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Abstract

We introduce a new achievability scheme, ternoggortunistic network decoupling (OND),
operating in virtual full-duplex mode. In the scheme, a naeday scheduling strategy is utilized
in the K x N x K channel with interfering relays, consisting of K source—destination pairs aid
half-duplex relays in-between them. A subset of relaysgisilternate relaying is opportunistically
selected in terms of producing the minimum total interfeeetevel, thereby resulting in network
decoupling. As our main result, it is shown that under a @entelay scaling condition, the OND
protocol achieveds degrees of freedom even in the presence of interfering laxkeng relays.
Numerical evaluation is also shown to validate the perforoezof the proposed OND. Our protocol
basically operates in a fully distributed fashion alonghaliical channel state information, thereby
resulting in a relatively easy implementation.
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I. INTRODUCTION
A. Previous Work

Interference between wireless links has been taken intoumtcas a critical problem in
wireless communication systems. Recently, interfereriggraent (IA) was proposed for
fundamentally solving the interference problem when tla@estwo communication pairs![1]. It
was shown in[[2] that the IA scheme can achieve the optimaiedsgof freedom (DoF), which
is equal toK/2, in the K-user interference channel with time-varying channel foacehts.
Since then, interference management schemes based on ¢é2bkan further developed and
analyzed in various wireless network environments: migtipput multiple-output (MIMO)
interference networks [3]1[4], X networksl[5], and cellutzetworks [6]-[9].

On the one hand, following up on these successes for siragexatworks, more recent and
emerging work has studied multihop networks with multipbeir€e-destination (S-D) pairs.
For the 2-user 2-hop network with 2 relays (referred to agthe x 2 interference channel), it
was shown in[[10] that interference neutralization comimgnivith symbol extension achieves
the optimal DoF. A more challenging network model is to cdesiik-user two-hop relay-
aided interference channels, consisting/ofsource-destination (S—D) pairs aid helping
relay nodes located in the path between S—D pairs, so-dhléel x N x K channel. Several
achievability schemes have been known for the network, rendetailed understanding is
still in progress. By applying the result from [11] to thhé& x N x K channel, one can show
that K /2 DoF is achieved by using orthogonalize-and-forward relgyiwhich completely
neutralizes interference at all destinationshifis greater than or equal t& (K — 1) + 1.
Another achievable scheme, called aligned network didgmien, was introduced in [12]
and was shown to achieve the optimal DoF in fiex N x K channel while tightening the
required number of relays. The schemelin![12] is based ondhkinterference alignment
framework [7]. In [10], [12], however, the system model undensideration assumes that
there is no interfering signal between relays and the redagdull-duplex. Moreover, in_[13],
the 2 x 2 x 2 interference channel with full-duplex relays interferimgth each other was
characterized and its DoF achievability was shown usirgnatlil interference neutralizatiin.

On the other hand, there are lots of results on the usefulolefading in the literature,
where one can obtain the multiuser diversity gain in broatichannels: opportunistic schedul-
ing [15], opportunistic beamforming [16], and random beammfing [17]. Such opportunism
can also be fully utilized in multi-cell uplink or downlinketworks by using an opportunistic
interference alignment strategy| [9],_[18]-[20]. Variousesarios exploiting the multiuser
diversity gain have been studied in cooperative networksigglying an opportunistic two-
hop relaying protocol [21] and an opportunistic routihg][22hd in cognitive radio networks
with opportunistic schedulind [23]/_[24]. In addition, e results[[25],([26] have shown
how to utilize the opportunistic gain when there are a largmiper of channel realizations.
More specifically, to amplify signals and cancel interfa@nthe idea of opportunistically
pairing complementary channel instances has been studiederference networks [25] and
multi-hop relay networks [26]. In cognitive radio enviroents [27], opportunistic spectrum
sharing was introduced by allowing secondary users to sth@readio spectrum originally
allocated to primary users via transmit adaptation in spteee, or frequency.

The idea in [[IB] was later extended to the 2-user 3-hop né&twdth 4 relays, i.e., the x 2 x 2 x 2 interference
channel [[14].
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B. Main Contributions

In this paper, we study th& x N x K channel with interfering relays, which can be taken
into account as one of practical multi-source interferialay networks and be regarded as a
fundamentally different channel model from the converdloR x N x K channel in[[12].
Then, we introduce aopportunistic network decoupling (OND) protocol that achieves full
DoF with comparatively easy implementation under the ceammodel. This work focuses
on the K x N x K channel with one additional assumption théthalf-duplex (HD) relays
interfere with each other, which is a more feasible scendi® scheme adopts the notion
of the multiuser diversity gain for performing interferenmanagement over two hops. More
precisely, in our scheme, a scheduling strategy is predentéme-division duplexing (TDD)
two-hop environments with time-invariant channel coediints, where a subset of relays is
opportunistically selected in terms of producing the mimimtotal interference level. To
improve the spectral efficiency, thaternate relaying protocol in [28]-[30] is employed
with a modification, which eventually enables our system perate invirtual full-duplex
mode. As our main result, it turns out that in a high signahtise ratio (SNR) regime,
the OND protocol asymptotically achieves the min-cut uppeund of X' DoF even in
the presence of inter-relay interference and half-dupkesumption, provided the number
of relays, N, scales faster thasnr® =2, which is the minimum number of relays required to
guarantee our achievability result. Numerical evaluatitso indicates that the OND protocol
has higher sum-rates than those of other relaying methodisr usalistic network conditions
(e.g., finite V. and SNR) since the inter-relay interference is signifigangiduced owing to
the opportunistic gain. For comparison, the OND schemeawiitlalternate relaying and the
max-min SNR scheme are also shown as baseline schemes.hdbteut protocol basically
operates with local channel state information (CSI) at thedmitter and thus is suitable for
distributed/decentralized networks.

Our main contributions are fourfold as follows:

« In the K x N x K channel with interfering relays, we introduce a new actbéitg
scheme, termed OND with virtual full-duplex operation.

« Under the channel model, we completely analyze the optindd, Bhe required relay
scaling condition, and the decaying rate of the interfezdacel, where the OND scheme
is shown to approach the min-cut upper bound on the DoF.

« Our achievability result (i.e., the derived DoF and relaglisig law) is validated via
numerical evaluation.

