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Abstract

Achievable degrees-of-freedom (DoF) of tlaege-scale interfering two-way relay network is in-
vestigated. The network consistsi@fpairs of communication nodes (CNs) aNdrelay nodes (RNSs).
It is assumed thalkl <« N and each pair of CNs communicates with each other throughobne
the N relay nodes without a direct link between them. Interfeeeamong RNs is also considered.
Assuming local channel state information (CSI) at each RMiis&ributed and opportunistic RN
selection technique is proposed for the following threengsing relaying protocols: amplify—
forward, decode—forward, and compute—forward. As a maultethe asymptotically achievable DoF
is characterized ad& increases for the three relaying protocols. In particidasufficient condition
on N required to achieve the certain DoF of the network is analyZérough extensive simulations,
it is shown that the proposed RN selection techniques olaiperconventional schemes in terms of
achievable rate even in practical communication scendxiote that the proposed technique operates
with a distributed manner and requires only local d&8ding to easy implementatidar practical
wireless systems.
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I. INTRODUCTION

For a three-node relay network with a single pair of commatnoor nodes (CNs) and a
single relay node (RN), two-way relay (TWR) communicatiarmere relays receive signals
from two transmitters simultaneoulsy and then send sigtalthe two receivers, doubles
the spectral efficiency of one-way relay (OWR) communia&if@l], [2]. The concept of the
TWR communication has been extended to multi-node intenfeg-limited relaying networks
[3]. Recently, a combined technique of network coding artdrference alignment (IA) was
adopted tointerfering TWR networks in order to reduce the effect of interfereride-[[A4.
On the other hand, there have been few schemes that consgkmesal interfering TWR
network which consists ok™ pairs of CNs andV RNs, also known a®&” x N x K interfering
TWR networks. In[[1], Rankov and Wittheben showed that theldyand-forward (AF)
relaying protocol with interference-neutralizing beamiing can achieve the optinflaDoF
of the half-duplexii’ x N x K interfering TWR network ifN > K (K —1)+1 for a givenk.
However, the scheme inl[1] requires global CSI at all nodes faft collaboration amongst
all RNs. The authors of [8]/[9] considered the achievablgreées-of-freedom o’ x K x K
interfering OWR networks, where the number of CNs and RNstla@esame. In particular,
the interference neutralization technique(af [1] was corabiwith the interference alignment
technique to achieve the optimal DoF of the 2 x 2 interfering OWR network [8] . However,
the scheme in[[8] cannot be applied to the gendfak N x K interfering TWR network
with arbitrary numbers of and N. In addition, the scheme inl[8] works only with global
CSI assumption at each node.

The internet-of-things (I0T) concept has recently reagiveuch attection from wireless
researchers, where an extremely large number of devicesxpexted to exist. In addition,
the fifth generation (5G) cellular network is expected topsarp more than 10,000 devices,
each of which can communicate directly with others or oeaat a relay [10]. Among many
devices, a small number of devices may transmit at a time agpadrse traffic pattern in the
loT scenario. Several studies have defined and studiedNh&)-user interference channel
(N > K), in which K user pairs are selected to communicate at a time [L1], [12].

In this correspondence, we consider a TWR network where tingber of simultaneously
transmitting nodes is relatively smaller than the numberetdying nodes, which is referred
to as the large-scale interfering TWR network. Specificallg investigate the achievable
DoF of the K x N x K interfering TWR network with local CSI at each n@dand without
collaboration among nodes in the network. Three-types lafyrerotocols are considered:
i) AF, ii) decode—forward (DF), and iii) compute—forwardKCwith lattice codes. For each
source-destination pair, one 6f RNs is selected to help them, and thus, an opportunistic RN
selection (ORS) technique is proposed to mitigate interfee. The proposed ORS technique
minimizes the sum of received interference at all nodes tla@cby maximizes the achievable
DoF of the network. We show that the proposed ORS techniqtle A or CF relaying
asymptotically achieves the optimal DoF as the number of , RNsincreases by rendering
the overall network interference-free. In particular, fiven signal-to-noise ratio (SNR) and
K, we derive a sufficient condition oV required to achieve the optimal DoF for AF and

CF relaying, which turns out to b& = w ( SNR* D )f. On the other hand, it is shown that
the DoF with DF relaying is bounded by half of the optimal D&tnulation results show

HOptimal’ DoF implies the upper-bound on the DoF of the chelnmvhich is usually derived from simple mathematical
theorems.
2Each node is assumed to acquire the CSI of its own incomingioing channeld [13].

