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Abstract—We introduce a new two—step relaying scheme based Ag
on superposition coding,SC-relaying In Step 1, the sourceAs
broadcasts a message, created by superposition coding, to the m 72
relay Ar and the destination Ap. After decoding the information
from Ag, Agr relays a part of this message in Step 2, by
using a codebook that is adapted to the linkAg — Ap. The As
information—theoretic design shows that the proposed scheme ica
improve the spectral efficiency, attaining almost optimal value.
We demonstrate that the SC-relaying can be ported even to
the case of uncoded systems, where it is shown how to selectiy 1 The wireless relay scenarigs, v1, and~s denote the SNRs.
the transmission scheme in order to maximize the throughput
between the source and the destination.

Ap
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possible for the Decode—and—-Forward (DF) scheme from [1].
Furthermore, the spectrally—efficient relaying used insf@les
|. INTRODUCTION that Ap uses maximum ratio combining of the transmission
Recently, there have been significant research effortgerklaby As and Ag, but doe not specify the encoding procedure.
to wireless relay systems, most notable being the schemes@# the other hand, SC-relaying represents a scheme that uses
cooperative diversity [1] as well as the information—thegior - Standard single link codebooks and is designed to enable
investigations of the strategies for cooperative relayjpj Simple combining of the transmission hyts and Ar at
[3]. Fig. 1 depicts a wireless relay system, whete being Ap, and therefore portability of the ides to the cases of
the source,Ap is the information sink and the relaylz uncoded/lightly coded systems.
is assisting the communication betweety and Ap. We The letter is organized as follows. Section Il introduces th
consider the systems where the lidk Ay, is strongerdgAp, System model and the assumptions. The operation of the SC—
which is the interesting case for relay—based systems [4]. relaying scheme is described in Section Ill. The design ef th
We propose a 2-step relaying scheme based on supergehieme under information-theoretic assumptions, alorly wi
sition coding, shortlySC—relaying SC—relaying belongs to some numerical results, is given in Section IV. Design of the
the class of Decode—and-Forward (DF) schemes [5][6]. #C—relaying scheme for uncoded systems and guidelines for
Step 1,Ag broadcasts todr and Ap, while in Step 24y  practical adaptive modulation and coding (AMC) are destib
transmits toAp. The data transmitted byl in Step 2 is a in Section IV. The last section concludes the paper and
function of the data thatlz has received fromis in Step 1. outlines topics for future work.
The superposition coding [7] has been introduced for efficie
broadcasting. The usage of superposition coding for netpyi Il. SYSTEM MODEL

has been investigated in [8], where the role of the supeiposi There is a single channel with a normalized bandwidth of

coding is to increase the diversity and thus decrease tlageut : : i
probability. On the other hand, the objective of our SCl Hz and a link with SNR ofy can send up to:

relaying scheme is to increase the spectral efficiency and is C(v) = log(1 + ) [bit/s] (1)
therefore necessary to assume Channel State Informati8iy (C _ _

at the transmitters [6], such that the transmission ratasbea With the normalized bandwidth, the terms “rate” and “spec-
adapted, allowing for unequal durations of Step 1 and St#j! efficiency” become equivalent, while the time can be
2. The treatment of the issues related to outage probabili@xPressed in number of symbols. We use[m| to denote
when the CSI is entirely/partially not known is outside théhe m—th complex baseband transmitted symbol from node
scope of this letter. In order to improve the spectral efficie V' € {As, Ar}. A complex-valued vector is denoted Ry If

the nodeA ; recodes the signal and adapts it to the achievafee nodeV’ is transmitting, then then—th received symbol at
rate on the linkAzAp. Due to the particular choice of thethe nodeW € {Ag, Ap} is given by:

transmission format in Step 1, the signal received in Step 2
can be easily utilized to held, decode the signal received
in Step 1. Note that such a combining is not straightforwardivhere: = 0if V = Ag,W = Ap, i =1if V = Ag, W =

) ) Agr, andi = 2 if V = Ar,W = Ap. Eachh; denotes a
The authors are with Department of Electronic Systems, Aglbor _ . L
University, Niels Jernes Vej 12, DK-9220 Aalborg, Denmarkmdi: complex channel coefﬂmenkw[m} is the Complex additive
{petarp,edp@es.aau.dk Gaussian nois&C N (0,0?). The transmitted symbols have

yw[m] = hizy[m] + 2w [m] 2



Step 1. A5 broadcasts the signal N, # N. The amount of data received by, after the two

