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Abstract— In this paper, we study how to improve were proposed in [3] The work of [3] is generalized
the performance of a decode-and-forward protocol based and refined in [5] to include full-diversity delay tolerant
cooperative system over the delay constrained channels.space-time trellis codes (STTC) of minimum constrained
We propose a simple transmission scheme, which makesjength. In [4], delay tolerant distributed space-time Bloc
the cooperative system tolerant of the delays caused by thecodes based on threaded algebraic space-time (TAST)
poor synchronization of the relaying nodes. The proposed codes [6] are designed for unsynchronized cooperative

scheme is able to provide an improved coding gain in L
unsynchronized cooperative network as compared to the network. The distributed TAST codes of [4] preserve

existing delay tolerant distributed space-time block code. the rank of the space-time codewords under arbitrary
delays in the reception of different rows of the codeword

matrix. A lattice based decoder is used for decoding of
|. INTRODUCTION the delayed codeword, which is computationally more
Cooperative communications have several promisiggmplex than the decoupled decoding. One important
features to become a main technology in future wireleggservation is that the TAST codes provide optimized
communications systems. It has been shown in [1], [2Pding gains for theynchronized MIMO system, where
that cooperative communications can avoid the difficuibe codeword is received without any shift between the
ties of implementing actual antenna arrays and convé@ws. In the asynchronous cooperative nework, it is not
the single-input single-output (SISO) system into a viRossible to obtain the optimal coding gain of the TAST
tual multiple-input multiple-output (MIMO) system. Incodes because of the relative shifts between the rows of
this way, cooperation between the users allows themttte received codeword.

exploit the diversity gain and other advantages of MIMO In this paper, we propose a simple time-division
system at a SISO wireless network. multiple access (TDMA) based distributed transmission

One of the recently discussed problems of the cécheme for delay perturbed decode-and-forward based
operative communication is the asynchronization of tf@operative network which achieves full diversity under
relaying nodes. Due to the asynchronous transmissiongrgitrary delays. The proposed scheme also provides
well designed structure of distributed space-time codeQgtimized coding gain despite of the delays. In addition,
destroyed at the reception and it looses the diversity afft¢ proposed cooperative scheme performs better than
coding gain. This point is throughly explained in [3]. same rate the existing delay tolerant distributed space-

In a delay constrained cooperative system, the ddt@e code based cooperative scheme.
from different relays reach at the destination after differ The rest of this paper is organized as follows: In Sec-
ent delays. It is shown in [4] that the received delaydipn II, the system model and assumptions are explained.
distributed space-time block code loses diversity férection lll reviews the distributed space-time coding for
most of the well-known codes. The first reported delgielay constraint cooperative system. The proposed delay
tolerant codes for asynchronous cooperative netwdréependent transmission scheme is discussed in Sec-

tion IV. In Section V, the theoretical PEP performance

This work was supported by the Research Council of Norwagnalysis of the proposed system and code design criterion

and French ministry of foreign affairs AURORA project 18778/V.1la}re provided. Section VI presents the simulation results
called “Communications under Uncertain Topologies” and projeC

176773/S10 called “OptiMO”, which belongs to the VERDIKT@Nd SOme conclusions are drawn in Section VII.
program. Notation: Upper (lower) bold face letters are used for



matrices (row or column vector:)”, (-)*, and ()" are

the transpose, conjugate, and Hermitian of a matrix or
vector; ® denotes Kronecker producly x K identity
matrix is shown aslk. Let X be av x w matrix
with »1, 79, .., 7, rows andey, cs, .., c,, columns, then
X (T : Tnycp : ¢g) represents a matrix formed by,

to r,, 1 < m < n,n < v sequential rows ana,

toc,, 1 < p < ¢,g < w sequential columns of R
X, X (:,¢p : ¢4) Stands a matrix formed by, to c,, N-1 Ry
1 < p < q,g < w sequential columns ofX, and Fig. 1. Cooperative system with multiple relays.

X (7, : 7y, :) denotes a matrix formed by,, to r,,
1 < m < n,n < v sequential rows ofX, X (i,:)
representsi-th row of X; 0,,, is an all zero matrix time interval to another.
of sizea x b; X is row vector consisting 1 at ¢ positionA4. The destination knows the channel between the
and rest of all elements as @,, is a diagonal matrix 'elays and itself perfectly. Similarly, each relay knows
with the element of vectow in its diagonal. the channel between the source and itself perfectly.

A5. No errors occur in the chanels between the source

[l. SYSTEM MODEL and the relays.