« We perform extensive computer simulations with other baseichemes.

C. Organization

The rest of this paper is organized as follows. In Sediibrwh, describe the system and
channel models. In Sectidnllll, the proposed OND schemeésiipd and its lower bound
on the DoF is analyzed. SectibnllV shows an upper bound on tte Bumerical results of
the proposed OND scheme are provided in Sedtibn V. Finakysummarize the paper with
some concluding remarks in Section VI.

D. Notations

Throughout this papef;, E[-], and[-] indicate the field of complex nhumbers, the statistical
expectation, and the ceiling operation, respectively.edsllotherwise stated, all logarithms
are assumed to be to the base 2.
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TABLE |
SUMMARY OF NOTATIONS

Notation Description
Sk kth source
D, kth destination
R kth relay
hg,? channel coefficient fron®;, to R;
h,(j) channel coefficient fronR; to D,
hﬁ,’;) channel coefficient betweeR,; and R,
x,(j)(l) Ith transmitted symbol okth source

indices of two relays

ms(k) (s =1,2) helping k&th S-D pair

2V (1) Ith transmit symbol ofS;,
&) lth transmit symbol ofR.._ )
Il (s=1,2) two selected relay sets
L; scheduling metric in Step 1
L scheduling metric in Step 2
Dolftotal total number of DoF
sinrfrls)(k) SINR atRr, )
sinry? ) SINR atD;, (from R, )

Moreover, TABLE[D summarizes the notations used througtioigt paper. Some notations
will be more precisely defined in the following sections, wheve introduce our channel
model and achievability results.

[1. SYSTEM AND CHANNEL MODELS

As one of two-hop cooperative scenarios, we considerthe N x K channel model with
interfering relays, which fits into the case where each S—D ipageographically far apart
and/or experiences strong shadowing (thus requiring teporese to a huge challenge for
achieving the target spectral efficiency). In the channetl@hoit is thus assumed that each
source transmits its own message to the correspondingndésti only through one ofV
relays, and thus there is no direct path between an S-D patie. that unlike the conventional
K x N x K channel, relay nodes are assumed to interfere with eachiotber model. There
are K S-D pairs, where each receiver is the destination of exacts source node and is
interested only in traffic demands of the source. As in thécblcooperative relaying setup,
N relay nodes are located in the path between S-D pairs so asdgddireduce path-loss
attenuations.

Suppose that each node is equipped with a single transnenhiaat Each relay node is
assumed to operate in half-duplex mode and to fully deccglencode, and retransmit the
source message i.e., decode-and-forward protocol is takemccount. We assume that each
node (either a source or a relay) has an average transmit powstraint”. Unlike the work
in [10], [12], N relays are assumed to interfere with each diheo. improve the spectral

2If we can cancel the interfering signals among multiple yglahen the existing achievable scheme of fiec N x K
channel can also be applied here.
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-----> 1 interference signal

Odd Time Slot

S1
Sk @

S1

S @

Even Time Slot

Fig. 1. The overall procedure of our OND scheme in #iex N x K channel with interfering relays.

efficiency, the alternate relaying protocol in [28]-[30]esployed with a modification. With
alternate relaying, each selected relay node toggles ketthe transmit and listen modes for
alternate time slots of message transmission of the saufcasis sufficiently large, then it is
possible to exploit the channel randomness for each hophargdtd obtain the opportunistic
gain in multiuser environments. In this work, we do not assuhe use of any sophisticated
multiuser detection schemes at each receiver (either § cgla destination node), thereby
resulting in an easier implementation.

Now, let us turn to channel modeling. L&, D,, and R; denote thekth source, the

corresponding:th destination, and théh relay node, respectively, whetec {1,--- , K}
andi € {1,---,N}. The termsh{}), n’) € C denote the channel coefficients fraf to

R; and fromR; to D,, corresponding to the first and second hops, respectivély. t€rm

hgfl) e C indicates the channel coefficient between two relRysindR,,. All the channels are
assumed to be Rayleigh, having zero-mean and unit variamcefo be independent across
differenti, k, n, and hop index. We assume the block-fading model, i.e., the channels are
constant during one block (e.g., frame), consisting of acteeduling time slot and. data
transmission time slots, and changes to a new independkrd f@& every block.

[Il. ACHIEVABILITY RESULTS

In this section, we describe the OND protocol, operating intual full-duplex mode, in
the K x N x K channel with interfering relays. Then, its performancenalgzed in terms
of achievable DoF along with a certain relay scaling conditiThe decaying rate of the
interference level is also analyzed. In addition, the ONDtqcol with no alternate relaying
and its achievability result are shown for comparison.
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A. OND in the K x N x K Channel With Interfering Relays

In this subsection, we introduce an OND protocol as the &ebie scheme to guarantee
the optimal DoF of theK’ x N x K channel with inter-relay interference, whet& relay
nodes amongV candidates are opportunistically selected for data fatimgrin the sense of
producing a sufficiently small amount of interference levdle proposed scheme is basically
performed by utilizing the channel reciprocity of TDD syst®

Suppose thatr; (k) and (k) denote the indices of two relays communicating with the
kth S-D pair fork € {1,---, K'}. In this case, without loss of generality, assuming that the
number of data transmission time slofs,is an odd number, the specific steps of each node
during one block are described as follows:

« Time slot 1: Sources§,, - - - , Sk transmit their first encoded symbolg)(l), e 9(1)
Where:c,(j)(l) represents théth transmit symbol of theith source nodd.A set of K
selected relay nodedl, = {m(1),---,m(K)}, operating in receive mode at each
odd time slot, listens t@(ll)(l), e ,x%)(l) (note that a relay selection strategy will be
specified later). OtheN — K relay nodes and destinatiofi, - - - , D remain idle.

. Time slot 2: TheK sources transmit their encoded symlmfs)@), e EK (2). The K
selected relays in the sH; forward their first re-encoded symbai@) )( )y x(Q)(K)(l)
to the corresponding< destlnatlons If the relays ihlI, successfuﬁy decode the corre-
sponding symbols, the:nm( (1) is the same as(l)(l). Another set ofK” selected relay

nodes IT, = {m(1),--- ,m(K)}, operating in receive mode at each even time slot, lis-
tens to and decode§1)(2), e ,:cﬁ?(Q) while being interfered with bR -, 1), - - - , R, (i)
The K destinations receive and decod@(l)(l) e ,xfl)(K)(l) fromR, ), -, Ry (x)-

The remainingN — 2K relays keep idle.

