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ABSTRACT

Multipath fading and spectral scarcity are the main causes of performance degradation of
wireless communication systems. Antenna diversity is commonly used to combat the effect of
multipath fading and reduces the impact of co-channel interference. The maximal ratio combining
technique (MRC), which maximizes the output signal-to-noise ratio (SNR), is generally employed.

This thesis proposes the performance evaluation of wireless communication systems
employing the MRC technique in a non-Gaussian multipath fading environment by modeling
multipath fading channels as Nakagami-m fading. The main prominence of the Nakagami
distribution is that it covers all Gaussian-like properties. Furthermore, the problem of detecting a
primary user signal over a wireless channel is considered. We explore the use of multiple antennas
in a detection method. We also propose MRC technique based on energy detection, in order to
improve reliability of spectrum sensing and signal receives. In this detection method, the multiple
signal at the antennas of the receiver are combined and input to an energy detector.

The analytical expressions derived for the outage probability, probability of error, and
probability of detection are provided. It can be shown that Nakagami can be generally modeled the
fading environment in wireless communication systems and also includes Gaussian environment as
its special case. In addition, the results show the performance enhancement of the proposed

spectrum sensing method over the conventional ones.

Keywords:  Diversity / Outage Probability / Probability of Error / Probability of detection/

Nakagami-m fading
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NTZUIUNTITIGN (Stochastic Process) HNNIDINNTBINGD d11TUA1I “Stochastic” WD

1 A o o 9 o s A A o o Ja
nIIguy (Random) Wﬁ@IfJﬂ’lﬁ ﬁWﬁﬁUGlUﬂWiﬁi']\ﬂlUUﬂWa@\? ﬂLW@‘ﬂ%gﬂ'luWﬂT@ﬂ’]ﬁ"U@QWﬁaW‘ﬁ‘ﬂ

4

Aa <K 9 ~ Yo Y o o = a 1 o & 9
winalunnannzmnadeun Iddmualidmsulumsanyinszuiumadegu suiludeansu
=R A 1 d‘ 9 a 1
Datleuae o nlylunseuiumsiragu

2.4.1 fenumazdydnuaiveanszIUM YN

N3EUIUMIGUHTONTZVIUMS T TAUAAARA (Stochastic Process) HUIBAINITHIINUA

9
1K

[ 1 Y a 4 A I ] ~
G]’JLL’]J??I&J114L1JHW”I§13JL@]’E]55UBQL'JEHtIﬂEJ‘V] t U Uo9rIIAINNENIUN

U q

ADAVDINITVIUM I

%

' A a s o o A Y
ﬂiz‘U’Juﬂﬁq&J X(U Nnaunal t :tl u ’)L!ﬂiqulﬂu X1 !lagwqﬂ%u!l%ﬂl!ﬂ\jﬁ’lu’liﬂuﬂ’lnqﬂ

ndJu
Fo (1) =P[X (L) <t,] 2.7)

4 ] 1< U o 1
e PLX(t) <t] Aeanuuiaziluveslansumsuaniaaueanssuiums gy x@)

'
v A

e x, AvduauaielagGenauniann MmN UADT 1 (First Order Distribution) Y X(2)

9

HAZUANUHUMUULUUOUAUTN 1 (First Order Density) A4

oF (x,4)

f,(x,t) = %

(2.8)

war  sdmuald X)) =X, maz X(G,)=X,Ias  F, (X, %;t,t,) Aonsuanuassm

[

UAUN2 (Second Order Distribution) nsauaadld iy

F (%, %558, t) = PLX (L) < %, X () <%, (2.9)

[

A A o a [ ] [ A A g
e X uag X, ﬂammufuiﬂmuazv\lqﬂ%uﬂamwumummmmumuanu

_ 0°F, (X, %,;t,,t)
1:x (X1’Xz’t11t2): Xﬁ))((llﬁxzz L2 (2.10)
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JUU LN@@?L!TJ?EIN?J%WH’JMUJM 7 SR MILINIINALN 7 WaAnTluy
Fy (X0 %oy X 0, 1 1) = PEX(Y) <%, X(E,) <X, ] (2.11)
o oo 1 o v A a1 g

ua HINTFUANUAHUUUSIAVN n dzA Y

O"Fy (X Xt b
fX(XliX21---’Xn;t11t2""!t): X(Xlaxl axtl ) (212)

d
242 DITVIUMSTUUULINE
4 (] § o 9 o 1 4
Tungudemisnszurumsquinihunldduuinie nszuaumsguuvuInId
. Y 3 1A Yy o 1o
(Gaussian Random Process) [17] 14 X ilunszuiumsquinilsgnoualedilsquiigau »

@ ) o Jd
A1 X (L), .., X(t,) & e ndo  t,..,t uazfiMuaNmesgu (Random Vector) il

n

VAWASNSG  nxLuaziieniy
X =[X (). Xt )] (2.13)

d’ = a 4 .
W T U809 NI INTIUNT N (Transpose Matrix)

o 3 4 a ~]
fmuald xdlunnmesyuia nxluazdieilu

X=[x..xT (2.14)

9
Juiu mamsaiues  [X (L) < X,..., X(t) < x Jennsadouldiu  {X <x}uaz X@© WY

< i = A o ] ] I Y
LiEJﬂ'J']ﬁJLlﬂsgU’Juﬂ]iqullu‘lﬂﬂ]ﬁ Ao HINTUANUHUIHUANN Uz U ﬂ]@qnﬂc]@'lllﬂﬁ

1A 7 o A
FUUNMINTSWUULNIT HUAD

1 e e x-p)

" @0 |detC[”

f. (%)

(2.15)

A P A A g
M AD 1INADTIANRAY(Vector Means) Haudlu

g0 =E[X]=[tgt, T =[E[X (t)]..E[X t)IT"
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= ~ J a J . . A&
C f9 Tmmaumumﬂm(Covenance Matrix) JA1Tlu

Cll Cln
C= . T . (2.16)
le C:mn
iio Cij =C (ti’tj):RXX (ti’t.])_:ui/'lj (2.17)

