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Abstract

This article presents a practical feasibility study of agldwo-phase three-part-message strategy for
half-duplex relaying, which features superposition cgdamd interference-aware cancellation decoding.
Aiming to analyze the performance of the proposed schembldémbn-asymptotic regime, this study
evaluates the spectral efficiency with finite block-lengtid aliscrete constellation signaling and com-
pares it to the theoretical performance of Gaussian cod#ésagymptotically large block-lengths. The
performance evaluation is carried out on an LTE simulatest bench. During each transmission phase,
the modulation and coding scheme is adapted to the chankejuialities to enhance the overall spectral
efficiency. A single-antenna source and relay, and a maote+fema destination are assumed. The static

Gaussian and two frequency selective channel models asidewad for the proposed scheme. A spectral
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efficiency comparison with a baseline scheme (non-coogerawo-hop transmission, i.e., the source-
destination link is absent) and with the point-to-pointnsmission strategy (no relay) is presented.
The results confirm that physical-layer cooperation andtirantennas are critical for performance
enhancement in heterogeneous networks. Moreover, theytblad physical layer cooperation advantages
are within practical reach with existing LTE coded-modigdatand interference-mitigation techniques,

which are prevalent in modern user-equipment.

Index Terms

Decode-and-forward, Half-duplex relay, Physical-lay@o@eration, Spectral efficiency, Successive

Interference Cancellation.

. INTRODUCTION

The benefits of cooperative communications, as a means tdessmgle-antenna terminals
to cooperatively operate with efficiency and diversity gairsually reserved to multi-antenna
systems, have been extensively studied [1]. The differeaperative communication techniques
and relay strategies available in the literature are Igrdrelsed on the seminal information
theoretic work by Cover and El Gamal [2]. These advances hedetd technical studies of
practical relay architectures by 3GPP for inclusion in tA&Release 9 standard [3], [4], which
then led to the incorporation of physical layer relaying @agerations in the LTE Release 10
(LTE-Advanced) specifications [5].

In this paper we provide a practical LTE-based implementaf6] of the novel two-phase
three-part-message relay strategy proposed in [7] for thes€an Half-Duplex Relay Channel
(HD-RC) that is known to be to within a constant gap of the catdpper bound on the capacity
of the network. The two-phase three-part-message schespeged in [7] employs superposition
of Gaussian codebooks at the source, Successive Intesée@ancellation (SIC) both at the relay
and at the destination, and Decode-and-Forward (DF) atdlay.r The channel model has a
direct link between the source and the destination, thramgilch the source continuously sends
information to the destination at a rate close to the capadithat link. At the same time, the
source leverages the relay to convey extra informationdaltstination at a rate that, in the high-
SNR regime, can be interpreted as the minimum capacity ofdhece-relay (for the relay-listen
phase) and relay-destination (for the relay-send phask$ Ininus the capacity of the source-
destination link. The relative duration of the relay-listand relay-send phases is determined so

that the amount of information decoded in the former can bahlg conveyed in the latter. In



this work, we first extend the model of [7] to the case of malitenna destination and then
propose a practical implementation compliant with the LTd&hdard. A single- and a two-antenna
destination, as well as, the Additive White Gaussian Nois&/GN) and two LTE frequency
selective channel models are considered. We bridge thewypeactice by showing that low-
implementation complexity and high-throughput HD relajijesmes, which exploit physical layer
cooperation, are within practical reach for near-futurghkspectral efficiency Heterogeneous
Network (HetNet) deployments. Moreover, we once again shioat enabling physical-layer
cooperation among nodes and using SIMO technology is datakitmportance in existing and

future wireless HetNets.

A. Related Work

Wireless relay networks have long been conceptualized eparatively form virtual antenna
arrays to improve spatial diversity and serve as a mediunmiaiti-hop communications. The
implementation of the types of relay strategies in 3G and 4@ular standards have been
classified according to the Layers in the stack at which pkare data is forwarded at the
relay, i.e., either Layer 1, 2 or 3 relaying. For example, érag (physical layer) relaying is
limited to the amplification of the desired signal, whichasviarded to the mobile terminal with
power control supported by control signaling features; dra® consists of a DF relay, which
decodes and re-encodes the user data to be forwarded on 2 ayethe absence of direct-link
transmission; Layer 3 relays function in a similar fashiorLayer 2 relays, but can operate as a
self-backhauling base station, which forwards the IP datkets on Layer 3 [8]-[10]. It is well
known that AF relay networks are prone to noise enhancenagrite relay side. Low-powered
relay nodes can aid densification of existing networks irhtigffic areas and are foreseen to
improve the overall network performance in many aspectsh sas throughput and coverage.
Their employment in HetNets is crucial and this aspect hesadl been standardised in LTE-
Advanced [5]. In the context of our proposed HD relay strategrious practical studies have
examined the implementation and performance of relay m&swoith respect to LTE frameworks
as well as particular channel codes.

In [11], work was carried out to analyze the coverage peréorce of a DF relay algorithm in
a typical LTE-Advanced system, while in [12], a spectralcidincy analytical comparison was
made between AF and DF modes of operation at the relay statiwese studies were limited to

an analytical study aimed to prove the benefits in terms oéi@me and throughput of existing



relay types in an LTE framework, but lacked the end-to-endopemance analysis of a full
physical layer LTE scenario, which can be used as a referemdeture practical deployments
of relay networks. In contrast, in this work we seek to evidule spectral efficiency performance
of a two-phasdhree-part-messagelay strategy on a physical layer simulation test bench by
using practical channel codes as specified in the LTE stdndar

Various relay schemes using channel codes have been eeignsiudied under a generalized
setting. Recently, in [13], the authors showed that the agpatthe line network with one HD
relay (i.e., without a direct link between the source anddéstination) is achieved by a discrete
input, which stresses the importance of random switchirggwieen transmission and reception
phases) at the relay. Differently, in this work we use a tnaigsion scheme that, although it does
not achieve the capacity, can be implemented within the LfaBdard and is provably optimal to
within a constant gap, in addition to having an easy closedfexpression. In [14], a distributed
turbo coding scheme was designed for a DF relay channelstilndly showed diversity and coding
gains, especially in low-SNR regimes. Similarly, the worogosed in [15], used Dynamic DF
(DDF) and turbo codes to increase the coding gain at the sdayell as achieve full diversity
at the destination in a HD relay channel. In [16], the authovestigated the performance of
fountain codes in a basic cooperative relay scheme over &k fdmling channel. Comparisons
were made between two protocols, i.e., distributed space-¢oded and time-division, revealing
a performance gain of the latter in terms of outage. In [1Read-Solomon convolutional coded
system was designed to validate a coded opportunistic AFC#hdelay scheme for a quasi-
static channel; the results showed that the coded oppstitmF scheme outperforms the AF
scheme thanks to the ability of decoding/re-encoding atrétegy, hence eliminating any noise
enhancement to which the AF scheme is susceptible. In [1Bhyaical layer network coding
scheme for a two-part message HD satellite communicatilay etting was presented, which
was limited to an uncoded BPSK scenario with hard-decisiaodi@g. Contrary to the works
in [14]-[17] where no rate splitting is performed over theottime slots (phases), our relay
strategy splits the message into three parts, superposesfdar transmission and performs SIC
with perfect channel estimation. Moreover, although tretadies considered the use of practical
codes to show coding and diversity gains of relay commuioinat the use of multiple receive
antennas at the destination (which is supported by LTE)ptadalink transmission techniques
( the work in [15] examines a similar adaption in terms of atelnquality at the relay in a

different context), and the study over frequency seleativannels, are not taken into account.



In contrast, our study aims to take a practical step towaglémenting relays with an overall
improvement in capacity.

