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Abstract:Spaceshiftkeying(SSK)isaspectrallyefficientandlow-complexitytechniquethatonlyusesantennain-
dextoconveyinformation.CombiningSSKwithcooperativecommunication,thetransmissionreliabilityofSSK
systemcanbeimprovedeffectively.Inthispaper,consideringimperfectchannelinformation,theperformanceof
cooperativeSSKsystemwithamplify-and-forward(AF)relayingprotocolisinvestigated,andtheeffectofestima-
tionerrorontheperformanceisanalyzed.Accordingtotheperformanceanalysis,theprobabilitydensityfunction
andmomentgeneratingfunctionofeffectivesignal-to-noiseratioarederived,respectively.Usingtheseresults,the
closed-formexpressionofaveragebiterrorrate(BER)canbeachieved.Meanwhile,theasymptoticallyapproxi-
matedBERandthecorrespondingdiversityorderanalysisarepresentedfortheperformanceevaluation.Bycom-
putersimulations,thevalidnessofthepresentedtheoreticalanalysisisverified,andthetheoreticalBERswithdif-
ferentestimationerrorsareshowntobeclosetothoseofthecorrespondingsimulations.
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0 Introduction
Cooperativerelaying,asapromisingtechnol-

ogytoimprovespectralefficiencyandlinkrelia-
bility,hasattractedmuchattentions[1,2].Inaco-
operativecommunicationsystem,therelayaids
tothetransmissionoftwonodeswithdifferent
protocolsandbringsaboutdiversitygain.Ampli-
fy-and-forward(AF)isoneoftherelayingproto-
cols,wheretherelayamplifiesandtransfersthe
signalssentbythesourcetothedestination.For
itssimpleimplementation,AFhasbeenwidely
employedincooperativecommunication.

Spaceshiftkeying(SSK)activatesonlyone
antennatotransmitinformationatanytimeslot,

sothattheneedfortransmitantennasynchroniza-
tionandinter-channelinterferencecanbeelimina-
ted[3,4].InSSK,theactivetransmitantennain-
dexistheuniquewaytoconveyinformation.

Thereby,theoptimaldetectionatthereceiveron-
lyneedstodetectantennaindices.Forlackofthe
symboldetection,thereceivercomplexityofSSK
isdecreased[5].

ConsideringthelowcomplexityofSSKand
thediversitygainbroughtbycooperativerela-
ying,thecombinationofSSKandcooperative
communicationhasbeenproposedtofurtheren-
hancetheperformance[6-9].InRef.[6],theco-
operativeSSKsystem withAFanddecode-and-
forwardrelayingwaspresented,andtheaverage
biterrorrate (BER)expressionsarederived.
BasedontheconventionalAFprotocol,Refs.[6,

7]proposedanopportunisticAFrelayingscheme
forthecooperativeSSKsystem,wherethebest
relayischosentotransmitsignals.Spatialmodu-
lation(SM)isanextensionofSSKthatsimulta-
neouslyexploitsantennaindicesandconstellation
symbolstoconveyinformation [8].InRefs.[9,



10],SMisintroducedintothecooperativesys-
tem,andthecorrespondingBERperformanceis
analyzed.Theaboveworksallassumethatthe
channelstateinformation(CSI)isaccuratelyesti-
matedatthereceiver,whileinparticularthein-
fluenceofchannel-estimationerrorneedstobe
considered.TheperformanceofcooperativeDF
andcognitiveradiosystem withSMarestudied
undertheassumptionthattheimperfectCSIisa-
vailableattherelayanddestination[11,12].How-
ever,theseliteraturesfocusontheSMsystem
withDFandonlyconsidersingleantennaatthe
destinationforconvenientanalysis.Thereare
fewworksaddressingthestudyontheperform-
anceoftheAFaidedSSK (AF-SSK)system,

especiallyinthepresenceofimperfectchannel
estimation.

