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Abstract—In this treatise, we propose a novel family of nodes are multiple symbol durations £ nTs,n =1,2,...),

Asynchronous Cooperative Linear Dispersion Codes (ACLDCs
which is capable of maintaining full diversity in cooperative
scenarios even at the presence of asynchronous receptionhel
linear dispersion structure is employed in order to accommdate
the dynamic topology of cooperative networks, as well as to
achieve higher throughput than conventional space time caebs
based on orthogonal designs. By introducing guard intervad
and block encoding/decoding techniques, the interferencgignals

where T is the symbol duration. However, when the prop-
agation delay difference is not an integral multiple ‘Gf,
which is often the case in real systems, LA-STBCs degrade
significantly. Furthermore, the distributed Threaded Algéc
Space-Time (TAST) codes [17] provide flexible transmission
rates, arbitrary antenna support and adjustable compléodit
delay-tolerant STBC designs. Unfortunately, distribeTé&&T

caused by asynchronous reception can be exploited rather &m

discarded. codes remain vulnerable to propagation delays that areheot t

integral multiplication of a single symbol duration.
Secondly, in frequency domain, OFDM techniques can be
I. INTRODUCTION employed in order to convert the equivalent frequency sigtec
The Space Time Block Coding (STBC) [1] [2] [3] tech-channel into multiple flat fading channels [18]. Finallyaris-
niques provide full spatial diversity in the context of asated mission schemes suffering from various propagation delays
MIMO systems. However, it may not always be practical toan be considered as delay diversity schemes [19] and a
accommodate multiple antennas at the mobile nodes in hecision feedback equalizer [13] can be employed in order
network, owing to cost, size and other hardware limitationto achieve spatial diversity.
As a remedy, the concept of ‘cooperative diversity’ has beenln this paper, we propose a novel time-domain STBC
proposed in the literature [4] [5] [6] [7], providing divétg scheme in order to combat imperfect synchronization in co-
using single antennas of other nodes in the network. operative MIMO Systems, namely Asynchronous Cooperative
Furthermore, it is often the case that propagation delays éxnear Dispersion Codes (ACLDCs). The rationale and ngvelt
perienced by the signals from cooperative nodes are diffgreof the proposed ACLDCs are:

even if these nodes are scheduled to transmit simultaneousl «
Thus, the composite pulse seen at the receiver, which is
the sum of the pulses from each transmitter shifted by the
corresponding propagation delay, will no longer be Nyquist
Hence, Inter Symbol Interference (ISI) is generated after
sampling at the receiver, where similar phenomena is obderv «
with frequency selective channels.

In general, there are three classes of techniques in the open
literature to deal with the issue of delay ISI, which are time
domain approaches [8] [9], frequency-domain solutiong [10
[11] [12], and the use of conventional Equalizer [13].

Firstly, Time Reversed Space-Time Block Codes (TR-

The proposed scheme is capable of dealing with arbitrary
propagation delay difference while maintaining full
spatial diversity, provided that sufficient guard intesval
are appropriately inserted, as opposed to certain delays
of LA-STBCs and distributed-TAST codes.

The proposed scheme features in high-rate transmissions,
whereas the TR-STBCs are unable to have a symbol rate
higher than unity.

The ACLDC scheme consists of a space-time encoder
to achieve full spatial diversity and a block encoder (or
interleaver) to combat the propagation delay, which are
designed jointly, rather than separately.

STBCs) [8] [9] were proposed in order to protect the Alamouti We commence our discourse by providing a detailed de-
type scheme [1] [2] [14] from being contaminated by delagcription of a linear dispersion structure in Section llcSe

ISI. The idea is that every symbol of a STBC codeword igon

[Il extends the linear dispersion structure by introitig

replaced by a block of3 symbols, while the conjugate oper-block encoding/decoding techniques, so that the proposed
ation requires the corresponding block to be transmitted iNnACLDC scheme is capable of maintaining full spatial divistsi
time reversed order. However,the TR-STBCs are unsuitable Dur simulation results are discussed in Section IV. Finaly
high-rate transmission, owing to the embedded orthogtynaliconclude our discourse in Section V.