Few studies have tackled the performance of relay strategith respect to current LTE
standards. In an LTE-Advanced HD relay study [19], the agtlpyoposed the integration of a
Quantize-Map-Forward (QMF) - a network generalizationhaf tlassical Compress-and-Forward
(CF) relay strategy - for a two-relay diamond networkhese results paved the way for the
implementation of diamond relay networks in the LTE stadd&towever, this study did not
perform rate splitting and was limited to an AWGN channel vatlsingle-antenna destination.
Differently, in this work we consider a theoretically opain(up to a constant gap) scheme
which splits the message into three parts and also explogstdransmission (from the source
to the destination) and we assess its performance on an AW@hhehas well as on two LTE
frequency channel models with2aantenna destination. Another example is the work perfdrme
in [20], where the Bit Error Rate (BER) performances of variousnmoeyless and full-memory
relay schemes were compared in a convolutional and LTE Tadaed system. Contrary to
[20], where the direct source-destination link is absem.,(ino physical cooperation between
the source and the relay), in this paper we exploit physicalperation between the source
and the relay as a means to enhance the system performanseo-kayered demodulation
strategy was proposed in [21] to improve the DF BLock Error R&EER) performance of
an asymmetric relay channel link using a soft-combininghaf Log-Likelihood Ratios (LLRS)
during the broadcast and relaying phases. Our two-phasee-ffart-message scheme considers
the source transmitting in both phases, which differs fr@iy],[ where the source stays silent in
the second phase. The authors in [22] used a software-defidexframework, based on the open
source GNU radio platform, to implement a scalar two-usensSen broadcast channel; their
main merit was to show rate improvements from the use of S0 vespect to Time Division
Multiplexing (TDM). The aforementioned scheme artificyalhtroduces interference among user
signals on the transmitter side, which are then decoded &i@; the corresponding performance
shows the benefits of superposition coding in terms of spkefficiency. Similarly, the benefits
of single- and multi-relay physical layer cooperation heeen demonstrated with the GNU radio
testbed [23]. The Wireless Open-Access Radio (WARP) testlasdalso been used to validate

1An N-relay diamond network is a relay network topology where the sourcecoammunicate with the destination only

through N non-interfering relays.



the benefits of physical layer cooperation [24]. In [24], thehors compared the performance
of the AF, DF and QMF relay schemes in an indoor environmemmguthe IEEE 802.11 (WiFi)
protocol. This particular empirical study exploits a sewglart message HD relay network as a
distributed2 x 1 Multiple-Input-Single-Output (MISO) system to enhance throughput. The
work in [25] proposes a hybrid decoding approach, whichesgnts a generalization of [24],
for cooperative physical layer relaying involving the oppaistic use of QMF and DF relaying,
which adapts according to the underlying network configomat In this paper, we split the
message into three parts and exploit the benefits of supggmosncoding and SIC decoding to
enhance spectral efficiency in a single user HD LTE relay agenwhich was not considered
in [22]-[25] .

B. Contributions

In this paper we provide a practical performance-basedyaisabf the novel theoretically
optimal (up to a constant gap) two-phase three-part-messelgy strategy proposed in [7],
with the goal to explore the feasibility of such a strategynggle-facto LTE coded-modulation
and interference-mitigation techniques, which to the loéshe authors’ knowledge has not yet
been investigated. The spectral efficiency performanceompared for two channel strength
ratios of the source-destination link with respect to thlayestination link. Furthermore,
comparisons are made with (i) a baseline two-hop commuaitatcheme operating as a basic
DF relay network in the absence of the source-destinatiok #nd (ii) a source-destination
(point-to-point) direct transmission scheme. Our implatagon uses the channel coding libraries
from the OpenAirinterface (OAI) package [26], an open-seusoftware and hardware wireless
communication experimentation platform developed in edaoce with the evolving 3GPP LTE
standard. Our main contributions can be summarized asiisilo

1) We extend the two-phase three-part-message transmissiteme proposed in [7] to

the case of multi-antenna destination. We show that thiereehachieves the cut-set
upper bound on the capacity [2] to withih51 bits/dimension (bits/dim) independently
of the values of the channel parameters and of the humbertehaas at the destination.
This scheme, thanks to the basic SIC relaying building dpck appealing for practical
implementation as SIC receivers have been extensivelyestuddr other channel models,
such as MAC channels, and already implemented in practisgmple forms (in relation
to LTE) [27].



2)

3)

We assess the performance of the theoretically optimaltgua constant gap) two-phase
three-part-message scheme by using practical channet esdgpecified in the LTE stan-
dard and by considering an overall practically relevantesysBLER value ofl0~2. For
the static AWGN SIMO channel, i.e., when the destination igigoed with2 antennas,
we show a theoretical (with equal bandwidth allocation) araktical spectral efficiency
gap of0.28 bits/dim when the source-destination and the relay-datstin links are of the
same strength and 00.67 bits/dim when the relay-destination link sdB stronger than
the source-destination link. These values indicate thgtt-tiiroughput HD relay schemes
are within practical reach for de facto 4G relays and reesiw# today, which already
implement turbo decoders and thus incur no additional ceriigl Similarly, in the SISO
case we show that the maximum spectral efficiency gap bettiemy and the presented
implementation (with equal bandwidth allocation) is 6f31 bits/dim when the strength
of the source-destination and relay-destination linkbésgame and of).69 bits/dim when
the relay-destination link i dB stronger than the source-destination link.

In addition, for the SIMO case, we observe an improved spketificiency and higher
transmission rates compared to the SISO case. The arraysdgence exploited and reveals
the benefits of the proposed HD relay strategy when emploimgreceive antennas at
the destination.

We compare the rate performance of our scheme with regpadiaseline two-hop commu-
nication strategy, where the link between the source anddkgnation is absent, i.e., there
is no physical layer cooperation between the source andeflag to convey information
to the destination. In the SIMO case, the maximum differeheeveen the proposed
cooperative strategy and the baseline two-hop commuaitacheme is 3.39 bits/dim
when the channel strength of the source-destination lithasame as the relay-destination
link, and 2.88 bits/dim when the relay-destination link §sdB stronger than the source-
destination link. Similarly, for the SISO scenario, spattefficiency improvements of
3.15 bits/dim when the channel strength of the source-destinaink is the same as
the one of the relay-destination link, and d2.97 bits/dim when the relay-destination
link is 5 dB stronger than the source-destination link, are observBtese values show
that the baseline two-hop communication scheme is not lmaleiin terms of rate gain,
especially when the channel strength of the source-déstimink is the same as the relay-

destination link. We also provide a basic point-to-pointmgarison where a single-part



4)

message is transmitted from the source to the destinatioa.ahalysis shows that enabling
physical-layer cooperation among nodes is of critical ingoace in today’s and future
wireless networks. The proposed scheme can, in fact, erapkeer spectral efficiency
performance deployment of Layer 1 relays in a manner thatldvbe feasible from a
business perspective, something that the standardizeubdse(what is referred to as the
baseline two-hop strategy) are not capable of today, mdelyause operators have not
found a business case due to the limited spectral efficieeoefits [28]. It has already
been shown that from a coverage standpoint the deploymeanidfo high powered relay
nodes can yield cost savings of at least 30% for the oper§28is

We also consider two different practical quasi-statidiig channel models, namely the
Extended Pedestrian A (EPA) and the Extended Typical UrBaiJj models in order to
assess the performance of the HD relay strategy in a reatatitipath environment. We
found that the ETU model (root mean square delay spred@id bhs) displays an overall
average higher spectral efficiency over the EPA model (roeanmsquare delay spread
of 43 ns) [30], thanks to the higher frequency diversity of thenfer model (smaller
coherence bandwidth of the ETU model with respect to the ERAlet); the proposed
scheme is hence well suited to LTE, which benefits from th@éieasy of OFDM in such
multipath environments. When the source-destination aeddlay-destination links are of
the same strength, the rate improvement of the proposddgyraver the baseline two-hop
communication scheme is af20 bits/dim for the EPA model and df.50 bits/dim for the
ETU model. When the relay-destination linkfisdB stronger than the source-destination
link, the maximum improvement in rate is71 bits/dim and1.29 bits/dim for the EPA
and ETU models, respectively. The rate gains are less thasetin the AWGN case,
but provide reasonable improvements over the existinglin@savo-hop communication

scheme in a more realistic channel scenario.

