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Abstract—In this treatise, we propose a novel family of Asynchronous
Cooperative Linear Dispersion Codes (ACLDCs), which is caable of
maintaining full diversity in cooperative scenarios even athe presence
of asynchronous reception. The linear dispersion structug is employed
in order to accommodate the dynamic topology of cooperativeetworks,
as well as to achieve higher throughput than conventional sre time
codes based on orthogonal designs. By introducing guard ietvals and
block encoding/decoding techniques, the interference sigls caused by
asynchronous reception can be exploited rather than discaled.

I. INTRODUCTION

The Space Time Block Coding (STBC) [1] [2] [3] techniques

provide full spatial diversity in the context of co-locatédiIMO
systems. However, it may not always be practical to acconateod
multiple antennas at the mobile nodes in the network, owingost,
size and other hardware limitations. As a remedy, the cdnoép
‘cooperative diversity’ has been proposed in the litetdi [5] [6]
[7], providing diversity using single antennas of other e®dn the
network.

Furthermore, it is often the case that propagation delay®-ex
rienced by the signals from cooperative nodes are differevén
if these nodes are scheduled to transmit simultaneouslys,Ttihe
composite pulse seen at the receiver, which is the sum ofdlsep
from each transmitter shifted by the corresponding propagaelay,
will no longer be Nyquist. Hence, Inter Symbol Interfererft®l) is
generated after sampling at the receiver, where similangena is
observed with frequency selective channels.

In general, there are three classes of techniques in the o
literature to deal with the issue of delay ISI, which are tidwmain
approaches [8] [9], frequency-domain solutions [10] [112]f and
the use of conventional Equalizer [13].

Firstly, Time Reversed Space-Time Block Codes (TR-STB@8E) [

[9] were proposed in order to protect the Alamouti type sabéhh)
[2] [14] from being contaminated by delay ISI. The idea isttiery
symbol of a STBC codeword is replaced by a block®fsymbols,
while the conjugate operation requires the correspondingkbto

be transmitted in a time reversed order. However,the TR&GB

are unsuitable for high-rate transmission, owing to the esided
orthogonality. Another time-domain approach is calleddanAsyn-
chronous Space-Time Block Codes (LA-STBCs) [11] [15] emiplg
a linear dispersion structure [3] [16]. LA-STBCs are robugten the
propagation delay differences between cooperative nagesaltiple
symbol durations{ = nTs,n = 1,2,...), whereT; is the symbol
duration. However, when the propagation delay differescadt an
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into multiple flat fading channels [18]. Finally, transni@s schemes
suffering from various propagation delays can be consilasedelay
diversity schemes [19] and a decision feedback equaliZjrdan be
employed in order to achieve spatial diversity.

In this paper, we propose a novel time-domain STBC scheme
in order to combat imperfect synchronization in coopeeafiiMO
Systems, namely Asynchronous Cooperative Linear DispeSodes
(ACLDCs). The rationale and novelty of the proposed ACLD@= a

o The proposed scheme is capable of dealing with arbitrary
propagation delay difference while maintaining full spatial
diversity, provided that sufficient guard intervals are rajppi-
ately 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 interleavén)
combat the propagation delay, which are designed joirdthar
than separately.

We commence our discourse by providing a detailed desonipti
of a linear dispersion structure in Section Il. Section Mtemds the
linear dispersion structure by introducing block encofiegoding
techniques, so that the proposed ACLDC scheme is capable of
maintaining full spatial diversity. Our simulation resufire discussed
in Section V. Finally, we conclude our discourse in Section

pen

Il. COOPERATIVELINEAR DISPERSIONCODES(CLDCS)

After introducing the linear dispersion framework, in tlsisction,
the power loss caused by the propagation delay ISI is ardlyze
together with the associated BER performance.

Cooperative schemes in general contain two phases of trans-
mission, namely the broadcast phase and the cooperatiose.pha
During the cooperation phase, relays collaborativelygnain the re-
encoded source information, where ‘virtual’ space-timeleveords
can be formed. Since the issue of synchronization only ire&kthe
cooperation phase, we focus on the cooperation phase.

