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Abstract

In this paper, an idea of using space-time bloakngp (STBC) in multi-user cooperative diversity Haeen
exploited to improve the performance of the tramsion in wireless local area networks. The thecakti
and simulation results show that, using STBC apgres can always achieve the better performance than
existing techniques without introducing the spageetcoding. By analyzing the throughput and framrere
ratio (FER) of the two different STBC cooperatihemes, we find the trade-off between throughpadt an
reliability. The location of the relay is crucial the performance, which supposes a rule for futuoss-
layer design.

Keywords: Multiple-input-multiple-output (MIMO), Cooperatiorspace-time Block Coding (STBC).

1. Introduction diversity gain has been studied under the name of
cooperative diversity. Traditional cooperative dsrty
transmits the same signals through two differeanaclels

Diversity is a powerful technique to mitigate fagliand as Figure 2. In the first time slot, the source

improve robustness to interference [1], which refar communicates to the relay and to the destinatiothet

the method by conveying the signal to the receoxar same time; in the second time slot, just the relay
multiple independently signal fading channels. The retransmits the signal received at the first tino¢® the
conventional view of transmit diversity is that iagle destination. The relay may simply forward the signa
wireless terminal transmits using an array of rplat received from the source terminal or retransmit the
antennas so that the paths from each antenna to thestimates of the received symbols, obtained byctlete
destination with independently fading. The recent We call it as repeat cooperation. In this paperpresent
research work in this area is the space-time co8Ag) a paradigm for cooperative diversity, which we term

techniques that have been developed for multi-awaten space-time block coding (STBC) cooperation [21],

arrays. STC is an effective coding technique tresu integrating user cooperation with STBC.

transmit diversity to combat the detrimental effeat We summarize here the relevant contributions in the

wireless fading channels [7]. Unfortunately, trarism area of the cooperative diversity. Relay channats space-

diversity methods based on multiple-input-multiple- time code form the basis for our study. The claksiuee-
output (MIMO) approach are not applicable to many terminal communication channels originally examityd
wireless systems because of the size, complexiyep van der Meulen [5]. For the channels with multiple

or other constraints, as for instance, ad-hoc nédsvand information sources, Kramer and van Wijngaarden [6]

sensor networks. On account of these reasonsgconsider a multiple access channel in which thecssu

cooperation between wireless terminals has beemtlgc  communicate to one destination and share one relay.
proposed as a means to provide transmit diversty a Lanemaret al.examines the mode of user cooperation
which shown in Figure 1, where S, R and D representdiversity [2,3] and analyzes space time coding
source, relay and destination terminal, respegtivAl cooperative diversity in nonergodic settings usingage
new method introduced in [2] and [3] to realize @pa probability as a performance measure [4]. They
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NAF model. For source transmits in both two timets|

this protocol can achieve a higher throughput tihamn of

the OAF protocol. And we here consider these tvpesy

of cooperative protocols and compare the performanc

between Golden-Code and the classical Alamouti code

[10]. Besides the distinct benefits of the spaneetcode,

we can see the trade-off between throughput and

reliability during the transmission by analyzingeth

results of throughput and frame error rate. Atlés part,

we give a basic idea about the selection of relay.
Organization of the paper. This paper continues as

follows: Section 2 outlines the multi-user coopeeat

diversity model. Section 3 explains STBC coopemtiv

diversity. Section 4 shows the performance analggis

the simulation results. Section 5 summarizes our

conclusions.

2. Multi-User Cooperative Diversity Model

We consider wireless network in which two termireals
communicating with a base station. The channel &etw
each terminal and the base station are indeperafent
each other, and independent of the channel betéeen
terminals. All channels are subject to flat (fregeenon-
selective) fading in order to isolate the beneditspatial
diversity. Considering the multi-user cooperative
diversity model, signal is to be transmitted frotret
source terminaSto the destination termin& with the
assistance of the relay termirial All the terminals are
equipped with single antenna. Throughout the payer
assume that a terminal cannot transmit and receive
simultaneously. the channefs>D, S~R andR—D are
known to the destination terminal.

demonstrated the extent to which space-time coding The signal transmits procession is like following:

cooperative diversity achieves higher diversityesrthan
repetition-based schemes for larger spectral effaies