V1 —axy + voxs steps isN (R, + Rs), such that the overall data rate is:
o Ap receivesyp = hi(v/1 — axp + vaxs) + zr and decodes X
successfully fi?skb and thenx;. Rsc= N(& + R,) = (Fo + R )Ry 4)
o Ap receivesy; = ho(v/1 — axp +v/axs) +zp1 and does not N + Ny Ry + R,

decode the signals, but keepg; in memory. If N, < N, then it can be seen that the overall rate is improved

Step 2. A transmits the signak,., which has identical informatioj ~ @nd this is exactly because we make provisions for the adapte
content axs from Step 1, but ige—codedwith a different codebook. duration of the second step.

e Ap receivesyp, = hoX, + Zpsa, decodesx, and uses the
information to locally generatg;.
« Ap obtains the vectoy 5 = Y, — hovaxs = hov/I — axp + IV. INFORMATION—THEORETICDESIGN
Zp1 Which s used to decode. A. Choice of the Rates and
TABLE | Central to the proper information—theoretic design of the
DESCRIPTION OF THESC-RELAYING SCHEME. proposed scheme is the selection of the coefficiemind the

ratesRR, and R,. From the condition thatlz should decode

E{zy[m]} = 0 and a normalized poweE{|zy [m]|?} = 1, Xp andx,, we obtain the following conditions:

such that the SNRs are given by = E—J fori=10,1,2. 1-—a)n\ _ v LU
The transmitted power is fixed for boths and A . However, Ry<C ( 14+ am ) =By (@) Bs < Clam) = Bo(e)
we do not put a joint power constraint on the source and the (5)
relay, as our assumption is that the relay is deployed to Useom the requirement thatp should decodex, from vy,
maximal power. Unless stated otherwise, the following él after knowingx,, we obtain:

always assumed: Ry < C((1 - a)y) = RY.(a) 6)

71> Y Y2 > Yo (3)  Another required constraint comes from the fact thbg

hould decode,., sent byAgr in Step 2, which implies:
All the channels are considered to be constant at Ieastgjurlsn AR P P

Step 1 and Step 2. Each node is assumed to know all the Ry < C(vy2) @)
relevant SNRsyy, 71,72 before the start of the transmissioq . - )
of Ag. For the information—theoretic design, we assume thaTltIS easy to see that, to maximize the overall spectral effi-
the packet lengths are sufficiently large, such that longrerr €'€NCY: We should selt; = C'(v).

correcting codes can be applied to yield a practical Zeroc\jNetnowtprqczgd t_lq\r/]vardst.th.e c?scussgr on seltke)czmn? ted
probability of error if the rate is chosen to be below the aten order o optimiz&iisc. Te optimization probiem can be state
- as follows:Given~yg,v1, 72, find a € [0, 1] that maximizes (4)
capacity. . . "
while satisfying the conditions (5) and (6)
Note that the direct transmission correspondsato= 0
[1l. DESCRIPTION OF THESC-RELAYING SCHEME and the multi-hop toe = 1, which makes them special
instances of the SC-relaying. First, it can be easily seah th

The two steps of the SC—relaying scheme are describedég should have the maximal possible vall — C(7s).

]:I'able I In th_?, descrcliptloran_(lusihe 20\1Ner—Q|V|S|Icl)n diﬁg'c'?m Since Rq. strictly increases withR;,, then R, should be set
or superloos‘:;l ion Ct% ing arfl < o= X 1 °$he ; t"?‘S'C o the maximal possible valu&, = min { R[], R} }. We
message and, is the superposednessage. The duration of .0+ different cases:

Step 1 isN symbols, such that botk, andx, are vectors of 1 1

N complex components. Rgfl < Rzlfg sSa>— - —=aqp (8)
Let R, and R, be the transmission rates of the basic and the Joo M

superposed message, respectively, wRilds the transmission Rz[)]l > Rifz sa< 1 1 = ap 9)

rate applied byAr in Step 2. ThenR, and R, should be T M

chosen such that, after Step Az should be able to decodeTo cover the casey, < 111%, we should writeag =

both x, andx; from y. Furthermore,R, should be chosen 11 } . -~ . -

such thatAp can reliably decode, (and thereforex,) from thenn{ovi N 71<’1 - Clearly, if 7o > I+ and (3) is satisfied,

