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Abstract—In this paper, we propose a differential Space-Time Coding has to be sampled above the Doppler frequency, at high speeds an
(STC) scheme designed for asynchronous cooperative networks, wherejncreased pilot overhead has to be tolerated for the sake of accurately

neither channel estimation norsym_b‘ol-level synchronization is reqwred at estimating each MIMO channel component, which also gives rise
the cooperating nodes. More specifically, our system employs differential

encoding during the broadcast phase and a Space-Time Spreading (STS)-10 & sul:_)stantiql increase_of the complexity. By contrast, inspired
based amplify-and-forward scheme during the cooperative phase in by the differential STC philosophy developed for collocated MIMO
conjunction with interference rejection Direct Sequence (DS) spreading systems [5], a number of Cooperative Differential STCs (CDSTCs)

codes, namely Loosely Synchronized (LS) codes. The LS codes exhibityere proposed in [6] in order to achieve reliable symbol detection
a so-called Interference Free Window (IFW), where both the auto- withoupt aﬂy csl [6] y

correlation and cross-correlation values of the codes become zero. The : .
IFW allows us to eliminate both the Multi-User Interference (MUI) as Another major challenge is the asynchronous nature of relay nodes

well as the potential dispersion-induced orthogonality degradation of the in the network. The aforementioned cooperative STCs are all based
cooperative space-time codeword and the interference imposed by the on the assumption of perfect timing synchronization between the

asynchronous transmissions of the relay nodes. Furthermore, the destina- h . L s .
tion node can beneficially combine both the directly transmitted and the relay nodes, although in practice it is difficult to acquire accurate

relayed symbols using low-complexity correlation operations combined symbol-level time synchronization without imposing a high additional

with a hard-decision detector. Our simulation results demonstrate that synchronization overhead and implementation complexity. As noted
the proposed Cooperative Differential STS (CDSTS) scheme is capable in [7], the resultant time synchronization errors impose a significant
of combating the effects of asynchronous uplink transmissions without performance degradation. Additionally, the propagation delays arising

any Channel State Information (CSI), provided that the maximum . . . .
synchronization delay of the relay nodes is within the width of IFW. both from the different node locations and from the multipath-induced

It will be demonstrated that in the frequency-selective environment delay-spread also contribute to the sampling offset errors, which
considered our CDSTS arrangement is capable of exploiting both space- further aggravates the effect of synchronization errors. To this end,
time diversity and multi-path diversity with the aid of a RAKE combiner. a number of asynchronous cooperative STCs were proposed [8], [9],
which invoke space-time equalization or multi-carrier transmission
techniques, assuming that the perfect CSI and/or the relative transmis-

I_Mgltlfle-antenr]la;]elﬁ_rm_etntt_ assnstetd ttr_alrllcelver df_s'gn ?”E\INS l_JssESn delays of the mobiles are available at the destination. However, a
eliminate some ot the fimitations potentially preventing refiable ere'elatively high computational complexity is imposed at the destination
less communications. For example, the family of Space-Time Co

sTC titute efficient diversity techniques that ble GLC Ve
( s) constitute efficient diversity techniques that are capable %From a practical point of view, it is important to combat both

combating the time-varying fading effects of wireless channels. M?ﬁe problems associated with the CSI estimation errors and the

tivated by the concept of STCs, Space-Time Spreading (STS) [1] YiRe synchronization errors, in order to achieve a useful cooperative