Our result shows that a practical implementation of HD rdiaghniques is possible with the

modulation and coding formats already specified by the 3GPP dtandard, and that the gap

between theory and our proposed implementation is small.béleeve that optimizing the

resource allocation parameters (code rates, bandwidibadibn) in relation to our relay strategy

and bench-marking its performance against second-ordderate block-length capacity results,

in the spirit of what was initiated for the point-to-pointasimel in [31], may actually show the



near optimality of the proposed two-phase relaying stsateg

C. Paper Organization

The rest of the paper is organized as follows. Section lloghices the system model and
overviews the scheme proposed in [7], by adapting it to tise @ehen the destination is equipped
with multiple antennas. Section Ill presents the simutattest bench and discusses some
additional design considerations that are crucial for aemealistic analysis. Section IV and
Section V evaluates the BLER performance of the proposedseiier the static AWGN and the
frequency-selective fading channels, respectively. htiqadar, Section IV and Section V consider
the single- and two-antenna destination cases and contpauachieved spectral efficiency with
a baseline two-hop communication scheme that does not &tlodirect link source-destination
transmission. Section IV also compares the achieved spetticiency with the theoretical case.

Finally, Section VI concludes the paper. Proofs may be fomnthe Appendix.

D. Notation

In the rest of the paper we use the following notation corieentWith [n, : ny] we indicate
the set of integers from; to n, > n,. Light-face letters indicate scalars and bold-face lstter
indicate vectors. Lower-case letters denote determingsthstants and upper-case letters denote
random variables. We only have the following exceptionsy (i denotes a vector of lengthwith
componentgY, ..., Y;); (i) covariance matrices are indicated with a capital bialce letter; (ii)
messages are denoted with a lower-case letter. Withve indicate the Hermitian transpose of
a, with a” the transpose of and witha* the complex conjugate af. |a| is the absolute value of
a, ||al| is the norm of the vectosn and|A| is the determinant of the matriX; I, is the identity
matrix of dimensionj; we use[z]* := max{0,z} for r € R. X ~ N (i, 0?) indicates thatX
is a proper-complex Gaussian random variable with meamd variancer?. E[-] indicates the
expected value. Logarithms are in b&seThe spectral efficiency is measured in “bits/dim” and
represents the number of bits per complex dimension, whemrglex dimension corresponds

to a channel use. Thus, “bits/dim”, “bits/channel use” aitg/&/Hz can be used interchangeably.

I[I. SYSTEM MODEL AND TRANSMISSION STRATEGY

An HD-RC consists of three nodes: the source, the relay, anddhtination. The source has a

uniformly distributed message < [1 : QNR} for the destination wheré/ denotes the codeword
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Fig. 1. Two-phase relay system model.

length andR the transmission rate. At time: € [1 : N|, the source maps its messagento a
channel input symbaK ;(w) and the relay, if in transmission mode of operation, mappatst
channel observations into a channel input symkg)(Y;:~!). At time N, the destination outputs
an estimate of the messagebased on all its channel observatiori§ asw(Y,}V). A rate R is
said to bec-achievable if, for some block lengtN, there exists a code such tH&ty # w] < e
for any e > 0. The capacityC is the largest nonnegative rate thatiachievable for € (0,1).
The SIMO Gaussian HD-RC is shown in Fig. 1, where the three s\a@de the eNodeB
(source), the relay, and the UE (destination), which is goed withn, = 2 antennas. For the

static case, the input/output relationship is
Y, =hXs (1=95,)+ Z, €C, (1a)

Y,=hX,S, +h,X, +Z, € C% (1b)

where we lefY ; = [Ydl der, h, = |:hdr1 hmr,hs = [hdsl hdsgrandzd = [Zd1 Zdzr-

The channel paramete(d;s,, ha-, hys), i € [1 : 2] are fixed for the whole transmission duration
(i.e., time needed to transmit one codeword) and assumeadrktmall nodes (i.e., full Channel
State Information (CSI) - for the fading case, the CSI asswnptiwill be discussed in
Section V), the inputs are subject to unitary power constsais, is the switch random binary
variable which indicates the state of the relay, i.e., wisen= 0 the relay is receiving while
when S, = 1 the relay is transmitting, and the noises form independembpgy-complex
white Gaussian noise processes with zero-mean and umaiaear The model is without loss
of generality because non-unitary power constraints osengariances can be incorporated into
the channel gains. It is also worth noting that the schem&uded in this section as well as its

derived performance guarantee hold for any valuew ot 1. However, we will here focus on
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ng = 2 as this is the case considered in the practical implementakor the SIMO Gaussian
HD-RC, the following is a generalization of [7, Proposition 5]

Proposition 1. For the static/non-fading SMO Gaussian HD-RC the following rate is achievable
a [b]

R=1 1 h, 2 - 2a
2 -+ [fh 22 (1 — \vP)) hf'h,
o= log (1 n T (2b)
EaNE TNILY
|h7's|2 ||h8||2
b:=1 1+ — ] =1 1+ —1. 2c
b Og( ) e U T e (2¢)

Moreover, R in (2a) is to within 3.51 bits/dim from the cut-set upper bound to the capacity,

irrespectively of the number of antennas at the destination and of the channel gains.

Proof: We give next a sketch of the proof of Proposition 1. The comepf@oof can be
derived by obvious modifications from the proof of [7, Pratios 5].
Codebooks: We study a scheme with the following four unit average poweaussian
codebooks to transmit a message that is rate-split inte theets:
Car = { Xy (wo) s wo € [1: Mol}, Caz = { X5 (wo) : wo € [1: Myl},
Co={X; (w1) wr € [1: Mi]},  Co= {X2(ws) 1wy € [1: Mo},
by which we aim to achieve a rate of

log(M) n log(M;) i log(M>) _ log (Mo M, My)
N1+ N, Ny + Ns Ny + No Ny + Ny

The transmission is divided into two phases: the first phase, felay receiving) lastsvV,

R=R,+R,+ R, = [bits /dim].

channel uses, and the second phase (i.e., relay trangjitlists NV, channel uses. The overall
transmission duration for a codeword s = N; + N, channel uses. In the following, in order
to simplify the notation, we omit the lengtN; and N, in the superscript of the codewords.
Phase |: During this phase the relay is listening, i.&,, = 0 (see Fig. 1(a)). The source
selects uniformly at randor, € [1 : M;] (sent cooperatively with the relay to the destination)

andw, € [1: M;] (sent directly to the destination). The transmitted sigreak

Xs[l] =+v1- 5Xb('LU1) + \/SXal(wo), (38.)
X.[1] =0, (3b)
1

§= ——, 3c
EaTNE (3¢)
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whered € [0, 1] is the scaling parameter that allows for superposition ragidit is chosen in
such a way that the message that is treated as noise at theatestis received at most at the
power of the noise as in [7].

The relay applies successive decodingX@fw,) followed by X,;(wg) from
V(1] = By V1 = 0 X3 (wn) + hps VX o1 (wo) + Z,[1],

which is possible with arbitrary high reliability for suffently large V if

hT’SQ
Ry, < vlog (1 + |hys|*) — vlog <1 + ™ > ,

1+ |h[?
R, <~lo (1 + M) (4)
wherey = ﬁ The destination, by using Maximal-Ratio Combining (MRC), dieX;,(w;)

by treating X,; (wy) as noise from
Y,[1] = hyv'1 — 6X,(w1) + hy VA X (wo) + Za[1],

which is possible with arbitrary high reliability for suffently large NV if

R, < yl()g 1+ hs 2) — yl()g 1+— . 5

In order to obtainR, in (5) we computedog (1 + (1 — §) h’X'h,) whereX; € C**? is the

covariance matrix of the equivalent noise
Z1 = h V5 X,y (wo) + Zg[1],

and where the final expression follows as an application @ftiatrix inversion lemn¥a Notice
that the same rate is obtained if the receiver computes Hiarsﬂ%Yd[l] = ||h|[v/1 — 6 Xy (wy )+
|y ||V X1 (wo) + Z, Z ~ N(0,1) and decodesX,. Finally, by assuming|h,||?> < |h.|*> (we
will see later that this assumption is without loss of geliigga Phase | is successful if (4)

and (5) are satisfied.