Therefore,inthispaper,wewillstudythe
performanceoftheAF-SSKsystemwithmultiple
receiveantennasunderimperfectchannelestima-
tion,andanalysetheeffectofchannel-estimation
errorontheperformanceofAF-SSK system.
Withtheperformanceanalysis,theprobability
densityfunctions(PDF)andthemomentgenera-
tingfunctions(MGF)ofeffectivesignal-to-noise
ratio(SNR),aswellasthepairwiseerrorproba-
bility (PEP)arederived.Therebytheclosed-
formexpressionofaverageBERisachievedbya
unionupperbound.Moreover,theasymptotical-
lyapproximatedBERathighSNRisalsoana-
lyzed.Usingthisapproximation,thediversity
gainofthissystemisfurtherderivedfortheper-
formanceevaluation.Simulationshowsthatthe
theoreticalBERresultscanmatchthesimulated
valueswellfordifferentchannel-estimationer-
rors,whichverifiesthecorrectnessoftheoretical
analysis,andcanprovidetheeffectiveevaluation
forthesystemperformance.

1 System Model

TheAF-SSKsystemcombiningcooperative
AFrelayingandSSKisshownasFig.1,which
consistsofasourcewithNttransmitantennas,a
single-antennarelayandadestinationwithNrre-
ceiveantennas.Atthesource,theSSK mapper

utilizeslog2Ntbitstodeterminetheactivetrans-
mitantennaindexi,i∈ 1,N[ ]t .Atthedestina-
tion,withthechannelestimate,theoptimalde-
tectionalgorithmbasedonthemaximumlikeli-
hood(ML)principleisemployed.Theoutputof
SSKmapperisgivenby[13]

xi=[00…1…0]T (1)

Fig.1 CooperativeAF-SSKsystemmodel

wherexiisanNt-dimensionalsymbolvector,and
theuniquenonzeroelementisinthei-throw,

whichmeansthatthei-thantennaisactivated.
Basedonthebasicideaofcooperativecommunica-
tion,thetransmissionprocessisdividedintotwo
phases.Inthefirstphase,thesourcetransmits
thesignaltotherelayandthedestination.The
receivedsignalsoftherelayandthedestination
arerespectivelygivenby

ysr= PshT
srxi+nsr (2)

ysd= PsHsdxi+nsd (3)

wherePsisthetransmissionpowerofthesource,

hsraNt×1channelvectorofsource-to-relaylink,

andHsdaNr×Ntchannelmatrixofsource-to-des-
tinationlink.Inthesecondphase,therelayam-
plifiesthereceivedsignalysrandtransfersittothe
destination,thusthereceivedsignalatthedesti-
nationisexpressedas

yrd=hrd(Aysr)+nrd (4)

wherehrdisaNr×1channelvectorofrelay-to-
destinationlink.Theentriesofhsr,Hsdandhrdare
zero-meancomplex Gaussianrandom variables
withvarianceofδ2sr,δ2sdandδ2rd,respectively.The
varianceisdefinedasδ2=d-α,wheredisthedis-
tancebetweentwonodesandαispath-lossexpo-
nent.nsr,nsd andnrd arezero-meancomplex
GaussiannoiseswiththevarianceofN0.Aisthe
amplificationfactorandcanbewrittenasA =

Pr

Psδ2sr+N0
,wherePristhetransmitpowerat
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therelay.LetPtbethetotaltransmitpower,Ps+
Pr=Pt,thenthecorrespondingaverageSNRis

expressedas췍γ=Pt

N0
.

Inpractice,itishardtoachievetheperfect
channelinformationduetotheestimationerror.
Forthisreason,wewillconsiderimperfectchan-
nelestimationintheperformanceanalysis.Let
췍hmnrepresentstheestimatedchannelcoefficient,

m,n∈{s,r,d},thustherelationbetweentheac-
tualandestimatedvaluecanbegivenby[14]

hmn =췍hmn +emn (5)

whereemnisthechannel-estimationerror,andit
followsthecomplexGaussiandistributionwith
zeromeanandvarianceσ2emn .Theestimate췍hmnis
independentofemn ,andmodeledasazero-mean
complexGaussiandistributedvariablewithvari-
ance췍δ2mn=δ2mn-σ2emn .AccordingtoRefs.[14]and
[15],thevarianceofestimationerror,σ2emncanbe
setasadecreasingfunctionofSNR.