a!so proposeq, in order to a.chieve. a transmit diversit'y gain with tgﬁace-time diversity gain. However, to the best of our knowledge,
aid of spreadmg_ the transmitted S|gnals_ across ml_Jlt'pIe antenna Y differential STC schemes have been proposed for asynchronous
tg;l\;zntext tOf Dlre;:t-S: quence thde Dt|V|5|on IIVIuItlpIte Ac;cesls (Dt qoperative scenariodgainst this background, the main contribution
Multi I) lsys ?ml\j [It'].l (o)wtevetr, M?Mzg enna; eemten_s (I)I co (;fca% this paper is that we first propose a practical CDSTC scheme
witipie-nput Muttiple-tutpu ( ). systems typically sufter designed for asynchronous relay networks, where neither channel
from spatially correlate_d .Iarge-sc_ale fadlng_lmp_osed by the Sh_adow'_ggtimation nor symbol-level synchronization is required at any of the
effegts. In order t.o eliminate this correlation-induced dIVEI’SIty-gE.tIHOdeS. More specifically, our system employs differential encoding
erosion, cooperatlve .STC.scher.nes [3], [4] were proposed to aCh'%ﬁ:'\ring the broadcast phase and an STS-based amplify-and-forward
the best attainable diversity gain of uncorrelated elements, Wher%c%eme during the cooperative phase in conjunction with interference

collection of single-antenna-aided nodes act as a Virtual Anten . ) .
- . o ection spreading codes, namely Loosely Synchronized (LS) spread-
Array (VAA), having widely separated distributed antenna elementlFE} P 9 y Yoy (LS) sp

on the other hand. attain; high " time di ;%? codes [10]. The LS codes exhibit a so-called Interference Free
n the other hand, attaining a high cooperative space-imeé Aversify, (IFW), where both the auto-correlation and cross-correlation
gain in a practical relay-aided network imposes further challeng

Rilues of the codes become zero, and hence have the capabilit
Firstly, many of the previously-proposed cooperative STC schem ' P y

; &Seliminating the Multi-User Interferences (MUIs) as well as the
assumed that perfect Channel State Information (CSl) of the Sou.rg?t'hogonality degradation of the cooperative STC, which are imposed

Relay (SR) links and/or of the Relay-Destination (RD) links ISV the asynchronous nature of the relay nodes
available at the destination receiver. However, the rapidly changiné '

topology of vehicles travelling at high speeds makes it challenging Il. SYSTEM OVERVIEW
to acquire accurate CSI, which results in a severe degradation oEonsider a collection of\.
total

. . = M x N nodes, each havin
the achievable performance. Since each of the MIMO subchannels . s . 9
a single antenna element and communicating with each other or

The financial support of the EU under the auspices of the Optimix projedfith @ specific destination node via frequency-flat fading channels,
and of the EPSRC UK is gratefully acknowledged. which corresponds to an uplink (UL) scenario or that of an ad

I. INTRODUCTION



Broadeast phase containing any useful information. To relate the block inde® the

8t - 7)) SD channel hf:“ Destination

|y > symbol indexg, let us define theth differentially-modulated symbol

SR channel hiﬁk RD channels hf}r"‘: De-

spreading] as®,(q), having the relation ofi,, (4i+k—1) = v¥ (i). Furthermore,

Spreading

Relay 1 Cooperative phase @ the time-domain waveform transmitted by th¢h source can be
Y[ e st LY " written as s (t) = Y07 0a(q)¢rs(t — qTF), wherea () is
7 {g)[ppreading|“fmapping{ 4 () ——  the rectangular waveform, which is defined over the intef@aty)

Y SOV gnd TS represents the symbol duration of the broadcast phase.

Relay Ny . Next, the differentially-modulated symbois, (¢) are spread with
Y| pe | st theL aitlj of the source’s node-specific spreading cedét) =

és(m” sy spreading |~ Imappingf ¥ tz) >y cnitpr. (t—iTe), whereLs is the code length of the spreading

) code andT; is the chip duration, while:,; represents théth chip

value. Here, we have the relation ﬁﬁf‘ = LsT.. Note that the
spreading factozs of the spreading code is given by the number of
non-zero chips.

hoc network. We assume the employment of a Time Division aidedHaving obtained the transmitted time-domain wavefayntt) as

CDMA (TD-CDMA) based channel allocation scheme, where @,(t) = , /% :":0 sn(t)en(t — qT7), the corresponding symbols

Fig. 1. Dual-phase transmission model of our CDSTS.

