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Performance Analysis of a Full-Duplex Cooperative
Diversity Scheme with Partial Channel Knowledge
at the Cooperating Nodes

Renato Machado, Bartolomeu F. Uchba-Filho, and Tolga MmBu

Abstract—We propose a cooperative diversity scheme for a two for two-user cooperation. Lanemas al. [4] suggest

communication system consisting ofVy cooperating nodes that
receive [log,(Nr7)] feedback bits from the destination node on the

channel state information. This information is used appropiately
to obtain cooperative diversity and signal-to-noise ratio(SNR)
gains. A simple linear detector and an interference cancetan
detector are proposed. It is shown that their error rates arequite
close to that of the maximum likelihood detector. An upper baind
for the average bit error probability for binary phase-shif t keying
(BPSK) modulation over a Rayleigh fading channel is derived
In addition, through computer simulations, it is verified that

“conventional” orthogonal space-time block coding (STBC)
(originally proposed for coding across co-located antsrina
[5], [6]) for practical implementation of user cooperationa
“distributed” fashion.

A cooperative transmit diversity scheme for two cooperat-
ing nodes based on superposition modulation and multiuser
detection was proposed by Larsson and Vojcic [7]. In that
scheme, two cooperating nodes act as relays for one another.

the proposed scheme offers a good error performance when the When one cooperating node acts as the relay for the other
inter-user channel SNR is high or when the inter-user channe node, it simultaneously transmits its own data and the data

has a well-defined line-of-sight component. In other wordsthe

new scheme becomes interesting when the cooperating nodes a

close to each other.

for which it acts as relay, using superposition modulatién.
soft-MAP-based multiuser detection is used at the desbimat
node in order to recover the two data streams. It is shown that

Index Terms—Cooperative diversity, node selection, limited this scheme outperforms the classical “decode-and-fattvar

feedback, power allocation, space-time codes.

M

I. INTRODUCTION

methods [1]-[4].
A wireless communication system can obtain significant
performance improvements when the channel state infoomati

ULTIPLE-ANTENNA techniques are quite attractive(Cs) is available at the transmitters [8]-[14]. In [11]2]1CSI
for deployment in cellular applications at base stationg exploited in the context of cooperation. Ahmetdal. [13]

and have already been included in the 3rd generation wirel@gve considered practical methods to approach the theareti
standards. Unfortunately, in some wireless scenariosistraperformance limits of the fading relay channel under défer
mitters are very small in size and cannot support the uggsumptions of channel knowledge at the transmitter for the
of multiple antennas. To address this limitation, coopeeat typical relay scenario (i.e., source-relay-destination)[14],
diversity schemes have been proposed [1], [2]. The bas& idfie authors propose a cooperative diversity scheme called
behind cooperative diversity rests on the observation ihat gpportunistic relaying in which the “best” relay among\/

a wireless environment, the signal transmitted by a sourggndidates is selected for cooperation between source and
node is “overheard” by other nodes, which can be viewed ggstination. Although the authors in [14] consider sinmata
“partners”. The source and its partners can jointly proe@gs oys transmissions by the “best” relay and the source, i thei

transmit their information, creating a “virtual antennaagf

analysis they allow only one transmission each time interva

although each one of them is equipped with only one antennajn the current literature (including the works cited above)

Since the work of Sendonarig al. [1], [2], the inter-
est in cooperative communications has grown considera

typically, the cooperating nodes either acting as relayly on
-acting both as data sources and relays use some form of

Sendonarigt al. have proposed algorithms for cooperation ir@,rthogonaﬂ communication such as CDMA or time-division
a code-division multiple-access (CDMA) framework, whergtiple-access (TDMA). In other words, the cooperating
each mobile decodes and relays certain number of bits Eteiy,qodes are assumed to be half-duplex. Full-duplex relays, in
from its partner. In [3], it is shown that both amplify-andtontrast, are able to transmit and receive signals simeHtan
forward and adaptive methods achieve diversity order gfisly and the destination receives superposition of thectlir
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and relayed signals. Although full-duplex operation must
rely on perfect electromagnetic isolation and/or perfedttioe
cancelation between the transmit and receive paths, whkich i
technologically more difficult to achieve, full-duplex agis
offer higher capacities over half duplex relays as they dvoi
additional use of time slots. Full-duplex relays have rélgen
been considered to exploit this additional degree of freedo
[15]-[18]. In particular, the authors in [18] present aneint
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esting interference cancelation method based on precadingource node, while all the other cooperating nodes act ag rel
realize a new full-duplex relay system. only; hence, the situation is completely different from tme
In this paper, we assume that the cooperating nodes ea@ consider in this paper.
operate in full-duplex transmission mode, i.e., whenever e The paper is organized as follows. In the next section, the
ployed these nodes can transmit signals to the destinatida nsystem model is given. The proposed cooperative diversity
while receiving signals from some other cooperating nodecheme is described in Section Ill. In Section IV, we present
In turn, the destination node receives superimposed signdhe error performance analysis for the proposed scheme. We
We propose and analyze a cooperative diversity scheme ¥all observe that the well-known multiple access channghwi
Nr > 2 full-duplex transmit nodes and/p, = 1 destination interference model arises. A major difference of this woithw
node, all of which equipped with a single antenna. Thiae existing literature is that while the interfering syrim
channels among the transmit nodes (inter-user channads) mansmitted through the (well-known) Rayleigh channeg th
assumed to be independent of the channels from the transsyinbol of interest is transmitted through a channel whose
nodes to the destination node (forward channels), and thtatistical model is based on order statistics. In Section V
forward channels are assumed to be mutually independentsimulation results are presented. Finally, in Section V& w
In the proposed scheme, the transmit nodes recepresent our conclusions and final comments.
[log,(N7)] bits of CSI before any data transmission begins.
This corresponds to the number of bits necessary to indicate [l. SYSTEM MODEL

which forward channel is the best. This CSI information The full-duplex wireless communication system with coop-
can be made available to the cooperating nodes either vigration considered in this paper is shown in Figure 1.