SubstitutingEq.(5)intoEqs.(3)and(4),

thereceivedsignalsysdandyrdcanberespectively
expressedas

ysd= Ps췍hi
sd+ Psei

sd+n
췍 췍췍——— ———sd

췍nsd

(6)

yrd=A Ps췍hrd췍hi
sr+

A Ps h
~
rdei
sr+erd췍hi

sr+erdei( )sr +Ah
~
rd+e( )rd nsr+n

췍 췍췍———————————— ————————————rd
췍nrd

(7)

where췍hi
sd,ei

sdarethei-thcolumnofHsdandthe
channel-estimationerrormatrixEsd,and췍hi

sr,ei
sr

arethei-thelementsofhsrandesr,respectively.
Thevarianceof췍nsdisσ2췍nsd =Psσ2esd +N0.Forthe
convenienceofanalysis,thevarianceof췍nrdcanbe
approximatedasσ2췍nrd ≈ A2 췍hrd 2

F Psσ2esr+N( )0 +
Prσ2erd+N0

[11].Usingthisresult,thenormalized
signalscanbewrittenas

췍ysd= T췍hi
sd+n1 (8)

췍yrd= G췍hrd췍hi
sr+n2 (9)

whereT=Ps

σ2췍nsd
,G=A2Ps

σ2췍nrd
,n1=

췍nsd
σ췍nsd
andn2=

췍nrd
σ췍nrd

.

Withthereceivedsignalsandthechanneles-
timatesatthedestination,thedetectionalgo-
rithmbasedontheMLprincipleiswrittenas[13]

î=argmin
j∈ 1,N[ ]t

T 췍hj
sd

2
F-2 TRe췍yH

sd췍hj{ }sd[ +

G 췍hrd 2
F|췍hj

sr|2-2 GRe췍yH
rd췍hrd췍hj{ } ]sr (10)

  Therefore,theestimateofactivetransmit
antennaindex̂icanbeattained.

2 PerformanceAnalysisofAF-SSK
System

Inthissection,theperformanceofcoopera-
tiveAF-SSKsysteminthepresenceofimperfect
channelinformation willbeanalyzed,andthe
closed-formexpressionofaverageBERwillbede-
rived.UsingthedetectionalgorithminEq.(10),

theantennaindexisdetectedbyminimizingDj,

whichisexpressedas

Dj=T 췍hj
sd

2
F-2 TRe췍yH

sd췍hj{ }sd +

G 췍hrd 2
F|췍hj

sr|2-2 GRe췍yH
rd췍hrd췍hj{ }sr (11)

  Ifthei-thantennaisactivatedatthesource
andtheestimateofantennaindexatthedestina-
tionisj,j≠i,thenwecanobtain

Dj≠i=T췍hj
sd

2
F-2 PsRe T(췍hi

sd)H췍hj
sd+nH

1췍hj{ }sd +

G 췍hrd 2
F 췍hj

sr
2-2 GRe{G(췍hi

sr)H 췍hrd 2
F췍hj
sr+

nH
2췍hrd췍hj

sr} (12)

  Ifthedetectioniscorrect(i.e,j=i),then
Eq.(12)canbesimplifiedas

Dj=i=T 췍hi
sd

2
F-2 PsRe T 췍hi

sd
2
F+nH

1췍hi{ }sd +

G 췍hrd 2
F 췍hi

sr
2-2 GRe{G 췍hrd 2

F 췍hi
sr

2+
nH
2췍hrd췍hi

sr} (13)

  WithEqs.(12)and(13),theconditional
PEPgivenby{췍Hsd,췍hsr,췍hrd}iswrittenas
pepi→j 췍Hsd,췍hsr,췍h( )rd =Pr(Dj≠i<Dj=i)=
PrT 췍hi

sd-췍hj
sd

2
F+G 췍hrd 2

F 췍hi
sr-췍hj

sr
2 <췍( )n

(14)

where
췍n=2 TRenH

1 췍hj
sd-췍hi( ){ }sd +2 GRe{nH

2hrd(췍hj
sr-

췍hi
sr)},anditcanbeapproximatedasazero-mean
Gaussianrandomvariablewithvariance

σ2췍n =2(T 췍hj
sdxm -췍hi

sdxq
2
F+

G hrd 2
F 췍hj

srxm -췍hi
srxq

2) (15)