Another time-domain approach is called Linear Asynchr@nou

Space-Time Block Codes (LA-STBCs) [11] [15] employing!l- COOPERATIVELINEAR DISPERSIONCODES(CLDCs)
a linear dispersion structure [3] [16]. LA-STBCs are robust After introducing the linear dispersion framework, in this
when the propagation delay differences between cooperatbection, the power loss caused by the propagation delag S| i



analyzed together with the associated BER performance.
Cooperative schemes in general contain two phases of
transmission, namely the broadcast phase and the coaperati E .
10

phase. During the cooperation phase, relays collabohative
transmit the re-encoded source information, where 'virtua
space-time codewords can be formed. Since the issue of
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synchronization only involves the cooperation phase, wedo 07
on the cooperation phase. g |[——oce =0
.. —&— Singl it , BPSK
More explicitly, assume each relay to process the perfect © || diocem reuer
. A .. -3 S
source information vectoK = [s',...,s?]” containingQ 070 5 cLpcEe2), =28 T,
symbols, which are obtained through the broadcast interval —— CLbe@22), T= 38T,
B . . — ¢ CLDC(222), 1=4/8T,
The k-th relay ¢ =1,..., M) disperses vectaK by: ol cquza,r:s/s{
—5— CLDC(222), T=6/8 T,
Sk = AkK; (1) —+— CLDC(222), 1=7/8 T,
O  Alamouti, BPSK
where thg dispersion _matnAk _hav_mg.a size of(T x Q) O T s 5 B 2 4 e 1 2
characterizes how the information is distributed amongithe SNR (d8)

channel uses. By stacking the transmitted sig&alérom all
the relays, a cooperative space-time codewdithving a size

. Fi 1. BER of BPSK modulat i
of (M % T) can be obtained as follows: igure 0 modulated CLDC(222) scheme obeyingtheture

of Equation (5) using an ML detector and the propagationyddiéerence
T T between two-path is characterizedrasvhen transmitting over i.i.d. Rayleigh-
S (A1K) fading channels having a Normalized Doppler frequency o= 10~2.

C= : = : ) (2)

st (A K)T . .

where® denotes the Kronecker product. The equivalent dis-
which should satisfy the overall power constraint oPersion matrixy of Equation (5) having a size ¢f/7'x M Q)
E{tr(CCH)} = T. We can further ensure information vectoPecomes

K is dispersed with equal power infB channel uses of each AL 0 - 0
relay by restrictingA to satisfy 0 A, - 0
AAT = —I, A3) o o - 0

M 0 - -+ Ay

wherel denotes an identity matrix having a size (@ x T').

Note that when constraint of Equation (3) applied, we shouﬁﬂhere 0_denotes a zero _matrix havi_ng a size (df x Q)'.
inally, K of Equation (5) is the repetition of the information

have@ > T. tor for M 1t dis ai b
At the destination node, the received signal mattikaving vector for M times and Is given by
a size of(1 x T'), becomes K

Y = HC +V, (4) K= :[. (8)

K
whereV having a size of1 x T') represents realizations of an

i.i.d. complex AWGN process with zero-mean and variancghus, conventional Maximize Likelihood (ML) detection can
o2 determined by the associated SNR Each entry ofH be carried out of in order to recover the original informatio
represents the Rayleigh fading coefficients between ariitns  The equivalent system Equation (5) clearly demonstrates
receive antenna pait. The entries of the channel matrix arghat the achievable performance of the CLDC is entirely
assumed to be known to the destination node, but not to tthetermined by the Dispersion Character Matrix (DCN)
relays. of Equation (7). In other words, the challenge of achieving
Define the row() operation as the vertical stacking ofcooperative diversity’ is equivalent to designing a ssgICM
the rows of an arbitrary matrix. Subjecting both sides of, while obeying the power constraint of Equation (3).
Equation (4) to therow() operation gives the equivalent Obviously, this flexible linear dispersion framework can
system matrix: support any number of cooperative nodds arbitrary channel
Y = HyK + V. (5) use ofT" as well as arbitrary information vectét containing
@ symbols, since the combination éff/, T and Q can be
The equivalent channel matrkt of Equation (5) is given by reflected on the design of. Therefore, we denote such a
scheme as CLDC(MTQ).
In Figure 1, the BER performance of the CLDXR2)
Lin this treatise, the correlated fading process is gergraith a filtering scheme under various delay differences is characterizeehw