. Time slot 3: TheK sources transmit their encoded symlmfs)(?)), e ,x(l)(i’)). The K
relaysms(1), - - -, m(K') forward their re-encoded symbod:é?(l)(Z), e ,xf?(K)(Z) to the
correspondingX destinations. Anothek relays inII, receive and decode(,z)(?)), R
xg()( 3) while belng interfered with byR 1), - -+ , R x)- The K destinations receive
and decodecm(l)(Q), e ,xfi)(K (2) from R,,q), - RM(K The remainingV — 2K
relays keep idle.

. The processes in time slots 2 and 3 are repeated t¢/thel)th time slot.

« Time slotL: The K relays inII, forward their re-encoded symbojéi)(l)(L —1),---,
:c(Q)(K)(L — 1) to the correspondingl destinations. Theé< sources and the othé¥ — K
relays remain idle.

At each odd time slot (i.e.,l = 1,3,---, L), let us consider the received signal at each
selected relay for the first hop and the received signal dt dastination for the second hop,
respectively.

For the first hop (Phase 1), the received sigyﬁ{?!i (1) € C at Ry, is given by

F e
7T1( ) Z hﬂ'l( )k‘xk‘ + Z hrrl( )7r2(n 7'(2 n)(l - 1) ( )(l)7 (l)

Where:c,(:)(l) and :cm(n)(l — 1) are thelth transmit symbol ofS; and the(l/ — 1)th transmit
symbol of R, ., respectively. As addressed earlier, if rel@y, ., successfully decodes the

3For notational convenience, we use scalar notation instéagictor notation for each coding block from source nodes,
but the size of each symbol is assumed to be sufficiently lonachieve the Shannon-theoretic channel capacity.
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received symbol, then it follows that(2 o(l—1) = :ck )(1—1). The received S|gnaJ (1)
at R ;) is corrupted by the mdepen ent and identically distridufei.d.) and cwcufarly
symmetric complex additive white Gaussian noise (AWCzIﬁ1 .+ (1) having zero-mean and
variance N,. Note that the second term in the right-hand side (RHS) bfirftljcates the
inter-relay interference, which occurs when tRerelays in the sell;, operating in receive
mode, listen to the sources, the relays are interfered witkthb other sefl,, operating in
transmit mode. Note that when= 1, relays have no symbols to transmit, and the second
term in the RHS of{({1) becomes zero. Similarly wHea L, sources do not transmit symbols,
and the first term in the RHS ofl(1) becomes zero.

For the second hop (Phase 2), assuming thatiteelected relay nodes transmit their data
packets simultaneously, the received sigg/j(@(l) € C at Dy, is given by

thm @ =1+ 22, )

Wherez,(f)(l) is the i.i.d. AWGN having zero-mean and varian¥g We also note that when
[ =1, there are no signals from relays.

Likewise, at each even time slot (i.é.= 2,4,--- , L — 1), the received signals &,
andD,, (i.e., the first and second hops) are given by
K
_ 1) B e
)= ot Z oo () oo (L= 1) 215 (D)
k=1
and

yk Z hk?ﬂ'l(n 71 ( n)(l o 1) + zl(c )(l)7

n=1
respectively. The illustration of the aforementioned ONiDtpcol is geographically shown
in Fig.[d (two termsLm(,‘C k andL , are specified later in the following relay selection

steps).

Now, let us describe how to choose two types of relay ddisand I1,, among/N relay
nodes, wheréV is sufficiently large (the minimun¥ required to guarantee the DoF optimality
will be analyzed in Section III-B).

1) Sep 1 (The First Relay Set Selection): Let us first focus on selecting the sBt =
{Rra), s Rayx)}, Operating in receive and transmit modes in odd and even siots,
respectively. For every scheduling period, it is possiblerélay R; to obtain all the channel
coefficientshg,? and hﬁj) by using a pilot signaling sent from all of the source andidasibn
nodes due to the channel reciprocity before data transonissihere: € {1,---, N} and
ke {1,---, K} (note that this is our local CSI assumption). WHenis assumed to serve
the kth S—-D pair(Sk, Dy), it then examines both i) how much interference is receivethf
the other sources and ii) how much interference is genetatéself to the other destinations,
by computing the following scheduling metrig, j:

2
) ©)

K
s
m=1
m#k

2
hin)| +

m

i
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2
wherei € {1,...,N} andk € {1,..., K}. We remark that the first ter@ﬁzmﬂ hgiz
in (3) denotes the sum of interference power receive® afor the first hop (i.e., Phase

2
1). On the other hand, the second teEﬁ:Lm# ’hgzgdicates the sum of interference
power generating &k ;, which can be interpreted as theakage of interference to the K — 1
receivers expect for the corresponding destination, fergtcond hop (i.e., Phase 2) under
the same assumption.

Suppose that a short duration CTS (Clear to Send) messagassritted by the destination
who finds its desired relay node (or the master destinatiimgn according to the computed
metrics L; . in (@), a timer-based method can be used for the relay sefesimilarly as
in [@]E Note that the method based on the timer is considerably Beita distributed
systems in the sense that information exchange among atetlig nodes can be minimized.
At the beginning of every scheduling period, the refaycomputes the set ok scheduling
metrics, {L;1,--- , Li x}, and then starts _its own timer witik initial values, which can
be set to be proportional to th& metricd] Thus, there existVK metrics over the whole
relay nodes, and we need to compare them so as to determinavilhoe selected. The
timer of the relayR, ;) with the least onel ;,; amongNK metrics will expire first,

wherer (k) € {1,--- N} andk € {1,---,K}. The relay then transmits a short duration
RTS message, signaling its presence, to the ather1 relays, where each RTS message is
composed offlog, K| bits to indicate which S-D pair the relay wants to serve. &after,
the reIayRm(,;) is first selected to forward theth S—D pair's packet. All the other relays
are in listen mode while waiting for their timer to be set toawéi.e., to expire). At the
stage of deciding who will send the second RTS message, @sisnaed that the other relays
are not allowed to communicate with thigh S-D pair, and thus the associated metrics
{Ligs s Ly rier Loy (iys1io -+ Ly b @re discarded with respect to timer operation. If
another relay has an opportunity to send the second RTS gees$alog,(/K — 1)] bits in
order to declare its presence, then it is selected to conmatswith the corresponding S-D
pair. When suchK” RTS messages, consisting of at méstlog, K| bits, are sent out in
consecutive order, i.e., the set Bfrelays,IT; = {R,, 1), - . Rx,(x)}, iS chosen, the timer-
based algorithm for the first relay set selection terminagedding no RTS collision with
high probability. We remark that whel = 1 (i.e., the single S-D pair caséy;, relay nodes
arearbitrarily chosen as the first relay sEE; since there is no interference in this step.

