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Abstract—In this paper we present a multi-user cooperative hys @ f,

protocol for wireless networks. Two sources transmit simuta- : Sources to Relays to

neously their information blocks and relays employ opportwnis- s1 b/ Rt D1 relays destination

tically successive interference cancellation (SIC) in anffort to @ f %

decode them. An adaptive decode/amplify-and-forward schmee é 2,1 é X2

is applied at the relays to the decoded blocks or their suffieint ha. (o [ @ |- o ]

statistic if decoding fails. The main feature of the protocbis that S2

SIC is exploited in a network since more opportunities arisefor (@ (b)

each block to be decoded as the number of used relaySry is

increased. This feature leads to benefits in terms of diversi Fig. 1. a) The network model in this paper consists of a mieltgccess

and multiplexing gains that are proven with the help of an Mmulti-relay network (MAMRN). In this figure the MAMRN is mappl to a

analytical outage model and a diversity-multiplexing tradeoff d_ownllnk transmission scenario. b) Cooperative protoramigmissions in the

(DMT) analysis. The performance improvements are achieved ime domain.

without any network synchronization and coordination. In the

final part of this work the closed-form outage probability model

is used by a novel approach for offline pre-selection of the STC include also a multiplexing gain. Their relative intesp

Ney relays, that have the best SIC performance, from a larger s oo n1 red with the diversity-multiplexing tradeoff (DM[G].

number of Ngr nodes. The analytical results are corroborated . . . . . .
Higher spectral efficiency (SE) is possible since the higher

with extensive simulations, while the protocol is comparedvith ’ \ ) -
orthogonal and multi-user protocols reported in the literature. ~ SNR can be combined with higher order modulation and

- . . coding schemes (MCSs). However, in a two-hop network, the
Index Terms—Successive interference cancellation, cooperative . X ; . . .
protocol, multi-user communication, dense wireless netwas, Multiplexing gain that can be achieved with one source igkqu
distributed space-time coding, multiplexing gain. to § [5]. Hence, the classic relay-based systems are limited in
terms of the potential multiplexing gain.

The natural question is if one can exploit nodes that act
as relays in anulti-user network with non-orthogonal trans-

One recurring research theme in the area of wireless natission protocols that can lead to higher multiplexing gain
works has been the optimal use of every node for the bendfiie relay network model in this case consists of a cascaded
of the complete network. The cooperative communicatiatbmpound multiple access channel (C-MAC) in the first hop
paradigm is one such approach, where relay nodes forwgiite message from each source needs to be decoded at every
signals between other nodes to improve their performarice [felay [10]), and a MAC in the second hop (F[g- 1(a)). This
[2]. The main benefit is aliversity gain [2] that is essential is also referred to as a multiple access multi-relay network
for improving performance in slow fading channels. WhefMAMRN). This setup has many applications in cellular
multiple relays are available, they can createdigributed in-band relay-based uplink and downlink (Fig. 1(a))1[11],
antenna system to mimic the behavior of the classic multi-relay-based downlink multicast communicationl[12] (also i
antenna MIMO systems that accomplish the same with spa¢dy. [I(a) with the addition of D2), and cellular device-to-
time coding (STC)[[B], [[4]. In this case the relays receive device (D2D) communication where the relays can be users
signal from a source, and then they can construct a disttibuthemselves [13].
space-time code (DSTC)I[5]=[8]. The first works on DSTC \ylti-source communication in this MAMRN can be han-
considered relays that decode the received signals andteen gjeq efficiently with network MIMO techniques [[14]. DF
ate the DSTC based on this resilt [5]-[7]. Besides this decoding AF relay protocols for uplink cellular communication
and-forward (DF) DSTC strategy (referred as DSTC/DFyere analyzed in[[14]=[16]. IN[15] it was shown that DF
more general DSTCs for amplify-and-forward (AF) relayge|ays for the MAMRN perform very well in terms of outage
were introduced inl[8]. The work in_[8] allows a singlefor sjow fading channels in the low SNR regime, while
transmitter to broadcast an information block in one slojgp performs better in the high SNR regime due to the
while in the subsequent slot the relays encode their redeiMgck of noise amplification. The work i [15] is essentially
signals into a distributed linear dispersion (LD) code. On@e implementation of Han and Kobayashi DF scheme but
key characteristic of this work is that the relays do not @iecofor g cellular MAMRN. A third compress-and-forward (CF)
the received signals, hence the name DSTC/AF. Overall DSEeheme, originally proposed ifi [17]. [18], was shown to be
leads to a higher receiver SNR (diversity gain) but all foohs petter than AF and DF for the MAMRN iri [19], under the