*The functionf(z) defined byf(z) = w(g(x)) implies thatlim, % =0.
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that the proposed ORS technique outperforms the convetioax-min-SNR RN selection
technigue even in practical communication environments.

[1. SYSTEM AND CHANNEL MODELS

Consider the time-division dupex (TDD) half-duplékx N x K interfering TWR network
composed ofx pairs of CNs andV RNs, as depicted in Figl 1. Each pair of the CNs attempts
to communicate with each other through a single selectedd®MN,no direct paths between
the CNs are assumed, i.e., separated TWR netviork [2]. Thesétgof CNs at one and the
other sides are referred to as Group 1 and 2, respectivesh@sn in Fig[lL.

The channel coefficient between théh CN in Groupn, n € {1,2}, and RN is denoted
by huiyriys i € {1,....,K} =K, j € {1,...,N} £ N, assuming TDD channel reciprocity.
It is assumed that each channel coefficient is an identiGaily independently distributed
(i.i.d.) complex Gaussian random variable with zero mead anit variance. In addition,
channel coefficients are assumed to be invariant during thiene slots, i.e. block fading.

In the first time slot, denoted by Time 1, the CNs transmit rttegnals to the RNs
simultaneously. In the second time, Time 2, the selected Ridadcast their signals to all
CNs. The transmit symbol at theth CN in Groupn in Time 1 is denoted by, ;. The
maximum average transmit power at the CN is definedPhynd thus the power constraint
is given by

E|xn(i)‘2 < P, n = 1,2 (1)

Suppose that RN is selected to serve theth pair of CNs. Then, the transmit symbol at RN
i is denoted byrg;), which includes the information of both, ;) andx,;), and the power
constraint is given by

E|xR(j)\2 S P. (2)

That is, the symmetric SNRs are assumnied [3].
If we denote the achievable rate for transmitting and recgiv,,; by R, ), the total DoF
is defined by .
DOF— fim izt fiw + o
SNR—00 log(SNR)

where SNR= P/N, and NV, is the received noise variance.

3)

[1l. DISTRIBUTED & OPPORTUNISTICRELAY SELECTION
A. Overall Procedure

1) Step 1 - Scheduling Metric Calculation: From the pilots from th@ X' CNs in Group 1
and 2, RNy, j € NV, estimates the channéls;) r(;) andhog) r(), ¢ = 1, ..., K. Subsequently,
RN j calculates the total interference levels (TILs), whichaot for the sums of received
interference in Time 1 at RN and leakage of interference that it generates in Time 2. As
seen from Fig[ll, the TIL at RN for the case where it serves thh pair of CNs,: € K,
is given by

K
nri) =2 Y |hmren] + | hamro| (4)

m=1,m##i
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2) Sep 2 - RN Section: For the RN selection, we extend the distributed RN selection
algorithm used in[[14] for the OWR network with a single pafrsource and destination.

Upon calculatingy; r¢j), ¢ = 1,..., K, RN j initiates up toK different back-off timers,
which are respectively proportional t@ g, if 7;,r;) < €, wheree > 0 is the maximum
allowable interference. Specifically, RNinitiates the back-off timers,; g;) given by

M R(J)

TmaX> (5)

whereT ax is the maximum back-off time duratlon. After the back-offié \; g(;), if no RNs
have been assigned to tii¢h pair of CNs, RNj announces to serve theth pair of CNs
to all the CNs and RNs in the network and terminates the sefecpon acknowledging
this announcement, all other unselected RNs deactivatértiegs corresponding to theth
pair of CNs, i.e. \;rmm), kK # j, m € {unselected RNs to exclude the consideration of the
selected CNs. In this way, the RN with the smallest TIL valae be selected in a distributed
fashion for each. Through the proposed RN selection, we assume without lbgsreerality
that RN+ is selected to serve theth pair of CNsfor notational simplicity