2) Sep 2 (The Second Relay Set Selection): Now let us turn to choosing the set &f
relay nodes (among/ — K candidates)IT, = {my(1),--, m(K)}, operating in receive and
transmit modes in even and odd time slots, respectivelyandJsi RTS messages broadcasted
from the K relay nodes in the sdi,, it is possible for relay nod®; € {1,--- , N} \II; to
compute the sum of inter-relay interference power genérfxten the relays inl;, denoted

2
by Zle hgfr)l(k) . WhenR; is again assumed to serve thitn S—D pair(Si, Dy), it examines
both i) how much interference is received from the undess@aces and the selected relays

“The reception of a CTS message, which is transmitted fronmtainedestination, triggers the initial timing process atte
relay. Therefore, no explicit timing synchronization motl is required among the relays [31], [32]. Moreover, itisrth
noting that the overhead of relay selection is a small foactif one transmission block with small collision probaigi[31].
Since our relay selection procedure is performed sequignteer all the S-D pairs and the already selected relaysafor
certain S-D pair are not allowed to take part in the selectimtess for another S-D pair, the collision probability heg
at most2K times that of the single S-D pair cage[31].

To avoid a situation such that a malicious relay delibeyaselts its timer to a smaller value so as to win the chance,
prior to the relay selection process, a secret key may bedhanong legitimate nodes including relays. If a maliciclay
who did not share the key wants to participate in commurooatihen one can neglect his/her message (e.g., RTS (Request
to Send) message).
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in the setlT, for the first hop and ii) how much interference is generatedss|f to the other
destinations by computing the following metrhf,f, termedtotal interference level (TIL):

1 (r)
Ly = Lig + Z hm(k)’
k=1
- W2 @) L P
k=1

wherei € {1,..., N} andk € {1,..., K}. We note that Steps 1 and 2 cannot be exchange-

2
able due to the fact that the inter-relay interference t&nfL, hgr)l(k)’ is measured after
determining the first relay séf;. If the relay set selection order is switched, then the roetri
TIL in (@) will not be available.
According to the computed TIlLiH,f, we also apply the timer-based method used in Step
1 for the second relay set selection. The relaye {1,---, N} \ II; computes the set of
K TILs, {Lj%?,---, L]z}, and then starts its timer with initial values, proportional to the
K TILs. Thus, we need to compatéy — K)K TIL metrics over the relay nodes in the set
{1,---, N} \ II; in order to determine who will be selected as the second i#ayThe rest
of the relay set selection protocol (i.e., RTS message egghamong relay nodes) almost
follows the same line as that of Step 1. The timer-based i@ihgorfor the second relay set
selection terminates wheli RTS messages are sent out in consecutive order. Thiew]ay
nodes having a sufficiently small amount of TIL > are selected as the second relayldet
Remark 1. Owing to the channel reciprocity of TDD systems, the sum dérinelay

2
interference power received at any rel&y € I, Zle hgg(k)‘ , also turns out to be

sufficiently small whenV is large. That is, it is also guaranteed tiiatselected relays in the
setII; have a sufficiently small amount of TIL.

Remark 2: The overhead of each scheduling time slot (i.e., the totalber of bits required
for exchanging RTS messages among the relay nodes) can leeanaiglarily small, compared
to one transmission block. From the fact th&t RTS messages, consisting of at most
K [log, K] bits, are sent out in each relay set selection step, Dfilylog, K| bit transmission
could suffice.

3) Sep 3 (Data Transmission): The 2K selected relays request data transmission to their
desired source nodes. Each souré&g) (then starts to transmit data to the corresponding
destination D) via one of its two relay nodes alternatelR{ ) or Rn,x)), which was
specified earlier. If the TILs of the selected relays areteably small, then i) the associated
undesired source—relay and relay—destination chanr &ind ii) the inter-relay channel links
are all in deep fade. In Sectign IIFB, we will show that it isgsible to choose such relays
with the help of the multiuser diversity gain.

At the receiver side, each relay or destination detects itpeak sent from its desired
transmitter, while simply treating interference as Gaarssioise. Thus, no multiuser detection
is performed at each receiver, thereby resulting in an easiglementation.

B. Analysis of a Lower Bound on the DoF

In this subsection, using the scaling argument bridgingvbetn the number of relaysy,
and the received SNR (refer tbl[9], |18]-]20] for the detgilse shall show 1) the lower
bound on the DoF of thél x N x K channel with interfering relays a& increases and
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2) the minimumN required to guarantee the achievability result. The totahiber of DoF,
denoted byDoF,yy, is defined as 2]

DOFg =S~ ( 1im LM
total = ; snrlinoo log SNr )

whereT}(snr) denotes the transmission rate of soufze Using the OND framework in the
K x N x K channel with interfering relays whetk transmission slots per block are used,
the achievabl®oFy; is lower-bounded by

K 2 Lo (1 + min {sinr( ) sinr?
L—-1 2 108 (k) >k 7 (k)
S L-1 )

k=1 s=1

Wheresmr denotes the received signal-to-interference-and-naise (SINR) at the relay

Ry, and smr( o) denotes the received SINR at the destinaignwhen the relayR ., 1)
transmits the deswed signat & 1,2 andk € {1, ---,K}). More specifically, the above
SINRs can be formally expressedias

p ’ h(l)
sinrl) | =
ws(i) (1) (r) 2
NO+PZ’“ 1 h ()k’ +P2k 1" s (2),m5(k)
plr® I
sinf®  — ims (i)
1,75 (%) 2) 27
1+ P Zk 1 m;(k)

where the second term in the denomlnatosmf( indicates the interference power at relay
7s(1) received from the sources while the thlrd term indicatesititer-relay interference,
and the second term in the denomlnatorsm‘r ~.() Indicates the interference power at the
destinationD; received from the active relays Hem_ 3—s,ie,s=2Iif s =1, and vice
versa.