feedback channel or, more interestingly, by some disteithut
\
use selection combining by transmitting all symbols frora th

method such as the one based on local measurements of

. . . . R logy(N7)] bit:
same source node, as in a centralized multiple-input single hio @ [og (V)] bis
output (MISO) system, since before the transmission stan

the instantaneous channel conditions presented in [14]. To ¢
keep the explanation simpler, we consider that the scenario
that CSl is obtained through a feedback channel. Due to the s
distributed nature of this cooperative system, we canmaplsi / ;
each symbol is only available at its respective node. Welghou
use for the transmission of the other symbols some small \\1
amount of power, just enough to make it sure that the symbols

are overheard by the cooperating node having the strongest
forward channel.

In a sense, the proposed scheme combines features of

opportunistic relaying proposed in [14] and the scheme dase T

on superposition modulation proposed in [7]. However, éher

are distinct features that make the cooperative divershgse Fig. 1. Block diagram of the proposed cooperative scheme.
proposed herein novel. First of all, the schemes in [7],

[14] have been designed for half-duplex cooperative system The scheme consists a¥r > 2 transmit nodes (called
while herein we consider full-duplex cooperating nodessThcooperating nodes) anty, = 1 receive (destination) node,
fundamental difference naturally lends itself to diffearenans- all of them equipped with a single antenna. The forward
mission protocols as well as different detection methods, nrchannels are assumed to be Rayleigh fading channels. The
to mention the fact that in full-duplex cooperation systemsignals received by the destination node are contaminated
broadcasting and cooperation need not be performed at sepdh additive white Gaussian noise (AWGN). The transmit
rate times. We also point out that while superposition in [fjodes, named node 1, node 2, ..., nade, send their

is accomplished by the cooperating node before transmissiown information to the destination node, named node 0, and
in our scheme it is a result of the simultaneous transmissioalso act as relays. The fading coefficierits, associated

of data from two different cooperating nodes (one of whictvith the channels from nodéto node 0,i = 1,2,..., N,

is the “best” node). In [7], there is no CSI at the cooperatirgre modeled as independent zero mean circularly symmetric
nodes, and both nodes transmit at full power. Moreover, tekemplex Gaussian random variables with variaige per
scheme in [7] does not scale easily to a larger number dimension. As we will see, the performance analysis carried
cooperating nodes. The detectors at the cooperating nodes aut in Section IV is essentially independent of the partcul

at the destination node would become more complex and erstaitistical model assumed for the inter-user channeld)eset
performance would degrade due to the increased interferelce statistically independent of the forward channels Bge
level. In contrast, our proposed scheme suffers no perfocma (20)). Since the cooperating nodes are assumed to be close
degradation as the number of cooperating nodes increaseseach other, we model these channels as having a line-of-
since the maximum number of simultaneous transmissionssight. The fading coefficients; ;, fori,j = 1,2, ..., Nr with

kept to two at all times. Finally, in [14], there is only onei # j, are assumed non-zero mean complex Gaussian random
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variables with equal variances for each dimension, i.e., wé this time, without any other interfering transmissiomde
assume Rician fading for the inter-user channels. All fgdirl transmitssy,. with full power. The decisions made at the
coefficients are assumed constant during the transmisdion o

a block of Ny consecutive symbols, changing randomly from
one block to the next.

TABLE |
TRANSMISSIONSCHEME

. . . . When|h10|:maxi\hi0\ 1=1,2,... NT
It is assumed that 1) the forward channel fading coefficients 2 : 2 . 2 e
) 9 Node Time 1 Tme2 ... TmeNp—1 Time Np

are known at the receiver, 2) when the c_ooperative node is in— TPisi VPis .. VPiin._, VPi.
the full-duplex mode it can detect (possibly erroneoushg) t 2 /D= 0 0 0 -
symbols coming from the other cooperative node, by knowing— 3 0 VP s3 ... 0 0
the corresponding inter-user channel fading coefficiemd, &) . : .
an error- and delay-free feedback channel is availablaititro
which [log, (N7)] bits can be sent towards the transmit nodes.
Moreover, it is assumed that the feedback information asriv
at the transmit nodes before any data transmission takes.plaransmit node 1 are denoted By while the final decisions,
In other words, the feedback bits may be used to adapt thethe destination node, are denoted byNote that in the
transmission to the instantaneous channel conditionst righi,-th symbol period, only cooperating nodetransmits at
from the first symbol period. full power. The symbol transmitted by node 1 in thh
symbol period is its decision on the symbol transmitted by
I1l. PROPOSEDCOOPERATIVEDIVERSITY SCHEMEWITH  nodei in the i — 1*h symbol period,i = 2,..., Ny. For
FEEDBACK CHANNEL simplicity, in our strategy node transmits its symbok; in

In this section, the proposed cooperative diversity scherfff ¢ — 1" cooperative symbol period, far = 2,..., Ny,
is presented for the communication system whose model w44 these symbols could be transmitted by their correspandi
described in the previous section. In the proposed scheme@des in any other order.
most two nodes transmit simultaneously in a given symbol
period. LetP; and P_ (with P, > P_) denote the transmit B, Maximum Likelihood Detection and Its Approximate \er-
powers allocated to the strongest transmit node and to Hes otgion
cooperating node, respectively, where the power constrain
P, + P_ = P is enforced,P being the total transmit power.
For simplicity, we consider a two-level power allocatioays

0 0 . JPon 0

The received symbol at the destination node inittie time
slot is given by

levels « and P — «, wherea can be optimized off-line and v/ Pysihi o+ v/ P_s2hao+n1, i=1,
remains fixed at all times. We will see later on in this papey; = PiSih1o+ \/P-siv1hiv10+ni,i=2,...,Nr — 1,
that P, > P_ is a reasonable assumption. VP3N, hio+ 1N i = Nr,