Y po- Finally, R, should be also chosen in such a way tHat v U U1 pU

e e oo e
Let us assume thak,, R, Ry are appropriately chosen, aﬁj b+ Ry = Clm) P '

required in the description above. Then, the overall tragsm a

nd, Rsc = % strictly decreases with, such that

sion rate R from Ag to Ap can be calculated as follows. it i optimal to seta = ag. In (9) mcu(l {ﬁcl%(’fl%} ;c{?bUz i
The total number of bits thats transmits in Step 1 is given & and o € [0,aq]. Here Ree = =25 St

by N(Ry + Rs). The total number of bits thal needs to and the optimala needs to be found by settin%% = 0.
send in Step 2 iSVR,, asx, contains identical information The optimal valueno, in general, is a function of all three
with x, from Step 1. Sincedr transmits at the raté,, the valuesyg,~1,72, but it cannot be expressed in a closed form.
Step 2 has a duration d¥; = NR—’Z"S symbols and in general Nevertheless, it can be shown that, for givgrand-~, there is



a threshold valugfa (o, v1), such that whenys > fa(v0,71), C. The Optimal Reference Scheme

then the choicen = o is optimal, see [9]. The function The SC—relaying scheme is not optimal in an information—
f2(70,71) can be determined by settirfifi a—ag = 0-Which theoretic sense. In this section we are seeking for the sehem
results in: that offers maximal achievable rate by only putting the
_ L constraint that in Step 1 onlylg transmits and in Step 2
200, 71) = (L) 0= - (yo/m) = 1 (10) only Ar transmits. As pointed out in [6], such constraints
When ~; is relatively high, it follows from (10) that are appropriate for the practical half-duplex relay channe
f2(70,71) > 70 —1 for small values ofyy, while f>(vy,71) ~ An additional constraint is that the scheme is decode—and-
~o for larger vo. However, the numerical results show thaforward, such thatAr can reliably receive the message in
choosinga = oy whenevery, > v, leads only to slight Step 1. Hence, afteds broadcasts the message in Step 1 at a

suboptimality in the spectral efficiency. When = oy, the rateC(y1), the relay decodes it, while the uncertainty 4f

SC-relaying has a rate: about the message sent by is N[C(71) — C(70)]. Thus,
C(31)C(72) if we use an optimized transmission dtz, then in Step 2
Rsc(ag) = REVAAP: (11) there should beV[C(v1) — C(vo)] bits in total transmitted to
C(y2) + logy (%) Ap. In Step 24 transmits at a rat€’(vy,), which makes the
Instead of optimizinge, we will compare the performanceoveraII rate:
of the SC-relaying witha = g to an optimal reference Rgy = Ng((v)lz oo = C)C()
information—theoretic scheme, described in Section IV-C. N+ NW C(2) +C(m) = C()
B. Reference Schemes C(v2) + logy Gj:g)
Here .We consider three alternatives to the SC—reIayir&, comparing (15) with (11) we see that whep,; are
scheme: (reasonably) greater than 1, th&3. ~ Ropt.
1) Direct transmissiorbetweends and Ap at a rateRgir = For the optimal reference scheméy should use a code-
C(v0)- book created e. g. by random binning (Slepian—-Wolf cod-

2) Multi-hop transmissionwhere all the data from Steping) [7], which is complex in practice. On the other hand,
1 is relayed byAg in Step 2, but the transmissiongsC—relaying can use standard single—user codebooks, as
rate in Step 2 is adapted tg,. Here Ap ignores the andx, are coded independently. This makes the ideas of SC—
transmission ofds in Step 1. The rate of the multi-hoprelaying applicable in the case of lightly—coded or uncoded

transmission is easily found to be: systems, unlike the approach with random binning.
C(v)C When compared to the optimal reference scheme, it can
Rmh = _Otn)C(n) (12) be noted that there are two sources of suboptimality for
C(m)+C(r2) p y