single TD transmission frame is divided indd time slots, whereV received at thekth relay #*(¢) and at the destinationS>(¢) are
DS-CDMA source nodes are supported in each of Midgime slots written as:

with the aid of N unique, user-specific DS-CDMA spreading codes. N

More specifically, each transmission of thesource nodes is assisted 7" (t) = Z ho g (t — ) exp {G(2m fet + ¢5"*) }+ni(t) (2)
by the preassigned source-specifig; relay nodes, and the signal n=1

transmission involves two phases, i.e. the broadcast phase and the cosp ,,, sSD . sSD
operative phase, assuming that the system is operated in a half-duple& (t) 72 h”yn (t = 7n) exp {J(%fct +¢n )}JrnSD(t)’(S)
. . . n=1

mode. Agdltlonally, in order to quantify the effegts of asynchronousl| here we havebip”’“ — pSR _ o furn and ¢S = 5P — 2t fur,

transmitting nodes on our CDSTS system, we introduce node-specific . . o O
o o each given by the uniformly distributed random phase, wifilds

delays caused by their time synchronization errors, where the delrﬁ){g operating carrier frequency. The noise componeqts) of the

of the nth source node and that of the associatéidrelay node are P 9 9 Y- P

. th relay and of the destination, namehgp (¢t) has a zero mean
represented by, and 7k, respectively. Furthermore, the Channegnd variances ofVox and Nop. Furthermore,Ps represents the

Impulse Responses (CIRs) of the source-relay channels, the SouLce'smission power of the source node, white/4 — (1 — Ps)/4

destination channel and the relay-destination channels are descrilgél at of each relay node. where the total fransmission power is
by RSBk exp(j058), RSP exp(j65P) and RED exp(j05D), respec- y ! P

. &S RD . . _considered to be unity. It should be noted here that the Egs. (2) and
tively, where h? kS’Rh" SDand h”R'; are the cor_respondl_ng_fadmg (3) take into account the effects of the asynchronous relationship
envelopes, whiled,;, 6,° and@,;;’ are the uniformly distributed between the source nodes by introducing the delay tesms
phase-shift components.
Without loss of generality, we focus our attention on the fird8. Relayed Signal
time slot, where each of th& sources communicates with a certain  pyring the cooperative phase of Fig. 1, the, = 4 relay nodes
destination node with the aid of th¥r source-specific cooperating amplify-and-forwardthe received signals to the destination node
nodes selected from all the nodes, as illustrated in Fig. 1. To Qfh the aid of the STS scheme. More specifically, each relay node
specific, we consider the case 8fz = 4 relay nodes, where the constrycts the STS codeword based on the preassigned four spreading
resultant maximum space-time diversity order provided by the rel@ygesc!, (¢) (1 = 1,2,3,4), corresponding to theth source, which
nodes is also four. Note that a single node may simultaneously 8k expressed a<, (t) = 2;30_1 e b, (t — iT.), where Ly, is
as the relay supporting different source nodes. the code length of the spreading code and the symbol duration of
the cooperating phasg® = LgrT.. Let us furthermore define the
spreading factor of the code4 (t) asGr.
First, thekth relay node despreads the received sigrigt) with

the aid of the classic correlation operation using the spreading code

relay nodes and to the destination node. Letsikie source node be . . N .

. S . cn(t), in order to obtain the despread symwﬁr‘ (¢) corresponding
the source-of-interest in this system model. First, the sourcé,htg to the transmitted symbols, (g), which is given b
are mapped to-bit PAM-modulated symbols and then the modu- y @ 9 y
lated symbols are Serial-to-Parallel (S/P) converted to the symbol  d2%* (q) = VPshy o, (q) + J5 ™ (q) + Ny Y5 (q), (4

blocks a(7), each containing four modulated symbols formulated . .
asa, (i;L :(Z[)aﬁ(i) an (i) ay () %i (i)]", wheregq an()j/i represent the WhereJ’Sl.Rk (g) is the MUl-related term induced by the other source
symbol and the block indices, respectively. Then, based on the symBSPes signals, which is given by
blocksa., (i), the corresponding differentially-encoded symbol blocks