We focus on the first relay sdil,’s perspective to examine the received SINR values

2
according to each time slot. Let us first dend® . £ L., .+ >/, ’hfr?(i),ﬂg(k) fori e
{1,---, K}. For the first hop, at time sl@t —1 (i.e., each odd time slot),e {1,2,..., &1},

®Note that at the first time slot for the relays; (i)}, the third term in the denominator si‘nr ( ) (i.e., the inter-relay
interference term) becomes zero.
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the receivedsinr ) at R( , |s lower-bounded by

2

snr hfn)(z)l
sinrt? >
w1 (4) X @ 2 (T)
1+snrziz m(z ) +‘h +snry |k (i) (k))
2
1)
B snr\h. o
- 2
1+snr< +Zk L (i) o () )
2
snr
T eper
L4snrl 7 ;
snr ‘h(l). I
> : (6)

- I1
1+snryf M i)

where Lm( . indicates the scheduling metric ial (3) wh&®, ;) is assumed to serve the
ith S-D pair §;, D;). For the second hop, at time sldt (i.e., each even time slot}, €
{1,2,..., 551}, the receivedsinrgil(i) at D; is lower-bounded by

2

h(2

i1 ()

snr

(2)
sinr; i) 2

1+snry K Zk 1

v

k(4

et o

2

i

)

w1 (i)k

(2)
hiﬂl(i)
T
L+snry it Lay),
2
h(2

i1 (1)

snr

snr

>

- I
L+snryl Ih oy

where the second inequality holds due to the channel ren'tprd’he termz o

71 (4 )z
the denominator of{6) andl(7) needs to scalsm@s!, i.e. ZZ )

L= O(snr—l) SO that
both sinr )( py and smr (2) (k) Scale adg(snr) with increasing SNR, which eventually enables

to achieve the DoF o# per S-D pair fromIIBﬁ Even if such a bounding technique [d (6)
and [7T) leads to a Ioose lower bound on the SINR, it is suffidierprove our achievability
result in terms of DoF and relay scaling law.

Now, let us turn to the second relay dat. Similarly as in [6), for the first hop, at time

: (7)

"We use the following notation: if(z) = O(g(z)) means that there exist constaﬁtandc such thatf (z) < Cg(z) for
all z > c. i) f(z) = Qg(x)) if g(z) = O(f(x)). i) f(z) = w(g(x)) means thatim, ., L= ‘o5 =0 [B3].
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slot2t, t € {1,2,..., 11}, the receivedsinrfr?(l.) at 727(32)(1.) is lower-bounded by
snr [ [
sinrt! o : (8)

20 = psnr K LM

w2(1),i
whereLg‘Ei)’i indicates the TIL in[(#) wherR,; is assumed to serve thth S-D pair §;,
D;). For the second hop, at time siat+ 1, t € {1,2,..., 51}, the receivedsinrgz(i) at
D; can also be lower-bounded by
2

h?

ima(1)

snr

(2)
e T S

ma(i),i

sinr

9)

The next step is thus to characterize the three mefrigs LI, and L2 (i € {1,..., N}
andk € {1,...,K}) and their cumulative density functions (CDFs) in thex N x K
channel with interfering relays, which is used to analyze litwer bound on the DoF and
the required relay scaling law in the model under consid@mrasSince it is obvious to show
that the CDF ofLH1 is identical to that ofLH,j, we focus only on the characterization of

LH2 The schedullng metrnLZ,C follows the chi-square distribution with(2K — 2) degrees
of freedom since it represents the sum of i.2d& — 2 chi-square random variables with 2
degrees of freedom. Similarly, the TI/LZ 2 follows the chi-square distribution with(3/K —2)

degrees of freedom. The CDFs of the two metﬂg§ and LM are given by

respectively, wherd(z) = [ ¢*'e~'dt is the Gamma function angl(z,z) = [ t*te 'dt
is the lower incomplete Gamma function [34, eqn. (8.310.Xy¢ start from the following
lemma.

Lemma 1: For any0 < ¢ < 2, the CDFs of the random variablégk andL?,f in (I0) and
(IT) are lower-bounded b¥; (¢) > C1£25~2 and Fy, (¢) > Cot3% 2, respectively, where

. e—19—(2K-2) 15
" TRK —1) (12)
e—19—(BK-2)
- 13
G2 F(3K —1)° (13)

andI'(z) is the Gamma function.
Proof: The detailed proof of this argument is omitted here sincesgeatially follows
the similar line to the proof of |9, Lemma 1] with a slight médation. [ |
In the following theorem, we establish our first main resyltderiving the lower bound
on the total DoF in thel x N x K channel with interfering relays.
Theorem 1. Suppose that the OND scheme with alternate relaying is usadé K x N x K
channel with interfering relays. Then, fdr data transmission time slots,

(L - 1K

Do I:total Z I
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is achievable ifN = w (snr3®<=2).

Proof: From [5)-{9), the OND scheme achiev@sFq, > £ K provided that the two
valuessnr % | L andsnr SE L}rh(l) , are less than or equal to some constant 0,
independent of SNR, for all S-D pairs. Then, a lower bound e dchievableDoFq IS
given by
(L-1)K

L )
which indicates that%[( DoF is achievable for a fractio®onp Of the time for actual
transmission, where

Poxp = lim Pr {san:LHl < e andsanLH( 1 < } . (14)

sSnr—oo
i=1 =

DoFiota > Ponp

We now examine the relay scaling condition such tRgtp converges to one with high
probability. For the simplicity of the proof, suppose thiae tfirst and the second relay sets
IT, andII, are selected out of two mutually exclusive relaying cangidsetsV; and N5,
respectively, i.e. N, No C {1,..., N}, \yn Ny, =0, \UN, ={1,..., N}, II; C M, and
I, C Ns. Then, we are interested in hdw/; | and|A\>| scale with SNR in order to guarantee
that Poxp tends to one, whereV,| denotes the cardinality ok, for s = 1,2. From [14),
we further have