  UtilizingthePDFof췍n,whichisf췍n ( )t =
1
2πσ2췍n

exp- t2
2σ2췍

æ

è
ç

ö

ø
÷

n
,Eq.(14)canberewritten

as
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pepi→j 췍Hsd,췍hsr,췍h( )rd =∫
∞

T 췍hisd-
췍hjsd

2
F+G 췍hrd

2
F
췍hisr-

췍hjsr
2

1
2πσ2췍n

exp-t2
2σ2췍

æ

è
ç

ö

ø
÷

n
dt=

Q T 췍hi
sd-췍hj

sd
2
F+G 췍hrd 2

F 췍hi
sr-췍hj

sr
2

σ췍
æ

è
ç

ö

ø
÷

n
=

Q T 췍hi
sd-췍hj

sd
2
F+G 췍hrd 2

F 췍hi
sr-췍hj

sr
2 æ

è
çç

ö

ø
÷÷

2
=

Q Ps 췍hi
sd-췍hj

sd
2
F

2Psσ2esd +N( )0
+

PsPr 췍hrd 2
F

췍hi
sr-췍hj

sr
2 

2
Pr 췍hrd 2

F Psσ2esr+N( )0 + Prσ2erd +N( )0 Psδ2sr+N( )

æ

è

ç
çç

ö

ø

÷
÷÷

0

=

Q Ps 췍hi
sd-췍hj

sd
2
F

2Psσ2esd +N( )0
+

Pr 췍hrd 2
F

Prσ2erd +N0

Ps 췍hi
sr-췍hj

sr
2

2Psσ2esr+N( )0

Pr 췍hrd 2
F

Prσ2erd +N0
+æ

è
ç

ö

ø
÷

æ

è

ç
ç
ç
ç

ö

ø

÷
÷
÷
÷C

(16)

whereC= Psδ2sr+N( )0

Psσ2esr+N( )0
.

Using γsd = Ps 췍hi
sd-췍hj

sd
2
F

2Psσ2esd +N( )0
, γrd =

Pr 췍hrd 2
F

Prσ2erd +N0
,γsr=Ps 췍hi

sr-췍hj
sr

2

2Psσ2esr+N( )0
yields

pepi→jγsd,γ( )srd =Q γsd+ γsrγrd
γrd+

æ

è
ç

ö

ø
÷

C
=

Q γsd+γ( )srd (17)

whereγsrd= γsrγrd
γrd+C.Then

,withEq.(17),the

averagePEPisgivenby

PEPi→( )j =∫
∞

0∫
∞

0
pepi→jγsd,γ( )srd ×

fγsd
(γ)fγsrd

(γ)dγsrddγsd=

∫
∞

0∫
∞

0
Q γsd+γ( )srd fγsd

(γ)fγsrd
(γ)dγsrddγsd

(18)

  Basedon ( )Qx =π-1∫
π/2

0
exp- x

2sin2( )
æ

è
ç

ö

ø
÷

θ dθ,

wecanobtain

PEPi→( )j =1π∫
π
2

0
Mγsd

1
2sin2
æ

è
ç

ö

ø
÷

θ Mγsrd
1

2sin2
æ

è
ç

ö

ø
÷

θ dθ

(19)

whereMγsd ( )· andMγsrd ( )· areMGFsofγsdand
γsrd,respectively.

Lett=sinθandusingthetransformationof
variables,Eq.(19)canberewrittenas

PEPi→( )j = 1
2π∫

1

0
Mγsd

1
2t
æ

è
ç

ö

ø
÷

2 Mγsrd
1
2t
æ

è
ç

ö

ø
÷

2
1
1-t2

dt≅

N-1
p

2 ∑
Np

u=1
Mγsd

(1/2φ2u)Mγsrd
(1/2φ2u) (20)

whereφu =cos((2u-1)π/(2Np)),andNpisthe
orderoftheChebyshevpolynomial[16].