We consider a cooperative communication SYS- ||| D|STRIBUTED SPACE-TIME CODING EOR

tem, which consists of one source (SN relays ASYNCHRONOUSCOOPERATIVE NETWORK
(R1,R2,...,Ry), and one destination (D) terminal as

shown in Fig. 1. Each of them can either transmit o " o
receive a signal at a time. There is no direct path betwe! r?” rel_ays start transmitting aII_rows of a dlstrlputed
the source and the destination. The transmission of t%%ace—t_lme block coc_le (S.TBC) simultaneously, d.|fferent
data from S to D is furnished in two phases. In the fir pws will reach D with dlfferen_t delays; S.dma"’z <
2,..,N}. If all relays continuously (without any

phase, S sequentially broadcasts the data to the relays. . :
The relays decode the received data without any err fuse between the transmission of two consecutive code-

In the second phase, these, R € {1,2,.., N} relays words) transmit the rows of different distributed STBC
transmit the data to the destination. As the transmitte% d'ﬁe.;?né g?gés therl; the d?ta of dtv(\j/o c?niﬁcutt_lvgly
are distributed in different relaying terminals and thertéansm'_l_i ¢ can de ozerapp_(; th'ue ° ble 'rThng
is no central local oscillator in contrast to a co-Iocate%rrorS' ereiore, in order fo avol IS probiem, the

antenna array, the cooperative network is asynchronoﬂg.nsm'ss'on ofa STBC in a distributed manner from
?8ynchronous relays is performed by using simultaneous

As the relays are geographically distributed, there a . .
relative timing errors between the different relays. It i ansmission and paus.e'(STP) strat.egy as follows [4];
eg relays start transmitting the assigned rows of the

assumed that these timing errors are integer multip q 4 simult | q they don't k h
of the symbol duration and are perfectly known at th pdeword simuftaneously and as they dont know ine

destination and unknown at the source and in the rela\%\?lu‘:‘\S of the relative delays, therefore, each of them

The data transmitted by the relays is received by aits for dmax time intervals after the transmission of the

with delay profileA = (61, 9, .., dn), Whered; denotes cod;wor; ItS flnlshgdaD;_?I;g;hg (ilelay? " thg _retceptlon,
the relative delay of the signal received from théh an v »1-transmitte IS transformed into an

relay as reference to the earliest received relay sign]a\{l.>< (T + dmax) codeword at the receiver as follows:

It is clear from the assumption81-A3 that even

The maximum relative delay is assumed todkg,. The Orxr S (L) Orx(nac—s)

channel of links are assumed to be Rayleigh distributed.  ga _ O1xs, (2% O1x(onusa) 1
Let us state the major assumptions as follows: : : : ’

Al. 0 § 51, 52, cey 5]\/ § 5max. 01><5N S (N, Z) 01><(5max—51v)

A2. The source and relays do not know the delay profilghere a0 represents no transmission. Let us consider
A but they knowdmax perfectly. However, the destinationthe Alamouti code given as [7]

knows both the delay profiléd and maximum delayax X — [ T — ] )
perfectly. xe x|’

A3. All channels are fast fading and can vary from one



Due to the orthogonality oK, i.e., X X7 = aI,, where S el o
a is a constant 3vhich )(;epends upon the signal conste%’Nx ) MZ;l (L+N(ZStW)xl>
laion, Alamouti code enables decoupled decoding of thé
data when used in a MIMO system with two transmit
antennas as both rows of the transmitted codeworare :

. . . . S G, o] oz z
received aligned with each other. However, if Alamouty 7 kit & 1 ) Wflr—'w

code X is transmitted in a distributed manner by th

two asynchronous relays with = 1,09 = 0, dmax = 2 &@: M e N4
following the STP strategy, then the received codeword Lx1 N>M L=(Lens, )
will be of the following form:
x4 _ 0 1 —25 0 3) Fig. 2. Block diagram of the proposed delay independent cooperative
T9 ZL’T 0 0 : transmission scheme.

It can be seen from (3) thax (XA)H # I, hence, where IT,, is N x L matrix defined asIl, =
the datacannot be decoded in a decoupled manner. I, ((n — 1)N +1:nN;:) andn € {1,2,..,M}. The
addition, asX 4 is not unitary any more X< also looses grouped data matrix is applied to the precoder ve@tor
coding gain as compared . Further, it is shown in [4] where®; is 1 x N row vector consisting precoding coef-
that Alamouti code is not delay tolerant, i.6X“° can ficients. The design of; will be discussed in Section V.
be a low rank matrix under certain delay profile and ithe transposed precoded data vectpr= (0,G})” is
looses the diversity. The Alamouti code can be modifigghrsed through a7 x (L + Ndmax) multiplexing matrix
as follows to make it delay tolerant [4]: I'; given as

x0T _ | o1 —{3 —3;3 _ 4) = [OMX(i—l)(]\/[-i—&max)7I]W70]V[><(N—i)M+(N—i+1)5max](2)