Poxp = lim <Pr {snrz Lh, . < 60} Pr {snrz L < } ) . (15)
snr—oo —
Let B,, £ Ao \ {m(0)}7" with {my(£)}0_, = () and|B,,| be the candidate set associated

with the second relay set and theh S-D pair and its cardinality, respectively. For a constan
€0 > 0, we can bound the second term [n](15) as follows:

K
pr{y [ <
()4 = snr

i=1

€0
> Pr{ max LMz <
- {1<Z<K m2()i = Ksnr}

(a) . II 60
Zl_Pr{HZ Loestiyi 2 Ksnr}

€0
O P{Lm }
Z ' ”_Ksnr

©
>1 —KPr{minLHi2 > X }

jeNo Pt T Ksnr
(i)l— (1_]__L( €0 >)|B¢|
- Ksnr
() € 3K _9\ Wa2l-K+1
21-}((1—02 (Ksnr) ) , (16)

where the inequalitya) holds from the De Morgan’s lawh) follows from the union bound;
(c) follows sinceLl2,, . = min;en; L} 2; (d) follows sinceL}'? are the i.i.d. random variables

ma(i)i

Vj € N, for a given:, owning to the fact that the channels are i.i.d. variables;(a) follows
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from Lemmal[dl withCy, = % since0 < & < 2 assnr — oo and from the fact that
|B;| > |Na| — K + 1.
We now pay our attention to the first term [n.{15), which can bartaed by

K
I < €0 > I il
Pr { Lm(l) i Snr} Pr {12%:}(( Lm(z)’l - Ksnr

=1
€ K
—(p {Lnl }) , 17
( : @ = Ksnr (17)

where the equality follows from the fact théfl() and Lnl(]) for ¢ # j are the functions
of different random variables and thus are mdependent ‘of azther. By lettingK; =

(r) II;
S P (i) e k)’ by the definition ofL i, ;, we have
€0 = €0
P{Lnl }:1—13 {L,rz K, > }
' @i = Ksnr P Em@d T2 e
= €0 €0

>1—P{L7r”->7}—P {KZ—> } 18
- ' D4 =9 csnr g — 2Ksnr (18)

where the inequality follows from the fact that for any ramdeariablesX andY, Pr{X + Y > ¢}
< Pr {X > £} +Pr{Y > <} [B7]. In the same manner, let,, = N7\ {m(0)};'5" with
{7 (0)}" = 0 and | A,,| be the candidate set associated with the first relay set @nebtth
S-D pair and its cardinality, respectively. Then, we cannabthe first two terms in the RHS
of (18) as follows:

7 €0 €0
1-p {LW“> }:1—P L
PO = S Rsnr I‘{]IIEI}\I[} ” _2Ksnr}

1= (-7 ()

_oN\ Ni|-K+1
€0 \2K-2
>1_ _
1 <1 Cl(ZKsnr) ) ’ (19)

e—19—(2K—2) .
ﬁ Finally, from [186),

where the last inequality follows from Lemnha 1 withy =
it follows that Pr { K; > 5;2-} tends to zero ag\>| grows large by noting thaLH( i =

Ly + K; due to the reciprocal property of TDD systems. From (16)),(28d [19), it is
obvious that if| V;| and [N;| scale faster thasnr?X~2 andsnr3£ -2, respectively, then

' € ok 9\ WNi|l-K+1
L (1 -G <2Ksnr> ) =0 (20)
€ \3K-2 [N2|—K+1
L (1 -G (Ksnr) ) =0 (21)

Therefore,Ponp asymptotically approaches one, which means that the Doﬁﬁgﬁ is

achievable with high probability iV = |V, |+ || = w (snr*®~2). This completes the proof
of the theorem. [ |
Note that the lower bound on the DoF asymptotically appreadk for large L, which
implies that our system operates in virtual full-duplex mod@he parameteN required to
obtain full DoF (i.e., K DoF) needs to increase exponentially with the number of Saitsp
K, in order to make the sum dfK — 2 interference terms in the TIL metri¢l(4) non-



IEEE TRANSACTIONS ON MOBILE COMPUTING 15

increase with increasing SNR at each r@ayere, from the perspective of each relay in
I1,, the SNR exponen8 K — 2 indicates the total number of interference links and stems
from the following three factors: the sum of interferencevpo received from other sources,
the sum of interference power generated to other destimgtiand the sum of inter-relay
interference power generated from the relayslin. From Theorentill, let us provide the
following interesting discussions regarding the DoF addidity.

Remark 3: K DoF can be achieved by using the proposed OND scheme iR theéV x K
channel with interfering links among relay nodes, if the emof relay nodes)V, scales
faster thansnr3*~2 and the number of transmission slots in one bloEk,is sufficiently
large. In this case, all the interference signals are almokéd out at each selected relay by
exploiting the multiuser diversity gain. In other words, agplying the OND scheme to the
interference-limitedk” x N x K channel such that the channel links are inherently coupled
with each other, the links among each S-D path via one relaybeacompletely decoupled,
thus enabling us to achieve the same DoF as in the interferieee channel case.

Remark 4: It is not difficult to show that the centralized relay selentimethod that
maximizes the received SINR (at either the relay or the dastn) using global CSI at the
transmitter, which is a combinatorial problem with expamencomplexity, gives the same
relay scaling resultV = w (snr**~2) along with full DoF. However, even with our OND
scheme using a decentralized relay selection based onlgoah CSI, the same achievability
result is obtained, thus resulting in a much easier impleatiem.

C. The TIL Decaying Rate

In this subsection, we analyze the TIL decaying rate undeiQND scheme with alternate
relaying, which is meaningful since the desired relay scplaw is closely related to the TIL
decaying rate with respect tv for given SNR.