BasedonthedefinitionsinEq.(17),the
PDFsofγsd,γsrandγrdoverRayleighchannelare
respectivelygivenby

fγsd
(γ)= 1

Γ(Nr)췍γsd
γ
췍γ
æ

è
ç

ö

ø
÷

sd

Nr-1

exp- γ
췍γ

æ

è
ç

ö

ø
÷

sd
(21)

fγrd
(γ)= 1

Γ(Nr)췍γrd
γ
췍γ
æ

è
ç

ö

ø
÷

rd

Nr-1

exp- γ
췍γ

æ

è
ç

ö

ø
÷

rd
(22)

fγsr
(γ)=exp-γ/췍γ( )sr /췍γsr (23)

  Correspondingly,thecumulativedistribution
function(CDF)ofγsrisobtainedby

Fγsr
(γ)=1-exp(-γ/췍γsr) (24)

where췍γsd= Ps췍δ2sd
Psσ2esd +N( )0

,췍γsr= Ps췍δ2sr
Psσ2esr+N( )0

,

and췍γrd= Pr췍δ2rd
Prσ2erd +N( )0

.

WiththePDFofγsd,thecorrespondingMGF
canbederivedas

Mγsd
(s)=L{fγsd

(γ)}=(1+췍γsds)-Nr (25)

  UsingEqs.(22)and(24),theCDFofγsrdis
givenby

Fγsrd
(γ)=Pr γsrγrd

γrd+C<
æ

è
ç

ö

ø
÷γ =

∫
∞

0
Fγsr

γγrd+( )C
γ

æ

è
ç

ö

ø
÷

rd
fγrd
(γrd)dγrd=

1- 2
Γ(Nr)

e-γ
췍γsr

γC
췍γsr췍γ

æ

è
ç

ö

ø
÷

rd

Nr
KNr 2

γC
췍γsr췍γ

æ

è
ç

ö

ø
÷

rd

(26)

whereKv(·)isthev-thordermodifiedBessel
functionofthesecondkind[17].ThentheMGFof
γsrdisderivedas

Mγsrd
(s)=sLFγsrd

(γ{ })=

1-s췍γsr췍γrdNr

C z Nr+( )1 /2ez/2W- Nr+( )1 /2,Nr/2
(z)

(27)
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whereL{ }· representsLaplacetransform,z =
C/[췍γrds췍γsr+( )1 ],andWλ,μ ( )z istheWhitakker
function[17].

SubstitutingEqs.(25)and (27)intoEq.
(20),theaveragePEPcanbewrittenas

PEPi→( )j ≅N-1
p

2 ∑
Np

u=1

(1+
췍γsd
2φ2u
)-Nr×

1-
췍γsr췍γrdNr

2φ2uC
︵z(Nr+1)/2e︵z/2W-(Nr+1)/2,Nr/2

(︵zé

ë
êê

ù

û
úú)

(28)

where︵z= 2Cφ2
u

[췍γrd췍γsr+2φ2( )u ].Withthisresult,

theaverageBERcanbeobtainedbyaunionupper
bound[18]

Pe≤∑
Nt

j=1
∑
Nt

i=1

Ni→( )j
Ntlog2(Nt)

PEPi→( )j =

(Nt/2)PEPi→( )j (29)

whereNi→( )j isthenumberoferrorbitsbe-
tweentheactualactiveantennaindexiandthees-

timatej,and∑
Nt

j=1
∑
Nt

i=1
Ni→( )j =N2

t

2log2Nt.

SubstitutingEq.(28)intoEq.(29),the
closed-formBERexpressionoftheAF-SSKsys-
temwithchannelestimationerrorcanbederived
as

Pe≤ Nt

4Np
∑
Np

u=1

(1+
췍γsd
2φ2u
)-Nr·

1-
췍γsr췍γrdNr

2φ2uC
︵z

Nr+1
2 e

︵z
2W-(Nr+1)/2,Nr/2

(︵zé

ë
êê

ù

û
úú) (30)

  BasedonEq.(30),thetheoreticalaverage
BERcanbeachieved,anditisshowntohavea
goodagreementwiththecorrespondingsimula-
tionforbothimperfectCSIandperfectCSI(i.e.,

σ2esd =σ2esr=σ2erd =0).