Since the RN selection is done only Af r;) < ¢, the total time required to select RNs
for all CNs is not greater thaifi,.x. Noting thatn; r;) is independent for differentor j and

AiRG) =

has a continuous distribution, the probability of a cotiisibetween\; r(;), i = 1,..., K’s,
j=1,..., N, is arbitrarily small. Thus],ax can be chosen arbitrarily small compared to the
block lengthT. The efficiency for the achievable rate is lower-bounded , Which

tends to 1 by choosin,... to be arbitrarily small compared t6 which is relatively large
in general [[9], [13].

Note that the outage takes place if any RN cannot be assigmweont or more pairs of
CNs because there was no RN with TIL smaller thaduring the selection process. In the
sequel, we derive a condition avi to make the RN selection always successful for any given
e. In addition, we shall find practical values efor given N through numerical simulations,
which makes the outage probabilities be almost zero.

3) Sep 3 - Communication: In Time 1, the CNs transmit their signals to the RNs, and the
received signal at RN is expressed as

K
Yre) = M) r()T10) + hag) R T2x) T E (Pagky R T1(k) + Moy R T2(k)) +2Ra)s  (6)
p ki k=1
eswed signal D

~\~

£1r(;).interference

where zg(;) accounts for the additive white Gaussian noise (AWGN) at:Rdth zero mean
and the variancéV,. Upon receivingygr(;), RN ¢ generates the transmit symbai;, from

rr() = fe(Yra)), (7)

where f, is a discrete memoryless encoding function.
In Time 2, RN: then broadcastsg;), and the received signal at tli¢h CN in Groupn,
n € {1,2}, is written by

K

Yn(i) = h 1),R(4) TR(7) + Z hn(z ),R(m)TR(m) +zn(z) (8)
%’_/ m##i,m=1
desired signal N ,

v~

£1,,(;).interference

where z,(; is the AWGN with zero mean and the variandg. With the side information of
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Tn(), thei-th CN in Groupn retrieves the symbol transmitted from the other side from

Ti) = fa(Un(i)> Tngi)), 9)

wheren = 3 — n and f, is a discrete memoryless decoding function.

The encoding and decoding functiotfs and f,;, respectively, differ from relaying protocols,
i.e., AF, DF, and CF. We shall specify them in the sequel img&of DoF achievability results.
The overall procedure of the proposed scheme is illustriateig. [2 for the case of< = 2
and N = 3.

IV. DoF ACHIEVABILITY

From (8) and[(B), the sum of received interference at/RN Time 1 and at the-th pair
of CNs in Time 2, normalized by the noise varian¥g, is expressed as

A 2 Bl + Lol + B| Ly
1T NO

K K
::< > Muwmﬂ2+Vm®Rmf>SNR+< 3 ‘M@Rwﬂ2+memmf>SNR

k#i,k=1 m#£i,m=1
(10)

The following lemma establishes the condition for required to decouple the network
with constant received interference even for increasirtigri@rence-to-noise-ratio (INR). In
particular, even though there exist a mismatch between thefT(#) calculated at RN with
the local CSI and the sum of received interference_in (10)skadl show in the proof of the
following lemma that the proposed ORS based on the TILCbf &) minimize the sum of
received interference at all nodes, thereby maximizingattigevable DoF.

Lemma 1. [Decoupling Principle] For anye > 0, defineP. as

K
PoéPr{ZAi<e} (11)

i=1

’ 2

K
= Pr{z (E \Iry|* + E |Ly|* + E \12(1-)}2> < eNO} . (12)

i=1

Using the proposed ORS, we have
lim Po=1, (13)

SNR— 00

N=w (SNRWH)) . (14)
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Proof: From the fact thagfil A; = Zfil ni,r@)SNR, P in the high SNR regime can
be rewritten by