o . the SC-relayingFirst, in SC—relaying the nodely relays
3) Decode-and-forward (DF)ransmission, as in [1], 1o (ﬁ) bits, which is too many compared to the minimal
where Ar decodes the packet froms and retrans- /o
. . . necessary, since:
mits the packet in Step 2 using thgame modula-
tion/codebook as used in Step 1. Due to the same 14+m Y1
o : - C -C =1 <1 — 16
transmission format, nowlp, can do Maximum Ratio ) (%) = log; (1 +70> 082 (70) (16)
Combining of the signal received fros in Step 1 with \yhenevery, > ~,. Secondin the SC—relaying, if after Step 2,
th? s;)gn:l rerc;elvlzdbfrorI:R in Stephzl[hz]e transamlss(;onwe allow A, to decodex,. by usingy,; as a side information,
rate by As should be chosen suc f: can decode nany can be sent at a rate larger th@ify, ), which would
Ap in Ste.p 1 anddp can decode the combined signali,crease the overall rate. Instead we have designed the SC—
such that: relaying to decode, from the transmission ofi; and then
1. simply combine this information with the previous receptio
Rpr == C C 13 . .
bF Qmm{ (1), €0 +72)} (13) Yp:1 by subtraction. Such an operation makes the scheme
The following observations are in order. First, it is intgre €asily portable to the case of uncoded/lightly—coded syste
ing to noté that the direct transmission Correspondmt@: 0 as it will be Se.en in Section- V. As a final note, the closeness O-f
and the multi-hop transmission correspondsate= 1. The the SC-relaying to the optimal scheme, suggests a small gain
choice @« = ag makesRs. > Rmn Whenevery; > v, and from transmittingx at a rqteRQ > .0(72) and then decoding
Y2 > 7. Regarding the direct transmission, for given v;, It by usingyp, as a side information.
the minimaly, = 72, for which Rsc(cg) > R is determined
through: D. Numerical Results

log, (v1/70) (14) Here we provide numerical illustration for the information
logy [(1+71)/(1+70)] theoretic design of the SC—relaying. Fig. 2 shows the gain
in terms of spectral efficiency brought by the SC-relaying
1There is no analogous correspondence with the DF scheme. scheme. In this evaluation scenaribg, Ag, Ap are lying on

logy(1+72,0) = logy(1+70) -
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Fig. 2. Comparison of the spectral efficiency for differensifions of Az~ Fig. 3. Percentage of improvement of the optimized relaying tive SC—
on the lineAgAp. d;; is the distance betweed; and A;. relaying, where the latter uses= «. Here~y; = 30 dB, while for eachyg
it is v2 = 72,0, Wherevs o is given by (14)

a same line, the distance betwedp and Ap is dsp and the

distance betweemls and Ay is dgsgr. Two different values given SNR (given by the capacity expression (1)), the pratt

= _ ) implementation of the SC-relaying is an approximation to
for vodarg usedt,.%ds; ?thtand ;70 _SNL; dB. Fgrtglvgn he scheme designed in the previous section. The objective
o an_glvez ra 'SR; edo e;r Wod Z are de ErMINEGt this section is to demonstrate that the idea of SC—retayin
asy1 =70 (dsp/dsr)” andyz = 70 (dsp/(dsp —dsr))".  can indeed bring gain in the spectral efficiency even when

where v =3 IS the path loss coefficient. In sugh a Wa¥ihe information—theoretic assumptions are removed. Thdtre
we always obtairy; > 79 andy, > . The major gain

ill b thod f dapting the rate betweg dA
over Ry and Ry is brought by the SC-relaying, WhileWI © a method Tor adapting ra © B andAp

. d ) by selection of the transmission method.

the improvement ofRy; over R is relatively small. When
7o increases, the SC-relaying performs very close to the
optimal scheme, but the gain of the SC—relaying over tfe Note on the Modulation Levels
direct link is decreased. For the considered scenario, fhe D In order to present an exemplary design, we consider
scheme has the worst performance in terms of achievable ratesystem with uncoded transmission. We assume that the
Note that the DF scheme approaches the multi-hop schesystem has two different modulations QPSK and 16—QAM,
(and slightly outperforms it) when the values ®f and~, respectively, such that when the transmission is done over
are approximately equal, which happens around the middledirect link, there is a single SNR threshold for switching
position. between the two modulations.