Without loss of generality, for the purpose of analysis, _
we assume in the remainder of this paper that node 1 H4aere; represents the AWGN term, modeled as an inde-

the strongest forward channel, in other words; o> = pendent zero mean circularly symmetric complex Gaussian
max; |hi 0|2, where] - | denotes absolute value. However, dugndom variable with varianc/2 per dimension.

to channel variations over time, each cooperating user will L€t s denote the sequencs, ..., sy,. Consider similar
have the strongest forward channel with the same probgabilifotation for the sequencgsands. The maximum likelihood

Consequently, the proposed scheme will not incur battefylL) detector (MLD) at the destination node is the one
shortage for any user in particular. ylelding the decisior(sy, ..., 5n,) given by

(31, 8ny) = argmaxp(yls)
A. The Transmitter
— argmax Y p(y. 3l

Let s1, s2, ..., sy, be data symbols from nodg node
2, ..., node N, respectively, all of them belonging to a i ~ 5
signal constellation with unit average energy. Assumirgf th = 88 mfxzp(Y|S’S)p(S|S)
|h10|? = max; |hiol?, i = 1,..., Ny, more power should be s ,
a!located to node _1, and the t_ransr_nission in our cooperative argmaxZexp <_ ‘y1 —/Pisihig— \/]3_752;1270‘ >
diversity scheme is as described in Table I. First, node 1 s 3
transmits its own symbaoé$; with almost full power. At the Np—1 9
same time, some other node say node 2 transmits its syspbol  exp — Z Yi — \/Egihl,() — \/P_,siHhHLO‘ )
with a lower power. The idea is that node 1 overhearsut so i=2

causes only a small amount of interference at the destmatio . 2 -

In the next time slot, node 1 transmits the detected symbol ¥ (_ ‘yNT - \/ESNThl’O‘ )eXp (In (p(8]s))) - (1)
3o with almost full power while at the same time some oth
node say node 3 transmits its symBglwith low power. The
process continues until node 1 transmits the detected dymbo 1ngeai ~ max{a;},
of the last node to transmit with low power, say nolig. p @

eéy applying the max-log property, namely,
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we can approximate (1) as to that of anNr-level selection combining diversity scheme,
i.e., a cooperative diversity order &fy is achieved.
If we further assume that all signals transmitted by e
transmit nodes have the same energy, which is the case if a
PSK signal constellation is adopted, then the proposedtiete
‘2 becomes linear and reduces to

(§1,...,§NT) =~

arg* Hslagx— ’yl — \/P+81h170 — \/P_Sghzo
Nr—1

- Z Yi — v/ Py8ih1o — / P—siy1hit10

=2

2
- ‘yNT - \/FgNThLO‘ +In(p(sls)), (2) wherei = 1,..., Ny. We adopt the BPSK modulation for
the remainder of this paper, which allows us to refer to the

’ 2

~ * 7%
§; = argmgax% {yisi hl,o} ,

where arg* max is the standard logical functioarg max )
except that it extracts only the values &f, ..., sy, of the proposed detector as th@ear detector (LD).

. . ; SO ; As we will see later on in this paper, the LD performance
argument for which the given expression attains its maximum’ .~ . :
value. is similar to that of the MLD when the number of cooperating

nodes is small. For an improved error performance with a

We should now observe that since, in our scenario, the inter-

X . . asonably low complexity, we present next an alternative
user channel is considered to be much more reliable than {ﬁe y P y P

direct channel (i.e., fof # s, In(p(3]s)) is a relatively large, receiver whose performance is similar to the ML performance

negative quantity), it is very likely that the pd#,s) = (s, s') even for a larger number of cooperating nodes.
will maximize (2) for somes’. So, the ML decision can be
further approximated as D. Reduced Complexity Interference Cancelation Detector

The alternative detector we propose first performs detectio

(31, 8nz) 9 of sy, based on the minimization
a~rg* rnin~ ’yl — \/P+81h170 — v/ P_82h270’ . ) _ 2
81,038 N ,82=82,..,Np =SNp Snp = argmin |yn, — \/PsNThlyo‘
Np—1 SNt

2
Yi — v/ Py8ih1o — / P—S¢+1hi+1,0‘

= argmin|yn, |* + Plan,[*[h1,0f?
SNT

2
i=2

—2VPR {yn, 5. b5 o), (6)
+’yNT—\/ﬁ§NTh1’0 { TSNrp 1,0}

(3)
_ _ which corresponds to performing minimization of the third
We refer to this detector as “approximate” ML detectoferm alone in (3). Thensy,_; could be detected by re-

‘ 2

(AMLD). moving from yy, _; the interference induced by, _i 1,
i =1,...,Np — 1, for which the detected symbdly,._; 1
C. Suboptimal Linear Detection in the previous step could be used. The decisionsgh_;

Assuming thatP, > P_, the AMLD can be simplified by would then be given by

removing the third term inside the absolute value 8N,_i = arg min

SN —1i
T
2

Yi =/ P18ih1o0 — v/ P-_siy1hit10

resulting in the approximation

2
’ ’yNT—i —VPiény—ih10 — VP-8Np—iv1hng—it1,0| (7)

It should be remarked that this is just the detection based
5 . . :
o . . 2 on interference cancelation for the multiple access channe
v Piiho P_S”lh”l")’ Xl which is well-known [19]. The novelty, which will appear
+ Py |52 |h1o]? — 24/ PrR {v:5;h7 o}, (4) in the performance analysis of Section IV, comes from the
_ . ) fact that the channels are neither Gaussian nor standard
wherei = 2,..., Ny — 1. Note that since the first and theg,jing (Rayleigh or Rice) channels, but rather channelsseho
second terms of (3) become independentqfi When Py > gatistics are based upon ordered random variables. We refe

P-, the detection of theVy symbols can be performed iny, this detector as the interference cancelation detet@m)(
parallel. For symbolsy,—;, wherei = 1,..., Ny — 1, the

detection rule becomes

IV. PERFORMANCEANALYSIS

YNp—i — \/P_+§NT,ih1,0 , (5 In this section, we derive an upper bound on the average
bit error rate (BER) expression for the cooperative divgrsi

which corresponds to the ML detection of a selection combiseheme described in Section Ill. In particular, we focus our
ing scheme wherein the symbal,,._; is transmitted at almost analysis on the case of the ICD. Assume for simplicity that
full power. the transmit nodes use BPSK modulation.