K
7=l | Snsie < =
eSNR™!
o . .
_SI\}Il?IilooPr{m’R(z) < K Vi € {1,...,[(}} (16)
eSNRI1\ X
> i o
= SI\}IIQIE}OO (Pr{nz,R(z) < K }) ) (17)

where [[17) follows from the fact thaf r.;)’'s are independent for different Since the channel
coefficients are independent complex Gaussian randomblesiavith zero mean and unit
variance,”™5 is a central Chi-square random variable with degreesesfdom4(K — 1).
Consequently, the cumulative density functionmpgk; is given by [15]

v (2K - 1) 2/4)
F(x) =

=T )
whereT'(z) = [;°t" ‘e "dt is the Gamma function ang(s,z) = [ t*"'e~"dt is the lower

incomplete Gamma function. In addition, from [15, Lemma ugjper and lower bounds on
F,(x) for 0 <z < 2 are given by

: (18)

Cy - 2?5 < Fy(x) < Cy - 2?57, (19)

where
N e~ 19—4K+3 4o A 274(K71) 20
“C wmopraw - M AT moorem—n) (20)

Recall that for notational simplicity, we assume withowgd®f generality that RMis selected
to serve the-th pair of CNs. In addition, let us denote that thth RN is selected for the
i-th pair of CNs in ther(i)-th selection, wherer(i) € {1,2,..., K'}. Then,the probability

Pr{mire) < 65’}‘51 in (I7) represents the case where at #ig)-th RN selection, a RN is

assigned to the-th pair of CNs if and only if there exists at least one RN wikte {TIL

smaller than% amongst N — (i) + 1) unselected RNs. If we denote the set of indices

of the (N — (i) + 1) unselected RNs at the(i)-th RN selection byR;, it follows that

eSNR™! eSNR!
Pr{mR(i) < K } =1- Pr{mR(j) > K ,\V/j c Rz} (21)
1 N—m(i)+1
—1- (1 —F, (65'}? )) (22)
SNR_1 N—-—K+1
21—<I—Fn<€ - )) (23)

(10 e/ D SR
>1-—

< &1
(1 — Oy (e/ KD SNFﬁ(K*U)

(24)

where [24) follows from[(119). From the following Bernoudliinequality



TO APPEAR IN IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY 7

1
1+ nx’

for sufficiently large SNR to satisfg; (¢/K)** ™) SNR2K-D < 1, the last term of[{24)
can be bounded by

(1-a)" <

re€0,1], n €N, (25)

N —(K-1)
(1 —C (E/K)Q(Kfl) . SNF(Q(K*U) <1 — O, (E/K)2(K71) ) SNFTQ(K,D)
<
<1 -, (G/K)2(K71) . SNR—Q(K—l))(K_l) - 14+ N-C, (E/K)Q(K—l) . SNR2(K-1)

(26)

O (e K)2UE=1) 2(k-1)\V )
Therefore, for increasing SNR, the terﬁl?j}ii?mm S;:F;K_l))(zﬂ) tends to O if and
only if N-SNR2%-1 in the numerator of the right-hand side Bf26) tends to infiriie.,

N =w (SNRQ(K‘1)>. In such a case, froni_(24), we get

NR!
€S }: L

- 27)

SNlF\iIl)1 oo Pr {nZR(Z) <
(1-C1 e/ K)2U D sNR2(K =) Y

1—Ca(e/K)? 1 SNR-2(K-1)) 7Y

Otherwise, the ternf(* in (24) tends to 1 so that |{l’f)z,re(¢) < SR }

is unbounded.

From (17), [24), and_(27), we have

, , eSNRT )\
i Pez g (Pr{ns < SE]) =1 &9
if and only if N = w (SNRE D) for any e > 0, which proves the lemma. |

Remark 1. From Lemmadll, théd x N x K interfering TWR network becomek isolated
TWR networks with limited interference level even for inasing INR, if N = w ( SNRE V).

In the proposed scheme, the dimension extension of theftegeency domain in the con-
ventional 1A technique[[13],[[16] is replaced by the dim@&msiextension in the number of
users.

Now the following theorem is our main result on the DoF acai®iity.