o _ o assumptions of a non-fading channel, full-duplex relayd an
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this CF scheme cannot be implemented directly in our setapmindset towards simplicity and full exploitation of potieh
since it requires side-information from a second BS. Anotheelays without performance compromise.
important result in[[19], was that when the relay power is Contributions/Main results. The contributions of this work
the same as the source, then CF performs slightly worse trae: 1)A novel multi-user protocol design for relay networks.
AF even under multicell processing. More recently, the atgh In the high SNR regime our DMT analysis, corroborated with
in [20] considered a MAMRN with the use of structured latticgimulation, reveals thatur protocol achieves a multiplexing
codes at the sources and AWGN links on the second hop. gain of % that is typically possible with one-hop DSTC sys-
Although the topology we consider uses two hops, sevetains [23], [24]. The above is true even in strong interference
works have focused on multi-user communication in singtnditions between the two sources. In the low SNR regime
hop networks usually with the presence of a single relay, boitir protocol outperforms classic orthogonal DSTCs andimult
also without one. The first scenario is typically referred taser protocols. 2)A rigorous outage analysis for the proposed
as the multiple access relay channel (MARC). Some of thestocol that jointly considers interfering transmissions, SIC
protocols we discuss below can be adapted to operate in twiecoding, and the AF/DF relay operations. The performance
hop networks. These protocols are similarly categorized asalysis constitutes on its own a contribution of this paper
DF/AF. Overall in a MARC higher multiplexing gains cansinceit characterisesthe performance of multirate transmitters
be achieved as shown in_[21]-[25]. In_[24] the authors pr@and SIC decoding. The overall model is used first for shedding
posed complex field network coding (CFNC) for the MARClight into the inner workings of our protocol, and second for
The relay uses DF and symbol-level network coding ovélie DMT analysis, while it is validated with simulations. 3)
a complex field for the symbols originating from the twoNe also work towards extending our idea in more general
sources. This protocol requires the pre-distribution of tmetworks with multiple relays. In particular we propoae
coefficients in the complete network. Furthermore, in theea relay pre-selection technique that uses our outage model for
work extensions for multiple relays and sources are pralidgelecting nodes statically as suitable relay candidateschan
while the protocol is inherently engineered to support glsin their ability to decode with SIC. The ramifications of thetlas
destination. Another recent work reported ini[23], progbséddea are important since it provides a path for a power-effiici
a DF-based DSTC protocol for a single hop network thaind low-complexity use of nodes in dense wireless networks.
consisted of two sources and one receiver without the pcesen paper Organization. The rest of the paper is organized as
of a relay. The protocol achieves a multiplexing gain eqoal follows. The system model and a detailed description of the
2 for a half-duplex system, and 1 for a full-duplex systenproposed cooperative protocol can be found in Seéfion I& Th
This last work will serve as an interesting benchmark for owutage performance analysis for the protocol is presemted i
system. Regarding AF-based protocols, the authors_in [12gctior(1Il, while the DMT analysis is in SectiénllV. The use
proposed an analog network coding (ANC) based protocol fgf our model for optimization in relay networks is presented
the multicast MARC channel. For the MARC with a singlein Section[Y. Sectiofi I presents simulation and numerical

destination, the authors in_[25] generalized the concept @fsults, while Section VI presents our conclusions.
ANC with relays that execute ANC in a complex field (i.e.,

similar to CFNC). A transformation operation is executed at
the relay based on feedback received from the destination. | Il. PROPOSEDCOOPERATIVE SYSTEM
the case of a multi-relay network the extension is not diyect
obvious (hence difficult to collect full diversity), whilehe *~ YSem Model
increased rate of transmitter channel state informatidsi T We consider a relay network model, depicted in [Fig.]|1(a),
needed at the relays, might be a problem similar(to [24kith two sources S1 and S2, ark relays denoted as RS1,
In [21], [22] AF-based DSTCs with a special non-orthogon&®S2, ...., RSr. We examine a many-to-one communication
structure for the two-user MARC were proposed. scenario (S1,S2D1) in this paper. However, our protocol
In this paper we propose a multi-user cooperative protocahd our analysis are applicable, and without any modifioatio
for the MAMRN in Fig. [I(@). We allow the two sourcesto a unicast scenario (S1 D1,S2— D2), and also multicast
to transmit simultaneously without any coordination witiet (S1,S2» D1,D2,...). All nodes are equipped with a single
remaining network (e.g., precoding, beamforming), or {@@c omni-directional antenna that can be used both for transmis
symbol/bit/packet-level synchronization. Interferinggreals sion and reception in half duplex mode, while all nodes have
are exploited in the MAMRN by attempting to decode at eadhe same average power constraint. We denote the independen
relay both simultaneously-transmitted information bleckhis channels from the-th source to the--th relay ash, ,, and
is accomplished by using the optimal decoding strategyat eahe channel from the-th relay to destination ag,. These
relay for this case which is successive interference claimdl channels are block-fading (quasi-stationary) and Ralileig
(SIC) [2€]. Next, we apply an adaptive DF/AF protocol bothe., s ,~CN(1,1), f,~CN(1,1) (complex Gaussian random
on decoded blocks but also on the non-decoded blocks. Teiables with unit mean and variance). AWGN with zero
sources and relays do not require any form of CSIT while thmean and variance? is assumed at all receivers. Receiver
communication model in the second hop can be either u@Sl is needed for SIC decoding and for calculating the power
cast or multicast [12]. We model rigorously the performancgaling at the relays. No further channel knowledge is regui
the proposed protocol that its preliminary version was fir€Sl at the final destination is similarly assumed to be akégla
reported in[[2F7]. Our transmission protocol is engineeré@t w from training signals or packet preamblés$ [5], [8],1[28].
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. . . . ?
Regarding the paper notation matrices are denoted with bold SeiOdEd' e fj zclme
; ; 2 v v
capital letters while bold lowercase letters denote vectéiso aro 1 hoy | 1 ho
E[] is the expectation of a random variable. ar3 0 1 1 1
TABLE |

B Cooperative Protocol SIGNAL MODELING AT THE RELAYS.

Since we assume that there is no direct link between the
sources and the destination, three time slots are required f
the transmission of two blocks (Fig. I[b)). In the first slojfter scaling is applied, the relays broadcast their bloeka
the sources broadcast simultaneously their blocks denotg@juentially. A total ofVe = Ng + 1 slots are needed.
asz1, andz respectively. The communication rates of the To define the system at the receiver let us denote fivitre
sources areR; and Ry bits/symbol respectively, and theyvector of the channel gains for the links between the relays

also take into account both modulation and coding! [26hnd the destination. The received signal at the destinatien
The power dedicated to each transmitted block from the; consecutive slots will be the vector:

sources is normalized to unity, i.&[|x1|?]=E[|z2|?]=1. Thus,

the baseband model for the interfering blocks at relais fga 17 w(1) 17
Yr = h1 21 + ho 22 + w,, Wherew, is the AWGN sample y=| f292q2 + | w(2)
at relayr.