Similarly, the detection of symboky, corresponds to Before we begin the derivation of the BER expression, we
the ML detection of a selection combining scheme wherepresent the notation for the probabilities that will be ddased
the symbolsy, is transmitted at full powerP. Thus, the in this section. The probability of symbol detection error a
cooperative diversity order of the proposed scheme is aimihode 1 will be denoted a®!. The probability of symbol

SNp—i = arg min

‘2
SNp—i
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detection error at destination node (node 0) assuming tlthe instantaneous probability that the symbe). is detected
the correct symbol is transmitted with powé&r by node 1 erroneously by the destination node assuming that it was de-
will be denoted asP’. According to Table I, the only symbol tected correctly by the best node, aRd is the instantaneous
transmitted by node 1 with powé? is the symboky,., and it probability that the symbol sent by a cooperative node is
is the correct symbol if it has the same value as symhgl. detected erroneously by the best nodﬁl(%) depends on
The probability of symbol detection error at destinatiord@o h, , (which is a function of allh; ¢'s), while P, i depends
(node 0) assuming that the correct symbol is transmitted Wt§o|e|y on theh; 1's. Since by the assumpt|om o andh; 1

power P, by node 1 while another symbol, an estimation odre statistically independent, the average of (10) is glwen
which is assumed available for interference removal at the

destination node, is simultaneously transmitted with powe Pony (0,m) = P%(0) (1 - Pl('Yl))
P_ by some other cooperative node will be denotedP4s, +P'(71) (1= P°()) . (12)
where the superscriptstands for interference. According to
Table I, the symbols transmitted by node 1 with powr
and subject to interference are the symbejsand 5, for
k=2,...,Nr — 1, whereg3; is the correct symbol if it has
the same value of symbej,.. The probability of detection error
for a specific symbok will be denoted as>;. Instantaneous
probabilities will be denoted either d3;, or P,;,. VPrhig+VPohag
We begin our analysis by presenting the average probability iy
of symbol detection error at node 1. For BPSK modulation an 1 1 > e
assuming the Rician fading model for the inter-user channel TP U
the average probability of symbol detection error at nods 1 i Tz
given by [20]:

1 [z (1 + K)sin?(p)
/

We now present the probability of symbol detection error at

S

Pl(y) ==

™

) . 2/ Locus of the
(1 + K) Sin (QO) + sin (5)’71 received signay,
Locus of the decision variable under
K sin? ( % )71 ®) unsuccessful interference removal
- - 2
(1+ K)sin*() + sin*(5)m
—— Worst scenario under unsuccessful

where K is the Ritian parametery; = P_ ISNR, and ISNR interference removal

is the average signal-to-noise ratio (SNR) of the interuse

channel. Fig. 2. §; under the assumptioR > 16 P_ for BPSK. The phasors shown
The average probability of symbol detection error at destin@e for the case where; ands;1, are equali =1,..., Ny — L.

tion node assuming that the correct symbol is transmitteh wi he d q hat th
power P by node 1 is that of avr-level selection diversity the destination node assuming that the correct symo(
combining scheme [21]; sk, k=2,..., Np—1)is transmitted with poweP, by node 1

while another symbad;; is simultaneously transmitted with

exp

L Worst scenario for,

po _ /OO /o d power P_ by another cooperative node. It is also assumed
(10) 0 < ( %) plw)d that an estimate of this symbol is available at this time at th
(—1)k Np—1 destination node for interference removal. This instasbas
_ N Nil k BER for the symboky, for kK = Ny — 1,...,1, is given by
=R 08 ot -
Psk\h: (1_P5k+1\h(7b ))Q 27,
(1_ 7+72+1), 9) o -
o TspyalpN 0 |h Z Q 2 ’th,o (A7)‘ (13)
wherep(y,) is the probability density function of the random No '

variabley, = voP|h1,0/% 70 = 1/Ny is the average SNR
of the forward channek? (/275 ) is the |nst|a2ntaneous BERwhere P(” w(7) is the probability that the interference
based on a single channel realization, &nd,|* is the Np-th + _ Pt Y
order statistics [22] of the channel coefficients squarenmo s not_properly removedy, = 5y, A; = .Pfhl’o +
L . . )2/ P_hg o, andIl;, ,(A;) denotes the projection & ;
e., it is the random variable representing the largesiVef L0
on the real axis, as illustrated in Figure 2.

chi-squared random variables with 2 degrees of freedom a qn the second term of (13), we consider the fact that, for

unit expected value. . . .
. R BPSK modulation, if the interference is not properly rermbve
The instantaneous BER for the symbal,. is given by the remaining interference is twice as high. The ingeaf

Poo 1h = PﬁL(Wb) (1 — pﬁl) 4 pﬁl (1 _ p‘%(%)) . (10) A; indicates whether the symbals and s;; have the same
T ( = 0) or opposite £ = 1) values.
where o Next, a series of inequalities will be presented aiming at
Pp(w) =Q (\/ 2%) (11) deriving an upper bound on the sum ©ffunctions in (13).
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For eitherj = 0 or j = 1, we can easily show that The final result is left as a function a?°(~) in (9) and of