Theorem 1. Using the proposed ORS scheme, the AF, LC-CF, and DF scherhesva

K
DoFar = K, DoRccr= K, DoFpr= o0 (29)

respectively, with high probability if
N=—uw (SNW(K*”) . (30)

Section$ IV-A[TV-B, and IV-Cprove Theorer]1 providing detailed encoding and decoding
functions for each schemén addition, Sectiofi IV-D provides comprehensive conmguans
among the AF, LC-DF, and DF schemes in terms of the DoF achiigya

Note that the overall procedure of the scheduling metricuwation, RN selection, and
communication protocol is analogous for all the three sawrand the only difference appears
in the encoding functiorf. in (@) for constructingeg(;) at the RN and the decoding function
fa in @) for retrievingz,(;y andz,;) at the CNs.
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A. Proof of Theorem[I] for AF

In the AF scheme, the relay retransmits the received sigital & proper amplification.
Specifically, from the received signgk:, in (@), RN ¢ generates the transmit signa! from

TRG) = Vi " YRG) (31)

where~; > 0 is the amplifying coefficient defined such that the power t@mst (2) is met.
Thus,~; can be obtained from

pu— \/F
\/Eizl iy (o) PP + Hreo)|* + No

Inserting [(31) into[(B) yields the received signal at tit& CN in Groupn, 7 € {0, 1}, given
by

(32)

Yaa) = Yihawre) (Pe)roT16) + Ra)riyT20) + Ira) + 2R6)) + Tae) + 28w (33)

The CN then subtracts the known interference signal fggm to get

Yati) = i+ hat)rao) PG RG) Tad) (34)
known iﬁ?erference
= Yihag),R@) Pngi) R Trg) T Vilin),r6)IRG) + Vilag)Rr6) 2RG) T Lag) + Za@),  (35)

wheren = 3 —n. Note here that unlike the DF or LC-CF scheme, #tle pair of CNs should
have the knowledge of the effective channgl h,,¢) ra) hai),Rr) -
From (35), the achievable rate foy,; is given by

2 2 2
Vil Pty Ry |2 [ Riaiy ry | P
Ry = 5log [ 1+ CUILY o ®, - . (36)
V2l hayre) PHr@ |2 + [T 2 + (7 hagyrel? + 1) No
With N = w (SNRQ(K*”), Lemmall gives us
|[R(i)|27 \[1(i)|2, ‘[2(i)|2 < €Ny (37)

for any e > 0 with probability P-. Thus, for anye > 0, the achievable rate is bounded by

1 V2 iy Re0) 1| iy, reiy | P
Rn > PC lOg 1+ v (38)
v (Vf‘hﬁ(z),R(z)P + ) €N0 -+ (’}/Z |h ),R() ‘2 + 1) N
1 Vil re P lhao re|* P
=Pc - - log : 2 (39)
2 (6 + 1) (72 |h ),R(4) | + ) No

AI,
where in [38), it is assumed that zero rate is achieved uthessonditiony "~ | A; < e holds
as in Lemmadll. Inserting (87) intb_(32) gives us

1 1
lim ~; > lim , (40)

SNR— o0 SNR— o0
- ” \/Zn 1 R ey [? + (€ + 1)SNR \/Zn 1 [Py Ry




TO APPEAR IN IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY 9

. . . 1
while inserting|Ix()|* = 0 into (32) yleldSthNR%o i < limsnR o0 o o PSR

Thus, we havéimsnr o0 Vi = Vo> Ih = and hence
n=1 "'n(i),R(2)

|h (2) R(z| |hn(z R(7) |2

lim I'= 1l 41
i = G ) (o 1770) (1)
hni i 2 hfzi i 2 -
_ oy R |1 P R | s (42)
(e+1) (Ihmn,r«wl2 + \/ >t Ihn<z‘>,R<z>|2)
Therefore, the achievable DoF for the AF scheme is given by
i Y R
DoFar = 1 IR 43
AF 7 SNRb log(SNR) 43)
ZZ ) Zn ) [thNR_mo Pe - limsnrosoo & slog (1+1"- SNR)} (a4)
limsnr_soo log SNR
R 1 limsnros 3 log (14 T7- SNR) (45)
B limSNR_,OO log SNR

K 32 [limsnroseo 2 1og (SNR) + limsnroseo 2 log (aig + I')]

= 2 (46)
limsnroo log SNR

SE [thNRﬂoo 510g (SNR) + 5 log (0 + f)] 47
a thNRﬁoo lOg SNR ( )
=K, (48)

where [45) and[(47) follow from Lemmid 1 and142), respecyivéin the other hand, the
cut-set outer bound_[2], for which no inter-node interfaens assumed, yields the upper
bound Dok < K. Therefore, the achievable DoF with the AF scheme is fpoE K,
which proves the theorem fdr_(29).