After the first broadcast phase of the protocol is completeigh the abovew(r) are the AWGN samples during the specific
each relay decodes the two blocks by employing ordered SEot. Elaborating on the above leads to:
That is, the block with the highest energy/bit is decoded firs gifiars  gafiais g1 fra1 3we w(1)
while the other block is treated as noise while no precise syy = [ g2f2a21  g1feaz { i; ] + [ g2 f2a2 3wr2 ] + [ w(2) ]
chronization is needed][9]. To understand why the energy/bi
is used for selecting the decoding order consider that there- Hx + w 3)
is no interference. Then, the probability ofzsymbzol error forpe destination still receivedr observations oveiNg slots
MQAM can be approximated b&ng/ %) [29]. that it can optimally solve with our linear MIMO MMSE-SIC
The fractional term inside the Q function is essentially théecoder([26] described next.
normalized SNR/bit. We can get a similar expression for the For decoding based on the signal modelih (3) we calculate
second source. Since we assunigfil;|?|=E[|x2|?]=1, the the covariance matriZ,, of the noise vector. The entries of
following condition is checked so that; is decoded firdl:  this Ng x Ng matrix are[Xy|r = 0,Yr # 1" and[Ew ], =

hy o2 \hop 2 g2\ fr|*|lar3?c? + o2. For final decoding of the transmitted
231’_ 1 232’_ 1 (1) symbols we apply linear MMSE equalization for the signal

If z, is correctly decoded, it is subtracted from the aggregdfg?del in [3) as follows:
signal y,. Regarding the implementation of the cancellation % =HDD{H"Z,'H+1I)"'H"X_'y} 4

mechanism it is executed at the block level. Thus, upon th@ the above HDD stands for hard decision decoﬂin‘g)

successful decoding, and with CSI at the relay (in this exam%btain the receiver SNR for S1 under MMSE decoding, we
h1.r), we can completely remove/cancel a complete block fromﬂy need the first column d:

the aggregate received signal H w1

Depending on the result, theth relay will transmit differ- o =H 2B Haa ©)
ent signals in the-th time slot of the protocol (Fig. I(b)). To By definingy = - and elaborating on the above leads to the
denote these signals that the relays transmit we use thamtainstantaneous SNR being:

g-. This relay pre-processing can be compactly modeled as: Ng 21012 9
vp = Z g'r|f7“| |a"“71| ~y (6)
@r = r 171 + Qr2T2 + ar 3w, (2) 2 I frPlars? + 1

The_ adopted signal notation covers every possible block qgrbm [) we note that decoding at D is conditioned on what
coding outcome at the relay through the complex parameters; peen decoded at the relays. This creates the requirement

ar,1,ar,2, ar3 defined in Tablel. In case both blocks arg, ¢ the relay must indicate in the preamble of each packet
decoded at both relays, then effectively contains the super-y,o 5ca) SIC decoding results. Since the relays manipulate

position of the blocks:y, ;. Based on the previous discussiof, mation at the block level, the SIC results are communi-
we see that our prqtocol a}pplies an adaptive AF,/DF protoc&hed with the transmitted block on the second hop. Thus, the
for S'gn,aqu de_pendlng on |ts_conte_nt (decoded signal or no%verhead of indicating the above four local decoding resatit
In matrix notation the transmitted signal from all the redas:. each relay for each block they forward is negligible (2 bits f

Z =diaggi1q1 9292 .- GrGr -..) every block). The CSI requirement is tackled as we described

In the above matrix the rows indicate the relay and the cokimn
y 2The adoption of HDD intends to lower the execution time ofatkog at

the time slot, Wh'|@3 is the transmit power for Slgan,. Now the relays and the destination and accelerate simulat@nt demodulation

and decoding of the channel code is expected to reduce bitsebut this

1it is possible that different rules are used for selecting shmbol to be aspect is not related to our study and well-investigated cvatacterized in
decoded first or even a completely different IC scheme candbgted. the literature.
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earlier.

<>

[1l. OUTAGE ANALYSIS
In this section we calculate the outage probability of;”|

babilty

P

g

—e— Ef|n,,[]: 0.0

the proposed protocol. We only study the performance of =" ...
S1 since the same result applies to S2. For minimiz- et 02

-y Elh,, 105 -y Ellh,,[7:05

—e— Elh,,[%: 0.0
—O— Elln,, : 0.1

Efl,,%:03

ing the complexity of our derived expressions, we define |[==erfie] ‘ ‘ e ‘ ‘
the following random variables along with their expecta- =~ =~ ‘“sew’ " "7 Ceew 7"
tion: Y=[h11[? X=|ho1[*, El| 1 |*)=57, El|h21[*]=5, and (@) R1 = R2 = 1 bit'symbol  (b) Ry = 1, Ry = 2 bits/symbol

the same for every relay. For the second hop we only need
the average channels]|f,|2]=-1, as we will see. Thus, we "%

only manipulate exponential random variables in the remgin

parts of this section. Also, in this analysis we consideorerr the first and dh ind dent. Si h
propagation in SIC which is critical for its proper perfomca on the 1irst and second nops are indépendent. since we have
two sources andVy relays, there are % potential decoding

modeling. Considering complex Gaussian codebooks, for X for the two ¢ itted blocks. Note that the ioact
channel code aft bits/symbol/Hz, information is lost when ?vl: comes Tor th€ two fransmitted blocks. INote Ihal the lac
£E in front of every Ry, R, is because our protocol transmits

the instantaneous channel capacity is lower tiigneading 2

to the outage probability PouPs{I(|h|>SNR) < R} where 2 bIockr? overNg =1+ Ng ftirrr]\e slotsl. is that th
I(x)=log,(1 + ) is the Gaussian channel capacity dhlis Another consequence of the result i (7) is that the outage

the fading amplitude which is the same for the entire blockEXPressions for the first relay, can be directly re-usedvene
relay. The only difference in this case will be the different