A 1A Ia 4 . a J
uag  det C A9 MANDIUUUUN (Determinant) VBUNNTNY C
A o W 1 A 0 dy A
AUTNUATIAYUDINTSUIUNTYNLUUULINTE mw@"lﬂu o

[ o 1 < < o Y 1 = 9 = o A
NITUIUNITFY X ﬂggﬂﬂ?ﬁu@@ﬂﬁlﬂlﬂﬂlﬁﬁﬂiuﬁjlﬂﬁﬂﬂﬂﬂqlﬂﬁﬂllagﬂﬂI@lﬂ'ﬂﬁlaﬂﬂ! o

o =E[X(t)] i=1,..n (2.18)
ag
Rux (t.1;,) = ELX (&) X ()] ij=1...n

1 [ 1 § ] v o Jo
snguuessandsgy X () e i=1,...n  lilinuduiusnu(Uncorrelated) Ao

¢

a a J - - g
anFnveslanGeudiuning  C; Tas i j aeliaudugud wude
C;=0,i=] (2.19)

v ' I o = s 4 o = .
a1ﬂizuaumiqmmmmmjaﬂyngﬂullammuﬁﬁmmumi WSS (Wlde Sense
. Yy < I A [ v
Stationary) 110309211/ U SSS (Strict Sense Stationary)A8LAND
Y Aa a Y 1 > . . S|
mauwmmﬁwuwamu"lmgﬂimmam LTI (Linear Time Invariant) 13
1 S Y E4 Aa 9 1 <3 9 3 1
ﬂﬁzmumiqmmmmﬁum !fJWI‘I/\!WU’E)igiJ‘]JW\‘]Lﬁuhlmlﬂiﬂ1m3fﬂ'l ﬂﬂ%@]ﬂﬂlﬂuﬂﬁgﬂﬁuﬂﬁQM

HUUIFR U
1A Y A
2.5 mnlFlumsinaussouzvesszuUTems
doyanaunsnaeanazdyanasuniuluszuudemsildlszaniamvesszuudos
anavlaena ldazlddasdruiidsvesdyaianeniaives dyaaunsnaeaulIndyyio
I a ¢ A 1
FUNIUHNI® SINR (Signal to Interference plus Noise Ratio) U3 10@05INOLILOND

a A A 1A Yo [ A a z;‘ 9 A A
Useansnimueenisaoans ami’amﬁllmuaﬂgtywmwmmmwmwauuawq@ Tuvmzni
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[ 9 4 o & 9 9 1 <3| aa g
WYIVUNTNADAUAZTUNIWNINIAE SuTudealsanuiiezituuazada(Probabilities  and
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Statistics) ¥1A1UIY Fedyaraunsnaeauazdyyiusunuiudaiaianmisel lde1n daiu
% I~ [ a a o’dy 9 1
yinavazlavoaiuzdluluuuguRandom) awar Tudnetinusil azudainadleaini
1 < [ e ] I a
1 uveadayIavIan1g(Outage  Probability)  uag ANUIIIuveIAIIWAANAIA
(Probability Error) Iagdananiznuandyassuniu aemanad miuszuudeasngniing
@ I @
Tagdyauunsnaeaumdn
251 anuhaziluvesdayaunaneg (Outage Probability)
VA Yo Aa A A ] I @ &2 Aa J
mnldialszaninmussszuune anuinziluvesdyauvianme auien
P, = P[SINR #1451 <SINR dgafieonsyld]

SINR flom1dasdruvesdasdyanadematvesdagaunsndoauIndynal

iﬂﬂjuﬁ']u'ﬁﬂl%ﬂullﬂullg{g{jﬂ
t
R =] f,()d, (2.20)
0

A A ] ] I M B
10 f,(») ADANNHUMUUANVUI YYD SINR FIVULHI
A 1 o A A J
y Ao A1 SINR Fruuzrtiana mivlaaa ¢
2.5.2 anuasiluueIn1sns 19Ny (Probability of detection)

@ Y] I a % ! @ Y
mMsasIvianasn it minisnianumvangaylumsasiamidyn s Haean

o A d' I'd a c’d’ Y] [ d‘ v A
nmapenanudnvtaziuulIaniauls ndsnuvesdygunasviane
E= (" s2(t)dt 221
= s .
J.—TIZ ® ( )
yaae s(t)

e E Aewdsnuvesdyanan sy s(t) udaznarlugianar T

Gt
ng; 1 < @ J [ v o
wummsautseeniudyanusunauuuumd n(t) nSeduaudoyasuiudyIusunIu

g

9
[ Y

[ =\ an a
quumimamﬂﬁ]wmmwmﬂummmLﬂu"lﬂmuﬁmmgm

# oy (1) =n(t)

a2 y(t) = s(t) +n(t) (2.22)

o A Aq Y @ o Y I 1 ] [
ﬁhiiﬂuz"ll’é)\i’E]ﬁﬂf]i‘ﬁil‘1/]1%’11!ﬂ1‘3ﬁi’Jﬁ]’Jﬂ?ﬂiJﬁﬂﬂWWuﬂhlﬂ!ﬂUﬂ1ﬂ313Ju1i]$Lﬂu 2

1 [~ | [~
Uy ﬁ’é) ANMUUINLY UVOINTATIIND (Probability of detection :Pd) tazaNuUIuve IS
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a 1 ] I o {
iBUHANEIA (Probability of false alarm :P,) f1 P, fin ANMINzITUvRIMIATIINU TRy uiidl

Jg ¥ 1 A o z S Y
Aldoglunouaiud duiuamnsadon]dluglvesaums
P, =Pr[E >7|n,] (2.23)

P

A ] 3| v A 1 = 3 29 1
' ﬂf)ﬂ?1ﬂﬂ1%$£ﬂﬂﬂl@ﬂ%1ﬂﬂﬂﬁuﬁlﬁ]’NLLﬂ“]Jﬂ’J']ﬂJE‘quUhJiJQﬂﬁﬂﬂﬂﬁﬂﬁllﬁiuﬂ’ﬂu