Fig. 3 illustrates the impact of the suboptimal chaice- « The constellation used for QPSK{is’ % , ¢/, ¢d % €1 5 }.
for the SC—relaying. Note that whepn > vy and~2 > v, Regarding the 16-QAM constellation, instead the usual one
the value of Ry provides an upper bound for the spectrakith Gray encoding, in this example we have opted to use
efficiency of the SC-relaying. Fig. 3 shows the value afnother type of 16—-QAM, created by superposition of two
%‘;&"") -100 [%]. We have fixedy; = 30 dB. In principle, independent QPSK—modulated packets. This is because we can
for a given~,, we can do the evaluation for an arbitraryuse the same modulation to do the function of superposition
positive value ofy,. Nevertheless, we have evaluatéd,: coding in Step 1 and as a 16-QAM modulation over a direct
and Ry for 72 = 720 (given in 14) due to the following. link 2. A 16—-QAM symbol is represented as:
Whenyy < 72 < 72,0, then the direct link is preferred over
the SC-relaying andiop > Rair > Rso(). The difference 16 = V1 = aiem + Vaets )
Ropt — Rair increases as; increases. The value ab,o is the  where a4 = £, while x;, z, are QPSK symbols. With such
minimal value ofy, where the SC-relaying is selected ovey, ; the constellation points far,s correspond to a standard
the direct link. It can be easily shown that, f9s > 12,0, 16-QAM constellation with average power of 1.
the differenceRqpt — RS?(aO) _monotonically c_iecreases with | et Popsk(y) denote the probability that a packet of
72. Hence, the calculation with; = 2, provides an upper QPSK symbols is received correctly when transmitted at SNR
bound to the value OW- It can be seen that the usagef . When 16—QAM is used for transmission over a direct link
of ay is only slightly suboptimal, which renders the furthewith ~, let P, ,(y) denote the probability that the basic QPSK
optimization ofa unnecessary. message in the superposition-based 16-QAM transmission

V. PRACTICAL DESIGN OF THESC—RELAYING 2This is done solely for simplicity, we could have as well usee tisual 16—

Anal v to th . hich tical adapti (?AM for transmission over the direct links; however, the dasons will not
nalogously 1o the case In which practical agaptive mo hange and we in fact will show that by having only these two aatibns,

ulation and coding (AMC) approximates the ideal AMC folve can still reap the benefits of SC—relaying.



is received correctly. The superposed message is discardet M0 08

if the basic QPSK message is not received correctly. The e oret
H H H 5 —a— Multi—ho
expecte_d throughput of QPSK and 16—QAM transmission is, 35 _e_“s"c_‘rela;ng
respectively: sl | == =8PsK
Tersk(y) = 2Pgpsk(7) (18) 25]
Ti6-Qam(Y) = 2Pien(7) + 2P1ep(7) Popsk(a167)(19)

Note that Pisp(y) 7# Popsk((1 — aug)7y), as the interference
from the superposed QPSK message is not Gaussian. It is alst
worth noting that the throughput of the described uncoded
16—QAM scheme is slightly better than 16—QAM with Gray 05y
coding and only a single packet, since with the described ; ; ‘ ‘ ‘
scheme in some instances at least 2 bits per symbol succee R =
to be transmitted.

We fix the transmission of the sourcés to consist of Fig. 4. Achieved throughput for different transmission moésthe case
N = 200 symbols. If the two modulations are used to desigef uncoded modulations. The transmission of the source hasaiatu of
adaptive modulation scheme based on maximal throughpUt- 200 Symbols.
over a direct link, then the threshold for switching between
the two is made at;, such thatrgpsi (v:) = Ti6—Qanm (V2)
and, forN = 200, we have foundy, = 16.2 dB. Furthermore,

Average throuhgput [bits/symbol]

relaying scheme is

we have found that fory > 20 dB, the transmission with () = KON+ K -2N - iQ]\fSK((l — 16%0)7%)
16—QAM is virtually error—free aneg_gan(y) = 4. K=5

Note that the DF scheme is excluded from this evaluation, 4+ 4Popsk((1 — a16)70) 21)
as in this particular example it would have performed almost o 3

identically with the multi-hop scheme (with a negligibly Fig. 4 depicts the average throughput offered by the differe
higher reliability for the 16-QAM signal received at th&ransmission modes versus the SNR of the direct link. It can
destination). be seen that there is a region of valuesygffor which the
SC-relaying witha;g offers the best throughput and thus it
should be the preferred transmission mode. Hence, the value