Outage Probability of Joint Events. With our protocol, - - : :
the outage probability of the transmissions from S1 has to B4erage channel gains (.., u-). The conclusion from this
calculated for all the decoding events at tha relays. This discussion is that we only need to calculate the proballfity
is necessary since our protocol adapts the transmittedilsigriOU" €Vents at a single relay. _ _
on the second hop depending on what it is decoded at thel e first evgnt is that both users are simultaneously in
relays. The end-to-end outage probability expression hasdUtage at the first relay: N N
consider 4% potential decoding events. Howe\{er, we notice Poutisz@rst= Prili; < _FRI,IQI < _FR2} 9)
that because the random complex channel gains between the . o 2 2
sources and the relays are independent, the SIC decodNfyV the important detail is that if we apply SIC at the relay,
events at the relays are also independent. To capture fiyrmdi: Will be different depending which signal has the highest
the above, letl;, be the instantaneous mutual informatiognergy/bit since this will be the one that will be decoded: firs
between the signal transmitted from soufand the received !N particular if the signal fromk81 has higher energy/bitrtha
at relayr. This allows us to write for the probability of thethe signal from S2, i.e., ifY” > 1.X} (thisis condition((L), it
representative event that no block is decoded at all relays:Will be I11=log, (1 + 52— )=log, (1 + 7—}%). wherey=1/0?

is th?\, transmit SNR. Here, we have definléel(3|:2%R1 -1,
ko=272 B2 —1 as the SNR block decoding thresholds, again in

2. Numerical outage results forr{I1; < %Rl,lgl < %Rz).

3 3 3 3
PI‘{IH < 5R1,121 < 5R25112 < 5R1’122 < §R2,}

NR 3 3 our effort to minimize notation. Now in the opposite caset tha
= H Pr{l;, < St Ior < 532} (7)  the signal from S2 has highest energy/bit than S1, then SIC
r=1 will decode first source S2 which means that it can remove

One can similarly write the probability of all the oth_eI?’F_Zl- it from the aggregate signal. Thuk,=log, (1 +~Y). Hence,
1 events. The end-to-end outage probability expressidrighathe event in[(D) can be decomposed to two mutually exclusive
provided next is partially presented due to its several $erm events depending on which signal is decoded first:

Ne N N
_ Ne Ne Pr{l;; < =Ry, Iy < —R
Pout; = Tl;[lPr{Ilr < 5 B by < R} H{ln < 5 Nl, 21 < 5 Nz} )
Ne = PI‘{IH < —FRl,Izl < —FRQ,Y > —1X}
x Pr{log,(1 +vp(a) < —R1)} 2 2 ko
3 N2 Pl < YR <« MRy < Bxy (o)
+PI‘{111 > §R1,Igl < TFRQ} i 2 il 2 » ko
Ne From our previous discussionh {10) can be written as:
Pr{ly < MRy Iy < 2R Ne Ne k1 k1
x [[ Pr{f < - T o < - Ro} Prif < R, T < S Re} = PrY —biX < 25V > X}
r=2 2
N FPHX — koY < 22y o Ry (11)
x Pr{log,(1 +vp(a) < 7R1)} + ... (8) 7 ko2

This expression takes into account the probability of aifigec The evenfY” > Z—;X} considers all the cases where the block
decoding result at all the relays, and this is multipliedwvthie z;, that originates from S1, has the highest energy/bit and
probability that S1 is in outage during the transmissionhia t thus it will be decoded first. If this last event is true, then
second hop. This multiplication is possible since the eventY — k1 X < ’%} is the event that S1 cannot be decoded
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(event{l;; < %Rl}). Note that this joint event includes thesince the signal from S1 was not cancelled. This leads to:

case that S2 cannot be decoded¥f > Z—;X} is true. The Ne Ne kq
reason is simply that the energy/bit is lower for S2 and so Poubiersi= Prilu < TRl’Iﬂ > TRQ’Y < k_QX}
S1 cannot be decoded we cannot decode source S2. On the ky ko k1

other hand, whe{Y” < XX} is true in the second of the =Pr{Y < 7,X — koY > 7’Y < k_QX}
two independent events imll), then similarly with befoie w Ak

only need to consider the probability that S2 will be in ostag = M (1 — exp(_w))
since in this case S1 will definitely be in outage. p1 + Arks v

(14)
In the above result note that when the decoding of S2 succeeds
then the signaks will be removed from the aggregate. This
means that the event that S1 is not decodgdis< £} since
To calculate [(I1) recall thaf and Y are independent the decoder must only combat the noise after cancellation.
exponential random variables. This means that their joi%nsider again the Cagq — 00. This Corresponds to a very
probablllty denSity function (PDF) is Separable. Thus, tfoe small value for the average channel gain’ imlh2,1|2] =0

first event in [(11): and so the power level of the received signal from S2 is very
0o k5L low. But one notes that we now consider the evéht <
k1 k1 k1 X}, i.e., the event that the signal from S1 will be received
—_— —_— —_ f— k 1 1
Pr{¥ =X < ¥ ¥ > ng} / / Fx(@)fy (y)dyde at an even lower power level than S2. Thus, the probability
O 2 of the event in[(T4) becomes zero simply because this event
_ A ) A exp(_mTkl) w2 occurs infrequently ag; — oo.
A1+ Nl% A1+ paka The third event is symmetric to what we just analyzed: The

Similarly we calculate the probability of the second ever@cond source S2 is in outage while the first source S1 is
in (1) and then by adding the two results we finally obtainsuccessfully decoded. This is expressed as:

N N N N
Poubiszgrsi= Pr{ln < Z-Ri,In < 7 R} Pouto@rsi= Pr{li; > {Rl,lzl < TFRQ} (15)
_ o a Mexp(-A) e CPHY — kX > xRy Ry
A+ it A1+ pinks M+ fi1 + Aiks o ¥’ T
(13) Ne Ne k1
) +Pr{l11 > —Ry1,I01 < — Ry, Y < —X
Before we proceed, it is instructive to understand an extrem {7 g A 2 ko }

case where\; — co. This corresponds to a very small valuaVith the reasoning we followed in the previous paragraphs
for the average channel gain from S2 to RS1, E§lh21|?] — we can easily see that the probability of the second of the two
0. This leads to Podisy@rsi— 1—exp(—“lTkl) as expected. events above is zero. Thus, the previous becomes:

By setting the other extreme value — 0 or E[|h2 1|%] — oo

the outage probability becomes zero. Now for different rate
requirements we can see from{20) that the outage event does
not converge to zero in the high SNR regime.