=

I a ~Ayq Y a2 1 a Y I
Wuasalidldanuuauanudiueg annsodeou laiy
P, =Pr[E >n|u ] (2.24)

Tumslduanmsasrntandsauiedumms IFauuauanud a1 P, arsezliniga
A <3| @ 9 Y A 1 A1 o
iesnnudunuvesnnugadedlumsasinums lsnuuauanuduazi P Aseeliaidm

4 I J a v A 1 VA { v A

N esnmilumanuranaavesmsaadula dauarsuldeuvesnsaadule (The decision
threshold; 77) 7 WW1BDY sEADVRINAIIUNT MU gl 2.12 eansasimualdinaai

1 1 ' 1< 4 o o 09/’
mzauseEnInd P, uag P, g lsinwilymvesmsdeas 1¥aenendenivesdyanuiv
=1 ] ] & o :zl Aa 9 SR g A
danwlumdueugs  aungnikluilveiufannanmnadoutazoima  Judumsenioy

MvuaaaEsuldsuimuzay TaeNa1sanMaIveIdy o

Decision HO Decision H ]
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7N 2.12 FEmsdadulauuauan Tasdmvuaausunlasy n
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1 ] I a Ia Y a
MagaranuLziuvesauAanaln d1elanessamaiia (Diversity Techniques) 910
HANTZNUUDINIAUNNHAFUNN A189INIALAAL FAIZINANITAANOUVDIT YD I1UNAY

9) g:' ] =} QJ 1 (% A ) ]
dunieit imiouiu Tageauanananuluaina a1 ¥io wd 1InT1z5zezNazANUUDY
1 @ a v A:? Y 3 Ao O’Qdy . . ..
awormeuana1eny Tagluauddel ldudngia’lanesda (Maximal  Ratio  Combining
a L4 o y 1 o Y
Diversity) Tumsansiziunuiiassszuudoas 13meluresdyanaumsnszaeainuy winim

a d
U 19U (Nakagami m Distribution)

3.1 uuudIavIreId N AUIUMIAMA
Tugesdyanunsaanauuuuuinni aflesFuanunuiniuvesdnsiadusd

9 U [ n'/

dynudoyanodyyiuunindoadsivuz lavmznin ( f7’i (7;))uaz 7; Ao AUNARIAY

u

yaudoyasodyguunsnaen dnsoleu Idawauns

m
ARSI
f7i(7i)=Ly-mi_1e " >0 (3.1

4 U du o a o . :
Lﬁi’) m; = 1/2 wazianFunila lumua (Moment generating function) Y93 }; ﬁmﬁﬂ@ﬂullﬁl

L‘IdJu

m;
I
My.(t)zLje XM T g (3.2)
| F(mi) 0
NNANUTUWUT
p Iz
el 2 I I(—s)x°ds



o j=v-1 Wevaumsn (3.2) 1@nsdhy

ml S
1(m
M., (t) = B & 1
7, © F(mi)[ntj ﬂjl (-9)r(m +s)( .J (33)
L Lo (m Ml - L m )
M, (t) = HM7|() —1F(m) ot [27”] élCIZCIL i1;[11"(—51-)1“(mi+si) 7:|t 51ds,...ds
(3.4)

Nnamsulasantlanss (Laplace Transform) [24], [25]
f, (y)= —1 jM (t)eytdt (3.5)
y 27 | " Y '

LNUAT AUNIT (3.4) A8 UM (3.5) el

Log (m )] 1) L si
(0 =|. — (_jjf answm+w
i=1 r(mi) % 27 01C2 CL 7, (3 6)

L
L ET
Ll—a [\t e’ dt |dsyds,..ds

nniuimslasudunls  y=—yt wazlsaums 8-315.1 [26]

m % m; X / g % i
-1 )[“U ][ | ) & C{ré}; jﬂ)
( .
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awnso@euaumsi 3.7) lugduuveynsy 18

(3.8)

5 L o oy <
iio ny = 3y Az Pochammer flowdae (), =T(a+k)/T(e), Tagi T(0) =1
1=

nnaumsi (3.8) annsodioulieglugdueslonlesd TommIaflsndunatoduls

(Multi-Variate Hyper Geometric Function) [26], [27]

m; |1
1 L{m )| [2 ml] L L m m m
=~ ('] = x¢£) ml,mz,...mL;Elmi;—:l =2y ==Ly |7 20

n 72 7L

(3.9)
~ A o oo 1 @ Y T W ~ 4
qUNIN (3.9) AL WanFuANURUILUY Yo U IUUVBYAADAYYIUITUNIUNDINNNUBI MRC
1uGﬁaqﬁmuf,ymsLmumiaﬂmmmummmﬁ

a 4 1 1 [ o
W%'l3m’l’ﬁll33ﬂu$"Uf]\353UUﬁﬂﬁ15ﬁ38ﬂ1ﬂ31uu1ﬂ3lﬂuﬂl@ﬂ YYIUVIAY

g il

(L) o my m
x5 ml,mz,...ml_,l+i§1mi,—iyth,—:yth,...—iyth (3.10)
= n Y 7L

a 4 Aaa ] I Aa
‘Wi]1§m1ﬁﬂﬁiﬂu$m@ﬂizﬂﬂéﬁlﬁ1§@]“'l]G]’E]ﬁg])lflﬂ?1llu1°'l]$l,ﬂusl]ﬁ]ﬂﬂ’ﬂnWﬂ‘Wfﬂﬂ

Pe = 1R () ()dr (3.11)
Pe (7) = r(b.ar) (3.12)
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Weaumsh (3.12) Ao [Wou'lvvesar BER lusesdana AWGN (Additive White Gaussian

Noise) [28]

_ J1BPSK
1/2,BFSK

_ J1,NFSK / DPSK
1/2,CFSK / CPSK

BPSK = Binary Phase Shift Keying

BFSK = Binary Frequency Shift Keying

NFSK = Non-Coherent Frequency Shift Keying
CFSK = Coherent Frequency Shift Keying
DPSK = Differential Phase Shift Keying