To X T3y

However, the delay tolerant Alamouti code of (4) id he parsed data} = I';z} is transmitted throughr-th
not orthogonal and the symbols and 5 cannot be r_elay (elements of column vector are transmlt_ted sequen-
decoded linearly. Further, the modified delay tolerafip!ly)- The data transmitted from the relays will undergo
structure is only chosen to provide maximum diversitgpe delay profile and the destination receives delayed

only. Hence, optimized coding gain is not guaranteé@rSiO”S of them. The multiplexing matrik; introduces

for these codes. LetV’ symbols be encoded into theordering in the transmissions from the relaying nodes. It

original STBCS € CV*T | then it can be seen from (1)ensures that the data transmitted from two consecutive

that by following the STP strategy it takeE + dmax relays is se_parated bymax time _inte_rval:_s and each
time intervals for transmittingS. Hence, the effective €lay transmits fodl/ non-overlapping time intervals and

data rate in the asynchronous cooperative network "finain silent (transmitting & signal means remaining

W/(T + 6max), Which is less than the data rate in silent here) in other times such that the received data at
synchronized ’systenW/T for which the STBC was ©€ach time interval consists of data transmitted by one
originally designed. In [4], distributed TAST codes aréSer only. We call this strategy as orthogonal transmis-

designed for delay constrained asynchronous cooperafid? @nd pause (OTP). By using OTP, we are able to
network to provide full diversity. transmitL symbols inL + Ndomax time intervals. Hence,

the effective data rate i/ (L + Ndmax), and
IV. DELAY INDEPENDENTTRANSMISSION SCHEME lim L o 7)

=1

The block diagram of the proposed transmission . . max .
. grarr P pk v 1T  Mmeaning that in OTP we can obtain the full data rate if
scheme is shown in Fig. 2. Lef, = [31,32,..,3L] , s . T )
. . ; ¢ infinite delay in the decision is allowed. Nonetheless, if

which belongs to an arbitrary constellatigh represents . )
) . Nomax << L, approximately full rate can be achieved

a data vector to be transmitted inth block/frame. Itis . " . . . :

with finite values ofL. It is shown by the simulations

assumed thal. = MN, where )M is a positive integer. that the proposed scheme achieves better coding gain

As shown in Fig. 2 that gt relaythe data VeCtOE’“ 'S than the same rate existing best delay tolerant distributed
passed through a grouping blod. The operation of STBC [4]

IT can be compactly written as The received signaj; € C(E+Noma)x1 can be written
Gk‘ = [HlskWHZSk‘a“aHMSk‘]? (5) as



N
Y =Y Dpii + e, (8)

vk . .
— As h, ~ NC (0,p*In), wherep? is the transmit power,

where therefore, averaging (13) ové}ﬁ the following upper
B~ loT (hk>T bound of PEP can be obtained:
i = | V(=) M+6,4(i—1)dmad x 1> (Vi | > L\ 0 f
Epr | P (sn) — s, || <

T T n

O(L—iM—i—(N—i—l—l)(Smax—éi)x1} ; 2 -l
iS (L + Ndmax) x 1 column vector, which consists of INJF@ (D@(s;g)“—D@si:‘) (D@(s';,)“_D@s’:)
the zero mean and Gaussian distributed complex channel (14)

coefficientsh? = [hﬁl,hﬁg, . hﬁM]T € CM*1 utilized A coge Design
during the transmission of the non-zero data frédtn '
relay ink-th block ande” is L+ N dmaxx 1 column vector
consisting additive white Gaussian noise (AWGN). A
D, ykA is passed through the grouping blo&k which
performs the following operation:

From (14) the following conditions can be pointed out,

hich must be satisfied b§:

« In order to obtain full diversityD@(S,;)o —Degg: =
D@((si)oisﬁ) must be full rank matrix, i.e.,

Yi = [Ey), Eayp s Enyi | (9) e (sﬁ)o should be different for allV elements from
. . . i k i k)0 k

where =, is an N x (L + Néma) matrix with i-th all possible®@s;; provided that(sy;)” # s;. _
row given byegwfl)(MMmaan. Next, the group of ¢ © must be chosen to maX|m|z§Nthe coding gain,
symbols represented =1 can be decoded ' H
fr);m k Ap— =,y a:%ollows-ns}c 1€ DQ((S'“)U‘SZ)D@((SW—S’%)

(yn) = =nlg ; : 5 « In order to satisfy the average power constraint

sF = arg min (y’;) —-D;:Os;| ,  (10) E [TV{D@sﬁDgsk}] = E [Tr{SfL (SQ)HH =
3},‘16 T " n

N, it must be ensured that {®©"} = N.