2 Q(a, B), defined as
[Mh, o (A = (VP Inol = 2v/P-lheol)

Qa,8) = F v/ alhi o]? v/Blh1ol? ) ¢,
where equality holds if and only iy o|hxo| = —hiolh10l- (e,5) {Q < 10l ) @ ( Bl ol >}

The right-hand side of the inequality above corresponds fgr which a closed-form expression is derived in the Appendi
the worst scenario under unsuccessful interference relyas/a Then,

illustrated in Figure 2. If we assume further thdt > 16 P_

0,7 0 _
(or P, > 1612?2“2 P_) (see Figure 2), then we have the last £= (70) = P7 (0P /P) + (N1 — k)
inequality of the series, namely, [0 Py /2,270Py) — Q270 Py, 270 Py)] . (17)
2_ P Now, considering the received signal in the interkdlk =
(\/P+|h1,0| -2y Pf|hk,0|) > —Eh1ol* _ g g A
4 2,..., Nt 1)
This means that (13) can be upper bounded as Yi = \/P_+§kh170 + \/ESthHLO s (18)
poi < (1 _ pOi (7+)) O (/24 where3;, is the decision om, taken by nodd in the instant
sklh — Sk+1|h\ b b o . . 1
k — 1, the probability thats,, is not equal tos; is P-. The
‘ At instantaneous probability,, ;, that node 0 makes an incorrect
+P30k’11|h( Q Tb (14) decision onsy, is given by:

" | | Pon =P (1= PL) + P, (1=PY) . (9)
The probability that the interference is not properly reeyv

P} |, (%) is the probability that the symbel.., is detected wherek = 2,..., Ny — 1, and P, is given by (15). We

erroneously by the destination node in the previous step. %ﬂould note that the bound o™, in (15) depends only on

the instantaneous BER can be obtained recursively. Howev,%er (@nd hs o, h T o) S,\c/\‘/%ile Pl depends onlv on

this creates a series of dependencies that will make it diffic , -° 2,0, 73,0, - - > BBN7,02 n 9P y

to evaluate the average BER. We can then use the argumh p b =2,...,Nr — 1. Therefore, the average probability

of error for the symbok;, is given b
that sinceQ(4/27,") is smaller thanQ(,/~, /2), then (14) Y L9 Y

. _ p0,i _ pl
is an increasing function OPBI;:]“I. Therefore, (14) can be Po (v, 1) = B E’YO) (1 P (()’Y_l)) +
further upper-bounded if we substitute the probabiffty’ |, PHm) (1= P () (20)

in (14) by an upper bound. While this upper bound cafthere P%%(~o) is the average BER in (17). Finally, the
be loose to express the probability that the symbal, is probability of detection error of the symbel can only be
detected erroneously by the destination node, it is good@mo |ower than (20), because node 1 owns the symbolSo, the
to obtain a tight upper bound Qﬁf}jh when used in (14). The bound in (20) can be extended ko= 1.

probability Pf}il‘h(ylj) which appears in (14) can be upper The final result of this section, namely, the average BER

bounded as for BPSK corresponding to the ICD for the new cooperative
o scheme, can be upper bounded by the arithmetic mean of (12)
P n(n) < (Nr—k)Q (\/ 271,+> : and (20).
From the above, the instantaneous BER for the sympol V. SIMULATION RESULTS
k=1,..., Ny—1, assuming that the correct symbgj. (= sx)

In this section, we present several simulation results to
assess the error performance of the communication system
with cooperation proposed in this paper (presented in &ecti
). In all the simulations, we present the BER versus SNR

0,i [0+ [ + (o) for BPSK modulation, assuming Rayleigh flat fading for
Poin = <1 (N7 —k)@Q < 2% )) Q < 2% ) the forward channels.

n First, in Figure 3, we compare the proposed scheme for
+ (Np — k:)Q< /2%+> Q (@) . (15) by = 1, Nr = 2, with the AIamout_l cooperative d|ver_5|ty
scheme [23] (full-duplex channel, without feedback). listh
figure, we assume ideal inter-user channels. In order to show
The corresponding upper bound for the average BER can@ cooperative diversity gain, the BER curve for the scheme
obtained by taking the expectation of (15) resulting in without cooperation (each node transmits its own symbol at
separate symbol intervals) is also shown in Figure 3. Result

2
Pl < E{Q (1/2%*)} — (Np — k)E{Q (1/2%*) } are shown for both the LD and the MLD. The theoretical

upper bound is also shown to give an idea of its tightness.

is transmitted with poweP, by node 1 while another symbol
is simultaneously transmitted with powét. by some other
cooperative node can be upper bounded as

The power allocation adopted in this simulationds = 0.95,

+
+(Nr—k)E{Q T Q <1/27;r> . (16) where the total power was set fo= 1. It can be seen that the
2 linear detector has an excellent performance. We also wbser
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New ICD, upper bound
—*— New LD, simulated

—©Oo— Coop. G4, simulated

New ICD, upper bound . 3

—©&— New MLD, simulated —%— New ICD, simulated
1075 I n n I i i i i 10*5 T T I I i
3 5 7 9 11 13 15 17 19 21 3 5 7 9 11 13 15
Y0 (dB) Yo (dB)

Fig. 3. BER versus SNR for the new cooperative scheme and lr@aduti  Fig. 4. BER versus SNR for the new cooperative scheme andbtbygecative
cooperative diversity scheme [23] (full-duplex channethaut feedback), for diversity scheme with the G4 code [5] (full-duplex chanméthout feedback),
Np = 2, ideal inter-user channels, ardel, = 0.95. for Np =4, ISNR= 25 dB, K = 20 dB, and Py = 0.95.

