, viz
vectors of length 4 oveD, UD», i.e. the{+1,+j} scalar mul- [z4 — 2y g — 23, ©c — 2, xp —2p] contributing  to
tiples of the vector generate the same vector space@©vAs this particular singular fade state. So,(iff4, hp, hc, hp) €

aresult, the cases — 2y € Dy andapg —a'p, xc —x € Dy [xa — 2y 2 — 25, xc — 2, zp — 2], then, for
leads to 64 singular fade subspaces. The same holds for the, x5, zc,zp), (¥4, 2, 2, ') € 8%, hawa + hprp +
case whenp —2y € Dy anda s —2y, xc —af, xp—2p € hcxe + hprp = hax'y + hpa’y + hexy + hpalp.

D,, whenze —az € Dy, andz s —2/y, xp—2’3, xp—a, € For a clustering to remove the singular fade state
Dy, orwhenzp—a'y € Dy xa—2'y, xp—2’5, p—2p € D2.  (ha,hp,hc,hp), ie., for the minimum distance of the
This subcase therefore results in 256 singular fade subspaclustering to be greater than 0 (Section II), the pair
Subcase 2Two of x4 —2/y, 2 — 2’5, vc—2 andzp — (za,zB,2c,2D), (24,25, 2, ¢)p) must be kept in the
z, € Di. This subcase can be dealt with similar to theame cluster. Alternatively, we can say that the entry
Subcase 1 and results in 384 singular fade subspaces.  corresponding to(xa,xp,zc,zp) in the 4 x 4 x 4 x 4
Subcase 3Three ofr 4 —2/y, xp—2’3, zc—2, andzp— array must be the same as the entry corresponding to
z', € Dy. This subcase can also be dealt with similar to the',, z'5, 2., 2,). Similarly, every other such pair is*
Subcase 1 and results in 256 singular fade subspaces.  contributing to this same singular fade subspace must be kep
Subcase 4All of, or none ofz4 — 2'y, x5 — 23, o — in the same cluster. Apart from all such pairs &t being
zy andzp — 2, € D;. There are 256 possibilities forkept in the same cluster of the clustering, in order to remove
the vectorjz4 — 2y, z — 2’5, zc — a:’c]t over D;. For a this particular fade state, there are no other constrairits
given such vector, possibilities of other 4 length vectorsro constrainedd x 4 x 4 x 4 array can then be completed by
D, U D, that generate the same vector space dileare simply filling the top-most and the left-most empty cell in
the {+1,+7, +1 + j} scalar multiples of the vector. The casdhe earliest file of the earliest cube, wify,i > 1 in the
xa — 2y, xp — @'y, xc — x € D, leads to a total of 64 increasing order ofi such that the completed array is a
singular fade subspaces. These 64 singular fade subspaaes #-fold Latin Hyper-Cube of side 4. This algorithm is given in
been listed in the Appendix. detail in Algorithm 1. The above clustering scheme, however
The four cases result in a total of 4+72+448+960=14&&annot be utilized to remove the singular fade subspaces of
singular fade subspaces. As done for 4-PSK case, this cdaase 1 Case 2andCase 3of the previous section, as shown
putation can be similarly done for the case when M-PSK the following lemma.
(M > 4) constellation is used at the nodes. We now discussLemma 5:The clustering map used at the relay node R
how these singular fade subspaces can be removed usingahknot remove a singular fade state corresponding to the
fold Latin Hyper-Cube of side 4. Case ] Case 2and Case 3of the previous section and
simultaneously satisfy the mutually exclusive law.
We refer to the singular fade subspaces giverCase 1
We now cluster the possibilities @& 4, 25, 2¢,2p) into a Case 2and Case 3of the previous section, whose harmful
clustering that can be represented by a 4-fold Latin Hypesffects cannot be removed by a proper choice of the cluster-
Cubes of side 4. This clustering is represented by a cadng, as thenon-removable singular fade subspac®éée now
stellation given byS’, which is utilized by the relay node illustrate the removal of £ase 4singular fade state with the
R in the BC phase. The objective is to obtain a clusterirfielp of the following example.
that removes the singular fade subspaces, and then attemptxample 1:Consider the case for which the singular fade
to minimize the size of this constellation used by R. Th|subspace is g|ve by

clustering to be used at R, first constrains the possitsilitie . _ <{ v D:q S D:q 2, D:Q Eha DL
(4,75, zc,xp) received at the MA phase, with the objective 1 R iy i