] ] of « for this system should be selected as:
Now consider the relay system from Fig. 1 and assume that

B. Application of the Modulation Schemes in SC-relaying

~v1 = 2 = 20 dB, such that the 16—QAM transmissioAs A r 1 1 70 < 10.4 dB
and ArAp can be assumed to be error—free. The questionwe &= § @16 =5 10.4 dB < < 16.7 dB (22)
want to ask is:For given -y, how should the source select 0 "o > 16.7 dB

the transmission mode in order to maximize the throughput?

Zorihi chosE nﬂf xtatmhpletzhthe rEUItL_igOp tiagsrglsilhonlﬁas can bring benefits even whenhas only three discrete values
2 = % sUch that In€ troughput Bmn = =. FUMNEIMOTE, © (4 1 4 "By aqditionally optimizing the choice af e. g. with

the direct transmission uses adaptive modulation: QPSK 'fsgéct to the throughput, we can obtain further improvesen
%L< 16.2.dB a_r(ljd 16h_QAM otheere.h SC—relaving f For example, ify; = 30 dB, then the superposed message
et us consider the operation of the —relaying for tr]‘rzﬁight need to be chosen to be modulated with 16—QAM (recall

given parameters. After Step U takes the_2N = 400 that the rate of the superposed message in the information—
bits of the superposed messages and transmits them by u retic design grows with,). Note that, from the point of

the 16-QAM modulation. In fact, it creates two messages iew of signalling overhead, it is better to have a smalldr se

200 bits each and uses the superposition. The transmissg%rhsable values:, since the value should be reportedAg,
during Step 2 takes?® = & symbols. Having that a 16— and used in the c'iecoding

. . 2
?AM trans_mssgg OEOO symbr?lsldcap beh treated as 9rror—f One might argue that if there are more intermediate modu-
ree aty; = 20 dB, the same holds for the transmlssm_m %%ation levels available (between QPSK and 16—-QAM), then the
direct link might not need to use SC—relaying. On Fig. 4 we

100 symbols. After Ap decodes the transmission dfg, it
creates the superposed message and subtracts it from riaé¢ Si8ave depicted the throughput offered by 8-PSK and it is clear
hat there is still gain from using the SC—relaying. However

originally received fromA s and it should next decode a QPSKt
signal at @ SNR 0f1 —ai6)y0. If K 2-step transmissions aré sniq he noted that the introduction of more modulation

made, then the total number of bits received successfullylém\t/els also implies finer adaptation on the links Az and

In this simple example we have seen that the SC-relaying

Ap is: ArAp and richer set of available values far which should
K 2N + K - 2N - Popsk((1 — a16)70) (20) be taken into account when assessing the performance of the
SC-relaying.
The duration of a single 2—step transmissionNis+ % = It can be concluded that the SC—relaying makes the problem

% symbols, such that the expected throughput for the S@fadaptive modulation and coding multidimensional, siiice



is not anymore function only of the SNR on the link (in this
casevy), but is parameterized by;, > and the available set
of values fora.

VI. CONCLUSIONS

We have considered the problem of relay—-based transmis-
sion in a wireless system that consists of a soutge relay
Ag and destinatiordp. We have introduced a novel 2—step
transmission scheme based on superposition coding, termed
SC—relaying. In Step 1Ag broadcasts a message that is
obtained using superposition coding. A part of this message
relayed in Step 2, wherd z adapts the transmission rate with
respect to the link quality towardd . The key point of the
proposed scheme is that the signal format in the two steps is
chosen in a way that enables a simple combiningl gt For
the information—theoretic design, the numerical resuttaws
that the proposed scheme can bring a notable gain in spectral
efficiency over the conventional multi-hop transmissiothwi
adaptive modulation, while performing very closely to the
information-theoretic optimal scheme. Regarding the firat
usage of the SC—-relaying, we have demonstrated that it can
bring gains even for the uncoded transmissions and we have
shown that the introduction of such a relaying scheme gener-
alizes the problem of adaptive modulation and coding. As a
future work, we will investigate the optimization of the SC-
relaying in case of multiple available transmission chésine
e. g. in OFDM.
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