that by using only one feedback bit in this case the propos
scheme presents an SNR gain over the cooperative sche

with Alamouti code of about.5 dB. 107%
In Figure 4, the cooperative diversity scheme with the G
code [5] (full-duplex channel, without feedback) and thevne 107

cooperative diversity scheme fér = 2 feedback bits are
considered, assuming that the inter-user channels arectub ¢ -
to Rician fading, withKX' = 20 dB and ISNR= 25 dB. The -
results are shown for the ICD receiver. The theoretical upp | —o- N=2, simuiated
bound is shown as well. The power allocation adopted in th
simulation isP, = 0.95, where the total power i& = 1. We

N.=3, upper bound - :
—-—-N=3, simulated
—+— N;=4, upper bound

should note that the proposed cooperative diversity schen 07 o Np=a, simulated |
with by = 2 feedback bits, shows an SNR gain over th I
cooperative diversity scheme with code G4 of abdatdB. 107 — w L i w w ‘
. . . 3 5 7 9 11 13 15 17 19 21
Figure 5 gives the theoretical error performance curve 70 (d8)

for the ICD receiver, for different values avVr. We can
observe that the theoretical upper bound curves for the BER o th A hate ¢
; ; : Fig. 5. BER versus SNR for the new cooperative scheme wit or
exprgssmn are very closg to the S|mulat|0n_ performanoaesurNT 29,34 and5. K — 20 dB, ISNR= 25 dB, and Py — 0.95. Dashed
obtained when we consider the ICD receiver, even WNeN jines are for the simulated BER and the solid lines are for tteoretical
is increased. upper bounds.
Figure 6 shows the error results for the ICD and LD

receivers, for different values dfr. We can observe that as

Ny is increased, the linear receiver shows some performarfGgNarios, respectively, the optintal was found in the range
loss. However, it is still an attractive choice due to th&©m 0.65100.95and from 0.85to 0.95, with increasing value

as the SNR is increased. The optimal power allocation as a

simplicity of detection. . fthe | h | L d St
We remark that, in the case of ideal inter-user channel, thuenctlon of the inter-user channel statistics and avera¢

power allocationP, could be arbitrarily high, which would estination node was obtaineq by making use of the theatetic
improve even further the error performance of the new coopé'rpper bound on the BER derived earlier.

ative scheme. However, for more realistic scenarios, thepo

P_ cannot be too low since the decision errors at the partner VI. CONCLUSION AND FINAL COMMENTS

node would compromise the overall system’s performance. Fo In this paper, we have proposed a simple cooperative diver-
this situation, we have simulated two scenarios. In Figuregy scheme for a communication system consistingyef> 2

7 and 8, we considered/; = 2 transmit nodes and Riciancooperating nodes that recei{log,(Nr)] CSI bits from the
inter-user fading channels with an ISNRSNR+ 5 dB and destination node. These feedback bits indicate which asope
ISNR = SNR+ 10 dB, respectively. For the first and seconéting node has the strongest channel, and this informasion i
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BER

| —— NT:Z, new ICD
—+— - N;=2, new LD
—— NT=3, new ICD

0 N;=3,new LD

10 N, =4, new ICD
—-—-N;=4, new LD
— NT=5' new ICD

Ideal inter-user channel, P, =0.95.
—.—.K=20dB, ISNR=SNR+10 dB, P+:0ptimized.
—#%—N.=5, new LD -5 T T T T T

10’6 T T L L L L L L 2 4 6 8 10 12
3 5 7 9 11 13 15 17 19 21 7o (dB)
70 (dB)

14 16 18 20 22

. . ) Fig. 8. BER versus SNR for the proposed cooperative schertte ttve
Fig. 6. BER versus SNR for the proposed cooperative schetteteé ICD cp for v, — 2. Solid line shows the performance for the ideal inter-user

(solid lines) and the LD (dashed lines), oy = 2,3, 4'and5. K =20 dB_" channel case wittP;. = 0.95 and the dashed line shows the performance for
ISNR = 25 dB, and Py = 0.95. All curves were obtained from simulation. o on-ideal inter-user channel case. whife= 20 dB, ISNR= SNR+ 10
dB, and P4 is optimized offline.

10" .
: N7 = 2 and4, the new cooperative diversity scheme, making
use of only 1 and 2 feedback bits, respectively, has an SNR
gain of about 1.5 dB and 2.5 dB over the cooperative scheme
without feedback that makes use of the Alamouti code and
space-time code G4, respectively. Optimal power allocatio
as a function of inter-user channel statistics and average S

| at destination node is obtained by the use of the theoretical
upper bound on the BER derived. The results presented in this
paper allow us to conclude that even if the inter-user chianne
are not ideal, when the cooperating users are sufficientlyecl

1 to each other, the performance gain is still very significant

Ideal inter-user channel, F’+=0A95.
—.— K=20 dB, ISNR=SNR + 5 dB, P, =optimized. APPENDIX

10" T T T T T T i i I
2 4 6 8 10 12 14 16 18 20 22

70 (dB) In this appendix we derive a closed form expression for

o, 9) = E{Q(VaX)Q(/FX) },
Fig. 7. BER versus SNR for the new cooperative scheme witHGie for

N7 = 2. Solid line shows the performance for the ideal inter-usenoel i i i —
case withP; = 0.95 and the dashed line shows the performance for thzg,'S a function ofNy. Consider the random variabli

9 "
non-ideal inter-user channel case, whéfe= 20 dB, ISNR= SNR+ 5 dB, maxk|hk7_0| and |et_0< ar_1d 3 be positive real numbe_rs- The
and P, is optimized offline. expectation above is with respect #0, whose PDF is [9],