During the first time slot, the source communicatéth
the relay and destination. In the second time $loth

in theorem. The model they analyzed is a selectivethe relay and source communicate with the destinati

orthogonal amplify and forward (OAF) protocol, wher
source transmits the vector of encoded data irfitse
time slot and relay retransmits the received vetipr
adjusting the power. The non-orthogonal amplify-and
forward (NAF) scheme was proposed by Nabaral.
[8,9] for the single-relay channel, where soure@s$mits
all the time but the relay only transmits on evanet
slots. They consider three different time-division
multiple-access-based cooperative protocols that thee
degree of broadcasting and receive collision ihegithe
amplify-and-forward (AF) or decode-and-forward (DF)
modes. And the results indicate that optimal spaxe-
code design in the single relay case consiststisfygag
the classical rank and determinant criteria folaoated
antennas. These academic works sustain the pdagsibil
existence and benefits for deploying space-timengpd
cooperative diversity protocols in practice.

This paper examines a new2 full-rate space-time
code (Golden-Code) [12] in the single-relay coopeea

Copyright © 2008 SciRes.

Figure 3 shows the detail of the time sequence.

In the AF relaying method [1], the relay simply
amplifies and retransmits the signal received frihm
source (the signal received at the relay is distbiy
fading and additive noise). No demodulation or dieog
of the received signal is performed at relay is ttase.

The signals received by the destination and ratay i
the first time slot can be defined as

ysd = Wsdhsdxi + nsd (1)
and

ysr = Wsrhsrxl + nsr (2)
respectively, wherevvzsd and W, are the average signal
energies received by destination over cha®ielD and
S— R, respectively [9].hsg and hg, are the random,
complex-valued and unit-power channel gains betvgen
— D andS— R ngg <> CN(0, Ny, ns;<>CN(0,Nsr)is the

I. J. Communications, Network and System Scie2688, 3, 207-283
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additive noises, and in genevefly = W;. Assuming that the channel coefficient matrbt is
The energy of received signal (3) is given by known or can be estimated, the ML estimate of the

qusrlz): Eqwsrhsr)(:l.lz)+ Eqnsr 2): WERE 4 N, 3) transmitted packets is presented as follows:

In order to retransmit the signal with the same goas
the sender did, the gaif for the amplification is

X= argmxin n- H~><ﬂi (12)

where || « || F represents the Frobenius-2 norm, and x
B= 1 (4) takes all possible finite values depending on tlgead
wWZhZ + N constellation.

Then, the destination receives a superpositiorlafyr
and source during the second time slot:

3. STBC Cooperation Model

Yo = WeghigX, +Vighg B + g (®) STC is a method employed to improve the reliabitify
data transmission in wireless systems by usingipheilt
transmit antennas. It relies on redundant copies of
signal to the receiver in the hope that at leastesof
them may survive the physical path between trarsoms
and reception. Space time codes may be split into t

whereV? is the average signal energy received at the
destination through channBl— D, the definition ofhy
andn,q are the similar td, andng,.

So the equation (5) can be rewritten as:

Y, =Wyh X, +V, W, B X +n (6) main types: Space-time trellis coding (STTC) [18Ha
L, STBC [17]. We are only concerned here with STBC
wherefi > CN(0,N,) With No=Viho#"Na+ N which acts on a block of data at once (similarlytock
As the summary, the transmission function of this coding) and provide only diversity gain, but arecimu
cooperative diversity is less complex in implementation terms than STTC.
y=Hx+n @) Alamouti coding [10] and Golden-Code [12] are tygdic
where examples of STBC.
A -
v, | X, 3.1. Repeat Cooperation
is the received signal vector and transmitted $igeetor,

Firstly, we present the model shown in Figure pesd
cooperation transmits the same signals through two
={ N } (8) different channels. In the first time slot, the smu
Vg hy Bng + 0y communicates to the relay and to the destinatiothet
same time; in the second time slot, just the relay
is the noise vector; and H is the 2x2 channel matri retransmits the signal received at the first tifog ® the

respectively;

given by destination. Then, the transmission function camdted

_ { W,y 0 } ) as follows:

T lwy hy W,

srVrd mr rd sdhsd Y, = Wsdhsdxl + Ngy (13)
Assuming that the channel coefficient matrix H is Y2 = BVigWerhi g X + BYghygng + g

known or can be estimated, Maximum Likelihood (ML)
decoding can be used at receiver to fully expldve t The cooperative transmission function can be writte
diversity advantage of the scheme. In equation 8, as
noise of first time slot and second time slot do mave y=hx +n (14)

the same powers, the ML estimation can not be used
directly. One solution is normalizing the receiveaise

by a parametep as follows: where
At
Pk, ] oo el
PY> PV Bhg g pWeahgg || X, pn n:|: Ny :|
BVighgng +ng
where
o= l N (11) 3.2. Alamouti Coding Cooperation
BNy + N
N Alamouti proposed a simple MIMO scheme that
Then, equation (10) can be noted as= H x+n . achieves a full diversity gain [17] with a simpleLM

Copyright © 2008 SciRes. I. J. Communications, Network and System Scie2688, 3, 207-283
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decoding algorithm. The transmit signals are maedia

using an M-ary modulation scheme, then the encoderSI’SZ >

takes a block of two modulated signalands2in each
encoding operation and sends it to the transméranas
according to the code matrix:

C = |:X1 X2:| = |:S'L B S;:|
X %] |s s
where *denotes complex conjugate. In this code matrix,
the first column represents the first time slot
(transmission period) in a>X22 MIMO system [11] and

the second column represents the second timeTdiet.
first row corresponds to the signals transmittenhfrthe

(15)

first antenna and the second row corresponds to the 2

signals transmitted from the second one. This iaspli
that the signals are transmitting both in spaceo&sctwo
antennas) and time (two transmission intervalsl, igto
say, space-time coding.

The traditional Alamouti coding is designed for a
two-transmit antenna system. Assuming the cooperati
method using one-relay AF channel, we defihe (x1,
x2) and d2 = (x3, x4). Thus, in the first time slot, the
source sendsli, the relay and destination receive the
signal; in the second time slot, the source analyrsénd
d2 and xr to destination respectively. Then the Alamouti
coding cooperative transmission function can béewias

Y = HX +N (16)
where
x{xl xz}Y{yl yz}
X3 X4 y3 y4
are the transmitted and received signal matrix,

respectively; channel matrix H and noise N are e

Wsd hsd

H [
ﬁ\/rd Wsdhsrhrd

0
Wsr hsd :|

nsdl

N { N }
ﬁvrd hd rLr1+ r-]d1+ rld3 BVd hd Qr2+ mi2+ Igd4

3.3. Golden-Code Cooperation

The Golden-Code is a STBC for 2xMIMO system as
Figure 5, the coding matrix for the model is:

Y Z z Y
— >yl
S1-52% g hi2 Y
ol y =y
/2
S2 Six >y

Figure 4. Alamouti coding in 2 x2 MIMO model.
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Figure 5. Golden-code in 2 2 MIMO model.
a(s+6

=[Z ij 931 )

wheresl, 2, 3, A€ Z[i] are the information signals,

9=1+‘/§,§=¥,a=1—i—ie,ﬁ=1—i—ié the

a(s +6s)

c -1
J5|ia(s,+0s,) a(s+

and

factor i

J5
[12].

The Golden-Code achieves the diversity multiplexing
frontier [13], and in [12] the Golden-Code was prsed
as a full rate and full diversity code for 2 MIMO
systems.

To the cooperative method using one-relay AF
channel, we defindl = {(x1,x2)} andd2 = {(x3, x4)}
which are transmitted in first time slot and secdinae
slot, respectively. The transmission function isikr to
equation (16).

is necessary for energy normalizing purposes

4. Numeral Results

In this section, some simulations are presenteshtiw
the performances of the presented approaches.eln th
following simulations, Rayleigh model is used fdret
fading channel [20], each channel multi-path iseaoz
mean complex Gaussian random variable, and the
distance between all the terminals is assumed sabw.
Transmission energies follow the hypothesis asé& &bl

Table 1. Transmission energies in simulations.

Protocol | 1, time slot [ 24 time slot
Cooperation| wZ=1.0 | w2 =0.5 V4 =0.5
MIMO w2 = w2, =0.5 V2 =v3=0.5

The throughputvas defined as the average number of
available frames that were transmitted in a spetifie
slot. We performed a random experiment consistihg o
10,000 repeated independent trials. The lengthache
frame was fixed tdN = 600 bits. Considering the multi-
pack reception, the throughput can more than 1.