3 AsymptoticBERAnalysisandDi-
versityGain

Inthissection,theasymptoticperformance
oftheAF-SSKsystemunderlargeSNRisana-
lyzed,andasymptoticallyapproximatedexpres-
sionofaverageBERisderived.Withthisapprox-
imation,thediversitygainofthesystemisat-
tained.

Using the series representation of
Kv ( )· (whichisEq.(8.446)in Ref.[17]),

Kv 2( )x withsmallxcanbeapproximatedas

Kv 2( )x ≈ 12∑
v-1

j=0

(-1)j v-j-( )1 !
j!

x2k-v+

(-1)v+1 xv

v! ln
(x)-12ψ

(1)-12ψ
(v+1é

ë
êê

ù

û
úú)

(31)

whereψ(·)isthepsifunction
[17].

PluggingEq.(31)intoEq.(26),andcon-
sideringC≈췍γsr,theapproximateCDFofγsrdcan
beexpressedas

Fγsrd ( )γ ≈1- e-γ
췍γsr

Γ(Nr

é

ë

ê
ê
ê

) ∑
Nr-1

k=0

Γ(Nr-k)
Γk+( )1

(- γ
췍γrd
)k-

- γ
췍γ

æ

è
ç

ö

ø
÷

rd

Nr

Γ(Nr+1)
ln γ
췍γ
æ

è
ç

ö

ø
÷

rd
-ψ(1)-ψ(Nr+1æ

è
ç

ö

ø
÷

ù

û

ú
ú
ú

) ≈

1-e-γ
췍γsr - e-γ

췍γsr

Γ(Nr

é

ë

ê
ê
ê

) ∑
Nr-1

k=1

Γ(Nr-k)
Γk+( )1

(- γ
췍γrd
)k-

- γ
췍γ

æ

è
ç

ö

ø
÷

rd

Nr

Γ(Nr+1)
ln(γ췍γrd

)-ψ(1)-ψ(Nr+1æ

è
ç

ö

ø
÷

ù

û

ú
ú
ú

) ≈

γ
췍γsr

- 1
Γ(Nr

é

ë

ê
ê
ê

) ∑
Nr-1

k=1

Γ(Nr-k)
Γk+( )1 - γ

췍γ
æ

è
ç

ö

ø
÷

rd

k

-

- γ
췍γ

æ

è
ç

ö

ø
÷

rd

Nr

Γ(Nr+1)
ln γ
췍γ
æ

è
ç

ö

ø
÷

rd
-ψ(1)-ψ(Nr+1æ

è
ç

ö

ø
÷

ù

û

ú
ú
ú

)

(32)

wherethethirdapproximateequationisobtained

basedontheapproximationthatexp-γ
췍γ

æ

è
ç

ö

ø
÷

sr
≈1-

γ
췍γsr
andexp-γ

췍γ
æ

è
ç

ö

ø
÷

sr
≈1forverylargeSNR췍γsr.

WiththeLaplacetransform,theMGFofγsrd
isapproximatedas

Mγsrd ( )s ≈ 1
췍γsrs- 1

Γ N( )r ∑
Nr-1

k=1
Γ Nr-( )k -s췍γ( )rd

-[ k +

-s췍γ( )rd
-Nrlns췍γ( )rd +ψ( )( ) ]1 (33)

  SubstitutingEq.(33)andtheapproximation
Mγsd

(s)≈ s췍γ( )sd
-NrintoEq.(19)yieldstheaver-

agePEPas

PEPi→( )j ≈ 2Nr

π췍γsdNr∫
π/2

0

2
췍γsr
sin( )θ 2Nr+é

ë
êê

2-

∑
Nr-1

k=1

Γ Nr-( )k -( )2 k

Γ N( )r 췍γk
rd
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2
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úúθ dθ
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With(3.621.3)and(4.387.4)inRef.[17],we
canobtain

PEPi→( )j ≈ 2
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  ForNr=1,theaveragePEPexpressionof
Eq.(35)underhighSNRcanberewrittenas

PEPi→( )j ≈
3
4췍γsd

1
췍γ
é

ë
êê
sr

+ 1췍γrd
ln2췍γ( )rd +ψ( )1 -æ

è
ç

ö

ø
÷

ù

û
úú

7
6

(36)

  ThustheapproximateaverageBERisob-
tainedby

Pe≈3Nt

8췍γsd
1
췍γ
é

ë
êê
sr

+ 1췍γrd
ln2췍γ( )rd +ψ( )1 -æ

è
ç
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ø
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ù

û
úú

7
6
(37)

  ForNr≥2,theaveragePEPcanbefurther
simplifiedas

PEPi→( )j ≈
2
췍γ
æ

è
ç
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ø
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sd

Nr 2Nr+( )1 !!
2Nr+( )2 !!