CPSK = Coherent Phase Shift Keying

o0
' 1 -t a
0ag A F(Ot , X) = [t% e dt G Complementary Incomplete Gamma Function [26]
X

UnUAANMIN (3.8) 1ay (3.12) adluaumsn 3.11) a1

) (b i j ll:[ (mi)ni (—mi Jnl
[ m; (s ay,
o gm) 0 @QNEART ) AR |

=0 '
i=1 m; +ay; m_+ay|

L
Clb+>m m;
E= ( = I) )IIIEI (m M J I:leI(DL)(l—b,ml ..... mL;1+_§ ms; T — mLJ (3.15)
i i
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910 FUNTN (3.15) WoUNY b=1 (non coherent)

— Ll m
Pe=_0| — — (3.16)
21= mi +a7i

U

32 MINTINIATEAVEYYINVIIEMANNYASUd YR 190AE (Single Antenna

CR Receiver)
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A a { @ [ 1 o J
LiNW%Wﬁﬂ‘lHﬁﬂ’JﬂUﬂﬂJﬁﬁlﬂﬂﬂﬁ@]‘i’)%%ﬂﬁﬂmﬂﬂlWWN“I)’@\‘]ﬁiUﬂﬂﬂ‘!iUﬂ’JuLLU‘ULﬂ1ﬁ slﬁ! s(t)

< [ Jyq Y o ad 1 1 @ v o { A dy A IR
Lﬂuﬁ@muwmmﬁq@1%33%ﬂgmuﬂmmu%mmmmﬂmmaumwmu h HASINNIINFUIN

QU g9

2

[ - o 4 Y 2K ] ~ =
AURQAYUIIT YU IUITUNIUVNILUULNE n(t) Glfl”i W UEANOITNAUUIUAIUD UAS T LUEANDI

e

9 v
NANMIFUNADINMTTIVTINTYYIUAIDEN AITUNAAUVDITINANVFIANUD Ao

3 o <
A=TW [1UNUIUAY

1 A

3 [ Y o 9 a A " 9 a
911N nAo Tuznaaliiudyanu@oauyagiu Hy) v bi (Toauyagiv Hy)

[

Y
Mold 2 doauyagiuil Tasuaainssudyaio

Hy:r(t) = hs(t)+n(t)

Ho:r(t) = n(t) (3.17)
= o Ao Y
Tag  r@) Ao dygrunsvla
sy fio dyanmndavesddszaulgugl
h D 6ATINTVIUDITDIT YRy 104

1 { o o J
nit) Ao AuRAsAIgAvRIFYRIUTUNIUYIUDING
a d‘ v d’ [ 9 d' 1 [ 1 9 a
W%13ﬂluﬂifN@]ﬁ'Jﬁ]ﬁ'f]‘U“V‘I'ﬁ\‘NTL!“VIﬂﬂllﬂ'GNLLa'J“VILmﬂ@nﬁﬂuﬁ%ﬁ'ﬂﬁﬂl@ﬁﬂﬂ@]iWH Hyuae Hy Tag
@ o o a A A [V o AN Yo Yy Y
21FIANNITVIIUINLNG E=Er/NO e E, ﬂ’é]“l"lﬁﬁ\ﬂuellﬂﬁﬁﬂluﬂﬁﬂnﬂulﬂﬁﬂﬂ']ﬂﬁlﬂ“l]@

a 9 & = Y o dy
TUUATIU 2 UD G]N?ﬂlﬂ'imsllﬂullﬂ ANY

.
E - iJ' n2(t)dt = —— >n2, (3.18)
No Jo0 2NGW &
Tas E o naenuvesdyaan lasy
W fle dyanunnud
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T A9 NAINMIFUNANINMTIIVTINTYINADEN

No 10 WAl IUUeedya musunIuy

4 I @ (] ) ¥ [ 1 { { a 4 Y
e nj 1Wudediedlaun Tasmsguaaedis ne) Hnnwud luadsn aw azla

2A

n(t) = Zni sinc(2Wt —i),0 <t <T,orn, = n(i /(2W))
i=1

a v 1 { g
Tag nj ~ N(0,2NgW) meldauyagiu Hy, E Hyasaumsnszaronuy lnduaisnua 24 il

a o o Aa (=] Y 1
o5z Tuihweudedndu meldauyagiu Hy, E Tudlugasaumsnszaenuy lnauaisiua 2a

A a 1 1w A A 1 o 09/’
nudase Llagulﬂuﬂ'lﬁﬁjﬂﬂ']@]'llllﬂi 2p B p ABA1 SNR AIUUY

HitE ~ X3,(2p)
. 2 3.19
Ho:E ~ X2, (3.19)

Tag A A0 HOYUVDITIIAINUFIANND

o o A [ A A Y o 1 AA 9 @ 1 ] I
mmmmmmnﬁauwawmwnJaﬂuuﬂammﬂum77 NTUAUNMTATIVIVAIANNUIZT Y

1 1 I @ a °
YOINMIATINY ( Py ) wagannuinzduvesdyanudanain (Pp) Taosmuald

Py = Prob[E>n|H],

(3.20)
P = Prob[E>7|Hp] (3.21)

Y v ] v
aary ldaumsd 3.19 awnsamIdongluouiinduenlu (291, [34] naumsi 320 uaz

aumsi 3.21

Py = Qu(20.4n).