1 — /P SRy
v, (1) = [vp (1) v2 (i) v3 (i) va(i)]T are generated as follows [11]: Tn () = T, Z Z \éfhif{k exp { (0" — dn*)}

A. Transmitted Signal

During the broadcast phase of Fig. 1, each of Meource nodes
transmits the differentially-encoded symbols both to fhig = 4

V(1) = Ap(t)vn (i — 1)/||va(i — 1)|] with n'#n q=0
1, 2. 3 4 (a+ )T +7n
0 g e I
A=) e ki) alo) o |0 @ T
—al(i) a3 (i) —a2(i) al (7) and N,, “*(q) is the AWGN-related term formulated as

. T . 1 (a+1)T+7n ) SR,
where the first block,, (0) = [1 1 1 1]" is transmitted as a reference SR (¢) T () e (t — T )e I It on ) dt. (6)

of the next differentially-encoded block, hence the first one does not™ " T T./Gs ATS47n



S
Here, N;;®*(¢) is a Gaussian distributed complex variable having a . sp 1 (@+ DT +mn i@ futtoSD)
. N, (¢q) = nsp (t)en(t — )e ndt. (14)
zero mean and a variance dy. T/Gs J s

Let us then S/P convert the despread symiii (¢)
the block-indexed vectad,, (i) = [d5 %" (i), - - -, dn #*(4)] with
the aid of the relationl; "+ (i) = dy"** (4i+1— 1). Furthermore, the
time domain waveform of the despread symbij'?lg’c ) is given by
St =300 dn () (t —iTH).

to generate o
For simplicity of the treatment, the despread symhtf3(q) are then

rearranged at the detector into the following vectorial form

€P30) = [ &P1(i) P2 (5) &P (0) &P (i) |"

i=—00 . ) dSD1 (’L) dSDQ ( ) dSD3 ( ) dSD4 (’L)

Finally, the kth relay constructs the following STS-related signals d45D> (i) + dSDl(z) dSPs (i) + dSD3(Z)
yE(t) with the aid of the STS mapping and the spreading blocks of = — _dSDS + d5Pa dSD1 45Dz , (15)

Fig. 1, which are given by Vi SD @+ SD () + SD ()~ SD (@)

—dp (i) — dp 70 (0) + dy 2 (1) + diy* (4)

P
yn _0111/465;2{ 11 cnt—qTR)

with the aid of the symbol-to-block transformatiod, " ()
dSP(4i + 1 — 1). Next, the signals received during the cooper-

= 8,7 ()en(t — qT3)

a3 Ry _ .14 R ative phaser™P(t) in Eq. (11) are despread to forP (i) =
—Sn Cn (t - qT ) — Sn t)cn (t - qu (7) . . . m
( } [€RD1(4) €RP2(4) ¢RPs(4) ¢RP4(4)]T, which is given by
| Pr 22 ( R 2 R
yn = Q2 t - qT ) + Sn (t)cn(t - qu ) 4 (7:+1>T€R+Tn ¢
4Gr Z { RD, (i) = 1 TRD(t)Cl ’Et . )e—j(zwfct+¢>§D’“)dt
n T \/CT ‘T . n nk
+85(t) cn(t —qT3) = P (B)en(t — T3 } ®) b T
- — DP9+ 8P (1) + NIV, (16)
_ R 53 — 0T — 334D (1 — o TR
yn() = asy | g Z{ n(t = L) =8 (en(t —dTs)  \yhere DRP (i) = [DEP1 (i) DRP2 (i) DRPs (i) DRP4(3)]” can be
o R s 4 N expressed as
+85(t cn(t —qTS) + 837 (t)en(t — qTS) } ©9) DR () Pr,
n (1) =1/ —X
| Pr 54 ( Ry | 43/, 2 R 4
4GR Z { — g7 ) + Sy, ( ) n(t — g7 ) hRDldSR1< ) hRD2dSR2(Z) hE.D3dSR3( ) hRD4dSR4<Z)
\/Psff +N01 \/Psff +No2 \/Pscf +No3 \/Pscr +Nog
—éf(t)cn(t — T + & (Mt — T}, (10) mPLER ) | NG P | P
%;;S“]S;Nm VAR VORGSR
with the aid of the normalization facter = , / 5—"x—, where hy 1dy 0(0) 4 by 2dy 1) 3SRy pRP1gSRe (|
) ) 5T, TNok \/PsolerNgl \/Psa%JrNoz \/PSO'3S+N03 \/Psa45+N04
o represents a variance of theth source-relay channel. As a |  pRP13Ra(;)  pRP2g%Ra(y)  pRPsgSRe(yy pRPagSR1(y
result of the quasi-simultaneous cooperative transmission of the STS /Pso2+No: \/PSU2+N02 \/P502+N03 /Pso2+Noa