Matrix inversion lemmaA + XBXT) ' = A7 - A'X (BT + XTAT X)) XTAT,
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Phase II: During this phase the relay is transmitting, i.6,, = 1 (see Fig. 1(b)). The
source selects uniformly at random € [1 : Ms] (sent directly to the destination) and the relay

forwards its estimation ofv, from Phase |, indicated ag,. The transmitted signals are
X,[2] = X (ws),
X, [2] = Xoo (W) -
The destination uses MRC and applies successive decodieg lbas
Y4[2] = hy X (wq) + h, X oo (Wo) + Zy[2].

In particular, it first decodes), by using the received signal from both phases and by assuming
that w, = wy; this is true given the rate constraints found for Phase théh decodes(.(ws),
after having subtracted the contribution of its estimatgdSuccessful decoding is possible with

arbitrary high reliability for sufficiently largeV if

HhrH2+HhrHQHthQ(l—|v\2)> ( e >
R, < (1—~)log 1+ +ylog(1+——20L ), (6
<(1=7) Og( T )2 vog {1+ e )0 ©

R. < (1—9)log (1+[hs]*), (7)

wherev is defined in (2b). In order to obtaiR, in (6) we computedog (1 + h/3;'h,), where

¥, € C**? is the covariance matrix of
ZQ = thc (wg) + Zd[2],

and where the final expression follows as an application efrtfatrix inversion lemma. By
imposing that the ratéz, is the same in both phases, that is, that (4) and (6) are egaadet
that~ should be chosen equal t6

a
* — — 8
Ly (8)
wherea andb are defined in (2b) and (2c), respectively. Note that becafishe assumption

|h,l]? < |h,s|*, we haveb > 0, i.e.,b=[b]".

The rate sent directly from the source to the destinaticat, i) the sum of (5) and (7), is

b, |
Ry + R =log (1 + ||hy|) f%(+1ﬂmw) ®)

J/

€l0,1]
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Therefore the total rate after the two phases of transmmssidk = R, + R. + R, as in (2a),
which implies

b
C> Ry + R, + R, > log(1 + ||hs||?) + f—+-b (10)

The rate expression foR in (2a), with [b]* rather thanb, holds since for||h,|?> > |h.|? it
reduces to a direct transmission from the source to therdd®tn. In Appendix A we show
that the proposed scheme is optimal to witBih1 bits/dim, irrespectively of the number of
antennas; at the destination and of the channel gains. Note that tlggesamtenna result in [7,
Proposition 5] is obtained as a special case of Propositibg &ettingv = 1. [ ]

Next we propose a practical LTE-based implementation toesehthe rate in Proposition 1.

[11. SIMULATION TEST-BENCH DESIGN

The scheme described in Section Il uses four Gaussian cokeldQ;, C,., C, and C. to

transmit the three sub-messages w; andw,. In a practical implementation, the codes would
not be Gaussian, but will contain symbols from a finite cdieien. Since SIC is employed
in the decoding operations both at the relay and at the @im we need to understand the
performance of these practical codes both in Gaussian am{Gaoassian noise. In particular, at
the relay we need to understand the performanae® of non-Gaussian noise (first decoding step
of Phase 1) and of,; in Gaussian noise (second decoding step of Phase 1); at Simatéon
we have to understand the performanc&€gf C,, andC, in non-Gaussian nois&y in the first
decoding step in Phase | adgh, C, in the first decoding step in Phase Il) and the performance
of codeC. in Gaussian noise (second decoding operation in Phase h wherror propagation).
In the decoding stages where a message is treated as noisepleenent a demodulator that
specially accounts for the fact that the overall noise is-@amssian. We consider different
choices for the codebookK§,.;, C.2,Cy, C.); for each choice, we ensure a BLER at the destination
below a given threshold for all the decoding stages (hereegk& £ maintain the overall system
BLER at the destination below0~2 and hence the BLER corresponding to each of the three
decoding operations is set to be at mbAt- 102). Although the analysis is focused on the case
when the destination is equipped with two antennas, thdesigtenna case is also presented
for completeness. The key question we seek to answer is tlogvilog: how does the spectral
efficiency of practical codes compare to the theoreticalgperance in Proposition 1?

We develop a simulation testbed using the OAIl (a platform vareless communication

experimentation) software libraries in order to evaluéie performance of the aforementioned
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eNB (Source) Transmit (Tx) Chain
Rate Matching Algorithm
Phase | (Slot 1)
—»] o] ! ) >
Message w; CRC Attachment Channel Sub-block Modulation & Modulation and ) Phase | -
Phase Il (Slot 2) & Coding: 1/3 Interleaving Coding Scheme Resource El X,[1) = VI = 0Xp(wr) + VX1 (wo)
Message w- Transport Block Rate Turbo Mapping Phase Il
Phase| (Slot 1) »| Segmentation Encoder - Physical Redundancy L, X,[2) = Xo(wy)
Message wo Resource Blocks || Version Index
1 Relay Chain
Phase | . : Iterative Phase Il
Channel Maximal Ratio Interference-Aware Max-log eNB Tx
Vo) = ooV T= 05 (101) + b3 Xor (o) + Z11™ @ ion [ 7| Combining | |  MAPDemodulator || TUB0 = AfterSIC e o
Decoding X, [2] = Xa2 (@o)
UE (Destination) Receive (Rx) Chain Phase |
Phase | Message w,
Yall] = b/ T=0X,(wn) + 0o VX1 (wy) + Zl1 Channel Maximal Ratio Interference-Aware Max-log ":L:z:e
Phase Il Compensation Combining MAP Demodulator Decoding Phase Il
o . N ’ Message wo
Y[2] = hy X (w2) + h, Xoo (W) + Za[2] After SIC
Message ws

Fig. 2: Simulation block diagram for the eNB, relay and UE.

scheme with practical codes (see Fig. 2). The softwarequhatis based on 3GPP’s evolving
standard of LTE which consists of the essential features pfaatical radio communication
system, which closely align with the standards in comméycideployed networks. Fig. 2
shows the key functional units of the simulation design. Fhreulations were carried out on
the Downlink Shared Channel (DL-SCH), which is the primaryroted for transmitting user-
data (or control information) from the eNodeB (eNB) to the WB][ The data messages are
transported in units known as Transport Blocks (TBs) to cortheysub-messages,, w; and
we. The TB Size (TBS) depends on the choice of the Modulation andif@oScheme (MCS),
which describes the modulation order and the coding rate gricular transmission.

Processing: The TBs undergo a series of processing stages prior to maniula¢fore the
codeword can be mapped into the Resource Elements (REs) irhyisec® DL-SCH (PDSCH).
Error detection at the receiver is enabled by appending 24icdgedundancy Check (CRC) bits
to the TB. The code block (comprising the TB and the CRC bits) hasnmym and maximum
sizes of 40 and 6144 bits, respectively, as required by thiedrancoder. Filler bits are added
if the code block is too small in size and the code block is saged into blocks of smaller
size if the maximum size is exceeded. The subsequent biesegqus then fed into thé/3 rate
Turbo encoder.

Channel Coding: The channel coding scheme comprises a 1/3 rate Turbo enceldieh
follows the structure of a parallel concatenated convohal code with two 8-state constituent

encoders, and one Turbo code internal interleaver [32].nglsiset of systematic bits and two
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sets of parity bits are produced at the output of the encosleletailed in [32].