of the complex Gaussian process to achieve a given Doppestrsn and transmi_tting over i.i.d. Rayleigh-fading channels haviag
the Jakes’ model is applied. Normalized Doppler frequency of; = 1072,

H=H®lI, (6)



Table | Ci,....,Cp
THE POWER LOSS CAUSED BYASYNCHRONOUS RECEPTION AT THE

DESTINATION. ——— Linear Dispersion Encoder Block Encoder
K C
Delay differentr P P P>

0 (7%) 1 0 0 Figure 2. ACLDC encoder for the nodes having cooperativestrassion.

178 Ts) 0.971| 0.116 | 0.08

218 (T5) 0.887 | 0.263 | 0.123

378 (T5) 0.759 | 0.429 | 0.133

4/8 T) 0.600 | 0.600 | 0.120 Il1. ASYNCHRONOUSCOOPERATIVELINEAR DISPERSION

518 (T%) 0.429 | 0.759 | 0.092 CODES

678 (Ts) 0.263 | 0.887 | 0.058 _ _ . _ .

718 (Ts) 0.116 | 0.971 | 0.025 In this section, a novel family of ACLDCs is proposed in

8/8 (I5) 0 0 1 order to combat the severe performance degradation caused
Note: P denotes useful signal poweP; denotes the signal power of 'Next' by asynchronous reception, which has been characterized in
Symbol; P, denotes the signal power of 'Previous’ Symbol; Figure 1. We assume that the propagation delay differepce

which is the difference between Nodeand Nodek (k =
2,..., M) is known to the receiver. For coherently-detected
cooperative systems, pilot signals are employed for cHanne
estimations of each relay. From the arrival time of the pilot
We assume that the destination node is always SynChl’Oﬂi%aB’ the knowledge of propagation delay differencelmn
to the first transmitter (Node-1), which means that the sambtained. Again, the receiver is synchronized to Nadznd
pling process at the receiver will not cause ISI for signal$| signals are generated for the signals transmitted frbm a
transmitted from Node-1. On the other hand, the secofgk remaining Nodes.
transmitter’s (Nod@') Signal arrives with a relative delay Figure 2 portrays the encoder of ACLDCs employed at
Given that the Signals transmitted are simulated USingdaai%Very Cooperative node_ The ’Linear Dispersion Encodg’, a
Cosine Pulses haVing a roll-off factor @H, we further assume described in Section Il generates codeword matr@esbey_
that only one side-lobe contributes to the ISI from Nodgng Equation (2). More explicitly, given a block of inforniat
2. More explicitly, the sampled signal for Nodenot only yectors[K;,..., Kz, the CLDC encoder generates the cor-
contains the useful symbol information, but also contaits tresponding3 number of codeword$C, ..., Cp] based on
‘previous’ transmitted symbol and the 'next’ adjacent syinb Equation (2). The 'Block Encoder interleaves the incomifig

in, owing to the side-lobe effect of the Raised Cosine pulsgumber codewords int& number of transmissions as follows:
Furthermore, as a result of asynchronous reception, Table |

summarizes the power loss of the desired signal and the powdr; = [Li(C1), ..., Li(Cg),0p], (i=1,....,7) (9
increase of ISI signals with respect to the valuerofThe
entries in Table | are generated by sampling the receiveddai . . .
cosine waves using the above-mentioned method. Note Matqf‘?mtes a zero matrix having number of columns, serving
ISI addressed in our scheme is caused by the propagation d&d guard intervals. We further assume the Iength of guard
difference after sampling at the receiver, rather than the om_tervals to be equal or greater than the maximum delay
caused by multi-path, although both of them have the simnﬂP*efef?CGP = Tmacs Wh'Ch implies the interference between
effect of contaminating the received signals. More exgici transmission blockg; is removed. .