1-3 143 —1+3 —1—j

of removing the singular fade subspaces, and fills the entrie <{ Py DL - <{ 2 DL - <{ = DL - <{ Py DL

of a4 x 4 x 4 x 4 array representing the map to be used at the ¥ AL 57 AL AL 3 '

relay using these constraints, and then completes thalbharti The first vector is[—1—j, 144, 14+ 4, 1 —j]. Now,

filled array obtained to form a 4-fold Latin hyper-cube ofesid—1 — j can be obtained either as a differencexf = —

4. The mapping to be used at R can be obtained from thed 2’y = j or as a difference ofty = —j andz/, = 1.

complete Latin hyper-cube keeping in mind the equivalen&milarly, 1 + j can be obtained as a difference bfand

between the relay map with the 4-fold Latin Hyper-Cube ofj or as a difference of and —1; 1 — j can be obtained

side 4 as shown in Section lll. as a difference oftcp = 1 andz, = j or as a difference
During the MA phase for the four-way relaying scenarioof xp = —j andz’, = 1. Thus, the entries corresponding

nodes A, B, C and D transmit to the relay R. As showto  {(-1,1,1,1),(j,—4, -4} {(=1,1,1,—35), G, —4, —j, - 1)},

in the previous section, there is a total of 1484 singular-1,1,34,1), (5, —4,—1,7)} {(-1,1,4,—%), G, —4,—1, -1},

V. REMOVING SINGULAR FADE SUBSPACES



{(-1 3,1,1),(3,—17—3 P} {(=1,5,1,-5), (4, -1, 17—1)}
{(=1,4,5,1),(,~1,-1,5)} {(=1,5,45,—3), (J}— ,—1,-1)},
{(=4,1,1,1),(1,—4,—4,5)} {(=4,1,1,=5), (1, =4, -4, -1},
{(=4,1,4, )7(17—37—1 N} {(- J71J7—J)7(17—Jv—1 -1}
{(=4.5,1,1), (1, =1, —5,5)} {(=4.4,1,-9), (1, - -1},
{(- 3737371),(1,—1,—1,3)}, {(=4,3:3, =3 ),(17—17—1,—1)} mUSt

ensuring a minimum cluster distance greater than zero for
the fade state. This scheme removes a subset of singular fade
states, called removable singular fade states. Simuleggults
presented in this section, done for the case when the encgnode
use 4-PSK signal set, identify some cases where the proposed
scheme outperforms the naive approach that uses the same

be the same in the x 4 x 4 x 4 array representing the map for all fade states and vice verse.
clustering. Similarly the other constraints can be obthine

Replacingl, j,

—1,—j with 0,1, 2, 3, these constraints can be
represented id x 4 x 4 x 4 array representing the clustering
The constrained Hyper-Cube of side 4 is completed usil
Algorithm 1 to form a 4-fold Latin Hyper-Cube of side 4.

The completed Latin Hyper Cube is as shown in Table I.

Similarly, for each of the 960 possibilities of singular é&ad
subspaces ofase 4of the previous section, a clustering of
size between 64 to 90 can be achieved by first constraini
the array representing the relay map in order to remove t
singular fade state and then completing the constrainexy ar w'k

using the provided algorithm.