Rate Matching: The rate matching component ensures, through puncturimgpetition of
the bits, that the output bits of the Turbo encoder match tadable physical resources using
the MCS, the Redundancy Version (RV) index and the PhysicallRes®locks (PRBs). For the
numerical evaluations, an equal bandwidth allocation sseh between the two phases of the
relay strategy, i.e., the number of PRBs allocated in the fieday listening) and second (relay
transmitting) phases is the same. In other words, with eefee to (8), we set = 0.5, which
may not be the optimal choice. The sub-messagédransmitted by the source and the relay over
the two phases, corresponds to two different RV indices wdbal resource allocations. The
selection is made possible through puncturing or repatiticthe bits at the output of the encoder.
The Circular Buffer (CB) generates puncturing patterns depgndn the allocated resources,
and the sub-block interleaver (which forms part of the CB)litates the puncturing of the three
outputs of the encoder [30]. Furthermore, the code blockoiscatenated if segmentation was
required prior to channel coding.

Modulation and REs Mapping: During this stage, complex-valued symbols are generated
according to the chosen modulation scheme, i.e., QPSKQAM or 64-QAM, which are
supported in LTE. In this study, we seek to investigate thdopmance of QPSK as well as
higher-order modulations such a§-QAM and 64-QAM. In particular, we employ the same
modulation order at the source and at the relay. Such a scherfarms well when the channel
quality between the relay and the destination is not mucteb#tan that of the source-destination
link. However, when the relay-destination link is signifitly stronger than the source-destination
link, a better performance/higher spectral efficiency doog¢ attained with higher modulation
schemes at the relay.

Channel Compensation and MRC: The channel compensation block is responsible for
computing the Matched Filtered (MF) outputs and the efiectthannel magnitudes of the
received signal. These parameters are required for thelsotiding of the desired message using
the interference-aware demodulator. The MRC block utilitess MF outputs to constructively
add the two received signals to maximize the post-procgsSMR (notice that the MRC block
is not needed in the case when the destination is equippédansingle-antenna).

Interference-Aware Demodulator: The demodulator comprises of a discrete constellation
interference-aware receiver designed to be a low-contglexarsion of the max-log MAP de-

tector. The main idea is to decouple the real and imaginamgpoments through a simplified
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bit-metric using the MF output and thus reduce the searcbesipy one complex dimension [33]-
[35]. As a result, it is possible to decode the required caatdvin the presence of an interfering
codeword of the same (or different) modulation scheme. &diegr, it is possible to strip out the
decoded signal from the received signal and then decodesthaining signal in an interference-
free channel in the case of no error propagation. The sulsages, is decoded at the destination
at the end of Phase I, i.eX,; (received in Phase I) anll,, (received in Phase Il) are combined

to obtain the sub-message.

A. Further Design Considerations for a more Realistic Analysis

From a purely practical standpoint, two main issues relatetbw-layer signaling need to
be addressed, in order for the proposed HD relay scheme taaldefor future (e.g., 5G)
standardization within the LTE framework. The first pertato timing advance of the relay
transmission. In a conventional OFDM system, the receiyeclsronizes its reception to the start
of OFDM symbols and this synchronization must be accurateigim so that the entire channel
response falls within the duration of the cyclic-prefix. @thise, inter-symbol interference will
significantly degrade the performance of the receiver. énctbntext of the physical-layer relaying
scheme, the received signal in the second phase of the prasopintly transmitted from the
eNB and the relay station. These two signal components mtgé anore or less synchronized
in order for the receiver to be able to receive the OFDM wawefavithout much difficulty.
This clearly requires some form of timing adjustment sinlge path from the source to the
destination going through the relay is longer than the tlipath. The relay will adjust its timing
to the received signal from the eNB (Phase 1) and must advirecsignal for each UE that it
is serving according to the difference in path delay betwiendirect path and the path going
through it to the destination. This will clearly require &dzhal signaling. The second main
issue is related to signaling in support of H-ARQ. In the fireage of the protocol, separate
ACK/NAK signals need to be conveyed to the source from theyr@ar two messages) and
from the destination (for one message). Similarly, in theosel phase, the destination must send
two ACK/NAK signals to the source and one to the relay. Thid wligarly require significant
modifications in low-layer signaling, but a feasible saduatiis well within reach. These design

considerations represent an interesting research dirgatihich is currently under investigation.
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TABLE I: MCS mapping for each decoding operation withS = 0 dB for a SIMO scheme.

Phase | - X, Phase Il - Phase |1 - Theoret- | Practical | Theoret- | Practical
(Xa1, Xa2) X ical ical BS BS
MCS S Cx, | Cx,, | TBS || MCS | TBS || MCS | TBS Rate Rate Rate Rate
[dB] | [dB] | [dB] | [bits] [bits] [bits] || [bits/dim] | [bits/dim] | [bits/dim] | [bits/dim]
9 1.89 | 548 | 9.54 | 4008 11 4968 13 5736 2.44 2.26 1.01 1.12
14 584 | 9.07 | 12.10| 6456 14 6456 17 7736 341 3.36 1.56 1.46
20 11.02 | 14.60| 18.2 | 9912 20 9912 22 11448 5.10 5.09 2.36 1.93

IV. PERFORMANCEEVALUATION IN STATIC AWGN CHANNEL

In this section we numerically evaluate the performancénefdroposed transmission strategy
over the static/no-fading AWGN channel model. The transimisbandwidth of the simulated
system is 5 MHz, corresponding to 25 PRBs. In the simulationsccaresidered square QAM
constellations withunit energy. For example, the signal;[1] transmitted by the source in
Phase | (see (3a)) is a combinationof(w;) and X, (wy), which are both drawn from a QAM
constellation with unit energy. Thereafter, they are sthlethe parametef, or 1 — ¢, and hence
X,[1] has an average unit energy. Similarly, in Phase Il the trétesinsignalsX[2] and X, [2]
are drawn from unit energy QAM constellations and hence, dfindion, they have unit energy.

With reference to the system model in (1), we |Bt,|> = C, |has,|* = |has,|> = S (i€,
the two source-destination links are of the same strengfth),|> = |ha.,|> = I (i.e., the two
relay-destination links are of the same strength), and wehgsephase of the channel gains to
some random value that is kept constant during the wholesmégssion duration (i.e.N; + N,
channel uses). Perfect receive CSl is assumed at all nodesaEb of the decoding operations
during Phases | and Il, the BLER performances at the relay astindition are validated for
different values ofC (at the relay) and evaluated with respectdo(channel quality for the
source-destination link). Furthermore, we use- —- as the superposition parameter in the

1+28
SIMO scenario. An equal bandwidth allocation between the plvases of the strategy is also

assumed, i.ey = 0.5.

Decoding at the relay: At the end of Phase I, the relay first decodes then it strips it out
from its received signal and finally decodes, in an interference-free link. Error propagation,
which results from feeding back incorrectly decoded symjisinot considered here. The reason
is that we consider a coded system with CRC bits (that is imphéeaein the 4G receivers of

today) for which the residual error (misdetection) at thgpatioccurs with a very low probability



19

(e.g.,107%). The source-relay channel is assumed to be strong enougbati@ntee a system
BLER that is less than0—* at the relay (e.g., see the third and fourth columns of Tablénl
other words, in order to have successful decoding opemaffohbothw, andw,) at the relay
at the end of Phase |, we assume a valu€'auch that BLER< BLER[X}] + BLER[X ;] <
5-107*+5-107* = 10~3. Under this assumption, it is worth noting that the relaycassfully
decodes the messagg with BLER[X,;] < 5-107*, which is a more stringent constraint than
the one imposed at the destination of BLIER,| < 1/3 - 1072, Finally, at the beginning of
Phase Il, the sub-messagg is re-encoded and forwarded by the relay to the destination.
Decoding at the destination: The overall SIMO (two antennas at the destination) spectral

efficiency of the HD relay strategy at the end of Phase Il issshim Fig. 3 and Fig. 4 (see the
blue curves). Each of the markers on the blue curves - pedatides achieved by the scheme
described in Section Il - represents an MCS, which in totageanfrom O to 20. Each MCS
characterizes the type of signal transmission (i.e., QPISKQAM or 64-QAM) with a certain
code rate. The rates are plotted for two different ratioshef rielay-destination link and source-
destination link, namely /S = 0 dB (see Fig. 3) and /S = 5 dB (see Fig. 4). This is shown to
demonstrate that utilising a relay-destination link whishstronger than the source-destination
link indeed boosts the rate performance with respect tactdtransmission (see green curves) or
conventional relay schemes (see black curves) - the bassiiategy, which will be explained
later in this section. Similarly, Fig. 5 and Fig. 6 shows thragtical rate performance of the
SISO case, i.e., when the destination is equipped with deseugtenna.