the multi-path 1SI can be removed as as long as it is within Note that the blOCk_ encodgr can also b_e w_ewet_j as an
the length of guard intervals, whereas the propagatiorydef&te”eaver' where the interleaving sequence is given inakq

ISl is exploited by the interleaver and the ML decoder. tion (9).. Furthermore, it is the Ilqear dlspersmn struetur
of Section Il that determines the interleaving sequence, so

Observe in Figure 1 that our identical throughpufl® receiver can carry out the linear block ML decoding of
CLDC(222) with 7 = 0 is able to achieve the same BER perEquation (16). In other words, if the linear dispersion ste
formance as the Alamouti scheme, which corresponds to fifil achieved differently, the interleaver structure shobll
spatial diversity. Please note that CLDX22) is not an Alam- designed accordingly.
outi scheme, even though they exhibit identical perforreanc The 'Block Encoder’ of Figure 2 is introduced for two
The proposed CLDC scheme disperses each information syigasons. Firstly, effective throughput can be increaséusnw
bol into all the spatial and temporal dimensions, whereas tAPPropriate channel conditions are available. Since guard
Alamouti scheme exploits only half of the available resesrc intervals are inserted evety block of space-time codewords,
for each symbol. When the propagation delay differencerbeghe effective symbol rate becomes;Zz;, which approaches
to increase, i.ex = 1/8T,, significant BER degradationthe maximum rate% with an increase of block lengtl#.
has been recorded in Figure 1. Furthermore, when we hd@ contrast, conventional schemes append guard intervals
T = 2/8Ts, the resultant BER performance of Figure 1 isfter every codeword. Hence, effective throughput is déepla
already worse than the identical throughput single-ardensignificantly. Secondly, thé3 number of codewords are 'in-
aided system. Again, Figure 1 explicitly demonstrates that terleaved’ as seen in Equation (9). This re-arrangemeriteof t
issue of asynchronous reception is critical for 'coop&gati codewords is necessary because 'intra-codeword’ intamfer
diversity schemes. is removed. For example, the second column of a codeword

where L;() denotes thei-th column of a matrix anddp



L+ (C;) does not interfere with other columns within the samsimplified form. In other words, the design of the interleave
codeword. In other words, the interference only comes froamd that of the space-time decoder have to be considered
other codewords, not within the same codeword. In this wagintly.

we can re-write the equivalent interference signals in enfdr  Hence, we can recover the information vector block
that can be exploited, as exemplified later in Equation (15K, ...,Kg] by calculating

Note that there are other methods to ’'interleave’ the bldck o o

B
codewords, which could achieve similar effects. In thisegap g Kl — . Vo HYK S Hev Ko |2
we only present one as illustrated in Equation (9). Ky K] arg{mln(";( JTEXR Z eXeKisi)lIF)}

Given the channel CIR matrid = P - [hq,...,hy] and h=2 (16)
assumeH to be constant ove(B+ D) CLDC codewords, the when all possible combinations K, . .., K] are explored.
received signal for thé-th transmission block becomes: Note that low-complexity Sphere Decoders designed forespac

y; = HF, + V. (i=1,...,T) (10) time b[ock codes of multiple antenng systems can be emplo_yed
to achieve near ML performance with a much lower decoding
In order to re-construct the original codewor@s;,...,Cg], complexity. The basic idea is that instead of searchingutiino
the received signals are firstly sampled, as described in Salt the constellation points, the decoder only searches the
tion Il, and 'de-interleaved’. Thus, we have points of the lattice which are found inside a sphere of amgive
, radius centered at the received point. We refer the readers t
Y, = [L; oL =1,...,B .
7 [Lily), o ilyr)] G=1....B) [20] for more details.
. ' _ We now continue by offering a few remarks concerning the
= HG+ ; h[Pr, Po) G + V5, (11) equivalent ACLDC system model of Equation (12).