Algorithm 1: Obtaining the 4-fold Latin Hyper-Cube of
side 4 from the constrainetix 4 x 4 x 4 array

Input: The constrained x 4 x 4 x 4 array
Output: A 4-fold Latin Hyper-Cube of side 4
representing the clustering map at the relay
1 Start with the constrained x 4 x 4 x 4 array X

2 Initialize all empty cells oft’ to O
3 The (4,4, k,1)"" element ofX is theit" cube, thejt"

file, the k" row and thel*h column cell.

4 for1<i<4do

5 for 1<j<4do

6 for1<k<4do

7 for 1<l<4do

8 if cell (i, 7,k,1) of X is NULL then

9 Initialize c=1

10 if £. does not occur in the! cube
of X, the jt* file of X, the k*" row of
X and thel* column ofX then

11 replace 0 at celli, j,k,1) of X

with L.;

12 else

13 | c=c+1;

14 end

15 end

16 end

17 end

18 end

19 end

VI. SIMULATION RESULTS

¥Non—Adaptive ‘Networ‘k Codi
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(=]

Bit Error Rate
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Fig. 5. SNR Vs BER curves §0r different schemes

Here, Ha,Hp,Hc,Hp, Hy,Hy;, H;, and H}, are dis-
tributed according to Rician distribution and channel aaces
equal to 0 dB. The plot for the case with a Rician Factor of
20 dB for a frame length of 256 bits is as shown [Ei. 5. The
figure shows the SNR vs bit-error-rate curves for the foltayvi
schemes: (a) the adaptive network coding scheme presented
in this paper; (b) the non-adaptive network coding using two
channel uses, in which the same 4 x 4 x 4 array is used by
relay as an encoder for all channel conditions, given byéabl
[ It can be seen from Fid.]15 that the scheme based on the
adaptive clustering relaying perform better than the sas®em
based on non-adaptive clustering at high SNR, since adaptiv
clustering removes 960 singular fade states.

+Adaptive Network Coding for four-way relaying using two
channel uses when 4-PSK is used at end nodes
Non-Adaptive Network Coding for four-way relaying using two
channel uses when 4-PSK is used at end nodes
Non-Adaptive Network Coding for four-way relaying using three
channel uses when 4-PSK is used at end nodes

~
o

~

!_k
[ &
T i

End—to—end throughput

per user in bits per channel use

L L
25 30 35 40 45 50

»
S
»