codeword of Egs. (7) (lO) the corresponding received symbols at

nd the noi m-
the destination node®™P(¢) can be expressed as ) and the noise co

nd the corresponding MUI componeifP (;)
ponentNRDl( ) are as follows:

N 4
=D (- rak) e OO (1), (1) TP () = — 4 OH):;(;TT —j(@nfettonF)
n = n nk)e
n=1 k=1 TC\/ GR .TR'+Tnk
where g "k = 05°% — 27 for.x andnrp(t) has a zero mean and , RD,,
a variance ofNyp. Note here that Eq. (11) represents the waveform Z Z AP B (1 — g )& BTt )
superimposition of the ¥ asynchronous relay nodes, corresponding n'#n k/=1
to the N STS codewords. 4 RD.,
+ 37 By (= ) IO )] @
k' #£k
I1l. CDSTS DETECTION ALGORITHM 4 (DT, oo
BBy = _ nRD(t)cil(t — Tnk)efj(%f““””“ "t
At the destination node of Fig. 1, the symbols transmitted from TV Gr o1 TR 4,
the nth source node are detected in a low-complexity manner based (18)

both on the direct source-destination link and on the relay-destinatiBcording to [11], let us denote the rearranged vectorial form of the
links, so that a high diversity gain is achieved without any CSiespread signals as follows:

estimation.

First, the signals received at the broadcast phdS¢t) in Eq. (3) =1 &0 TE? (@) ggi‘(z’) f? (i)}; (19)

are despread similarly to Eq. (4), which is expressed as N2 == 6206 &) &) — &5 ()] (20)
X4 X1/ Xo - \1T

( )= \/IThSD_n( +JSD( )+N§D( ), (12) ():[ 5 ) — &) (1) €773 (21)

s el ’ M) = [- €40 €00 -0 0 @

where we have the MUI-related componei (¢
related componentVsP(g¢), such as

Ly S e

) and the AWGN-
where we haveX = SD or RD. Finally, based on Egs. (19)-(22), the

detector evaluates

JSD

hot exp {j(6h — ¢n”)}

n’#n q=0

(@+1) TS+
X / Sn’
quS +7n

_ SD
(t — T )enr (t — qTS — T )en(t — m)dt  (13) {4PS (h" ) + Z Pso? + Nog
k=1

R [{¢P i) (e R R R A (S OT

(nSRx hSDk)Q} [0 (3)]lak (7)

PsPr



+ Jn(@) + Nn(i), (23)
0
where the operatofR[e] indicates the real part oé and J, (i) I it Goldcode | g l
represents the MUI-related term, originated from Egs. (5), (13) and S ) ]
(17), while N, (i) is the AWGN-related term obeying Egs. (6), 10" ‘Jig‘s(
(14) and (18). Finally, the symbolg, (i) are detected by the low- cos1c
complexity hard decision decoder evaluating Eqg. (23). It can be 107 Proposed
seen from Eq. (23) that if the multiuser interference is efficiently & EDSTY
suppressed, our system may benefit from a maximum diversity order 103 L[ @ fmax™0
of five. © max~Te
v rmaxzzz-c
10 H Foa . =4T
IV. BAsSIC PROPERTIES OFLS CODES . r::zznz
As represented by the ternd,(i) in Eqg. (23), the attainable 10° : ‘ ‘ |
performance of our CDSTS system is affected by the MUI, therefore 0 0 10 20 30-10 0 10 20 30
dependent on the spre_ading codes employed. In order to mitigate the Eb/NO [dB] Eb/NO [dB]
performance degradation due to the MUI, we employ LS codes [12] @ (b)