4.1. The Throughput Comparison between the
Repeat Cooperation and STBC Cooperation

We conducted comparisons between the STBC

I. J. Communications, Network and System Scie2€88, 3, 207-283
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cooperation and repeat cooperation scheme. Figarel 6
Figure 7 show the results of throughput versus SR,
6Mbps and 12Mbps transmit rates, respectively. We
observe that all the three schemes can achieve the
maximum throughput with a high SNR @5dB). With a
special coding method, Golden-Code cooperation
scheme achieves a much higher throughput thantiiee o
two. Considering the coding matrix of Golden-Code,
each row contains all the 4 original signals, whiobans
the full-rate of the transmission. The cooperatiethod
transmits 4 available signals ({s1; s2; s3; s4}jiniy 2
time slots, which means the maximum value of
throughput is 2.

As to amamouti coding scheme, each row of the
coding matrix contains 2 original signals énd ). In
every time slot, the system transmits one signdl the
conjugated signal of the other one, whereands. are
surly the redundancy copies of the original signalsat
is why only 2 available signalsi@nds:) can be obtained
at the destination in this scheme while 4 availa@als
({+; =; s; s}) can be obtained by using Golden-Code
scheme. Thus, by using two pair of conjugate sgnal

AL.
12Mbps, 1 Frame = 600 Bits
2 ,/‘:.’I—I—H—I—
1.5 /
=] /
o
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(=) A A A A A A
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Figure 7. Throughput of STBC cooperation and repeat
cooperation schemes (12Mbps).

4.2. The FER Comparison between Non-

ooperation, Repeat Cooperation and STBC
Cooperation

Alamouti coding scheme transmits 2 available signal The simulation results of FER versus SNR between-No

during 2 time slots of the cooperative period, Whic
means the maximum value of throughput can no more
than 1 with the increasing of SNR.

Furthermore, as shown in Figure 2, repeat coomarati
transmits one signal during the first time slot and
retransmits the same one in the second. Cleanbeate
cooperation can just transmit 1 signal during the t
time slots. Thus, its throughput is less than 0.5.

cooperation and cooperation schemes demonstrate aga

that the use of relay-assisted communication is not

always beneficial when compared to direct transioiss
(Non-cooperation scheme) [8]. Figure 8 and Figure 9
reveal that the frame error rate of Non-cooperation
communication is better than that of the simpleeetp
cooperation for a high SNR 85dB).

Further, as expected, cooperation with STBC is
always preferred over Non-cooperation scheme. Thus

From the simulations, we see that with the help of from our simulations, we see that, performance gisin
STBC gains, the STBC cooperation is outperformaépe STBC cooperation improves significantly over Non-

cooperation. And as a reasonable result of anabysis
simulation, the Golden-Code cooperation can clearly
achieve the best throughput among all the threerseh.
This also proves that the design of the space-tioue

cooperation demonstrating the advantage of usifgCST

cooperation. Between the two STBC cooperation
schemes (Alamouti coding and Golden-Code), Alamouti
coding method shows a better performance. As we

could impact the performance of the transmission. discussed, Alamouti coding transmits the redundance

6Mbps, 1 Frame = 600 Bits 6Mbps, 1 Frame = 600 Bits
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Figure 6. Throughput of STBC cooperation and repeat
cooperation schemes (6Mbps).

Figure 8. FER versus SNR for Non-cooperation and
cooperation schemes (6Mbps).
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Figure 9. FER versus SNR for Non-cooperation and
cooperation schemes (12Mbps).
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Figure 10. FER versus SNR for STBC in cooperation and
MIMO schemes (6Mbps).

signals, a original and a conjugate. This is tlesoa that
it has a lower error rate in the destination wiBlelden-
Code just intersperses original signal among afispaf
the transmit signals.

Comparing with the simulation results about the
throughput of these two STBC cooperation schemes, w
see that, Alamouti coding have a lower throughpuite
higher reliability than that of Golden-Code. As a
summary, there is always a trade-off between the
throughput and the reliability.

4.3. The FER Comparison between STB
Cooperation and MIMO Schemes

Figure 10 and Figure 11 show us the FER of coojoerat
and MIMO system referring to the different SNRs.
According to the simulation results, the MIMO syste
achieve lower FER than the corresponding cooperativ
schemes. This supports that MIMO channels allowing
multiplexing gain [14,15] which is absent in cocgtire
relaying channel since time is expended in thesdatt
Thus, using MIMO system always obtains the gain of
spatial diversity. And as expected, the Alamoutiling
method has a better performance than the corresgpnd

Copyright © 2008 SciRes.
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Golden-Code method. The simulation result demdastra
again that there is a trade-off between the thrpughnd
the reliability.