B. Proof of Theorem[I] for LC-CF

The LC-CF scheme is a generalized version of the modulo-&arktcoding, in which
T1()s T2() € {0,1} and whererg) = [x14) + 223 ], IS retransmitted in Time 2. Specifically,
in Time 1,2,(;) andxy ;) are encoded using lattice codes such that) re) T10) + hag) R T20)]
falls into one of the lattice points in some lattide The encoding functlons that genera’qq:i)
andz, ;) are dependent on the channel coefficients r;) andha) ri)- Thus, it is reasonable
to assume that the relay designs the encoding functionsamaifds the information on them
to the communication nodes, since the relay can easily BEQui;) r;) and hag)re) USINg
the pilot signals transmitted by the CNs.

Taking the modul® to the received signalg(;) in (@), the RN obtains

(R, = [Py ra)T16) T Pty R T20) + Tray + 2R (49)

and retrieves the estimate pf, ;) ri)21(:) + hag) R 220 ] , Via lattice decoding[2]/]3]. More
detailed procedures for constructlmgl Ta(i), andA are omitted, since they are analogous to
those for the three-node TWR channiel [2],1[17], except thatdonsidered channel includes
inter-node interference terms such/asg), I,;), and/;. The RN then transmits the retrieved
signalzriy = [higi)re T10) + hagi)re xQ(Z)} and then the-th CN in Groupn obtainsz;;,
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in Time 2 following the two procedures: i) estimating;, from (8) via lattice decoding, ii)
obtalnlngxn( ) with known TR() and T (4) from Tag) = hn 3 0 TR() — hn() R(E)Tn(i )}A

For this lattice encoding and decoding, it is known that tbiei@vable rates for Time 1 are
given by [2]

n(t) = 0g | Tn(: , n ) &y
@) 2 ® |1Rz|2+NO

where [x]* = max{x,()} and Tn (i) £ |hn(i),R(i)|2/ (|h1(z‘),R(z‘)|2 + |h2(z‘),R(i)|2)- In Time 2, the
achievable rate is determined when estimatigg, from (@) [2] as

2
Ry < 110g <1 + M) : (51)
. [ ao |+ No

With N = w (SNRY V), Lemmall gives u$lra |, |T1ii)|? |12y < €Ny with probability
Pc. In addition, the maximum rate ak,,;) is bounded by the minimum of the two bounds
in (50) and [(B1L). Thus, folV = w (SNRQ(K*”), the maximum rate is given by

1 \hn(im(i)PP)r 1 [Py .| P
R, = min< |=log | 7o) + —o——r ,—lo 1+— 52
v {[2 g( O PN 2T L Pt N 2

. 1 ‘hn(z i | P 1 ‘ n(2),R(2 |
> - =1 ; — =1 1 7SNR 53
_mm{Pc 20g<7n(z>+ (1+e)NO)’PC 20g< T (53)

1 1

= min {Pg : <§ log(SNR) + ol(SNR)) Pc - <§ log(SNR) + OQ(SNR)) } , (54)

whereo; (SNR) = £ log (rn(i)SNFrl + %) andos(SNR) = £ log (SNFTl + W)

Therefore, withNV = w gSNRQ(K”g, inserting [(54) to[(B) and following the analogous
derivation from [(4B) to[(48) give us D@Ecr = K, which proves Theoreml 1.