ok
whereh, = [h’fn,h’gn,..,h’;vn} bk € hF and@ = ftmus
T ’ ' ’ The optimization problem can be expressed as follows:
07,63,...0%]" . 0 2/N
; N B\ _ ok
V. PERFORMANCEANALYSIS @‘Tr{ggé}:]v (S;‘{l';‘sﬁﬂnﬂ On <<S") S">
SinceD; « is a diagonal matrix an®s!; is a column (15)

vector, theréfore, the ML metric (10) can be alternatelgc_an be seen from (15) that a closed form solution of
written as is difficult to find. However, an optimized value of

n ) P\ A ok @ can be found by numerical methods. The optimiza-

Sp = argsgélﬂ (yn> — Deos:h, (1) tion problem (15) can be seen as linear constellation
The pair-wise error probability (PEP) in the case wheprecoder (LCP) design [9, Eq. (7)]. It is shown in [9]
e (sk>0 is transmitted an®s* is received,(s,’i)o £ sk that ® can be chosen to be a unitary or non-unitary

n

2

can be given as [8, Theorem 4.2] matrix. However, a unitary LCP preserves the distances
P A k| among the theN-dimensional constellation points by
(S ) = Sn | introducing rotational angles. In [9], [10], LCP-A and

h LCP-B precoders are developed based on linear algebraic
H(D@(Sg)ﬂ - D(-)s;;j> h, constructions. It is shown in [9, Table I], that unitary
=0 552 ; (12) LPc-A provides better coding gain than LPC-B precoder.
Further, it is shown in [9] that unitary LCP-A precoder
where o2 is the variance of the AWGN nhoise,. A is a Vandermonde matrix given by

Chernoff bound over the probability of error of the 1 By --- éV—l
proposed system can be obtained as [8] 1 1 B - {V -1
& 0 Llvk e=— . . ) (16)
P (sn> —s, |h,, M
ok

| gy Y

|(Poty —Deost) i vt
S exp| - 402 - (13) whereg, = (TR | = 0,1,..,N — 1. Therefore,
we can use Vandermonde matrix (16) for decidi&g




and@;,i € {1,2,.., N} is chosen as corresponding rt
of (16).

VI. SIMULATION RESULTS

The simulations are performed with BPSK conste
tion, cooperative system with two asynchronous re
N = 2,01 = 2,0, =0, anddnax = 3. In Fig. 3 we
show the SER versus SNR performance of previo
proposed delay tolerant TAST (DTTAST) codes [4] ¢
the proposed OTP scheme. Ax 3 DTTAST code is
given as [4, Eq. (17)]

XDT

SER

| m oYz 9ys

B TR R N
where [z1, 29, x3]" = ®[s1, 52, s3]7 and [y1,ya, ys]”
D[sy, 55,567, 5i € A, ¢ = e?m/15 and @ is a3 x 3
optimized unitary complex rotation matrix

—0.3279852776 —0.5910090485 —0.7369762291

—0.7369762291 —0.3279852776 0.5910090485
—0.5910090485 0.7369762291 —0.3279852776

(17)

Fig.

The DTTAST code of (17) is used for transmission
which transmits 6 BPSK symbols in one codeword blocki;
The DTTAST code of (17) achieves data radge= 2
under synchronized transmission, i.e., in MIMO system2
However, in the unsynchronized cooperative networlg,]
one block of N x T DTTAST code is transmitted in

T + dmax time intervals by following the STP strategy [3
in order to avoid the overlapping of two consecutively
transmitted codewords. Therefore, in the unsynchronized
cooperative network under the assumed delay profilé4]
the effective data rate of the DTTAST code in (17)
reduces toR = 1. The performance of the proposed[s]
delay independent scheme is plotted with= 200. As
Nomax << L, the rate of the proposed schenie =
L/(L + Nomax) = 0.97 ~ 1. It can be seen from Fig. 3 6]
that the proposed scheme significantly outperforms th[e
DTTAST codes at all SNRs. For example a gain of
9.5 dB is achieved at SER873. [7]

VIlI. CONCLUSIONS

We have proposed a simple TDMA based transmissio[r?]
scheme for decode-and-forward based cooperative sys-
tem. It is shown by simulations that by proper schedulind’!
of the transmissions from the asynchronous relays, which
only know the maximum delay, and optimized precodero]
design significant coding gain and full diversity can be
achieved under arbitrary delay profile. In addition, the
proposed scheme significantly outperforms same rate
existing delay tolerant distributed space-time block code

10° ; ‘ ‘

10 i i i i

—*— DTTAST

—6— Proposed scheme

-6

10 15
SNR [dB]

20 25

3. Comparison of DTTAST codes with the proposed scheme.
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