1) Spatial diversity: The fundamental idea of achieving
diversity is to have independent copies of the same
information. Alamouti-type schemes achieve this ob-
jective by transmitting redundant information from the
extra antenna. However, redundancy can be reduced
by employing the proposed linear dispersion structure,
where each transmitted signal is the weighted sum of
all the information symbols, as seen in Equation (1).
Since this structure remains in the equivalent system
model of Equation (12), the proposed system is capable

whereGy, denotes the ISI matrix of the-th cooperative node,
caused by the propagation delay after sampling at the rexceiv
Particularly, the first row ofa; denotes the interference from
the 'Previous’ codewordC;_; and the second row oGy
denotes interference from the 'Next' codewo€ ;. The
power of the interference is denoted By and P, as seen in
Table I.

Similar to Equation (5)row() operation is applied to both
sides of Equation (11), then we have

_ _ Mo _ _ of achieving diversity, regardless of block lengsh
Y; = HYK; + ZHkikKisi + V5, (12) 2) The effect of delays: Ultimately, delays affect power
k=2 loss and power distribution of the transmitted infor-
where the first item on the right is the desirable signal and  mation and is summarized in Table I. In the case of
the second item is the ISI signals from tketh node. The perfect synchronization, the power of the desired signal
equivalent system matriced, ¥ and K; have been shown is concentrated within one sampled value. In case of
in Equations (6), (7) and (8), respectively. Note that the  asynchronous reception, the desired signal power is
DCM optimized for CLDCs of Section Il is employed, which spread into current and adjacent samples having the
is optimized forr = 0. With the help of the interleaver, power of P, P, and P,, respectively. Our powerful
ACLDCs are expected to maintain the diversity advantage block detector of Equation (16) is capable of exploiting
under different values of. The equivalent ISI matrixt, all this information so that full diversity is maintained.
for the k-th node is given by However, there will be some power loss during the
H, = hi[PL, Py @1, (13) sampling process, which would degrade the achievable

performance slightly and is demonstrated in Section IV.
wherel denotes an identity matrix. The corresponding DCM 3) Recall that the channel is assumed to be constant over
Xk IS given by (B + D) STBC blocks in order to facilitate coherent

A 0 detection. When this condition is violated, the system’s
— k . .
Xk = ( 0 A ) : (14) achievable performance will degrade.

where 0’ denotes a zero matrix having a size(@f x Q). The

vectorK;,; denotes the interference signal from the 'Previous’ V. SIMULATION RESULTS

and 'Next' vectors, which is given by This section presents the simulation results for a number
of ACLDC(MTQ) schemes. The channel is assumed to be
Ko = ( Kj—1 > _ (15) constant for(B + D) blocks, then faded to another value
K+ governed by the Normalized Doppler frequengy All the

Note that it is the specific interleaving sequence preseintedsystem parameters are listed in Table II, unless otherwise
Equation (9) allows DCM, of Equation (14) and interferencestated. For simplicity, we assume < T,. Thus, only one
signal vector of Equation (15) to be rewritten in such guard interval is necessary. However, our system is capdble



Table Il

SYSTEM PARAMETERS FORACLDC SCHEMES OFFIGURE 2.

Number of cooperative nodes

Number of antenna per node

Number of channel uses per block

Number of symbols per information vectgr

Length of a decoding block

Length of the guard interval

ol Q| N | =

Propagation delay difference

Tk

Channel constant for

(B + D) blocks

Normalized Doppler Frequency fd

Modulation BPSK
Mapping Gray mapping
Detector ML of Equation (16)

107

—+— ACLDC(222),1=3/4 T, B=1,R=05

—5— ACLDC(222), T = 3/4 T_, B=2, R=0.67

ACLDC(222), 1 = 3/4 T_, B=4, R=0.8

o —5— ACLDC(222), T = 3/4 T, B=6, R=0.86
n

n i
0 5 10 15 20
SNR(dB)

Figure 4. BER comparison of a group of ACLDCs haviig = 2, T = 2,
Q = 2 and T = 3/4Ts while using the decoding block length &
1,2, 4, 6, when transmitting over i.i.d. Rayleigh-fading channedsihg f;
10—2. All the system parameters were summarized in Table II.