Remark 2: Optimal lattice coding that achieves Shannon’s capaciondmflog(1+ SN R)
may require excessive computational complexity in the comlestruction([18]. Particularly,
analytical methods for shaping the Voronoi region of eadticka point to be a hyper-sphere
is unknown. However, sacrificing this shaping gain by 1.53mBNR, one can easily design
lattice codes with practical non-binary codes such as lensdy parity check codes [19], or
binary multilevel turbo codes [20]. For more detailed dssion on the implementation of
lattice codes, the readers are referred to [21] and refesetierein, or ta [22] and references
therein for the effort to implement practically-tailoreattice codes in two-way relay channels.

C. Proof of Theorem[1 for DF

In the DF scheme, each of ;) andz, ;) is successively decoded at R Time 1 from [6).
That is,z;(;) is decoded first regarding the rest of the termg.1n k6)y r(:)Z2(:) + Iri) + 2r()
as a noise term and then is subtracted frgqy to dECOdafg(l On the other hands,(;) can
be decoded first regardirig ;) ri)71¢:) + Ir@) + 2re) @S @ noise term, and then subtracted. For
this successive decoding, the rateg;) and R,;) are given by the multiple-access channel
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rate bound[[1] as follows:

2
n()RG) | P
Ruiy < %log (1 + M) n=12 (55)
’In(i)’ + No
Ry + R llg 1+(‘h1(i @|* + hayry|*) P (56)
2(4) 9 ’]R(i)’ N .

In Time 2, from individually decoded, ;) andz,;), the network coding is used to construct
Tr;) at the RN as in the LC-CF scheme. Thus, the achievable rateSirfee 2 are given
again by [(51). Combinind (55)_(b6), arld [51) together, wiambthe maximum sum-rate as

2 1 r hai | P
Ryy + Ra(iy = min {Z min {5 log | 1+ “]()‘T‘N 5 log [ 1+ ”[((;7’%’]\7 ’
n=1 n(i 0 0 0
(57)

1 Py r@) > + |hogy ry ) P
Lo (14 (I71),Re0)| 2| 2)R()|*) |
2 | Tr| ™+ No

From LemmalL, withV = w SNRQ(K‘”), we have|lrg %, |1 % [T |2 < eNo with
probability Pc. In such a case, the maximum sum-rate is bounded by

2 2
1 ‘h ‘ ‘hN( ).R(i ‘
Ry + Rai) 2 Pe - min {ngﬂ min { 5 log (1 + ; 1 SNR) —log <1 + ] SNR

1 (1P R I + Thag)ry )
Zlog [ 1 ! ’ NR
) og( + 1 S (58)
an,
4 3\
2
min { |h.r|* 2o e |

= Pe-ming log | 1+ SNR |, A, (59)

e+1

(. J

A
\ =A Y,

For arbitrarily large SNR and with,; r), ho)re) 7 0, we haveA; > A, since

mm{ by i) R(G) } By h 1/2
1+ ol | SNR >(1+|1“ @+ hao ’|SNR) _
e+1 e+1

(60)
Therefore, for large SNR, the sum-rate can be further espreby
]_ h i + h 7 ’L

Rugy + Rawy 2 Pe - 5 log (1 + |€ +'1 LLU SNR) (61)

Applying (61) to [3) and following the analogous derivatifsam (43) to [48), we can only
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achieve Dobr = K/2, even under the interference-limited condition, ifé.= w (SNRQ(K‘1)>.

D. Remark of Theorem[I} Comparison among the AF, DF, and LC-CF schemes

Since the AF scheme only performs power scaling at the RNs, tihe simplest foim-
plementation but achieveke optimal DoF of the network. However, the CN-to-CN effest
channel gain should be known by the CNs, and the scheme siriden the noise propagation,
particularly in the low SNR regime. The DF scheme requiresrthinimum of the CSI, and
the conventional simple coding scheme can be used as in thecA€me. Since the noise
at the RNs is removed from the decoding at the RSs, it does magate the noise at
the RSs. Nevertheless, the scheme only achieves the haffeobftimal DoF. The LC-CF
scheme attains benefits from both AF and DF schemes, i.egptimal DoF and removal
of the noise at the RNs through decoding. On the other hamdstheme requires lattice
encoding and decoding, but the design of an optimal lattm#ecfor given channel gains
requires an excessive computational complexity [2]. Theoptimal design of lattice codes
can be considereds discussed in Remark 2

V. NUMERICAL EXAMPLES

For comparison, two baseline schemes are considered: rma$IRR and random selection
schemes. In the max-min-SNR scheme, RN selection is dorfethat the minimum of the
SNRs of the two channel links between the serving RN and tws GNmnaximized at each
selection.