[24]:

px(2) = Np(1 —e ®)N1=1e=® 4> 0.
used appropriately to obtain cooperative diversity and SNR
gains. A simple interference cancelation detector andeatin The moment generating function &f, denoted a® x (v), can
detector are proposed and their performances are shown tdPBedefined for > 0 as
very close to the maximum likelihood error performance. An o0
upper bound on the average error probability for binary phas Ux(v) := E{exp(—vX)} = / e "px(z)dx,
shift keying in flat Rayleigh channels under the assumption o 0
Rician inter-user channels is derived. Comparisons ingesfn which evaluates to
BER versus SNR between the ICD receiver and the LD re-
ceiver are also made. Employing the simulation results had t Ne—1 (=1)* ( Ny —1 )
performance analysis, it is shown that the maximum diversit Ux(v) = Np Z
order (equal taVr) is achieved by the proposed scheme. When P E+1+w
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We now recall Craig’s formula [25] for the Gaussiap+
function:
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1 [/ 22
——— | db
Q) /0 P ( 2 sin? 9>

s
Also, it has been shown [21, eq. (4.8)] that

1 tan~ ! y1/z1 2
= —/ exp —?—12 do
27 Jo 2sin” 6

1 7 /2—tan" 1 y1 /2, Z‘%
— ———— ) df. (22
2w Jo P < 2 sin? 9) (22)

By substitutingz; = vaX andy; = /X in (22), we have

QVaTIQ/IX) = 5 [ e (525 ) a0
X

1 [ a
+— ———— | df,
27 /0 P ( 2sin? 9)

wherer; = tan™! \/8/a andky = § —tan™' \/G/a.
Taking the expectation of (23), and using (21), we obtain

Qz1)Q(y1)
[

+
(2]
(3]

[4]
(23)

5

—

(6l

Q(O{,ﬂ) = Ql(a7ﬂ) + QQ(OC, ﬁ)a (24)
[7]
where
_ 1 m B
Qi (o, B) = %/0 Ux (m> do (25) "
and
1 ["2 «
_ = [
Qo(a, B) = 27r/O 1 5% (2Sm29) db. (26)

From (21) and the above integrals, it can be seen that we il
need to solve an integral of the form

[11]
;2 _
/ V (k) do — V(k)/4051n 0—}-.252 2ﬁd9 27)
C + _25512 - 2C B+ 2C'sin” 0 [12]
which evaluates to [26]:
V (k)0 V (k)8 1 20 [13]
— 1+ — 2
8 CUIC 3 tan + 3 tan(6) | , (28)
whereC =1,...,Nr, (4]
Np —1
= Np(-D)F [ 77
v =Ne(-1t (V) ”
andk =C — 1.
From (27) and (28), we can write (25) and (26) as
[16]
1., /B
Q1 (a, B) = 5 tan "
_ [17]
LN WV [0 o)
— O2n\/F+2C ’ [18]
and
_1or o /B [19]
Qo (a, B) = 1 o tan "
Np—1 [20]
— V(4) 1 a+2C
- — —— | (30) [21
; C2nva +2C o 16 (30) [

[22]
whereC =1,..., Np.

in Digital Technologies (RENAPI).

REFERENCES

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperatiiversity -
Part I: System descriptionJEEE Trans. Commun., vol. 51, no. 11, pp.
1927-1938, November 2003.

——, “User cooperation diversity - Part Il: Implementati aspects and
performance analysisIEEE Trans. Commun., vol. 51, no. 11, pp. 1939—
1948, November 2003.

J. N. Laneman, G. W. Wornell, and D. N. C. Tse, “An efficigmbtocol
for realizing cooperative diversity in wireless netwotks, Proc. |IEEE
Int. Symp. Inf. Theory (IST), Washington, DC, June 2001, p. 294.

J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Coopesatilversity
in wireless networks: Efficient protocols and outage bedraVilEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062-3080, December 2004.
V. Tarokh, H. Jafarkhani, and A. Calderbank, “Spaceetiblock codes
from orthogonal designs/EEE Trans. Inform. Theory, vol. 45, no. 5,
pp. 1456-1467, July 1999.

S. M. Alamouti, “A simple transmit diversity techniqueorf wireless
communications,”|lEEE J. Select. Areas Commun, vol. 16, pp. 1451—
1458, October 1998.

E. G. Larsson and B. R. \ojcic, “Cooperative transmitetsity based
on superposition modulationfEEE Comm. Letters, vol. 9, no. 9, pp.
778-780, September 2005.

G. Caire, G. Taricco, and E. Biglieri, “Optimum power ¢osi over
fading channels,1TEEE Trans. Inf. Theory, vol. 45, no. 5, pp. 31468—
1489, July 1998.

D. Gore and A. Paulraj, “MIMO antenna subset selectiothvéipace-
time coding,”|EEE Trans. Sgnal Processing, vol. 50, no. 10, pp. 2580—
2588, December 2002.

T. M. Duman and A. GhrayebCoding for MIMO Communication
Systems.  New York: John Wiley & Sons, 2007.

T. E. Hunter and A. Nosratinia, “Diversity through cableooperation,”
IEEE Trans. Wireless Commun., vol. 5, no. 2, pp. 283-289, February
2006.

Y. Cao, B. Vojcic, and M. Souryal, “User-cooperativartsmission with
channel feedback in slow fading environment,"Rroc. |EEE Vehicular
Technology Conf. (VTC-Fall), Los Angeles, CA, September 2004, pp.
2063-2067.

N. Ahmed, M. A. Khojastepour, A. Sabharwal, and B. Aazfpd'Outage
minimization with limited feedback for the fading relay cimeel,” |[EEE
Trans. Commun., vol. 54, no. 4, pp. 659-669, April 2006.

A. Bletsas, A. Khisti, D. Reed, and A. Lippman, “A simpteoperative
diversity method based on network path selectidiEEE Journal on
Selected Areas of Commun. (JSAC), vol. 24, no. 3, pp. 659-672, March
2006.

T. Riihonen, R. Wichman, and J. Hamalainen, “Cogihg full-duplex
relay link with non-ideal feedback information,” iRroc. |IEEE Int.
Symp. on Wireless Commun. Syst. (ISWCS), Reykjavik, Iceland, October
2008, pp. 263-267.