N, N,
PI‘{IH > 7FR1,121 < TFRQ}

k k k

=Pr{Y -k X>2 X<2Y>2X} (16)
Y Y ko

The integration is slightly more complicated in this casg] a

so we calculate[ (16) as:

k k k
Pr{Y — kX > 2 X <2V >2X)}
With a similar methodology we calculate the probability of v v k2
the other three events at the first rglay. In particglar th:@lsé =Pr{X < @7 YV > ﬁX}
event considers the case that S1 in outage while S2 is not: 2 ko
N N, 1 ko k1
POUtSl@RSl: PI‘{IH < TFRMIQI > 7FR2} —PI‘{Y—le< 7,X< 7,Y>k—2X} (17)
N N k The calculation gives:
= PI‘{IU < 7FR1,121 > 7FR2,Y > k—lX} 9 L k k
N e k? Poutsersi= Pr{Y — k1 X > %,X < f,y > k—lX}
F F 1 2
+Pr{l; < 7R1J21 > 7R27Y < k_gX} k2 Rt

In the last decomposed expression we followed the same :/ / fx(z)fy(y)dydx—/ / Fx (@) fy (y)dydz
procedure with before. Only in this case the probability of 5 %

the first of the two disjoint events is zero. This is again a ) ° 8
result of the behavior of SIC that selects to decode first the A exp(—£1k) . (A1 + pakr)kz 18
symbol with the highest energy/bit: If the signal from S1is = =~ X\, + ik ( —exp(= v )) (18)

the strongest (i.e{Y > 2 X}), and the destination fails to Even though this event is symmetric to what we analyzed
decode it (i.e.{I11 < %Rl}), then we cannot decode S2in the previous paragraph, the results and their interposta
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decoding events, we set all the different values doin the
parameterized SNR expression of given in [6), and then
we include the results in the final outage expressior{In (8).
It is challenging to derive closed-form expressions for the

<4

_—;::;::237 : second hop, except of course the trivial case where botltkbloc
_—;::::gf; ___v___:::ﬂgzz are Qecoded at every r_elay. The reason is thatin _(IE) is a
Elin, 120 3 e io fractional expression with exponential random variabtethe
e et e e et numerator and the denominator. Nevertheless, we can asgcul
(@) Pr(I1; < Ry, Iz > Ry) (b) Pr(I11 > Ry, Io1 < R») numerically the outage probability for the second hop aigl th
is what we do when we present the numerical results similar
Fig. 3. Numerical outage results of the joint events. to the related work [23].
is not. To understand the performance consider again the IV. DMT ANALYSIS

first case where\; — oo. This corresponds to a very low

value for the average channel gain, i.&[ho1[2] — 0 Two-hop single-user cooperative protocols that transmit a

This leads to Pogbgrsi — exp(_m)_ Note that this is single block can achieve a multiplexing gain §>f[30]. Our
H%gnmunication scheme us&&=Ng + 1 slots for transmitting

essentially the case that the received signal from S2 ; _ _ ) )
negligible power and it practically does not interfere. Een tW(_) blocgks. So this leads potentially to maximum multlptq;(_l
of 5 for Nr=2. To get the DMT expression, and verify

this means that the outage behavior of S1 approaches %#" , ; He
well-known behavior of the point-to-point channel (rechtat € Previous result, we have to consider all th& gproduct
the outage probability of the everftr;; < %Rl} in this terms in [8). In this case we observe that every term in the

case isl — exp(—“lTkl)). Therefore, the probability of the tseurrrnnz]?ftg;nei;?%—[mg t;ihle prod:Pc;l?éN Rj)Ll probability
opposite event, i.e{11 > 4E Ry} is exp(— £t ). Care must Pl 1S20R oo

g o s g S gt s . g% 10, U5 FAEUA e il 0 S
high SNR approximation for{18) with; — oo leads to b ge p hop

lim,, .o, Pouty@rs1= 1. This is easy to understand bec:aus%he hlghpitlt? appro_x(ljma\tl:lci)tr; oL (13) leads to a constant, i.¢
this case corresponds to S2 not being decoded at RS1 which?~> 1S2@RST 1
will be true whenX; — oo (low inter-user interference). A M\ " B o)

However, the high SNR approximation fér {18) with bounded®* = Nt mﬁ—; YT + )\1% F it Mk

A1 andy — oo leads toli ~ Pou = 0. - .
! T oo My b2@Rs1 Similarly we obtain for RSr thatim.,_, ., Poutisz@rseC:-.

Finally, we consider the event that both sources are nﬂt1e intermediate cases luckily lead to zero terms. For

in outage at the first relay. Since all the four events that we . Lo
described in the last few paragraphs are mutually exclusi\felé(ample the high SNR approximation fof (14) leads to

. . Pou £0. Similarly it can be verified that
and these probability calculations sum up to one, we caliyea:sﬂm”HOO b gl@RSl:o 4 of y " .
derive this last quantiy, It is thus: Im., ;. POUb2@rsE0 and of course the same expressions are

zero for any other relay RSr. The high SNR approximation
of (I9) leads to another constaliii_,, POUhone@rsi= Cj,