More explicitly, assume each relay to process the perfegtceo
information vectoK = [s',...,s?]T containingQ symbols, which
are obtained through the broadcast interval. Fhth relay ¢ =
1,..., M) disperses vectoK by:

Se = ArK, 1)

integral multiple ofTs, which is often the case in real systems, LA-

STBCs degrade significantly. Furthermore, the distributadeaded
Algebraic Space-Time (TAST) codes [17] provide flexiblenganis-
sion rates, arbitrary antenna support and adjustable @itylfor
delay-tolerant STBC designs. Unfortunately, distribeT&ST codes
remain vulnerable to propagation delays that are not thegiat
multiplication of a single symbol duration.

Secondly, in frequency domain, OFDM techniques can be em-

ployed in order to convert the equivalent frequency seleathannel

where the dispersion matri;, having a size of 7'x Q) characterizes
how the information is distributed among ttfe channel uses. By
stacking the transmitted signa®s from all the relays, a cooperative
space-time codewor@ having a size of M x T') can be obtained
as follows:

st (A1K)T
C= : = : ; &)
S (AnK)®



which should satisfy the overall power constraintfftr(CC™)} =
T. We can further ensure information vectoiis dispersed with equal
power intoT" channel uses of each relay by restrictiig to satisfy
1
Vi 3)
wherel denotes an identity matrix having a size (@ x T'). Note
that when constraint of Equation (3) applied, we should l@ve T'.
At the destination node, the received signal ma¥fikaving a size
of (1 x T'), becomes

AAT = =1,

Y =HC +V, 4)

whereV having a size of 1 x T') represents realizations of an i.i.d.

complex AWGN process with zero-mean and variangaletermined
by the associated SNR Each entry ofH represents the Rayleigh
fading coefficients between a transmit-receive antenna pafhe

entries of the channel matrix are assumed to be known to the

destination node, but not to the relays.

Define therow() operation as the vertical stacking of the rows

of an arbitrary matrix. Subjecting both sides of Equatioh t@}the
row() operation gives the equivalent system matrix:

Y = HxK + V. (5)
The equivalent channel matrft of Equation (5) is given by

H=H®I, (6)

where® denotes the Kronecker product. The equivalent dispersion

matrix k¥ of Equation (5) having a size ¢fMT x M Q) becomes

Ay 0 0
0 A 0
X = ; (7)
0 0 0
0 An

where 0 denotes a zero matrix having a size @ x Q). Finally,
K of Equation (5) is the repetition of the information vector f\/
times and is given by

K

N

: ®

K

Thus, conventional Maximize Likelihood (ML) detection cédme
carried out of in order to recover the original information.

The equivalent system Equation (5) clearly demonstratasttie

achievable performance of the CLDC is entirely determingdHhe

Dispersion Character Matrix (DCM) of Equation (7). In other
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Figure 1. BER of BPSK modulated CLDC(222) scheme obeyingtheture
of Equation (5) using an ML detector and the propagation yddifference
between two-path is characterizedrasvhen transmitting over i.i.d. Rayleigh-
fading channels having a Normalized Doppler frequencypf= 10—2.

Table |
THE POWER LOSS CAUSED BYASYNCHRONOUS RECEPTION AT THE
DESTINATION.

Delay differentr P P P>
0 (Ts) 1 0 0
1/8 (Ts) 0.971 | 0.116 | 0.08
2/8 (Ts) 0.887 | 0.263 | 0.123
3/8 (T) 0.759 | 0.429] 0.133
4/8 (T%) 0.600 | 0.600 | 0.120
5/8 (Ts) 0.429 | 0.759 | 0.092
6/8 (Ts) 0.263 | 0.887 | 0.058
718 (Ts) 0.116 | 0.971 | 0.025
8/8 (Is) 0 0 1