4.4. Effect via the Movements of the Relay

The main building blocks of a wireless network dasi
are rate control, power control, medium access
(scheduling) and routing. These building blocks are
divided in layers. Typically, routing is consideréed a
routing layer and medium access in a MAC-layer, rede
power control and rate control are sometimes censitl

in a PHY-layer and sometimes in a MAC-layer.

So far, the three station$,(R, D were positioned
equidistantly and therefore all the three chanhats the
fixed distance. Let us denote the distance betweearce
and destination adsd, distance between source and relay
asdsrand distance between relay and destinatiodras
DenoteSNRd4, SNRr, SNRdsas SNR between the source
and destination during the 2 time slots. We have

1
SNR, O [dsrj
1
SNR, O [drd J
where v is the path loss exponent. In the following
analysis, we assume that 4 for urban environment [18].

In this section, the relay is moved, so the distanc
between the relay and source, the relay and déstina
will change at the same time. The effects on tgaadi
quality when moving the relay between the sourcg an
destination using Golden-Code cooperation with 6Mbp
and 12Mbps transmission rate are shown in Figure 12
and Figure 13, respectively. In the simulationse th
distance between the sender and the destinatiset i®

one, and therefore the SNRs shown in the X-axanlig
valid for the direct links— D.

(18)

1
SNR, O —
o

sd

12Mbps, 1 Frame = 600 Bits
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Figure 11. FER versus SNR for STBC in cooperation and
MIMO schemes (12Mbps).
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6Mbps, BPSK, 1 Frame=600 Bits performance of MIMOs is always better than that of
= e cooperation with allowing multiplexing gain. The
\\.i\l\ L location of the relay is crucial to the performance
o1 \\:\ The best performance was achieved when the relay is
S —— in the middle of source and destination. And inegah
\\ the relay should not be to far from the line betwére
o Woa two terminals.
k*\‘ We believe several areas of future research on
- cooperative communication will be fruitful. Firstlyhe
e generalization of the one hop space-time coded
DsdDsrDrd=1 cooperation to multi-hop case. Most of the researoik
Dsd:Dsr;Drd=10 about cooperative communication concerns the single
5 10 s 20 25 30 3% 40 48 hop (single-relay or multi-relay) transmission. Nadays,
multi-hop ad-hoc network can be found in everywhere
Figure 12. Benefit results when the relay is locatebetween and the protocol adapted to multi-hop environment
the source and the destination (6Mbps). always derives from that of the single-hop. Secpnttiie
integration and interaction with higher layer netikvo
protocols can be explored. Recently, the need for
protocol adaptation and code cooperation of wigeles
communication system suggested a new concept of
protocol architecture, named cross-layering archite.
Different protocols implemented at different pratbc
layers may be designed to have mutually cooperative
a . . . :
\, reactions, based on sharing the information betwiken
"\\;\ different layers. Obviously, a cross-layer approtct is
based on metrics computed at physical layer as &R
minimal distance in the decoding process is under
Dsd Dsr Drd= investigation. Such approach will pe of a certaiterest
S 0 s 0 % a0 w w0 s for MAC and Network levels, taking advantage of the
SNRIdB] information measured or estimated at the physagrl
Our contribution will concern, mainly, link adaptat
and frames scheduling at MAC level. Lastly,
generalization of the STBC approach to meshed n&two

The best performance is achieved when the relay isWhile considering multi-channel  cooperation, - radio
situated in the middle of the source and destinatio resources management and link adaptation will be ou

ou
;fﬁi/

Frame Error Ratio (FER)
o
=4

0.001 .

0.0001
0

12Mbps, QPSK, 1 Frame=600 Bits

7
v

a
w
'\

o
o

Frame Error Ratio (FER)

sd:Dsr:Drd=1:0.5:05 —e—
Dsd:Dsr:Drd=1:0.1:0.9 —&— ¥
1:Q.9:0.1 —;—
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0

Figure 13. Benefit results when the relay is locatebetween
the source and the destination (12Mbps).

which means the better channel qualitBat R andR—~ crucial objective in perspective.

D. And this can be a rule for a relay-selection rodtht

MAC-layer using the information of PHY-layer. 6. Acknowledgement
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