Figure 3 shows the sum-rates versus SNR Aor= 2, where NV increases with respect
to SNR according to Theorefd 1, i.eN = SNR®¥ Y. As an upper-bound, the sum-rate
of the proposed LC-CF ORS scheme but with no interferencdsis plotted, the DoF of
which is K. It is seen that the proposed AF and LC-CF schemes achievBdReof K as
derived in Theorerhl1, whereas the max-min and random sefesthemes achieve zero DoF
due to non-vanishing interference. On the other hand, thé &fathe proposed DF scheme
achieves onlyK'/2, which also complies with Theoref 1. It is interesting to ntitat even
the proposed LC-CF scheme cannot achi&vé®oF if N scales slower than SNV, as
shown in the example of th& = SNR*~Y case which is labeled as ‘Prop. LC-CF ORS w/
N = SNRE-V"in Fig. 3.

Figure 4 show the sum-rates versus SNR o= 2 and (&) N = 20 or (b) N = 50. With
fixed and smallN, the max-min-SNR schemes outperform the proposed ORS sshem
the low SNR regime, where the noise is dominant compared @drterference. However,
the sum-rates of the proposed schemes exceed those of thenimaschemes as the SNR
increases, because the interference becomes dominanthteamoise. As a consequence,
there exist a crossover SNR point for each case. As seen frgnd Fthese crossover points
becomes low asV grows, since the proposed schemes exploit more benefit axreases.
The proposed schemes outperform the max-min-SNR schemdBf(SNR greater than 7
dB with N = 50 as shown in Figl_4(b).

Figure[3 shows the sum-rates versisvhen K = 2 and SNR is 20 dB. It is seen that the
proposed ORS scheme greatly enhances the sum-rate of thmime&&NR scheme for all the
cases. The LC-CF scheme exhibits the highest sum-ratesgatibie three relay schemes for
mid-to-largeN' regime, whereas it slightly suffers from the rate loss due,tg < 1 in (50)
in the smallN regime. The sum-rate of the proposed AF scheme becomes higirethat of
the DF scheme a8’ increases, because the AF achieves higher DoF, as showreorérh

.
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K pairs of communication nodes (CNs)

<—— : desired channels
< == > . interference channel$

N relay nodes (RNSs)

Fig. 1. TheK x N x K interfering two-way relay network.
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Step 1
At RN 1 — 2 2
Mro™= 2(‘h1(2),R(lJ +‘h 2(2),R(]‘) )
(1) R~ s <1> E_Q J , ,
Mory= 2(‘h1(1),R(lJ + ‘h 2(1),R(]L )
(Z)R(l (2)R(l @ o o o
_, ROT ) _rot
Group 1 RNS Group 2 LR~ £ 2,R(1) £ mav
Step 2
RN 1
RN 1 /11,R(1) /‘Z,R(l)
J ‘ Selected to serve the
Elapsed 1st pair of CNs
time
RN 2
RN 2 A R ) - > )
Elapsed ‘ ‘ EIapsed ‘
time time
RN 3 /‘Z,R(S) %) RN 3 /]Z,R(S)
Elapsed ’ EIapsed \\
time time

- RN 3 declares to serve the 2nd pair of CNs
and finishes the selection
- RN 2 turns off the timer corresponding to

the 2nd pair of CNs and remains unselected

- RN 1 declares to serve the 1st pair
of CNs and finishes the selection
- RN 2 and RN3 turn off the timers

corresponding to the 1st pair of CNs

\ 4

Step 3

<~—— : desired channels
<=---> interference channels

Timel Time2

= @ 3

Group 1 RNs Group 2 Group 1 RNs Group 2

Fig. 2. Overall procedure of the proposed scheme2fer3 x 2 interfering two-way relay network.
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