Table | displays the link adaptation of the proposed stsafegthe SIMO case whei/S =
0 dB with three different MCS values at the end of each phase;lth&trates the overall selection
strategy in order to compute the practical spectral effaigsh We assumed an overall system
decoding probability ofl0~2 at the destination, i.e., BLER BLER[X;] + BLER[X,, X,»] +
BLER[X,] <1/3-1072+1/3-1072+1/3-1072 = 102, For each value of the MCS of,, (first
column of Table I), we assumed a value ®f(second column of Table [), which ensures that
BLER[X;] < 1/3 - 1072 Thereafter, for each value of the ratigS, we selected the MCS of
(Xa1, Xa2) Which, for each value of (second column of Table I), ensures BLER;, X.2] <

1/3-1072. These MCS values are reported in the sixth column of Tableril&ly, we proceeded

3Although here we report only Table 1, which considers the SIMO cask/ais = 0 dB, a similar table was made for
I/S =5 dB and for the SISO case.
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Fig. 3: SIMO spectral efficiency performancé&ig. 4: SIMO spectral efficiency performance
when (I/S) = 0 dB. when (I/S) =5 dB.
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Fig. 5: SISO spectral efficiency performancd-ig. 6: SISO spectral efficiency performance
when (I/S) = 0 dB. when (I/S) =5 dB.

in selecting the MCS ofX, (eighth column of Table I), so that BLER,] < 1/3-1072. The
TBSs of each MCS (at the source and at the relay) are defineddaegao the 3GPP LTE
standard [36] and are also reported in Table I.

Comparison with theoretical performance: One of our major goals in this work is to
compare the theoretical and practical spectral efficiereayopmances of the proposed strategy.
To this end, we proceeded as follows. Both for the SISO andi@rSIMO cases, we drew two

curves, corresponding to the theoretical achieved avéegeaged over(* different realizations
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of the phases of the channel parameters) spectral efficiém@articular,

« Theoretical rate withy* (solid red curve): this curve is drawn by plugging into (2bg t
values of(S, I, C') used to obtain the practical spectral efficiency. In otherdspthis rate
is computed by using the optimal defined in (8).

« Theoretical rate withy = 0.5 (dashed red line): this curve is drawn by considering the

values of(S, I, C) used to obtain the practical spectral efficiency and by camgu
R = E [min {eq.(4) eq.(6}] + eq.(7)+ eq.(5)

with v = 0.5. Hence, this rate is computed with the valueyofised in the simulations.

Clearly, as we also observe from Fig. 3, Fig. 4, Fig. 5 and Fjghé theoretical rate with the
optimal v is no less than the theoretical rate with= 0.5. This is because in the latter case we
are fixing~ = 0.5, which might not be the optimal value.

The spectral efficiency of our practical scheme - blue cunvéig. 3, Fig. 4, Fig. 5 and Fig. 6
- (see for example the eleventh column of Table | for the SIMBecwith7/S = 0 dB) was
determined by using the ratio of the TBS (useful message h¢mgith respect to the number
of soft-bits (G-codeword size) together with the modulation order, whicesinot include the
overhead bits such as the cyclic prefix, pilots and contrahckel information (PDCCH symbols).
In particular,
R TBS(X}) + TBS(Xa1, Xa2) + TBS(X,)

<QS§d1 T fo@)

whereG; is the number of soft-bits used to decod€,, X,;) and G, to decodg X,., X.), and

bits/dim (11)

Qmodr and Q042 are the corresponding modulation ordérs.

Smulation analysis: For the SIMO case, from Fig. 3 and Fig. 4 we notice that the maxra
difference between the theoretical rate (with= 0.5) and the achieved rate by the proposed
scheme i9).28 bits/dim at MCS= 6 when /S = 0 dB and0.67 bits/dim at MCS= 7 when
I/S =5 dB. Similarly, for the SISO case, the maximum difference leemthe theoretical rate
(with v = 0.5) and the achieved rate by the proposed schente3is bits/dim at MCS= 17
when7/S = 0 dB (see Fig. 5) and.69 bits/dim at MCS= 7 when/S = 5 dB (see Fig.
6). These values indicate that high-throughput HD relayesas are within practical reach

for de facto 4G relays and receivers of today. These rate bapseen theory and practice

4TBS is the number of information bit§; is the number of coded bits ar@ = log M where M is the modulation order.
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can be mostly attributed to two key factors: (i) the TBs useal @l finite length, differently
from the theoretical assumption of an infinite block lengtid &ii) the coding and modulation
schemes were chosen to match existing standards ratheb#iag optimized for this setup.
Furthermore, the fact that the difference wheft = 5 dB is larger than wherd /S = 0 dB

is due to the fact that when the ratigS increases it becomes more critical to choose higher
MCS values for the relay (with respect to the source) in orddully exploit the strength of the
relay-destination link. Adapting the modulation order @ahd number of PRBs across different
rounds may reduce the gap between the theoretical and galpgrformances. Moreover, we
also remark that the difference between theoretical andtiped rates might be decreased by
performing an optimization of the parametérgsuperposition factor) and (fraction of time
the relay listens to the channel) in the inter{@ll], instead of considering them as fixed values

(which has been deemed out of the scope of this study).

A. Baseline Relay Scheme

For comparisons with existing relay structures, we alsosictared a baseline two-hop com-
munication scheme (BS), which mimics the relay structureodfy’s LTE networks, where the
UE does not have a direct connection with the eNB, i.e., thecgadestination link is absent and
the eNB can communicate with the UE only through the relayghgsical layer cooperation).
For both the SIMO and the SISO scenarios, the BS practical(bdek curve) is compared to
the theoretical one (magenta dashed curve) in Fig. 3, Figig},5 and Fig. 6. The theoretical

BS achievable rate with = 0.5 (twelfth column of Table 1) is given by:
RTheor—BS = mln{7 log(l + C)a (1 - ,Y) lOg(l + O{[)}, (12)

with o = 2 in the SIMO case and = 1 in the SISO case. The optimal theoretigalis obtained
by equating the two terms within thein in (12), i.e.,

. log (1 + al)
~log(1+al)+log(1+C)

Similar to how we did for the proposed three-part-messagerse, also for the baseline two-hop

g (13)

communication strategy, we plotted both the curve wi&f..._gs in (12) is evaluated iny*
in (13) (solid magenta curve) and the curve wWheg,.,._gs in (12) is evaluated iny = 0.5
(dashed magenta curve). Similar comments as those draviheg@roposed scheme also hold in

this case. In the SIMO case, as we observe from Fig. 3 and Fipedmaximum difference in
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spectral efficiency between the practical strategy and thetigal BS rates (thirteenth column
of Table 1) is 0f3.39 bits/dim for /S = 0 dB, and 0f2.88 bits/dim for//S = 5 dB, which is a
significant improvement in spectral efficiency of the co@pege relay strategy over the currently
employed DF basic relay scheme. In the SISO case, we alstertbtat the maximum difference
between the practical rate and the practical BS rate i8.0f bits/dim and 0f2.97 bits/dim,
respectively. The fact that the difference is larger wh¢ly = 0 dB than when//S = 5 dB

is due to the fact that when the ratig'S is small, the presence of the source-destination link
plays a significant role in enhancing the rate performancerelver, we notice that the curve
representing the spectral efficiency of the scheme destimb8ection Il is almost twice the one
of the baseline strategy. This means that the scheme hepeg®d, not only provides an array
gain with respect to the baseline strategy, but also a gDaf (@ae-log factor). This can be
explained as follows. The values 0§, I, C') here considered are more or less comparable; this
implies, that in the high-SNR regimBry.._ps in (12) becomeRryeor—Bs ~ %10g (1 +SNR),
while R in (2) becomesR~log (1 + SNR), i.e., R~2RTyeor_Bs-