(3.22)
P = I[(A7/2)/T(A),

(3.23)

o 1(,.) Wunnnhiledsui liauysal Tassvuald

I(ab) = I:e’tta’ldt(Re(a)>O),

1Az T(a,0)=T(a).Q, (ab) agUiduresnidn Q fandu Taofvuald
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X2 +a2

Y 3.24
Q@b = e 7 100 (3.24)

#10) aowmwailiiFuinlasmuetunouusn
FoadaaumMINEMIBIUUT a8 (Rayleigh Fading)
lafasansesdyanamsnamenvusuad b dunsznedaugnaaiuuuy
suad W p meldTaseam fu 5 iudunde SNR 7 SNR p Sanwaziluiladsduaimie:

IS ] ]
Lﬂuﬂlmmmwumuu
p>0 (3.25)
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Abstract:

The appearing demand for high spectral efficiency and
wireless applications are the key drives for the evolution
in wireless architectures. Given the limitations of the
natural frequency spectrum, it becomes obvious that the
current static frequency allocation schemes cannot
accommodate the requirements of an increasing number
of higher data rate devices. We discuss the basic
elements of wireless systems that utilize radio spectrum
space in our analysis. We present a multiple antenna
processing power based sensor. In this method, we
consider two antenna processing and analyze their
sensing performance. Closed form expression for the
detection probability is derived. Finally, some numerical
results the potential improvement in secondary users
(unlicensed users) feasibility in smart radio based energy
detection is shown.
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Abstract— The appearing demand for high spectral
efficiency and wireless applications are the key drives for
the evolution in wireless architectures. Given the
limitations of the natural frequency spectrum, it becomes
obvious that the current static frequency allocation
schemes cannot accommodate the requirements of an
increasing number of higher data rate devices. We discuss
the basic elements of wireless systems that utilize radio
spectrum space in our analysis. We present a multiple
antenna processing power based sensor. In this method,
we consider two antenna processing and analyze their
sensing performance. Closed form expression for the
detection probability is derived. Finally, some numerical
results the potential improvement in secondary users
(unlicensed users) feasibility in smart radio based energy
detection is shown.

Keywords— Unlicensed users, Smart radio, Detection
probability, False alarm probability

I. INTRODUCTION

The appearing demand for high spectral efficiency and
wireless multimedia applications are the key drives for the
evolution in wireless architectures. Recently, several
advancements have been introduced for 3G wireless
communications to further improve the data rate and the
system performance. However, due to the increase of wireless
applications and services, it is clear that 3G wireless systems
will not be able to comply with is ever increasing demand.
The next generation wireless communications are expected to
sustain much higher data rate services compared to evolving
3G systems. Radio spectrum resource is one of fundamental
importance in wireless communications. Hence it has become
to find suitable spectrum bands to meet the demand of future
services. The most promising way to significantly improve
spectral efficiency is to give opportunistic access of frequency
bands to a group of users for whom the band has not been
licensed, which is referred to cognitive radio [1]. The term
cognitive radio describes the evolution of radios to highly
adaptive systems. Since most of the spectrum is already
assigned, the important challenge is to share the licensed
spectrum without interfering with the transmission of other
licensed users as illustrated in Figure 1.1[2].

To make this possible, smart radios have also to be aware
about interference reduction and must have powerful

capability of sensing its spectrum environment. Due to the
progress in digital signal processing, strategies for interference
mitigation become applicable.

Energy detector base sensing is sup-optimal method for
signal detection. After selecting the bandwidth of interest, the
energy in the signal defined as

E= Ijrzzsz(l)dl

when, E is the energy of the input signal s(/)at any time over
the interval 7'in the past. The input signal $(/) consists

either of noise alone or a signal plus noise. Thus, detection
means the test of the following hypothesis:

7 y(t) = n(t)
4, (1) = s(1) + n(1)

Afterwards, a free or used decision is made. Of course,
processing gain can be improved as the observation time is
increased. Another benefit of a longer observation time is the
fact that the noise level is decreased, thus increasing the
signal-to-noise ratio. In spite of these advantages, including a
simple implementation, the energy detector owns some
drawbacks. Since an energy detector is not able to
differentiate between thermal noise and modulated signals,
there is no possibility to cancel interferers by using signal
processing techniques [3].

Cyclostationarity based sensing, cyclostationarity feature
detection is a method for detecting primary user transmissions
by exploiting the cyclostationarity features of the received
signals. Cyclostationary features are caused by the periodicity
in the signal or in its statistics like mean and autocorrelation
[4]. This means that their statistics can be described by
cyclostationary processes, in spite of merely being stationary
in nature. This cyclostationary can be exploited in the receiver
for parameter estimation (e.g., pulse timing). This method
allows the detection of specific modulated signals in
environments of other modulated signals and noise. Normally,
the analysis of stationary signals is based on the
autocorrelation function and the power spectral density.
However, the power spectral density is a one-dimensional
function of frequency. When cyclostationary behavior can be
exploited, a related function named spectral correlation
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function can be expressed. In general, the spectral correlation
function is a complex—valued, two—dimensional function [5],
[6].

Matched-Filter, A matched filter can be characterized by
the formula [7] A, (1) = & - s(T" — 1), where s5(1) is the transmit
signal, 7'is the symbol rate, and « is a factor that characterizes
the amplitude. A matched filter maximizes the signal-to-noise
ratio at the receiver [3]. Thus, it is the optimal choice for
signal detection. One drawback of a matched filter is that it
requires a priori knowledge of the transmitted signal for
demodulation. This knowledge contains, e.g., the modulation
scheme and the order of modulation such as bandwidth,
operating frequency, modulation type and order, pulse shaping,
and frame format. This means for a CDMA system that the
receiver must know the dedicated spreading codes and
synchronization channels. Another disadvantage of match
filtering is large power consumption as various receiver
algorithms need to be executed for detection.

The organization of the rest of this paper is as follows: In
Section 11, we give the system model and formulate the issue
as an optimization problem. We discuss this problem in detail
and indicate a numerical algorithm in Section III. In Section
IV, numerical results in different situations are analyzed.
Finally, our conclusion will be presented in Section V.