Note: P denotes useful signal poweP; denotes the signal power of 'Next’
Symbol; P> denotes the signal power of 'Previous’ Symbol;

arrives with a relative delay. Given that the signals transmitted
are simulated using Raised Cosine Pulses having a rolaofbf of
0.5, we further assume that only one side-lobe contributes ¢o th
ISI from Node2. More explicitly, the sampled signal for Node-
not only contains the useful symbol information, but alsaitams

words, the challenge of achieving "cooperative diversigyequivalent  the "previous’ transmitted symbol and the 'next’ adjaceyrnbol in,
to designing a single DCM, while obeying the power constraint of gyying to the side-lobe effect of the Raised Cosine pulsethEamore,

Equation (3).
Obviously, this flexible linear dispersion framework carpport
any number of cooperative nod@dg, arbitrary channel use df as

as a result of asynchronous reception, Table | summarizepdiver
loss of the desired signal and the power increase of IS| Egmith
respect to the value of. The entries in Table | are generated by

well as arbitrary information vectdk containing@ symbols, since sampling the received raised cosine waves using the abew¢iened
the combination ofM, T" and @ can be reflected on the design ofimethod. Note that the 1SI addressed in our scheme is causéteby

X- Therefore, we denote such a scheme as CLDC(MTQ).

In Figure 1, the BER performance of the CL[X22) scheme
under various delay differences is characterized, whemstnéting
over i.i.d. Rayleigh-fading channels having a Normalizedppler
frequency offy = 1072

We assume that the destination node is always synchronizeg t
first transmitter (Node-1), which means that the samplirecess at
the receiver will not cause ISI for signals transmitted frévade-
1. On the other hand, the second transmitter's (N2designal

1In this treatise, the correlated fading process is gereraith a filtering
of the complex Gaussian process to achieve a given Doppéatrsin and
the Jakes’ model is applied.

propagation delay difference after sampling at the receirather
than the one caused by multi-path, although both of them kaee
similar effect of contaminating the received signals. Mexelicitly,
the multi-path ISI can be removed as as long as it is withiréhgth
of guard intervals, whereas the propagation delay ISI isoéenl by
the interleaver and the ML decoder.

Observe in Figure 1 that our identical throughput CLR22) with
7 = 0 is able to achieve the same BER performance as the Alamouti
scheme, which corresponds to full spatial diversity. Rieaste that
CLDC(222) is not an Alamouti scheme, even though they exhibit
identical performance. The proposed CLDC scheme disp&aels
information symbol into all the spatial and temporal dimens,



GO j7 equivalent interference signals in a format that can be oitqul,
as exemplified later in Equation (15). Note that there areeroth
K c methods to 'interleave’ the block of codewords, which coatdhieve
similar effects. In this paper, we only present one as iaistl in
Figure 2. ACLDC encoder for the nodes having cooperativestrission. Equation (9).
Given the channel CIR matriid = P - [hq, ..., ha] and assume
H to be constant ovefB+ D) CLDC codewords, the received signal
whereas the Alamouti scheme exploits only half of the atsgla for the i-th transmission block becomes:
resources for each symbol. When the propagation delayrelifée o ) , .
begin to increase, i.er = 1/8T5, significant BER degradation has yi = HEF: + V.. (=1....T) (10)
been recorded in Figure 1. Furthermore, when we have2/8T,, In order to re-construct the original codeworffs,, ..., Cg], the
the resultant BER performance of Figure 1 is already woraa the received signals are firstly sampled, as described in Settiand
identical throughput single-antenna aided system. AgBigure 1 ’'de-interleaved’. Thus, we have
explicitly demonstrates that the issue of asynchronousptém is

critical for 'cooperative’ diversity schemes. Y; = [Li(y), L Li(yr)] G=1...,B)

I1l. A SYNCHRONOUSCOOPERATIVELINEAR DISPERSIONCODES = HC;+ Y h[P, PJGy +Vy, (11)
k=2

——| Linear Dispersion Encoder Block Encoder

In this section, a novel family of ACLDCs is proposed in ordier . .
combat the severe performance degradation caused by asyoas whereG, denotgs the ISI matrix of thlejth cooperatwe_node, caused
reception, which has been characterized in Figure 1. Wemessnat PY the propagation delay after sampling at the receivertidedarly,

the propagation delay differencg, which is the difference between the first row of G, denotes the interference fr_om the 'Previous’
Nodel and Nodek (k = 2,..., M) is known to the receiver. For codewordC;_; and the second row d& denotes interference from

coherently-detected cooperative systems, pilot signasemployed the 'Next’ codewordeJr_l. The power of the interference is denoted
for channel estimations of each relay. From the arrival tihehe PY £1 @nd P, as seen in Table I. o _ _
pilot signals, the knowledge of propagation delay diffeeercan Slmlla_r to Equation (5)row() operation is applied to both sides
be obtained. Again, the receiver is synchronized to Nbdead of Equation (11), then we have