B. Direct Transmission Scheme (No Relay)

The theoretical (cyan curve) and practical (green curvesrfor direct communication between
the source and the destination transmitting a singlespadsage (basic point-to-point scenario),
are also provided in Figs. 3, 4, 5 and 6. According to Figs. @ 4nthe maximum difference in
spectral efficiency between the three-part-message pahsttheme and the single-part-message
practical point-to-point scheme is af21 bits/dim for 7/S = 0 dB, and of1.33 bits/dim for
I/S =5 dB. In the SISO case, we also observe a maximum differende20fbits/dim (/S =
0 dB) and1.33 bits/dim (I/S = 5 dB). These values show that the proposed three-part-message
scheme has a higher spectral efficiency when compared tdardet ttansmission scheme, while
maintaining the same slope. In particular, in order to oleser gDoF gain (in addition to the
increased power efficiency) of our three-part-messagensetvaith respect to the point-to-point
transmission, we could considér= S* and C' = S” with min {«, 8} > 1, which would be
interesting from an information theoretic perspectivenf{i&r to [7]), in order to understand the
asymptotics of the proposed scheme. However, when comsgderactical codes, we would
eventually operate outside the practical SNR regime of thE todebooks. For example, if
a =2, S would be limited to around0 dB at the point where the links to and from the relay

would be at the highest spectral efficiency. In this case, M@&éats beyond 6 bits/dim (64-
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QAM) would be required on the source-relay and relay-dasitin links, which are not part of

the performance evaluation tools at our disposal. Our nizalegvaluations show that the three-
part-message scheme brings rate advantages (with regpéuoe tirect transmission scheme)
in the finite-SNR regime, thus not requiring the use of asytipiperformance indicators. The
theoretical (cyan curve) and practical (green curve) pufgoint rates also further strengthen
the notion that the conventional relay scheme (as indichjedur baseline scenario) does not

provide any quantitative benefits, in terms of spectral iefficy, over our proposed scheme.

V. PERFORMANCEEVALUATION IN FREQUENCY-SELECTIVE FADING CHANNEL

The AWGN channel modeling of the proposed relay strategylyaed in Section IV, repre-
sents an idealistic scenario. In an effort to model a pracscenario, we evaluate the spectral
efficiency of the strategy using two well-known low mobilftgquency-selective channel models
defined by 3GPP, i.e., the EPA and ETU models [37]. In padiculie focus on the scenario
where the destination is equipped with two antennas (SIM&g. assume channel state in-
formation at all nodes. For a more practically relevant acen the channel state information
should be estimated/learned and this is currently part gbmg work. The power delay profiles
(amplitude and path delay) of the EPA and ETU channel modeldarived from [30], [37].
The EPA and ETU models consist of seven and nine discretdpathiitcomponents, each with
a coherence bandwidth of 2.43 MHz and 0.2 MHz, respectividlg amplitude distribution for
each tap in the EPA and ETU models is described by a Rayleighggmtocess. The complex
channel coefficients for both the source-destinatibp, (and h,s,) and relay-destinationhf,,
and hg,.,) links are generated according to the generalized chamastfer function (in the
frequency domain) given by, , = Zfﬂ apexp (—j2rnnfsw), Wherei represents the symbol
index, ne[1 : 300] represents the subcarrier index for a bandwidth of 5 Mbzrepresents
the complex path amplitudé,is the path index/ represents the total number of pathsijs
the path delay and,,, represents the periodic subcarrier spacing of 15 kHz (asifggee in
LTE) [30]. Furthermore, we assume a zero Doppler shift fathbdhannel models in line with
the low-mobility assumption of the destination (UE). Theklibetween the source and the relay
is modeled to be a static AWGN channel with the aim of deployangglay in a location with
a high link quality from the source. An analysis of the progmbscheme over a fading channel
would involve an evaluation of the achievable rate undewvargoutage probability, which would
hold for the infinite block length and block-fading channake. This would be performed by
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extending (2) to a vector channel with channel coefficietgegned by the statistics of the EPA
and ETU models and by evaluating the achievable rates athwinécobtain the desired outage
probability. The aforementioned analysis presents arrastig challenge for future research
directions. The major goal of the comparison carried outhim rtest of this section, is to show
the rate advantage of our scheme in realistic channel mad#igespect to the existing baseline
and point-to-point transmission schemes.

The analysis is as for the AWGN case in Section 1V, except ferftlowing. Due to the fact
that the system was not designed and optimized for thesaedrmy selective channels, it was a
challenge to guarantee an overall system BLERMF at the destination at reasonable SNR val-
ues for higher MCSs, with an interfering codeword from the sahscrete constellation. Hence,
it was decided to relax the BLER constraint such that BLEBLER[X}] + BLER[X 1, X.2] +
BLER[X.] < 107!, only considering MCS values corresponding to QPSK trarsionis.

The results in Fig. 7 and Fig. 8 show the performance of theetipart-message relay strategy
(see blue curve) using the EPA channel model fpf = 0 dB and/S = 5 dB, respectively.
Similarly, the performance of the ETU channel model, preséim Fig. 9 and Fig. 10, has also
been investigated. In the case of the EPA channel, we obskatethe maximum difference
between the practical strategy (blue curve) and the BS rategdnta line) is oR.20 bits/dim
for I/S = 0 dB and of1.71 bits/dim for I /S = 5 dB. In the case of the ETU channel model,
the maximum difference in spectral efficiency between tleefical strategy and the BS rates is
1.50 bits/dim for /S = 0 dB and1.29 bits/dim for7/S = 5 dB. The proposed relay scheme also
performs well in comparison to the point-to-point transsioa strategy, justifying the feasibility
of our proposed relay scheme. A maximum differencé.@t bits/dim can be observed between
the practical and the point-to-point scheme (green curee}te EPA case, wheh/S = 0 dB
and /S = 5 dB. Similarly, for the ETU case, a maximum difference ®$0 bits/dim when
I/S =0 dB and1.16 bits/dim when//S = 5 dB can be noted. However, it is interesting to
observe that the benefit - in terms of spectral efficiency -toizing a relay (baseline two-hop
communication scheme) over the classical point-to-pammunication scheme can be realized
when considering realistic fading channel models in whiah $trength of the relay-destination
link is 5 dB stronger than the source-destination link as shown in &ignd Fig. 10. The
difference in spectral efficiency for the practical LTE chahmodel is noticeably less than the
one in the AWGN case, highlighting the degrading effects oftipath on the proposed relay

strategy. Nonetheless, even for these two practicallywaeleLTE channel models, the proposed
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strategy still provides remarkable improvements in spéatfficiency over the basic BS and

point-to-point transmission schemes.

VI. CONCLUSIONS

In this paper, we designed a practical transmission stydtaghe Gaussian half-duplex relay
channel by using codes as in the LTE standard and by runnimglaiions on an LTE test
bench. The scheme uses superposition encoding, decoderaradd relaying and successive

interference cancellation in order to rate split the messatp three parts and send them in two
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time slots from a source to a destination with the help of ay€ivhich forwards one of the
three sub-messages). Comparisons between the theoratitalable rate with (point-to-point
capacity achieving) Gaussian codes and the rate achievagiactical scenario were provided
for an overall system BLER of0~2 for the two-antenna case (and single-antenna case) at the
destination. The simulation results shed light on the b&nefi physical layer cooperation with
respect to direct-link transmission and to the case of alin@sevo-hop communication scheme.
The half-duplex relay strategy was also shown to provideisblspectral efficiency gains over
the proposed baseline two-hop communication scheme usengPA and ETU channel models.

The results presented in this paper should be used to relenie case of relay stations
for future 5G deployments where new layers 1 and 2 signalang lme envisaged to reap the
benefits from physical-layer relaying. This may prove to kenemore effective in millimeter-
wave deployments where predominantly line-of-sight liaks required and wired access-points
will be extremely costly for large scale deployment. In the&sse we would have a few donor
eNBs with an optical backbone to the core network and manylegserelay stations using
physical layer relaying to their proximity when possibleorRUEs in line-of-sight with both
the destination and relay, there will be substantial benefst described by these results. This
study shows strong promise to be deployed in upcoming rels@ndards of LTE as well as 5G
systems with respect to advanced relay architectures.