N Y
Poutone@rsi= Pr{li1 > {Rhle > {Rz} where
k1 ko k1 ’ A1 1 A1 I35
=Pr{Y -k X > X>2Y>—X C, =1+ + - - .
rt ' ¥ ¥ ko } ! A+ ke o+ Ak N +u1:—; ,u1+)\1],§—f
k1 ko k1 (21)
+Pr{y > — X -kY>—=Y<—X o . /
rt Y ? Y ks } Similarly we obtain for RSr thatim-_, Pouhone@rsrC,.-
And this becomes: The above analysis means that in the high SNR regime we
A1 exp(—%) (A1 + pakr)ks only have to conside2™™® terms in [8), i.e., the cases that
POUhone@rs1= 1 + exp(— ) either both or none of the signals are decoded at a relay.
A1+ pika v . )
exp(—Atk2) JRY Second hop.The best case is that both signals from S1, S2
i T~ exp(— (1 + Avks) ) are decoded at every relay. Fron (6) we have that for S1:
pa+ Aks v Nr 2 2 Nr Ne
A Rgr|f7”| . . 22R1_1 Nr
_ 1 _ H1 yp = =L———— lim Pougigp= Vp || ————
k k (19) o2 oo @
A1+ ,LM@ Hn1 + Alk—f v r v
(22)

As we explained initially in this section, the outage expiess o )
for the r-th relay are exactly the same. The only difference irom [21) and[(22) we have that the approximation for this

this case are the average channel gains. Irst event is: N N
- R R, SERy N
End-to-End Outage Probability. Now we get back 10 iy, pougs™ — ]| PoubonegrsPOUB1en = (HCTVT)(Q ? 1) R
the main outage expression i (8) that includes the outage> P21 .,
probability expressions for the second hop. Depending @ S (23)
different signals are transmitted. For each one of th& 4 The other events are covered by he worst case that no block
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is decoded at all relays: relays decode or not, there is no information loss for S1
N since AF is used in the later case. This is another key design
Poufen?— H Pout;s2@rsPOUE1@D (24) feature of our protocol, i.e., the use of AF opportunistica
r=1 instrumental to avoid diversity loss. Note also that theqeol

The first terms converge to constaidfs while we only need in [23] achieves the same DMT but for a half-duplex single-
to approximate the final term i (P4). To do that, and thop network, i.e., the high SNR performance is the same.
simplify the final result, we create the equivalent chann@f course for finite SNR, the performance is different. Both
model for [3): We denote the first column vector Hf as aspects will be examined with simulations.

H.: = [hiafi hoafe ... heaf.]7. If the instantaneous

channel matrix isH, the mutual information between the \/ opTiMIZATION IN A MULTI-RELAY NETWORK FOR
transmitted signalz; and the sufficient statistig at the IMPROVED SIC PERFORMANCE

receiver is:

B In this part of our work we explore a scenario where from
I(z;y/H = H) = I(x1; Hx + w|H = H) the number of potential relays that are present in the nétwor
@I(xl;H*,lxl +w|H = H) (25) Nr, @ numberNgy of them is used simultaneously by the

proposed protocol. Contrary to classic relay selectiotquals
that require all relays to overhear the transmitted sigwal,
propose to performelay pre-selection, i.e., to select statically
which set of relays will be used by the protocol for maximgin

In the above[(25) is because the sufficient statistic for
requires only the first column dfl. The mutual information
of the 1xVg MIMO channelH, ;z; + w is:

log det(In, + H. HI 2.1 (26) the SE of the system. Consequently, the maximum diversity
The mutual information can help calculate the behavior ef tiain is Nry but the benefit is that by using our model we can
lower bound on the outage probability. Namely: pre-select nodes that can have high performance with SIC.

The remainingNg — Nry nodes can remain idle and do not
have participate at all in the communication (e.g., no need f
N overhearing, power consumption) contrary to the behavior o
B _ H s —1 IVF g.p ption) y
Poutigp = Pr{log det(Ly, + H. HI 1) < 2 Ba} classic cooperative protocols that we reviewed. To forynall
A 1 H Ne define the problem we address now, we use a single opti-
= Pr{logdet(Iny + H. 1 H, ) < —-Ri} mization variabler,. that indicates whether relayis used. In

(27) vector form we haver = (z, € {0,1} : r € {1,2,..., Nr}).

Ne N Our objective is to seleclNgy relays so as to maximize the
= Pr{log (1 + 7 293|fr|2|hr,d|2) < 7FR1} spectral efficiency:
r=1
. 5 Nr 2%1%1 ~ 1\ Mr max Z :c,.(Poutsz@R..(Rl,Rz, Ary por) R1
B i Pougl@D: (H CTI/T) (7) reR
—00
v r=1 v (28) + POUEl@Rr(Rly R27 )\n HT)R2
. . + PoUtone@rf R1, R2, Ar, tir ) (R1 + R
In the above[(Z7) is because the colored noise does not affect honeor(Fi1, Rz ) (B 2))
the DMT analysis, that is approximated with white noise subject toz Zr = Nru,zr € {0,1} (29)
(89, [2€]). Also [28) is because the resulting random variable rER

that is the product of two exponential random variables &he constraint ensures that onlyry relays are used. The

independent across th& paths [8]. For the lower bound specific formulation is easily solved i@(1) since we simply
event? leads to select the firstNgy relays that have the objective with the

highest value. Note that this optimization is executed only
. on large time scales and by considering the average channel.
v Note that more sophisticated formulations could also idelu

Finally, the upper bound Pdffigp is that of [22), since it is as additional optimization variables bofty, R, and also the
impossible to have a better behavior for the protocol from thymper of simultaneously used relaj&y.

relays to D. So for the complete protocol:

5 9 FR1 _ 1\ Ng
Jim, Pouklen= (———)

&
(2 z M 1)NR VI. PERFORMANCEEVALUATION

) _ N ) Our performance evaluation consists of Monte Carlo sim-
Final Result. Given that the multiplexing gains and the datgations and numerical results, and has four objectives: 1)
rates of S1 and S2 are related B;=ry log(v),R2=r210g(7),  underpin the design choices of our protocol, 2) investigate

lim Poug; =

y—0oQ

we have, the DMT expression is: the performance benefits over related work, 3) validate our
—log Pou NrN i

d= lim —-28 b1 _ Np— R 0<m < — perforr_nance model, 4) de_monst_rate the use of our system in
y—=oo  logy 2 Ne a multi-relay network setting. Since the numerical analysi