BER

——— ACLDC(222), =0
—o— SIS0, BPSK
10" —— ACLDC(222), 1=7/8T_

—5— ACLDC(222), 1= 6/8 T,
—— ACLDC(222), T=5/8T,

Lol o AcCLDCE@22) T= 4B T,
(222), 1=308 T,

(

(

the ACLDCs inherit the CLDCs’ encoder, full spatial diveysi
is achieved when we have = 0. When we have other
values, the diversity advantage is proven in terms of BER’s
decay with the increase of SNR. More explicitly, the decay
of BER having diversity of two is much faster than that of a
single-antenna aided system. In other words, the slopdseof t
array of ACLDC’s curves are the same. Again, our proposed
scheme is capable of supporting arbitrary delay difference
values. For example, when= Q%Ts, the BER performance
would be identical tor = %Ts recorded in Figure 3, provided
that D = 3 guard intervals are inserted.

Figure 4 demonstrates the BER performance of the
ACLDC(222) scheme withr = 3/4T, while having a block
) ) i . lengthofB =1,2,4,6. Since a guard interval is inserted every
supporting arbitrary delay difference values. More eXic pock length of B, the resultant system symbol rate becomes
for any fixed valuea € (0,1), i.e. a = 0.5, the BER p _ (5 067,0.8,0.86, respectively. Another advantage of in-
performance for ACLDC(MTQ)s having = aT+nTs would  creasing the valud is that there is slightly BER performance
be identical, where = 0, 1,2, .. .. This is because we can still yain a5 recorded in Figure 4, since the ISI information of
exploit the d(_elayed version of the signals thanks to ourlflexi Equation (12) has been explored. However, there are two-draw
system architecture. backs associated with the increase BeFirstly, the decoding

Figure 3 characterizes the BER performance of thgmplexity will increase exponentially, owing # number of
ACLDC(222) scheme using a block length oB = 2, qdewords that are jointly decoded. Secondly, the charaeel h
while experiencing different propagation delay differenc 5 pe constant ovefB + D) codeword blocks in order to
Compared with the non-interleaving CLDZ22) counterpart carry out coherent detection of Equation (16). In other \8prd
of Figure 1 having identicat values, the proposed ACLDC ihe choice of parameteB involves a fundamental trade-off

scheme demonstrates a substantial gain thanks to theuwetogyeween the system throughput and decoding complexity.
tion of the 'interleaver’. For example, in the case of petrfec

synchronization (i.er = 0), the best achievable performance

is recorded. Asr increases, we have (.. < 7 < Ty), V. CONCLUSION

the BER performance begins to degrade slowly, owing to theln this paper, we first proposed a family of CLDCs for

power loss in sampling, as illustrated in Table I. cooperative networks and demonstrated its ability to aghie
However, the ACLDC scheme remains capable of maifull spatial diversity, as well as its vulnerability unddmet

taining full spatial diversity. Note that the spatial disity of situation of asynchronous reception. Later, we proposed a

CLDCs is guaranteed by optimizing the DCM of Equation (7)ovel time-domain delay-tolerance ACLDC and demonstrated

using the Rank and determinant criteria detailed in [2]c8inthat the desirable cooperative diversity can be maintaiesazh

——— ACLDC(222
—&— ACLDC(222), 1=2/8 TS
—— ACLDC(222),1=1/8 TS

10” T T T T i
0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

)
).
).
)
).
).

Figure 3. BER comparison of a group of ACLDCs havifig = 2, T' = 2,

@ = 2 and B = 2 while experiencing different propagation delay differenc
7, when transmitting over i.i.d. Rayleigh-fading channedsihg f; = 102.
All the system parameters were summarized in Table II.
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