O. Somekh, O. Simeone, H. V. Poor, and S. Shamai, “Cellsystems
with full-duplex amplify-and-forward relaying and coopéve base-
stations,” inProc. IEEE Int. Symp. Inform. Theory (IST), Washington,
DC, June 2007, pp. 16-20.

A. Zaidi, S. Kotagiri, J. N. Laneman, and L. Vandendarf@ooperative
relaying with state available at the relay,” roc. IEEE Inform. Theory
Workshop (ITW), Porto, Portugal, May 2008, pp. 139-143.

H. Ju, E. Oh, and D. Hong, “Improved efficiency of resaingsage
in two-hop full duplex relay systems based on resource spaaind
interference cancellation|EEE Trans. Wireless Commun., vol. 8, no. 8,
pp. 3933-3938, August 2009.

T. M. Cover and J. A. Thomaglements of Information Theory. 2nd
edition: New York: Wiley, 1991.

A. Goldsmith, Wireless Communications.
University Press, 2005.

M. K. Simon and M. S. Alouini,Digital Communications over Fading
Channels. New York: John Wiley & Sons, Inc., 2000.

H. A. David and H. N. NagarajaQrder Statistics. New York: John
Wiley & Sons, 2003.

Cambridge: Cambridge



JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 24, NO. 1, 2009 39

[23] L. Tao, L. Xiang-Ming, and Y. Guang-Xin, “Performancstienating for Bartolomeu F. Uchba-Filho (S"94-M"96) was born
space-time block coded cooperative communication systemproc. in Recife, Brazil, in 1965. He received the B.S.E.E.
IEEE Int. Conf. on Commun., Circuits and Systems (ICCCAS), Guilin, degree from the Federal University of Pernambuco
China, June 2006, pp. 1031-1034. (UFPE), Recife, Brazil, in 1989; the M.S.E.E. degree

[24] Z. Chen, J. Yuan, and B. Vucetic, “Analysis of transmittenna from the State University of Campinas (UNICAMP),
selection/maximal-ratio combining in Rayleigh fading ohels,” IEEE Campinas, Brazil, in 1992; and the Ph.D. degree in
Trans. Vehic. Tecnology, vol. 54, no. 4, pp. 1312-1321, July 2005. < electrical engineering from the University of Notre

[25] J. W. Craig, “A new, simple and exact result for calcingt the [ 0 » | Dame, Notre Dame, Indiana, U.S.A., in 1996. Dur-
probability of error for two-dimensional signal constélias,” in Proc. \ \1 ! ing 1997-1999 he held a Post-Doctoral position at
IEEE Military Commun. Conf. (MILCOM), Boston, MA, November - ) the State University of Campinas. From August 1999

1991, pp. 571-575. to January 2000 he was a Visiting Researcher in the
[26] M. R. Spiegel and J. LiuMathematical Handbook of Formulas and Department of Electrical Engineering, Federal UniversifySanta Catarina,
Tables. 2nd edition: McGraw-Hill, 1999. Florianopolis, Brazil. Since February 2000 he has beenssogéiate Professor

in the same Department. From March 2009 to February 2010,aseawPost-
Doctoral Fellow at the University of Sydney, Australia. Hésearch interests
are in the area of coding and information theory, with agpians to digital
communications systems.

Renato Machado (S"04-M'08) was born in Jad,

SP, Brazil, in 1979. He received the B.S. degree Dr. Uchda-Filho is a member of Eta Kappa Nu, the |IEEE Infaiora

in electrical engineering from the Sao Paulo Statd heory Society, and the Brazilian Telecommunications &gcFor the 2003-

University (UNESP), Ilha Solteira, SP, Brazil, in 2004 period, he served as the Editor-in-Chief of the Jouofiahe Brazilian

2001. He received the M.Sc. degree and the Ph.DJelecommunications Society. He was the Technical Progremrittee Chair

degree in electrical engineering from the Federaff the 27th Brazilian Telecommunications Symposium (SB#):

University of Santa Catarina (UFSC), Florianopolis,

SC, Brazil, in 2004 and 2008, respectively. He was

a Visiting Researcher in the Department of Elec-

trical Engineering, Arizona State University (ASU),

Tempe, AZ, U.S.A., from August 2006 to June 2007, o TOlga M. Duman received the B.S. degree from

He was a Research Engineer in the Nokia Institute of TeclgyplBrazil, | Bilkent University in 1993, M.S. and Ph.D. de-
from October 2007 to March 2008. He was a Visiting Professorthie grees from Northeastern University, Boston, in 1995
Department of Electrical Engineering, Federal UniversifyJuiz de Fora, = and 1998, respectively, all in electrical engineering.
MG, Brazil, from September 2008 to August 2009. Since Aug2@9 he = ¥ Since August 1998, he has been with the School
has been an Assistant Professor in the Federal Universitgaota Maria, " of Electrical, Computer and Energy Engineering of
RS, Brazil. His research interests include MIMO systemacegime coding, \ Arizona State University where he is currently a
linear dispersion codes, cooperative diversity, wirelessimunications, and {1t fullprofessor. Dr. Duman's current research interests
power line communications. ‘ . are in digital communications, wireless and mobile
Dr. Machado is a member of the IEEE Communications Societs,, the /' communications, channel coding, turbo codes, cod-
Brazilian Telecommunications Society. ing for recording channels, and coding for wireless

communications. He is the co-author of a textbook “Coding K6IMO
Communication Systems” published by Wiley (2007).

Dr. Duman is the recipient of the National Science FoundaGAREER
Award and IEEE Third Millennium medal. He has served as atoeébr IEEE
Trans. on Wireless Communications from 2003-2008, and feirieently an
editor for IEEE Trans. on Communications.