II. SYSTEM MODEL

We considered a single and multiple antennas at the
receiver side. Let s(/) be the primary user signal that is
transmitted over a channel with gain / and additive zero-mean
white Gaussian noise n(f). Let W denote the signal
bandwidth, and 7" be the observation time over which signal
samples are collected, so chosen that the time-bandwidth
product, A =7W | is an integer. The goal is to determine
whether a signal is present
(hypothesis 77 ) or not (hypothesis 77, ). Under these two

hypotheses, the received signal is given by

7, y(1) = n(1)

(1
7,2 y(t) = hs(t)+n(r)

Let N, be the two-sided noise psd. We consider a modified
energy detector that differentiates between hypotheses 77
and 7%, based on the normalized quantity, /~=F /N,
where [ is the energy of the received signals under the two
hypotheses. Under 7,

2A

1 2
ns,
ZN‘,WZI g

i=

E =

7
L nz(r)d/ =
Ny Jo

(2)

where », are the samples obtained by sampling n(7) at the
Nyquist frequency 2. Note that since n, ~ N'(0,2N W),

under 77, E has a central chi-squared distribution with 2A

degrees of freedom. Similarly, under 77 , /' has a non-central
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chi-squared distribution with 2A degrees of freedom and non-
centrality parameter 2p, where p is the SNR. Thus,

P . -2
B ~ Xy (3)

For the modified energy detector, with 77 as the detection
threshold, the probability of detection, /;, and probability of
false-alarm, Pf , are defined by the probability of detection is

the probability to decide 77 and 7 is true. Thus, the large
detection probability is desired. It can be formulated as

P, =Pr{E >n|H,] )
where P, is the probability of detection and 77 as the
detection threshold . The false alarm probability that the test
incorrectly decides that the probability to decide 77 but 77,
is true and it can be written as

P, =Pr[E > n|H,] 5)

where, P’ is the false alarm probability. £, should be kept as
small as possible. The decision threshold 4 can be selected for
finding an optimum balance between /; and P . However,

this requires knowledge of noise and detected signal powers.
The noise power can be estimated, but the signal power is
difficult to estimate as it changes depending on ongoing
transmission characteristics and the distance between the
cognitive radio and primary user. Then, using (3), we can
obtain the following closed-form

express [8], [9] for (4) and (5),

Py = OA(Zo.n). ©
Py = T(An/2)/T(A), ™

where I'(.,.) is the incomplete Gamma function, defined by
[(a,b) = I e 1 d(Re(a) > 0),
b

and I'(a,0) =TI'(a)-Q, (a.b) is the generalized Marcum-Q
function defined by

_xz +a?

l o
_I e 2
A

where /(.) is the modified Bessel’s function of the first kind.

Or(ab) = Iy (dv)dx,  (8)

II1. DETECTION PERFORMANCE
We now consider a Rayleigh fading channel, i.e. / follows
a Rayleigh distribution. Under this scenario, with p being the
average SNR, the SNR p has the pdf
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Jal

1) = Le 7 p20 ©
P

The detection probability, Fd.SA is then obtained by
averaging (6) over the fading realizations (9) and is given by

P
«© ] i
[ o o= ’dp

Observe that /’f in (5) is independent of the SNR p, and

Pd.SA =

hence this expression remains unchanged under fading
considerations. We now consider two receivers processing
schemes and obtain the expressions for the probabilities of
detection and false-alarm in each case for Rayleigh fading
wireless channels. Our approach will be to first derive the
probabilities of detection and false-alarm for an AWGN
channel, and then use these expressions to derive the
corresponding expressions under Rayleigh fading. The idea in
this technique is to linearly combine signals coherently. That

is, with /1, being the channel gain, the output y(1) is given by

PMRC (10

M
- 2
i=1
Note that, under 77,/ is a sum of M i.i.d. non-central

chi-squared distributed variables, with 2A degrees of freedom
and non-centrality parameter 2pi, and hence has a non-central

,1’2 distribution with 2M A degrees of freedom and non-
. M (-
centrality parameter 22[7] P, =2p, e - Then, in the case of

an AWGN channel ,
to see that

using the arguments on above, it is easy

by = Qua2epme M

It is well known that the pdf of p, .~ is given by [10, eq.9.5]
M-1 -£

1
-t M

(1

Jure (P) = (12)

The expression for the resulting detection probability with
Rayleigh fading is derived by averaging (11) over the fading
realizations distributed according to (12),

-1 £
~1! ~M ¢ %4

2p,

PdMRC =

Given that /i arei.i.d. and have distribution \'(0,2N ),
M
the random variable ,Zl h:nik ~N(0,2N W a}), where the

pdf of £ is then given by
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v

1 -1 23
FEO) === P yz0, (13)
apM 2 r(a)
and the cdf of £ is given by
—
v 2
Ip(y) = J. T i\ MV 2 gy
0 a?A2Ar(a) (14)

T(Ay/af)
T(A)

As a result, the probability of false-alarm for the AWGN
channel is given by

T(A,1/aj)

T-Bgll = — o

D -
I ro= (15)
Given that the square of the absolute value of a Rayleigh
distributed random variable has exponential distribution, a,f
has a Gamma distribution given by

aM -1 P

@ " ran

(16)
The average probability of false-alarm can then be obtained
by integrating /; in (15) over the pdf above. Although an
elegant closed-form expression appears to be difficult to
obtain, the value of the threshold parameter 7} that needs to
be set to achieve a certain /°; can be obtained using
numerical integration. For the selection processing technique,
the receiver branch with the highest SNR is chosen, and
processed further. Under this case, the resultant SNR, pg,, is

simply o . Itis well known that the pdf of p, . (or pg. )
is given by [10, eq. 9.326]

=P P

Ssp@ = Mo Pa-e P M
P

»
cM-1GED70 VL W7o
=M r
; i+l p (,+|)e
a7
Here ('} denotes the binomial coefficient, (7 -
(n—k)'k!

The detection probability, Fm: is then obtained by averaging
(6) over the pdf'in (17). The resulting detection probability
Pasp in this case can be written as
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M-1 i =
= M-1(1 P
Pagsp = M) C; ——JA,—,1, 18
d, St Z; ¢ A (1)
To obtain the probability of false-alarm, first note that the cdf
of £ under 77 canbe derived from (3) and is given by

T(A.x/2)

Fp@) =1 o

(19)

Under selection processing, the cdf of /2 under 7 is then
given by

(20)

rx2) ™M
I'(A)

F[:',SP(X) = {P

IV.NUMERICAL RESULTS

We illustrate the efficacy of the multiple antenna
processing techniques through the detection probability for a
pre-specified probability of false-alarm, P, , at given SNR.