One observes that the diversity gain of S1 is only affectedrresponds to the outage probability that assumes the use
by 1. This is because S2’s mulitplexing gain can only of a capacity-achieving code, we use an LDPC code with
affect S1 in the decoding of S2 with SIC. But whether thiength of 2048 bits in our simulations. We compare our
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Fig. 4. Simulation results for different flavors of the prepd protocol and Fig. 6. Simulation results for the SE of different protocalsd different
different Ry, Ry. ) E[h?]=1 for every channel, and B[h3,] = E[h3,]=0.1 MCSs. a)E[h2]=1 for every channel, and [h3,] = E[h3,]=0.1 while for
while for the remaining one&[h?]=1. the remaining one&[h?]=1.

E[|h1,2]?]=1, E[|h2.1|*]=1). We note that the Proposed/AF and
Proposed/DF are different in terms of performance depgndin
on the MCSs. The reason is that SIC suffers from high inter-

Outage Probabilty

e 2
R I i TB oo b h 2 ®% userinterference and asymmetric MCSs and so the AF strategy
—O— ANC [A1g10] - R :2R,:2- N2 o3k | —O—ANCII0)- R 128, 2 \4 . . . . . .
ot} | =g perorten n 2, o2 e s is better in this case. For low inter-user interference m[&{b)
LT v | low oo g oo *  the Proposed/DF scheme is slightly better for asymmetric
T e T T e 0 ® ® MCSs since it exploits the higher number of decoded blocks,

@ b) but it is still worse than the Proposed/AF after 25 dB. This
makes more clear the need for our protocol that is robust
Z;gﬁﬁiz]jlh‘ffofoggle‘i r?ae; r?glthaentdest;;ﬁz g?‘gﬂ?}%ﬁ%;zﬁfe/sg??ﬁg to both low and high inter-user interference and different
remaining Oneﬂhg?’zll ' 12 2 MCS;,l.e., it Ieverag_es opportun|§t|cally decoded ggnals but
when it cannot, the signals are still forwarded avoiding thus
information loss. Hence, a trivial combination of DF or AF

proposed protocol against DSTC protocols that use Ortmgoﬁtrategl_es Wl_th SIC or with undecoded _mterfermg s_|gnals
transmissiond [5][]8]. With DSTC/DE[5] the sources traitsmrespectively, is not enough and robust to different contimna
orthogonally and each relay forwards the decoded, while &f channel gains and MCSs.
the relays broadcast simultaneously with the same AlamoutiOutage comparisons for symmetric/asymmetric links.
STC. The DSTC/AFI[8] protocol applies the same Alamouth Fig. [5(@) we present outage results for a scenario with
code without decoding the signals. Regarding multi-usdgYM Nr=Nru=2 and high inter-user interference (i.E[|h1 2|*]=1,
communication protocols we compare with CFNC][24] buk[|h2,1|*]=1). Regarding the protocols that use orthogonality
in the same topology with our proposed protocol (2-hdike DSTC/AF [€] and DSTC/DF[[5], we observe a similar
MAMRN with two sources, two relays, and one destinatiorfehavior in the sense that DF is better than AF, even though
to ensure fairness. The ANC-based protocol reported inigl 2]in this case we have orthogonal transmission and there is no
also evaluated for the same topology. Finally, we also prtesénter-user interference. Since the gains on the second rela
the performance of the DF scheme reported[in [23] that @€ strong (i.e.E[|h12[?]=1E[|h2,1]*]=1) the performance
denoted in the figures as DSTC/DF1. The important detésl very good for both schemes. For the MU-based protocol
with this scheme is that it uses a DF protocol from tw&FNC generally performs very well for symmetric links and
sources located one hop away from D. Hence, the comparigiproaches the performance of DSTC/DF and DSTC/DF1.
is unfair in favor of DSTC/DF1 and against every other testé€dFNC extracts the maximum diversity gain since the channel
system, but it is useful to serve as an interesting bound fegtween each source and the two relays is independent and
the maximum multiplexing gain. With the half-duplex prosbc Strong. However, our proposed protocol performs bettesvbel
in [23], the two sources transmit independently over twasslo 20 dB while CENC is better beyond 20 dB. Our scheme
while they overhear the transmission from each other. THigproaches the performance of the orthogonal DSTCIDF [8].
means that during a third slot they can both transmit td@verall our protocol is inferior in terms of outage only ireth
block they overheard with an Alamouti code. The maximumigh SNR regime only for a fully symmetric network. As we
multiplexing gain is%, similar to our protocol. will later see even this is not a problem in terms of SE.
Protocol Design.First we evaluate the fundamental design For asymmetric links in Fig[ 5(p) (i.e.E[|h12|?]=0.1,
choices made in our protocol under the presence of two relaig| k- 1/%]=0.1) the performance benefits of our scheme are
We present two "downgraded” versions of our system namedyen more evident over the complete SNR range. The benefits
Proposed/AF that applies forwarding operations withou Slare because of the improved SIC decoding performance when
decoding, and Proposed/DF that applies SIC and forwarh® links are asymmetric. It is also important to see thahis t
only the decoded blocks. In Fig. 4(a) we present outagase our scheme outperforms the DSTC/DF1 protocol simply
results for a first scenario with high inter-user interfex@(i.e., because in that protocol the relay executes a 2-hop communi-