b/No in dB
Fig. 6. SNR Vs Througﬁ’]put curves for different schemes

Fig.[d shows the throughput comparison between (a), (b),

Our scheme enables information exchange in the four wapd (c): a non-adaptive network coding scheme that uses thre
relaying scenario amongst the four users in total two chianmdannel uses, viz., A, B transmit in the first channel use, C, D
uses. It is based on the removal of singular fade states foansmit in the next channel use, and the relay node tragsmit
the case. Removing a singular fade state essentially meéms function of these MA phase transmissions in the third
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EXAMPLE 1: LATIN-HYPERCUBE REPRESENTING THERELAY MAP WHERE ENTRIESz 4'S AND 'S ARE AS MENTIONED, 'S ENTRIES ARE ALONG
THE ROWS ANDz 'S ENTRIES ARE ALONG THE COLUMNS OF EACHL X 4 MATRIX FOR FIXED VALUES OF x4 AND z 5.
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0 £1 L2 £3 L4 0 Li7| £Li18| £Li19| £20 0 £33 | £34| £35| £36 0 L£49| £50| £51| £52
1 Ls Lo L7 Lg 1 L21| £22| £23| £24 1 L£37| £38| £39| £Lao 1 £53 | £54| £55| Ls56
2 L9 Li0| £L11]| £12 2 L25| £26| £L27| £Lo28 2 L£41| Laz| £La3| Laa 2 Ls7| £58| £59| £L60
3 L£13| L1a| Li15]| Li6 3 L29 | £30| £31| £32 3 L45 | Lac| Lav| Las 3 L61 | Le2| L63| Lea
xg =0 wp =1 a4 =2 4 =3
rA 0 1 2 3 rA 0 1 2 3 rA 0 1 2 3 rA 0 1 2 3
zp =1 zp =1 zg =1 zg =1
0 L22| £L21| £24| £23 0 L£38| £37| Lao| £39 0 L54| £53| £56| £55 0 Le Ls Lg L7
1 L18| £Li7| £20] £19 1 L£34| £33| £36| £35 1 £50| La9| £L52| £51 1 Lo £1 L4 £3
2 £30| £L29| £32| £31 2 L46| Las5| Lag| Lav 2 L62 | L61| Lea| L63 2 L14| £13| £Li6| £Li5
3 L26 | Lo5| L28| Lo7 3 L42 | La1| Laa| La3 3 L58 | L£57| Leo| £59 3 L£10| Lo L12 | £11
wg =0 wp =1 a4 =2 4 =3
rA 0 1 2 3 rA 0 1 2 3 rA 0 1 2 3 rA 0 1 2 3
zp =2 zp =2 zg =2 zg =2
0 L£43| Laa| Lar| La2 0 L£59| Le0| £57| £58 0 L11| Li2| L9 £10 0 Lo7 | L28| £La25| £L26
1 La7| Lag| Las| Lae 1 L63| Lea| L61| L62 1 L15| Li6| £L13| Lia 1 £31] £32| £L29| £30
2 L£35| £36| £33| £34 2 L£51| £52| £La9| £50 2 £3 L4 £1 Lo 2 £19| £20| £Li7| £Li8
3 L£39 | La0| £37| £38 3 L55 | L£56| £53| L54 3 L7 Lg Ls Lo 3 L23 | L24| L21| L22
T A = x4 =1 e A = c A =
TA=0 1, 1 2 3 rA 0 1 2 3 rA=2 1, 1 2 3 rA=3 1, 1 2 3
zp =3 zp =3 zg =3 zg =3
0 Lea| L63| L62| L61 0 L48 | La7| Lae| Las 0 £32 | £31| £30| £29 0 L16| £15| Li1a| £Li3
1 L60| L59| £58| £57 1 La4| La3| La2| La1 1 Log | La7| £L26| £L25 1 L12| £L11| Li0| Lo
2 L56| £55| £L£54| £53 2 L40| £39| £38| £37 2 Lo4| L23| £L22| £21 2 L£g L7 L6 Ls
3 L52 | £51| £50| Lao 3 L£36 | £35| £34| £33 3 L20| L19| £Li8| Li7 3 L4 L3 Lo L1

TABLE I
THE 4-FOLD LATIN HYPER-CUBE OF SIDE4 USED AT THE RELAY NODE AS AN ENCODER IN THEBC FOR NON-ADAPTIVE NETWORK CODING USING TWO
CHANNEL USES FOR ALL CHANNEL CONDITIONS

channel use. At high SNR regime, the scheme presentedane removed. This necessary requirement of satisfying the
this paper leads to higher throughput, i.e., (a) outperédooth exclusive law is shown to be the same as the clustering being
(b) and (c). represented by a 4-fold Latin Hyper-Cube of side M, if M-PSK
is used at the end nodes. Using the proposed scheme that uses
VIl. CONCLUSION two channel uses, the size of the resulting constellatiau us

We considered the four-way wireless relaying scenari%y the relay node R in the BC phase is reduced frdnto lie

where four nodes operate in half-duplex mode and trans- " .- : .
mit points from the same M-PSK constellation. Informatiorr1nocl'.f'ed.Clus'[erlng may not k.)e the best th"f‘t can be achieved,
exchange is made possible using just two channels us%gd it might be possible to fill the array with lesser than 90
unlike the existing work done for the case, to the best SymbOIS'

our knowledge. The Relay node clusters tht possible REFERENCES
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