We considered a four-antenna system (Af=2) with the

processing techniques described earlier in Section 2, and the
single antenna system in Section II. For a fixed value of the
time-bandwidth product, A = 6, we considered two cases
corresponding to different P, (a) P, =001, and (b)

P, =0.001. We then compared the achieved P, as SNR

was varied from 0 dB to 30 dB, for given /°; and A. Figure |

shows comparisons of the achieved detection probability with
varying SNR for the single antenna against the two multiple
antenna processing techniques described: maximum ratio
processing and selection processing. The improvement in
detection achieved through the diversity gains offered by
multiple antennas processing in energy detection is evident.
There is more than an order of magnitude improvement in
detection performance with the use of maximum ratio antenna
processing and selection processing.

‘ =t
09 | £ - .
| ] |
08 ' t “ |
| | |
07 | » » ! I
s | : i i
S | i | i
2 o0s|- . : -
3
S | | |
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é 2 | i |
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Fig. 1 Detection performance with multiple antenna processing
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V. CONCLUSIONS

We considered the potential use of multiple antennas in a
smart radio for primary user detection by analysing a few
receiver signal processing schemes. We showed that by proper
combination of a multiple antenna processing scheme with
energy detection, it is possible to achieve high probabilities of
detection even at low to moderate SNRs. In particular, we
derived closed-form expressions for the probability of
detection and expressions for the probability of false-alarm for
each multiple antenna processing based energy detection
scheme to analyse the detection performance gain as
compared to a single antenna energy detection scheme. The
detection performance gain using multiple antenna processing
is obtained by exploiting the micro-diversity offered by the
wireless channel. The maximum ratio processing based
energy detection scheme in particular gives an upper bound on
the detection performance of such multiple antenna processing
based energy detectors since it utilizes perfect channel
information and employs optimum coherent combining.
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Abstract— Minimum mean square error (MMSE), also know as
optimum combining, is already mentioned to be good matched
technique for suppressing the multipath fading and reducing the
effect of co-channel interference in wireless communications. It
has been used for either Gaussian fading channels and non-
Gaussian fading channels for different conditions and purposes.
In this paper, the performance evaluation of wireless digital
communication systems for linear minimum mean square error
diversity is investigated, for the case where the desired user
undergoes Rician fading. A closed form expression for the exact
distribution of the output signal to interference ratio is derived.
The number of interferers in the derivation is larger than the
number of antennas. Powers of all interferers are assumed to be
equal. The modulation type for data transmission is binary phase
shift keying (BPSK). We present both the new closed-form
expression of BER and the preliminary numerical results using
computer simulation.

Keywords- Minimum mean square error, Rician fading,
Probability of error.

I. INTRODUCTION

In the area of communication, it is well known that
commonly implement the antenna array technique can be
employed at base station receivers to suppress the effect of
multipath fading and reduce the effect of co-channel
interference. The multipath fading is usually modeled by the
envelope distribution of Gaussian quadrature components such
as Rayleigh or Rice distribution which are based on the
assumption of infinite randomly scattering signal at received
antenna yielding the use of central limit theorem. There are
several techniques such as antenna arrays processing and
diversity combining has recently attracted great interest in
digital wireless cellular systems. It combines the outputs of the
reception branches in an optimum way and achieves the
maximum output signal to interference plus noise ratio (SINR)
[1]. The optimum combining schemes give outstanding
performance by maximizing the SINR. Its performance,
however, is difficult to analyze.

For wireless communication systems where both the
desired-user and interferer channels undergo Rician or
Nakagami distribution as it was considered in [2-5]. In [3], the
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desired signal is modeled as Rician-faded, while the co-
channel interferers are modeled as Rayleigh faded. This model
is based on the assumption that a direct line of sight (LOS)
signal components exist during cell transmission. The
interference signals are assumed to be Rayleigh faded because
a direct LOS path between nearby cells is unlikely to exist.
Closed-form outage probability expressions of wireless
communication system are derived for both single and
multiple Rayleigh interferers [4-6]. In [4], a closed form
expression of outage performance in case of a Rayleigh
desired signal with a single Rician interferer was derived. The
Rician interference signal model addresses the case of
spectrum  sharing  with  competing  microcellular
communication services as well as with other microwave users
in the same band [2]. Many propagation measurements
characterize the microcellular environments as composing of
path loss, log-normal shadowing, and fast Rician fading
components [5] and [6]. Outage probability for wireless
channels including all these effects is presented in [S]. The
desired signal is modeled as Rician faded and lognormally
shadowed, while the interferers are Rayleigh-faded and
lognormally shadowed. In [6], a closed form outage
probability expression for the case of Rician fading among
Rician interferers is derived. However, these previously
published have been restricted to cellular system without
optimum diversity capability.

The outage probability of smart antenna system is
investigated in [7]. The expression of the closed form solution
is obtained, when the desired signal is subject to Rician-type
fading and interfering signal exhibits Rayleigh fading. Their
analytical framework considers the condition, where the
numbers of interferers exceed or is equal to the number of
antenna element. However, BER performance, which is one of
the most important parameters in determining the performance
of wireless system, is not derived in their work. Therefore, in
this paper, we will focus on the derivation of BER
performance of the optimum diversity under Rician/Rayleigh
fading environment.

The remainder of this paper is organized as follows. In
Section 2, the system and channel models are described. The
performance analysis is presented in Section 3. The numerical

978-1-4577-0687-5/11/$26.00 ©2011 IEEE



results are discussed in Section 4. Finally, Section 5 provides
some concluding remarks.

1I. SYSTEM MODEL

In a cellular radio environment, the signals received by an
L-clement antenna array operating in the presence of N;
interferences can be written as

r=ﬁcs+ﬁ§cksk.

N; is the number of interferes. Assume that the desired signal
and the co-channel interference are subject to Rician fading
and independent identically distributed (ii.d.) Rayleigh
fading, respectively. Moreover, we suppose that our system
has limited number of co-channel interferers. The co-channel
interferers have equal short-term average power, where Pgand
P; arc short term average powers of desired user and
interferers, respectively. Suppose C and ¢; denote the Lx1
channel gain vectors for the desired user and for the X"
interferer, respectively. § and §, are transmitted BPSK
signals of the desired user and the £ interferer, respectively.