1
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1
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ù

û
úú

é

ë
êê
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(38)

  ThentheaverageBERisapproximatedas

Pe≈Nt
2
2
췍γ
æ

è
ç

ö

ø
÷

sd

Nr 2Nr+( )1 !!
2Nr+( )2 !!

1
췍γsr+

1
Nr-( )1췍γ

ù

û
úú

é

ë
êê

rd

(39)

  WithEqs.(37)and(39),theasymptotically
approximatedBERexpressionsforNr=1andNr≥2
areattained,respectively.Itisshownthatthey
havevaluesclosetothecorrespondingsimulations
underhighSNR.

Inwhatfollows,wewillgivetheanalysisof
thediversitygain.LetPs =r1Pt,Pr =r2Pt,

wherer1+r2=1andr1,r2∈ 0,[ ]1 ,wecanob-

tain췍γsd = r1췍γ췍δ2sd
r1췍γσ2esd +1

,췍γsr = r1췍γ췍δ2sr
r1췍γσ2esr+1

and췍γrd =

r2췍γ췍δ2rd
r2췍γσ2erd +1

.Consideringthattheestimationerror

isadecreasingfunctionofSNR,intermsofRef.

[15],wehaveσ2esd =σ
2
esr=σ

2
erd=

1
τ췍γ
,whereτisthe

lengthoftrainingsequences.Basedonthis,Eqs.
(37)and(39)canberespectivelyrewrittenas

Pe≈3Nt

8췍γ2
r1+τ
r1췍δ2sd [τ
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r1췍δ2srτ+
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÷
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  Withtheresultsabove,wecanevaluatethe
diversityorderGd,whichisanimportanterror
performanceindicator.Gdisdefinedastheslope
ofaverageBERcurveforaverageSNRapproac-
hinginfinity,andcanbederivedas[19]

Gd=lim췍γ→∞ -log
(Pe)

log(췍γ
é

ë
êê

ù

û
úú) =Nr+1 (42)

  Therefore,withtheestimationerrormod-
eledasthedecreasingfunctionofSNR,theAF-
SSKsystemwillobtainthediversityorderofNr+
1.Asaresult,thesystemperformancewillbe-
comebetterastheNrincreases.

4 SimulationResults

Inthissection,theBERperformanceofthe
cooperativeAF-SSKsystemwithimperfectchan-
nelestimationoverRayleighchannelisassessed
byusingthederivedtheoreticalexpressionsand
computersimulations.Thenumberoftransmit
antennasatthesource,Nt=2or4,andthepath-
lossexponentα=3.dsd,dsranddrdarethenor-
malizeddistanceforsource-to-destinationlink,

source-to-relaylinkandrelay-to-destinationlink,

respectively,anddsd∶dsr∶drd=1∶0.5∶0.5.The
orderofthepolynomialNpinEq.(9)is5,and
Ps=Pr=Pt/2.Thevarianceofestimationerror
σ2esd =σ

2
esr=σ

2
erd=σ

2
e.Thesimulationresultsarere-

alizedbyMonteCarlomethod.
InFig.2,weplottheaverageBERofAF-

SSKsystem withestimationerrorsfordifferent
receiveantennas,whereNr=1,2,Nt=2.The

varianceofestimationerrorisgivenbyσ2e =1τ췍γ
withτ=3.ThetheoreticalBERsarecalculatedby
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Eq.(30),andtheycanagreewellwiththecorre-
spondingsimulations.Theasymptoticalapproxi-
matedBERsarecalculatedbyEqs.(37)and(39)