ISI signals are generated for the signals transmitted frdntha o M B ~
remaining Nodes. Y; =HYK; + Y HiKisi + V), 12)
Figure 2 portrays the encoder of ACLDCs employed at every k=2

cooperative node. The ’'Linear Dispersion Encoder’, as rilgst where the first item on the right is the desirable signal aedsttond
in Section Il generates codeword matrig8sobeying Equation (2). item is the ISI signals from thé-th node. The equivalent system
More explicitly, given a block of information vectof¥, ..., Kz], matricesH, ¥ andK, have been shown in Equations (6), (7) and (8),
the CLDC encoder generates the correspondigumber of code- respectively. Note that the DCM optimized for CLDCs of Seuwtil
words [Cy,...,Cg] based on Equation (2). The 'Block Encoder’is employed, which is optimized for = 0. With the help of the
interleaves the incomind@® number codewords intd” number of interleaver, ACLDCs are expected to maintain the diveraityantage
transmissions as follows: under different values of. The equivalent ISI matri¥l,, for the k-th

) node is given by
Fi = [Li(C1),...,Li(CB),0p], (i=1,...,7) (9) ﬁk:hk[PhPﬂ@l; (13)

whereLi(_) denptes the-th column of a matrix and) denptes @ \herel denotes an identity matrix. The corresponding DGM is
zero matrix havingD number of columns, serving as guard mtervalsgiven by

We further assume the length of guard intervals to be equgieater

than the maximum delay differenc® > 7,42, Which implies the T = ( A, O ) (14)
interference between transmission blo&ksis removed. 0 Ay )’

Note that the block encoder can also be viewed as an interleayyhere 0’ denotes a zero matrix having a size(df x Q). The vector
where the interleaving sequence is given in Equation (9thee- K. . denotes the interference signal from the 'Previous’ ancktNe
more, itis the linear dispersion structure of Section Ikthetermines yectors, which is given by

the interleaving sequence, so the receiver can carry outiribar

block ML decoding of Equation (16). In other words, if thedar Ko = ( Kij-1 ) ) (15)
dispersion structure is achieved differently, the in@vir structure Kj+1
should be designed accordingly. Note that it is the specific interleaving sequence preseintdehua-

The 'Block Encoder’ of Figure 2 is introduced for two reasonstion (9) allows DCM ¥;, of Equation (14) and interference signal
Firstly, effective throughput can be increased, when gmjsite vector of Equation (15) to be rewritten in such a simplifiedrfoln
channel conditions are available. Since guard intervadsimserted other words, the design of the interleaver and that of theesgiane
every B block of space-time codewords, the effective symbol ratgecoder have to be considered jointly.

becomesz5 %55, which approaches the maximum refewith an  Hence, we can recover the information vector blgik;, . . ., K]
increase 01£ bloci< lengtB. By contrast, conventional schemes appenBy calculating

guard intervals after every codeword. Hence, effectiveughput B o

is degraded significantly. Secondly, th¢ number of codewords _ ; V. _ AR = PEVEE 7 NBNTP
are ’interleaved’ as seen in Equation (9). This re-arraregenof K. Kyl arg{mm(”j;(Y] HXK; ;HkaKm)H s
the codewords is necessary because ’intra-codewordfénggrce is (16)
removed. For example, the second column of a codewarC;) when all possible combinations @K, ..., Kg] are explored. Note
does not interfere with other columns within the same codéwo that low-complexity Sphere Decoders designed for spame-block
In other words, the interference only comes from other cadlds; codes of multiple antenna systems can be employed to ach&ase
not within the same codeword. In this way, we can re-write theIL performance with a much lower decoding complexity. Theiba