as the spreading codes in our CDSTS system, which exhibit a so-
called IFW, where the off-peak aperiodic auto-correlation values ggy. 2. Achievable BER performance of our CDSTS system in frequency-flat
well as the aperiodic cross-correlation values become zero, resultiading channels for the maximum delay values ranging framx = 0 to
in zero ISI and zero MAI, provided that the maximum delay of théZ.. comparing (a) LS codes and Gold codes and (b) our CDSTS scheme
asynchronous transmissions is within the width of the IFW. and Jing's CDSTC scheme [6].
Here we only highlight the basic characteristics and the parameters
of the LS codes employed, since the design of LS codes was detailed
for example in [10] and in the references therein. To be specific, ISSheme. As mentioned above, LS codes are employed as our DS-
codes are constructed with the aid of B¢ x Prs)-dimensional CDMA spreading codes, where the source nodes have the LS codes
Walsh-Hadamard matrix as well as an orthogonal complementarly LS(Nws, Pus, Wo) = LS(8,4,7), while the relay nodes employ
code set of lengtivy,s. More specifically, by insertingly zeros both LS(Nus, Pus, Wo) = LS(8,16,7), indicating that the corresponding
at the beginning and in the center of the complementary code payidth of the IFW is 7. For instance, assuming that the system has
we can generat&,s LS codes having an IFW ohin{N.s —1,W,} @ chip rate of 1.2288 Mchips/sec, the width of the IFW beconigs 7
chip durations, where the corresponding code length of the LS code$.7 us. Furthermore, the power allocated to the souce and to the
is L = NpsPLs + 2W,. According to [10], the parameter-basedelay nodes was set tBs = Pr = 0.5, as suggested in [6].
notation of LS codes is given by (87s, PLs, Wo). Fig. 2(a) shows the achievable BER performance of our CDSTS
On the other hand, a particular drawback of LS codes is that theystem in conjunction with the different maximum delay values of
have a limited code set. For example, consider the set of LS codgs, = T., 2T., 4I. and 7., where the source-relay channels
LS(Nus, Pus, Wo) = (4, 8, 3), having an IFW oW, = 3 chip were assumed to be perfect. In addition to the above-mentioned LS
durations and the code length 6f= NpsPrs + 2Wo = 38 chips. codes, Gold codes are also considered as spreading codes in order
In this case the corresponding number of LS codes becomes as lowcashow the effects of diverse spreading codes on the achievable
PLs = 6, while that of the Gold codes having a similar code lengtperformance, noting that Gold codes constitute well-known spreading
of L = 31 chips is 33. Therefore, considering the employment @bde having relatively good asynchronous cross-correlation properties
LS codes in a practical system, it is generally beneficial to combifig]. Furthermore, we also characterized the non-cooperative differen-
DS-CDMA using LS codes with other multiple access schemes. Fgl transmission scenario associated with= 1, where the source
example, we may combine LS-code based CDMA with Frequeneydes communicate with the destination node without relying on any
Division Multiple Access (FDMA), Time Division Multiple Access cooperating nodes. Observe in Fig. 2(a) that regardless of the maxi-
(TDMA) and Spatial Division Multiple Access (SDMA). For this mum delay values,,.x, the LS code-based CDSTS system attained a
reason, a hybrid TD-CDMA based channel allocation scheme hifgh diversity gain, outperforming the non-cooperative scenario. This
employed in our LS code-aided CDSTS system, which is reminiscéntplies that the MUI-induced degradations are overcome by the LS

of the TDMA/CDMA philosophy of the 3G systems [12]. code’s IFW. On the other hand, it can be seen that the performance
of the Gold code-based CDSTS system is seriously deteriorated by
V. PERFORMANCE ANDDISCUSSION the effects of synchronization errors. In fact, the performance became