Future work would include the analysis of the proposed tpad-message when channel state
information is not available and hence has to be estimataahed as well as the investigation
of resource allocation strategies for dynamic bandwidgigasnent. In this work we considered
equal duration of the two phases and a fixed value for the pop#ion factor; for inclusion in
real-time systems, these parameters have to be adaptive.ddoeral dimensioning of resources
can be made over H-ARQ rounds. Higher-order MIMO configuretioan be considered at the
relay and source as well. An analysis of the achievable git®n an outage constraint in a

fading scenario would also present an interesting avenuéifore research.
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APPENDIXA

PERFORMANCE GUARANTEE OF THE PROPOSED SCHEME

A well-known upper bound on the capaci€y of the relay channel is given by the cut-set

bound [2] which, for the channel model in (1), reads as

C< max min{l (X, X,,S;Yq),l (Xs;Y,, Ya|X,, S)}

Pxg,xr,sp

(a)
< max min{/l (X, X;;Y4lS,) + H(S,), I (Xs; Y, Y4 X, S0)}

Pxg,xr,5r

—~
=

= max min {
v€[0,1], Px, x,|5p=01 Pxs,xr|Sr=1

7 (X, X o Xy + Za|S, = 0) + (1 — ) I (Xs, Xoi 0o X + WX, + Z4|S, = 1) +H (7)),

’YI (X57 hrsXs + Zr7 ths + Zd|Xra Sr = O) + (]- - 7) 1 (X87 Zr7 ths + Zd|X7"a Sr = 1)}

—

C .
= max min {
’76[071]7 |P|§17 ’YP5|0+(1_’Y)PS\1S17 ’YPT\0+(1_’Y)PT|1§1

~

H
ylog (1 + [[hy[*Pyp) + (1 — ) log T, + [hs hT] K, [hs hr}

+H (),

vlog (14 (hsl* 4 |hrsl?) Pyo) + (1 —7)log (1 + [|hy||*Popr) }

d

< 9H(~v) — (1 —~)log(1 — ~) + mi
= ey 22K o (7) = (1 —~y)log(1l —~) + min {

~log (1 + Hh5]|2a) + (1 —7)log (1 + x4+ y+2yxylv| + xy(l — \v[2)) | b2 —a
v = Ihe|2(1 - B)

hiln,
[T [ |

—~
=

log (1+ (Il + [heo2) @) + (1 = 7) log (1+ [, |2(1 — o))}
< max 2.511og(2) + min {
~v€[0,1]
ylog (1+[lhs]l*) + (1=7) log (1+[[h|I*+ [ B l* 21| s [ [ P [[[ 0]+ [ s ]| o (1= [0]))

vlog (1 + [[hs|* + [hes]?) + (1 — ) log (1 + [|hs]|?) }
© 9 5110g(2) + log (1 + [|hs|[2) + e min {(1=7)a,b}
~v€lo,
ab
a+b
where the different (in)equalities are explained in whalofes.

= 2.511og(2) + log (1 + [|h,|?) +

(14)

(a): By using the chain rule for the mutual information and beeal(s,;-) < H(S,), sinces,
is a discrete random variable.

(b): By definingy := P[5, = 0] € [0, 1] andH(S,) = H(y)= —ylog (v) — (1 —7)log (1 —7) <
log(2).
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By letting n, be the number of antennas at the destination (in our systedelnmo (1) we

haven, = 2), since “Gaussian maximizes entropy” and by defining

XS Ps PS PT
K, := Cov - PV <
X, St PZ \/ PS|ZPT|€ PT\E
for some(Py o, Pj1, Prjo, Pr1) € Ri satisfying the average power constraint
YPyo+ (1 —=7) Py <1, u e {s,r}. (15)

It is not difficult to see thatp,| = 0 is optimal, since the relay is listening. For notation
convenience we lep := p; in what follows.

. By definingv = o2t o] < 1, to = |ha|*Pys, t, = [|h.]|* Py, we obtain
H
T i=log|L,, + |h, h|Ki |h, B,
(1) H ksl hih,
= log |I, + [hs hr} [hs hr} K,| =log|I, + K,
hi'hs ||

=log (1 +ts+t, + tst, (L= 0]*) (1= |p|?) + 2v/E, LR {vp*})

INGE

log (1 +ts +tr + 2vEt: vl lp| + tst, (1 = [v[*) (1 = |p]*))

INE

log (14 ts + t, + 2Vt [v] + et (1 — [v]?))
(Q

< —2log(l —7) +log (1 + = +y + 2y/xylv| + zy(1 — [v]?)),

=

where: (i) the equality in(f) follows from the Sylvester's determinant identity; (ii)eth
inequality in(g) follows sinceR {vp*} < |p||v|; (iii) the inequality in(h) follows by using
|p| = 1 in the term increasing inp| and |p| = 0 in the term decreasing ifp|; (iv) the

inequality in (i) follows by parameterizing the power constraints in (15)d%, = o,

1-y)Pp=1—a,vPp=p5 (1-7) Pp=1-4, for somea € [0,1], 3 € [0,1], and

by introducingz := ||h,||*(1 — «), y := ||h,||*(1 — 3). By means of similar steps, we have

«
7y = tog (1 [ P) = log 1+ 122

= log (v + ||hs[[er) — log (7) < log (1 + ||h|*a) —log (7).
Hence, the first term within thenin in the equality in(c) can be upper bounded as
Yo+ (1 =) Ty +H(y) < 2H(y) — (1 —7)log (1 =) + ylog (1 + [|hy[*)

+ (1 —7)log (1 +z+y+2y/xylv] + zy(l — |v|2)) )
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Similarly, we can upper bound the second term within i@ in the equality in(c) as
Ty :=vlog (1 + (|[hs]|* + |hrs]?) Popo) + (1 — ) log (1 + ||y Popr)

« 11—«
=tog (14 (I + 1) 2 ) (1= 7)o (14 [P =)

4
=ylog (v + (I[hs]|* + [hrs]*) @) + (1 =) log (1 — 7 + [[hy[|* (1 — @) + H(7)
<ylog (1 + (Ihy]|* + |hesl?) @) + (1 = 7) log (1 + [[h]|* (1 — @)) + H(7).
Therefore, the expression in the equality(in can be upper bounded as
min {yT5 + (1 — ) Ty + H(v), T3}
< min {7ylog (1 + ||hy[[*a) + (1 =) log (1 + = +y + 2y/zy|v| + zy(1 — [v[*))
+2H(7) — (1= y)log (1 =), y1og (1 + (Ih]* + [hrs]*) @)
+(1=7)log (1 + ||| (1 — @) +H(7)}
< 2H(7) — (1 =) log (1 — ) +min {7log (1 + || h[[*a)
+(1—7)log (142 +y + 2y/aylv| + zy(1 — ) ,v1og (1 + (|hs]|® + [hesl?) @)

+(1=7)log (1 +[h* (1 —a)) },

which is precisely the expression in the inequality(d).
(e): By defining

) 12 + 2 Rl 0] + 2R [2(1 = J0]?)
=1 1
‘ Og( " 1+ B2

) <atlog2), (16)

[Fors|?
L+ [l [f?

wherea andb are defined in (2b) and (2c), respectively.

b :=log (1 + ) < b+ 1log(2), (17)

Notice that the above analysis holds for the case when thendgsn is equipped with a
general numben, of antennas.

We next show that the upper bound in (14) and the lower bourig)iare to within a constant
gap of one another. By taking the difference between (14) ahavé obtain

7D b1t

ap < = —
8P =a10 a+ [b]

Thus, the two-phase three-part-message scheme desigBedtian Il is at moss.51 log(2) bits/dim

from capacity, irrespective of the number of antennas at#éstination and of the channel gains.
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