forNr=1and2,respectively,andtheyhaveval-
uesveryclosetothesimulatedonesforlarge
SNR.FromFig.2,wecanobtainthediversity
ordersoftheAF-SSKsystembycomputingthe
slopesofBERcurves,i.e.,theyare2and3for
thesystemwithNr=1andNr=2,respectively.
Theseresultsaccordwiththederivedtheoretical
ordersofNr+1shownasEq.(42).Moreover,

theBERofthesystemwithtworeceiveantennas
(Nr=2)islowerthanthatwithsinglereceivean-
tenna(Nr=1),whichmeansthattheBERper-
formancebecomesbetterwiththeincreaseofre-
ceiveantennasduetohigherdiversitygain.The
resultsaboveindicatethatthetheoreticalanalysis
iseffective,andthededucedexpressionscaneval-
uatetheperformanceofAF-SSKsystemwell.

Fig.2 AverageBERofAF-SSKsystemwithdifferentre-
ceiveantennas(Nt=2)

Fig.3illustratestheBER performanceof
AF-SSKsystemwithdifferentreceiveantennasin
thepresenceofimperfectestimations,whereNr=
1,2,andNt=4.AsshowninFig.3,theresults
similartoFig.2canbefound.Namely,thesys-
temwithNr=2hasbetterperformancethanthat
withNr=1becausetheformerhaslargerdiversi-
tyorderthanthelatter.Moreover,thetheoreti-
calBERscanmatchthecorrespondingsimulated
ones,onlysmallperformancegapisobservedat
verylowSNR.Besides,theapproximatedBERs
arealsoclosetothesimulationsatlargeSNR.All
theseresultsfurthershowthatthederivedtheo-
reticalexpressionsarevalid,andcanprovidegood

performanceevaluationfortheAF-SSKsystem
underimperfectchannelinformation.

Fig.3 AverageBERofAF-SSKsystemwithdifferentre-
ceiveantennas(Nt=4)

Fig.4 AverageBERofAF-SSKsystemwithdifferentes-
timationerrorvariances

Fig.4showsthetheoreticalresultsandsimu-
lationsoftheaverageBERofAF-SSKsystem
withdifferentestimationerrors.Thenumberof
transceiverantennasisNr=Nt=2,andthevari-

ancesofestimationerrorsare0,1췍γ and
1
3췍γ.In

Fig.4,thetheoreticalBERsareconsistentwith
thecorrespondingsimulationsforbothperfect
andimperfectCSI,whichtestifiesthatthede-
rivedtheoreticalexpressionscanaccuratelyde-
scribetheBERperformanceofAF-SSKsystem
underperfectandimperfectCSI.Besides,theav-

erageBERofσ2e =13췍γislowerthanthatofσ
2
e =1췍γ

becauseofsmallerestimationerrorvariance,and
theaverageBERofσ2e=0islowerthanthatofσ2e=

1
3췍γduetonoestimationerror.Theseresultsillus-

tratethattheBERperformanceofAF-SSKsys-
temdegradeswiththeincreaseofestimationerror
variance,asexpected.
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5 Conclusions

Consideringimperfectestimationinformation
inpractice,wehaveinvestigatedtheperformance
ofcooperativeAF-SSKsystemoverRayleighfa-
dingchannel.Inthepresenceofestimationer-
rors,thePDFsandMGFsoftheeffectiveSNR
arerespectivelyderivedfortheperformanceanal-
ysis.Basedonthis,closed-formaverageBERand
thecorrespondingasymptoticalBERarealsode-
duced.UsingtheasymptoticalBER,thediversity
orderisanalyzed.Asaresult,theAF-SSKsys-
temcanachievethediversityorderofNr +1.
Simulationresultsillustratethatthederivedtheo-
reticalBERscanmatchwellwiththecorrespond-
ingsimulationsforimperfectestimationinforma-
tion,andthusthecorrectnessandeffectivenessof
theoreticalanalysisarevalidated.Thereby,the
systemperformancecanbeevaluatedwell.Con-
sideringthattheSMistheextensionofSSK,in
thefutureworks,wewillstudytheperformance
ofthecooperativeSM system with AFinthe
presenceofchannelestimationerrorsothatthe
correspondingsystem performancecanbewell
analyzed.
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