Table I

SYSTEM PARAMETERS FORACLDC SCHEMES OFFIGURE 2. 10° ‘ } ‘
Number of cooperative nodes M
Number of antenna per node 1 o
Number of channel uses per block T
Number of symbols per information vectdr Q
Length of a decoding block B
Length of the guard interval D 107}
Propagation delay difference Tk «
Channel constant for (B + D) blocks & —gg%?%;éi)ﬁo
“Nﬂgl;jn;altiz;? Doppler Frequency 5P é ‘5( 107 +ACL[;C(222),I:7/8 T,
- . —s7— ACLDC(222), 1 = 6/8
Mapping Gray mapping +2ctzc§222; :—5/8 IS :
Detector ML of Equation (16) s N
ol —6— ACLDC(222), T=4/8 T, \
—— ACLDC(222),1=3/8 TS
—a— ACLDC(222), 1= 2/8 TS
idea is that instead of searching through all the constefigtoints, P it SN SO S
the decoder only searches the points of the lattice whichfaaned o2 4 & 8 10 12 1 16 18 2

. . . . . SNR (dB
inside a sphere of a given radius centered at the received. e @

refer the readers to [20] for more details.

We now continue by offering a few r_emarks concerning th?igure 3. BER comparison of a group of ACLDCs havig = 2, T = 2,
equivalent ACLDC system model of Equation (12). Q =2 and B = 2 while experiencing different propagation delay differenc

. . . . . . .. . it i i i i — —2
1) Spatial diversity: The fundamental idea of achievingediity is 7 When transmitting over i.i.d. Rayleigh-fading channedsiihg f = 107
. . . . . All the system parameters were summarized in Table II.

to have independent copies of the same information. Alamout
type schemes achieve this objective by transmitting reanind

information from the extra antenna. However, redundancy CEzZLDC(222) counterpart of Figure 1 having identical values, the

be reduced by employing _the pr(_)poseq linear d'.SperS'On'Struproposed ACLDC scheme demonstrates a substantial gaiksthan
ture, where each transmitted signal is the weighted sum

f ; i ' :

. . . . . the introduction of the ’interleaver’. For example, in thase of

all the information symbols, as seen in Equation (1). Since R .
: o . erfect synchronization (i.e. = 0), the best achievable performance
this structure remains in the equivalent system model ofaEq - -
. . L . Is recorded. Asr increases, we have (i.6. < 7 < Ts), the BER
tion (12), the proposed system is capable of achieving sityer . )
performance begins to degrade slowly, owing to the powes Ios

regardless of block lengt.

: mpling, illustr in Table I.
2) The effect of delays: Ultimately, delays affect powerslosSa pling, as illustrated in Table . .
A . . . . However, the ACLDC scheme remains capable of maintaining
and power distribution of the transmitted information asd i

summarized in Table I. In the case of perfect synchronimatiofu” spatial diversity. Note that the spatial diversity ofLDOCs is

. - . L uaranteed by optimizing the DCM of Equation (7) using thellRa
the power of the desired signal is concentrated within Or.%nd determinant criteria detailed in [2]. Since the ACLDG@hkarit

sgmpled value._ In case Of. asynchronous recep_tlon, theedesn{he CLDCs’ encoder, full spatial diversity is achieved wives have
signal power is spread into current and adjacent samplées

having the power of?, P; and P, respectively. Our powerful T =0 .When we have other "a'“e.s' the _diversity advantage is
block detector of Equation (16) is capable of exploiting afproven in terms of BER's decay with the increase of SNR. More

this information so that full diversity is maintained. Hovee, explicitly, the d_ecay of BER ha_lvmg diversity of two is mucasster
. . ; than that of a single-antenna aided system. In other wadndsslbpes
there will be some power loss during the sampling process , .
. . . of the array of ACLDC's curves are the same. Again, our predos
which would degrade the achievable performance slightly an . . . ;
. . . scheme is capable of supporting arbitrary delay differaatees. For
is demonstrated in Section IV. 1 . .
- example, whenr = 25T, the BER performance would be identical
3) Recall that the channel is assumed to be constant(@erD) 07 — LT recorded i2n Fiqure 3. provided that — 3 quard intervals
STBC blocks in order to facilitate coherent detection. Wties 2° ¢ 9 P g

condition is violated, the system’s achievable perforneawd| are inserted.
degrade ' y P Figure 4 demonstrates the BER performance of the AC[(2€)

scheme witht = 3/47T,, while having a block length oB =
IV. SIMULATION RESULTS 1,2,4,6. Since a guard interval is inserted every block lengttBof