Let Lxwmmin denote theKkth smallest TIL among the ones that selected relay nodes
compute. Since th& relays yielding the TIL values up to thi€th smallest one are selected,
the K'th smallest TIL is the largest among the TILs that the seteotéays compute. Similarly
as in [35], by Markov’s inequality, a lower bound on the ageralecaying rate of x-min

with respect toV, E [ 1h } is given by

L gth-min |’

1 1

B | 2 2 Prlimmn <) 22)
L g th-min €

where the inequality always holds fer> 0. We denotePg (¢) as the probability that there

are only K relays satisfying TIL< ¢, which is expressed as

Pile) = ()01~ () 3)

whereF (¢) is the CDF of the TIL. Sinc®r( L ki-min < €) is lower-bounded b¥r( L kh-min <

€) > Pk(e), a lower bound on the average TIL decaying rate is given by

1 1

E > —Pxk(€). 24

|:LKth-min} € K( ) ( )

The next step is to find the parametethat maximizesPx (¢) in terms ofe in order to
provide the tightest lower bound.

3K -2

8Sincesnr? 2 scales slower thasnr , it does not affect the performance in terms of DoF and retajirsy laws.
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Lemma 2: When a constant satisfies the conditioF,(¢) = K/N, Px(é) in (23) is
maximized for a givenV.
Proof: To find the parametet that maximizesPx (¢), we take the first derivative with
respect toe, resulting in

0Pk (€) B OFr(e) (N
e Oe K
which is zero when

)me)“ (1= Fr(e)V (K — NF(e)).

) (K

The parametet is the unique value that maximizé¥ (¢) since

873;((6)
Oe

% >0 if e>eé,
de |,
which completes the proof of the lemma. [ |
Now, we establish our second main theorem, which shows arltweand on the TIL
decaying rate with respect .
Theorem 2. Suppose that the OND scheme with alternate relaying is usetd X x N x K
channel with interfering relays. Then, the decaying ratdlaf is lower-bounded by

>0 if0<e<e

€

E[ L ]z@(st«%z) (26)

Kth-min

Proof: As shown in [24), the TIL decaying rate is lower-bounded by thaximum of
1Pk () overe. By Lemmal2,P(¢) is maximized wheré = F; ' (£). Thus, we have

. [L;} - ;;&(/N) @) (%K <1 - %)NK

2 T (N 5 1)K(1 - %)M

> weviem (%)
>0 (N77),

where the second and third inequalities hold siifg > (%)K and (1 — %)N*K >

(1- %)N > ¢ K respectively. By Lemmal 1, it follows th% > (GX)s5-2 where
(1 is given by [[(12). Hence, the last inequality also holds, ﬁhrdompletes the proof of the
theorem. n
From Theoreni]2, the following valuable insight is providéte smaller SNR exponent of
the relay scaling law, the faster TIL decaying rate with ez$go N. This asymptotic result

will be verified in a finite N regime via numerical evaluation in Sectioh V.
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D. OND Without Alternate Relaying

For comparison, the OND scheme without alternate relays@lso explained in this
subsection.

It is worth noting that there exists a trade-off between theer bound on the DoF and
the minimum number of relays required to guarantee our aahikty result by additionally
introducing the OND protocol without alternate relaying. the scheme, the first relay set
IT, only participates in data forwarding. That is, the secordyrsetIl, does not need to
be selected for the OND protocol without alternate relayi@pgecifically, the steps of each
node during one block are then described as follows:

. Time slot 1: Sources,, - - - , Sy transmit their first encoded symbals’ (1), - - - ,:c(é)(l),
Where:c,(:)(l) represents thé&h transmitted symbol of théth source node. A set ok

selected relay noded]l; = {m(1),---,m(K)}, operating in receive mode at each
odd time slot, listens to:gl)(l), e ,x%)(l). Other N — K relay nodes and destinations
D, -+, Dg remain idle.

. Time slot 2: TheK relays in the sell, forward their first re-encoded symbmg)(l)(l), R

:cfl)(K)(l) to the correspondings destinations. The< destinations receive fror,, i),

+ Ry and decode:?) (1), -+ , 2} (1). The remainingV — K relays keep idle.

« The processes in time slots 1 and 2 are repeated t¢/thel)th time slot.
. Time slot L: The K relays inII; forward their re-encoded symbojé?i)(l)(L — 1),

:cfl)(K)(L — 1) to the correspondings destinations. The{ sources and the othe¥ — K

relays remain idle.

When R; is assumed to serve thth S-D pair (S;,Dy) (i € {1,---,N} andk €
{1,---, K}), it computes the scheduling metrig ;. in (3). According to the computed, ;,
a timer based method is used for relay selection as in Selifiddl] Because there is no
inter-relay interference for the OND scheme without alenrelaying, it is expected that the
minimum requiredN to achieve the optimal DoF is significantly reduced. Ourdhmain
theorem is established as follows.

Theorem 3. Suppose that the OND scheme without alternate relayinged i@ the K x
N x K channel. Then, for. data transmission time slots,

K
DOFtotaI Z ?

is achievable ifN = w (snr**—2).
Proof: The detailed proof of this argument is omitted here sinceagidally follows the
same line as the proof of Theorém 1. [ |
In SectiorlY, it will be also seen that in a finifé regime, there exists the case even where
the OND without alternate relaying outperforms that of thdBDwith alternate relaying in
terms of achievable sum-rates via computer simulations.

IV. UPPERBOUND FORDOF

In this section, to show the optimality of the proposed ONDegoe in theK x N x K
channel with interfering relays, which consistsiofS—D pairs andV relay nodes, we derive
an upper bound on the DoF using the cut-set bolnd [36] as aemant of the lower bound
on the total DoF in Section II-B. Suppose thiitrelay nodes are active, i.e., receive packets
and retransmit their re-encoded ones, simultaneouslyravie € {1,--- ,N}. This is a
generalized version of our transmission since it is not attarized how many relays need
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—— OND w/ alternate relaying
| | === OND w/o alternate relaying

DoF = 2——,

(=}
T

Achievable rate [bits/s/Hz]
>~
T

\V]
T

0 3 6 9 12 15 18 21 24
snr [dB]

Fig. 2. The achievable sum-rates as a functiorsf when K = 2 and N = snr* in the K x N x K channel. It is
assumed thalv = snr* and N = snr? are used for the OND schemes with and without alternate ireJayespectively.

to be activated simultaneously to obtain the optimal DoF. ddesider the two cutg; and
L, dividing our network into two parts in a different manner.tL®, andD,, denote the
sets of sources and destinations, respectively, for thel.gum the network { = 1,2). For
the K x N x K channel model with interfering relays, we now use the faat there is no
direct path between an S-D pair. Then, it follows that untigr K transmit nodes irS;,
are on the left of the network, whil&/ active relay nodes ané (final) destination nodes
in Dy, are on the right and act as receivers. In this case, we catedtgak x (N + K)
multiple-input multiple-output (MIMO) channel betweeretiwo sets of nodes separated by
the cut. Similarly, the(V + K) x K MIMO channel are obtained under the cli. It is
obvious to show that DoF for the two MIMO channels is uppemited by K. Hence, it
turns out that even with the half-duplex assumption, ourelosound on the DoF based on
the OND with alternate relaying asymptotically approacties upper bound on the DoF for
large L.