The weight vector maximizing SIR at the output of
antenna array can be obtained by [8]

)

w=aRc,

@

where

N,
R=BY» GOy 1))
which is the correlation matrix of interference signal. This
weight vector will be applied to corresponding individual co-
channel interference signal at the receiver. Note that constant
@ does not affect the SIR at the array output. The output SIR

is well known to be given by [7]
u=Pc"Rc . @
The output SIR can be written as
= %c" (c,c,” )_l c , ®)
where ¢, is the LxN, matrix given by
¢=lg ¢ cy,]
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III. PERFORMANCE ANALYSIS
In this paper, computation of the bit error requires to
determine the distribution of the interference at the array
output. We assume that the probability density function of the
output SIR can be expressed as [7].

TN, +1)
(TN, +1-L)

1,0=¢™ F[N,+1LLD(1+A) ' |x Ay

1

—_—— >0,1SN<L.
sy H

®

A is a power ratio between the power of desired and
interfering signal. Note that this ratio is the same for every
interferer because the powers of the interference are equal. The
parameter D can be expressed in terms of Rician factor Xp of
the desired user by D=KpL. ,F(54-) is the confluent
hypergeometric function [9]. The average BER can be written
in terms of (6) as

B=3 et wdn

erfc(x) is the complementary error function [10]. By
substituting (6) into (7) and using [10, eq. (8.352.1)] and [11,
€q. (6.5.2)], we can obtain the average BER as

Pom 1N,+I—L F(N +l)D* ( P, )k(N,+l—L)
‘T2 & r(N +1-L)[(L+k)\ P, +P, k
lA—k—l
B I erfe(Ju )wm
®
Use the below relation [9]
erfe(\ )- W 1100. ®

Then, substitute (9) in (8) to obtain

lNol—L
43
xe &*HJ'J_

rw,+p0* (B

TV, +1-L)TL+K)\ B, +F,
”Lﬂ —5/4

(l“‘ A)N,u-x

F,

ey

W | (uduy.

L1
s

(10)

W



W, , () is the Whittaker function of the second kind and can
be written as

xPe /D)

Wt ®)

“T(g-p+1/2) f et
g-»p

¢ {g+p-1/2)
-[l+—) dt, q—-p+1/2>0.
X

an

Deduce the asymptotic series by relation [9]

p+1/2),(1/2—g—- p)
nix"

WM )= e~xl2xpi -D)"(g-

X —>00,

Then, we can compute the probability of bit error in closed
form using the equations given [9], [10] as

B
[N, +1—LJD, o

1 ”'z*‘:L k (A )‘”‘
Tor & TN, +1-LT(L+k) \A+l
G:J
= —z#23 1

e

(12)

where G, (") is the Meijer G-function [10, eq. 9.303]

]
G
CiyeessCp

2 l}:!l’r(cj—ck)gl’(l+c,,—aj)x"

gq P
kLTI T(+¢ —c))x* 11 T(a, —¢)x*
J=m+l J=n+l

F (+c¢,-ay,...,
L+6, =y (-1 %)

l+c,—a,l4+c, —Ches s

13)

w
)
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F(5%°) is called generalized hypergeometric function.
The prime in the product symbol ]|’ denotes the omission of

the term when j=£k. Also, the parameter set of qu_l

corresponding to 1+¢; —c; (indicated by *) is to be omitted.

Lastly, an empty product is interpreted as unity. Substituting
(13) into (12), the BER becomes to (14).

'f: (N +1- LJD".:{,{;]

= TN, +1-L)I(L+k)

AMHTL-N, -1 5
i s 8 N3 ¥
Toi oL B AN LN 4 LN 4 2-LiA)

AN, -L+ ) 1

ﬁ_—l-(-zf),p(u Sik4gNog 3. )+ VATV, +1-L)T(L)

()

IV.NUMERICAL RESULTS

Some numerical results for the output SIR performance of
optimum diversity operating over Rician/Rayleigh fading
environment are simulated and studied. The results are
compared with corresponding derived mathematical equations.
(14) is numerically evaluated and the results are illustrated in
Figs. 1 and 2. In Fig. 1, the bit error rate of optimum diversity
versus average SIR is shown. The number of antennas element
L is set as a parameter. The Rician factor K, is set to be six in
the presence of equal power interferers (A =10 dB) for N; =
10. As expected, the system performance is improved
significantly when the number of antenna elements is
increased. Fig. 2 shows the bit error rate plotted versus SIR for
L = 8 and with N; as a variable. Fig.2 suggests that when the
number interferers increase, the probability of bit error tends
to be higher. Fig. 3 shows the probability of error versus the
Rician factor K when the number of antenna elements is equal
to L as a variable. The average SIR is assumed to be five dB.
We observe that BER decreases as the Rician factor increases
due to the presence of stronger LOS components between the
mobile unit and the base station.



Figure 1. Probability of bit error versus SIR with the number of antenna
clements L as a variable and the number of interferer N; is equal to 10,

N,=89,l0

Figure 2. Probability of bit error versus SIR with the number of interferers
N; = 8, 9 and 10 as parameter and number of antennas element L is equal to 8.

V. CONCLUSIONS

This paper has presented an analytical framework for
optimum diversity in presence of co-channel interference
under a Rician/Rayleigh fading environment. We derived a
closed-form expression of the probability of error. The
modulation of the transmitted data is BPSK. The desired
signal experiences the Rician fading whereas the interferers
experience the Rayleigh fading. The derivation was under the
assumptions that system is “interference-limited” and the
interferers have equal average powers. The numerical results
from computer simulation showed that the derived BER
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performance can be used as a reference for the evaluation of
the practical system performance.

of

N
7 10

Rician Factor K
Figure 3. Probability of bit error versus the Rician factor K with the number

element L as

(1
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when N; = 8 and average SIR =5 dB,
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