AUGUST 20, 2018, TO APPEAR IN IEEE TRANSACTIONS ON COMMUNITAONS

Outage Probability

Ellh,, 1: 1.0, Eflh,, [*): 1.0, Eflh,,[?]: 0.1

Eflh,, ?1: 1.0, Eflh,,, [*]: 1.0, E[lh,,[*]: 1.0

[ | ==@=rProposed Sim. - E[|h?,}: 0.1

=D~ Proposed Mod. - E[|h?[1: 0.1

[ | =—@—Proposed Sim. - E[|h%,[1:0.5

=<}~ Proposed Mod. - E[|h%,[}: 0.5

L | =8 Proposed Sim. - E[h%,[]: 1.0

=Yg~ Proposed Mod. - E[|h?: 1.0

[ | ==@="Proposed Sim. - E[|n?,[}: 0.1

=D~ Proposed Mod. - E[h?, I: 0.1

[ | —@—Proposed sim. - E[|n?,}: 0.5

=<}= Proposed Mod. - E[h%,}: 0.5

L | =8—Proposed Sim. - E[|%, }: 1.0

=~ Proposed Mod. - E[|h?,): 1.0

Ellh,, P1: 1.0, Eflh,, [*): 1.0, E[lh,,|?]: 1.0

2| | == Proposed Mod. - R,:2,R,: 2

—©—Proposed Sim. - R: 2R, 2

—Q— Proposed Sim. - R, : 3,R,: 2
—<}— Proposed Mod. - R,: 3R, : 2
—8— Proposed Sim. - R, : 4,R,: 2
=%~ Proposed Mod. - R : 4,R,,: 2

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
E,/N, [dB] E/N, [dB] E,/N, [dB]
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Fig. 7. Simulation and numerical results for the outage abilty of the proposed protocol.

cation and only forwards when it successfully decodes. Also‘ﬂ
note that CFNC matches the performance of DSTC/DF due”
to the lower number of network coding opportunities (since *
E[|h1,2]?]=0.1 a small number of blocks from the second:

Outage Probability

K e Fovosed R 2R, 2 N0 O
source are decoded in the same relay). S 104 | =D prmosso- 2z e B 4
= CFNC [Wang08] - R,: 2,R,:2- Ny :3 3| | === DSTC/DF [Lan03] - N2 > 2]
Spectral efficiency comparisonsNow we compare the SE || -osowum a2,z 10 g =B 05TORF N, 10 \
=W DSTO/AF Uing06] - R, 2R,:2- Ny 4 <.+ DSTCIDF [Lan03] - Ny 15 o

of our protocol with that of a subset of the previous protecol o 5 o » “r & = & &+ o & o T
again for Ng=Ngy=2. Besides CFNC, we also present results =% e _
for DSTC/DEL1. Transmitting with orthogonal DSTC pl’OtOCOléa) Diversity gains with 3 and 4 uge)l The relay pre-selection algorithm
. . . relays simultaneously for different number of potential relays
is suboptimal in every case as we already observed from
the outage results and so we do not include them here. FFar 8. Outage probability for multi-relay networks.
the case of high inter-user interference and Ri=R>=2 we

notice in Fig[6(d) that even though there was slightly worse
outage performance of our proposed protocol when compareqodel validation. We present numerical and simulation re-
to CFNC after 20 dB, this is not translated to SE loss. Thgits for symmetric rate requirementsBf=R,=1 bit/symbol,
reason is that the outage probability is already very low fo{.= g ,=2, and different channel conditions for the com-
our protocol. I_Even more wnportantly, in this SNR regime thBound MAC in first hop in Fig[ 7(), and Fig. 7[b). The
hlgher MCS withR;=R»=3 bit/symbol (that can be used by arharameters of the second hop &8 f1[2|]=E[| f2|?]=1.0. In
adaptive protocol) leads to better per_fo.rmance of our m@tg Fig.[7(a) we sef[|hs2|]=0.1. It is important to note that the
over CFNC even beyond 20 dB. This is important for obtainingerformance of our protocol is dictated by the average cblann
gains with our protocol in every channel gain scenario.  gain from the source S1 to the second reldf| K1 2|?)).
Interesting results are also obtained when we compakBis is because whefi[|7, »|*=1.0 our protocol can decode
the SE for low inter-user interference (i.€[|h; »|?]=0.1, @ strong signal from S1 that arrives at this second relay
E[|h2.1/?]=0.1) in Fig.[6(B). We notice that our proposed@nd so it can apply a STC for extracting a diversity gain
protocol can achieve a spectral efficiency of 1.2 bits/syimbef 2. The same is true also in Fig. 7(b) where we observe
for a transmit SNR of 11 dB while CFNC is considerablyhat the performance remains relatively unaffected eveenwh
lower. This particular average SNR is important since it € source S2 interferes significantly at the second relay
the borderline case where a higher order MCS is need@|/2,2/*]=1.0 in this figure). Again the reason is that SIC
for better performance. The gains are even more pronound&&haves very well since a stronger signal from S2 towards
for the higher order MCS ofR;=R»=3 bit/symbol. Now RS2 E[|h22[*] =1.0) can be cancelled more effectively. Our
DSTC/DF1 [23] achieves lower gain simply because there imerical results for this case follow closely the simuiati
only one good link from the source to the destination whiltlumerical and simulation results agree very well because ou
for the link from the second source to the destination it @nalysis also considers the impact of SIC error propagation
E[|h27d|2]:0_1 in accordance with our setup in this paragrapﬁ_\/en thOUgh not Clearly visible, we observed that the under-
We can also see that we can obtain the same spectral efficiefgffmation of the simulation in the low SNR regime is because
in the high SNR regime also for our scheme. This resutfixed-length LDPC code was used. The results for different
verifies the DMT analysis that predicts multiplexing gainZof MCSs are shown in Fig. 7{c), and they illustrate the validity
in the high SNR. It is also important to see that our scheme@sir model with respect to the different and asymmetric MCSs.
better than the performance of DSTC/DIF1][23] even with the Multi-relay diversity. Multi-relay diversity is examined in
disadvantage of two hops since the later protocol uses oRly Irig.[8(a) for fully symmetric links. Now we evaluate a number
This illustrates again the important benefits of our protoco of used relays equal t&/g=Nry=3 and Ng=Ngry=4. A very
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