Note that this upper bound is generally derived regardlésgether the number of relays,
N, tends to infinity or not, whereas the scaling conditidn= w (snr3*~?) is included in
the achievability proof.

V. NUMERICAL EVALUATION

In this section, we perform computer simulations to vakdéte achivability result of the
proposed OND scheme in Sectionl 1l for finite parametdrand SNR in theK x N x K
channel model with interfering relays. In our simulatioine tchannel coefficients (1) and
(@) are generated x 10° times for each system parameter.

Figure[2 shows the achievable sum-rates of kche IV x K channel for the OND schemes
with and without alternate relaying accordinggor in dB scale whenk = 2. Note that/V
is set to a different scalable value accordingstw, i.e., N = snr3*-2 for the OND with
alternate relaying andv = snr?%-2 for the OND without alternate relaying, respectively, to
see whether the slope of each curve follows the DoF in Thesi®mnd 2. In the figure, the
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— simulation
- - - analysis

100

Total interference level

10—1 | | |
10t 102 103 104 10°

N

Fig. 3. The average TIL versu§¥ when K = 2,3 in the K x N x K channel.

dotted green lines are also plotted to indicate the firstroag@roximation of the achievable
rates with a proper bias, where the slopes are giveri(bgnd K’/2 for the OND schemes
with and without alternate relaying, respectively.

In Fig.[3, the log-log plot of the average TIL of the OND withteahate relaying versus
N is shown for theK x N x K channel whenk = 2, 38 It can be seen that the TIL tends
to decrease linearly withv. It is further seen how many relays are required with the OND
scheme with alternate relaying to guarantee that the Tlless than a small constant for a
given parametefs. In this figure, the dashed lines are also plotted from the@leresults in
Theoreni 2 with a proper bias to check the slope of the TIL. Wesee that the TIL decaying
rates are consistent with the relay scaling law conditioitheorent]l. More specifically, the
TIL is reduced asN increases with the slope of 0.25 féf = 2 and 0.143 forK = 3,
respectively.

Figure[4 illustrates the achievable sum-rates of the<x N x K channel for the OND
schemes with and without alternate relaying versos (in dB scale) whenkK = 2 and
N =50, 100, 200. We can see that in a finitd regime, there exists the case where the OND
without alternate relaying outperforms that of the OND wdtternate relaying. This is because
for finite v, the achievable sum-rates for the alternate relaying s to approach a floor
with increasing SNR faster than no alternate relaying casetd more residual interference
in each dimension. We can also see that the crossing poigtdlgimove to the right asV
increases; this is due to the fact that our OND scheme witghradte relaying always benefits
from having more relays for selection, thus resulting in enorultiuser diversity gain. This
highly motivates us to operate our system in a switched deskwhen the relay selection
scheme is chosen between the OND schemes with and witheuhatie relaying depending
on the operating regime of our system.

To further ascertain the efficacy of our scheme, a performamnparison is performed
with a baseline scheduling. Specifically, in thiax-min SNR scheme, each S-D pair selects
onerelayR; (i € {1,---, N}) such that the minimum out of the desired channel gains of two

°Even if it seems unrealistic to have a great number of relaysobperative relay networks, the range for paramater
is taken into account to precisely see some trends of curagsng with V.
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—— OND w/ alternate relaying
- -- OND w/o alternate relaying

Achievable rate [bits/s/Hz]
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Fig. 4. The achievable sum-rates versm when K = 2 and N = 100, 200 in the K x N x K channel. Both OND
schemes with and without alternate relaying are compared.

3.5 T T T T

—— OND w/ alternate relaying
- - - max-min SNR

N = 50,100,200

[N}
t

—_
t

Achievable rate [bits/s/Hz]
[\]

05 ! ! ! ! !
0 5 10 15 20 25 30

snr [dB]

Fig. 5. The achievable sum-rates versm when K = 2 and N = 100, 200 in the K x N x K channel. The OND
scheme with alternate relaying and the max-min SNR schemea@npared.

communication links (either fror§, to R; or from R; to D,) becomes the maximum among
the associated minimum channel gains over all the unseélaetays. This max-min SNR
scheme is well-suited for relay-aided systems if intenfgriinks are absent. The achievable
sum-rates are illustrated in Figl 5 accordingstar (in dB scale) whenK = 2 and N =
100, 200. We can see that our OND scheme with alternate relaying dotpes this baseline
scheme beyond a certain low SNR point. We also see that tbegegis increase wheN
increases in the high SNR regime. On the other hand, for fiXxedhe sum-rates of the
max-min scheme are slightly changed with respecériodue to more residual interference
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in each dimension.

VI. CONCLUDING REMARKS

An efficient distributed OND protocol operating in virtuallfduplex mode was proposed
for the K x N x K channel with interfering relays, referred to as one of msdiiirce interfering
relay networks. A novel relay scheduling strategy with raléée half-duplex relaying was
presented in two-hop environments, where a subset of retayppportunistically selected
in terms of producing the minimum total interference lewblereby resulting in network
decoupling. It was shown that the OND protocol asymptdijycathieves full DoF even in
the presence of inter-relay interference and half-dupgscumption, provided that the number
of relays, N, scales faster thasnr3*~2. Numerical evaluation was also shown to verify that
our scheme outperforms the other relay selection methoderuealistic network conditions
(e.g., finite N and SNR) with respect to sum-rates.

Suggestions for future research in this area include thensiin to the MIMOK x N x K
channel and the optimal design of joint beamforming and deliveg under the MIMO model.
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