This section presents the simulation results for a number EFP fes‘ﬂ'tam system symbol rate pecom]é_& 0'570'67’ 0.8, 0.86,
ACLDC(MTQ) schemes. The channel is assumed to be constéﬁ?PeCt'VeIV' Another advantagg of increasing th_e v@usthat th_ere
for (B + D) blocks, then faded to another value governed by tHg Slightly BER performance gain, as recorded in Figure cesithe
Normalized Doppler frequency,. All the system parameters are!>! information of Equation (12) has been explored. Howetieere
listed in Table II, unless otherwise stated. For simplicitg assume &'¢ Wo drawbacks associated with the increaseBhéirstly, the
7 < T,. Thus, only one guard interval is necessary. However, offcding complexity will increase exponentially, owingfonumber
system is capable of supporting arbitrary delay differenaties. of codewords that are jointly decoded. Seco_ndly, the cHama® to
More explicitly, for any fixed valuex € (0,1), i.e. a = 0.5, the be constant ove{B + D) codeword blocks in order to carry out

BER performance for ACLDC(MTQ)s having = oT +nT, would coherent detection of Equation (16). In other words, theicghof
be identical, wheren = 0,1,2,.... This is because we can stil parameterB involves a fundamental trade-off between the system
exploit the delayed version of the signals thanks to ourlilexsystem throughput and decoding complexity.
architecture.

Figure 3 characterizes the BER performance of the ACLR2Q)
scheme using a block length & = 2, while experiencing different  In this paper, we first proposed a family of CLDCs for coopgeat
propagation delay difference. Compared with the non-interleaving networks and demonstrated its ability to achieve full gpativersity,

V. CONCLUSION
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Figure 4. BER comparison of a group of ACLDCs havihfi = 2, T' = 2,
@ = 2 and T = 3/4T while using the decoding block length & =
1, 2,4, 6, when transmitting over i.i.d. Rayleigh-fading channasihg f; =

10—2. All the system parameters were summarized in Table II. [9

—

as well as its vulnerability under the situation of asyndnas (10]
reception. Later, we proposed a novel time-domain deltgraace
ACLDC and demonstrated that the desirable cooperativesityecan
be maintained, even if severe propagation delay differepgést. The
insertion of guard intervals mitigates interference bemvéaansmis-
sion blocks and the associated throughput loss can be addrasing
a flexible linear dispersion structure.

(11]
[12]

(13]

APPENDIXA

EXAMPLE OF DISPERSIONMATRICES [14]

Since the performance of CLDCs is characterized by the atpnv [l
Dispersion Character Matrix (DCMy defined in Equation (7), In this
section, some Dispersion Character Matrix (DCMdf Equation (7)
are given. Note that the optimized linear dispersion codsuitable
for any relative delay difference values, because the riedwer’
coupled with the guard intervals that is responsible for loatimg
the ISI. We restrict ourselves to a discussion of the linéspetsion
framework itself, rather than emphasizing the issue of gihésg
dispersion matrices. However, we’d like to point out tharéhare a
number of criteria that can be used to optimjizesuch as maximizing
mutual information [3], having a non-vanishing determinf2i] or
minimizing the maximum Pairwise Symbol Error ProbabiliBSEP)
[2]. In this paper, the BER-oriented PSEP criterion is chose 20

At the bottom of this page, the DCMs for BPSK-modulated
CLDC(222) scheme is illustrated. Since the Alamouti scherae
be rewritten using the proposed linear dispersion framlewafr
Equations (2) and (5), the corresponding DCM is also given.

[16]
(17]

(18]

[29]

[21]

X Alamouti =
1 0
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