In this section we provide performance results in order to charact&ken worse than that of the non-cooperative system.
ize our CDSTS system, which are then followed by our discussions,Fig. 2(b) compares our CDSTS with the CDSTC benchmarker
including our future studies and challenges. We consider a BPSpresented by Jing and Jafarkhani [6], which employs a TDMA-
modulated CDSTS system supporting= 4 source nodes, each of based orthogonal channel allocation scheme. Therefore, unlike the
which is supported byVg = 4 source-specific relay nodes that areTD-CDMA based channel allocation scheme of our CDSTS, Jing’s
allocated prior to communications. The synchronization defaysf CDSTC arrangement does not cause any MUI, although the relay
the source nodes and those of the associatkdelay nodes ., are nodes’ asynchronous nature was not taken into account. We assumed
uniformly distributed in [0;7max], Wherery,ax is the maximum delay in Jing’s CDSTC benchmark scheme that the symbol duratiorifvas
value, ranging from 0 to 7. in our simulations. We assumed thatand a(4 x 4)-element real-valued square system-matrix contained the
the source-destination and the relay-destination channels were narthogonal codes [6] employed for the STC scheme, while employing
dispersive Rayleigh fading channels, while the source-relay channitle ML detector at the destination node. Additionally, since the
were either Rayleigh fading or perfect channels. We note here thiitect source-destination link was not considered in the benchmark
the term ‘perfect channel’ indicates a lossless channel, leading to #ystem [6], the source-destination link in our CDSTS system was
ideal relaying performance in the context of the decode-and-forwaatbo ignored in order to enable a fair comparison, although this gives



for the sake of circumventing the asynchronous nature of the relay

10° Goldoode nodes. However, the number of LS codes exhibiting a sufficiently
) vﬂ/ —= L wide IFW is limited. Hence LS codes strike a design tradeoff between
10! Y LScode } the code lengthlrs, the number of code#rs and the IFW width
~. _Nocooperation Wo. To extend the degree of design freedom and hence accommodate
102 | large synchronous delays, Multi-Carrier (MC) transmission can be
~ ~o incorporated into our CDSTS system, as described in [10]. More
A N specifically, the IFW duration of the LS codes can be extended by a
107 ¢ o> . . . .
S factor of the number of subcarriers, since the chip duration of each
N subcarrier is proportionately increased.
. ® RAKE v-1 N\
10% = o RAKEv=2
v RAKEv=4 VI. CONCLUSION
109 : In this contribution we proposed a practical cooperative differential
-10 0 10 20 30

space-time diversity protocol, where neither channel estimation nor
Eb/NO [dB] symbol-level synchronization is required at the nodes. More specif-
ically, cooperative space-time diversity is achieved with the aid of
Fig. 3. Achievable BER performance of our CDSTS scheme in frequencyy | S code-based STS scheme relying on cooperating asynchronous
selective channels for different number of RAKE fingerss 1, 2 and 4 at . . . .
the destination receiver, where we considered a correlated tapped line chaﬂﬁ)(ges' Our simulation results demonstrate that unlike th? previously-
model associated wittl;., = 4 taps and the tap correlation factor pf=  proposed CDSTC of [6], the proposed CDSTS scheme is capable of
0.5. The maximum delay value was setrt@ax = 37e. combating the effects of asynchronous transmissions, provided that
the maximum synchronization delay of the relay nodes is within the

width of the IFW. Furthermore, our CDSTS scheme is capable of

rise to a reduction in the resultant diversity order of our system. TI§€aning path diversity gain in addition to space-time diversity gain
source-relay channels were assumed to be Rayleigh fading channi$) the aid of RAKE combining at the destination receiver.
Observe in Fig. 2(b) that our CDSTS and Jing’s CDSTC [6] schemes
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