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Ul cleal) e aaall dlia o Ly 5 el (e i€ i o Jiand Cagu duse aalsii of dadai) oda
HLEY) dallee 5 il Hadin e 3 Y s peall o UL B3ganal)l 2lsall (e dams yi ) ddlis)
(high spectral efficiency) idle ah 50lS Gasl ) olad¥l Lasape ely G 31 bl (o
Analally adly JSh paldll pmiall 440l A3l 4 (adaptivity) casall ALE e salany) P e s
& byl Agkll e casill 4,16 Giang shadiul (Sayg .(NoiSE) sl (interference) Jalull alyhal
sall aladin) (e WS (space) ¢Ladly (power) ddlally (frequency) a3l 5 (time) a3l sala) S
Cpeadial) Baawie Agaall Jla e I oIV 3alys uiedl @lldg 3LV e Wall ikl e caal)
.[25] (multi-user scheduling)
S Y Aag)LY) Jpeads pludl 8 4lily aae din WSy Sl e Sy il clubl DA (e
(MIMO System ‘Multiple input zall; Jaall sasie delaily) Glipdsy clis of JSawe IS8 laeY)

53 ) sanmms sy lihal) wren o (Aaelsall) Caill 5als po lax Ylad <o multiple output’)
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MIMO U daals eyl Gudaiy (Sae JSG duadl o JlayY) 318 Dl (e ki as ;3535405 Gkl

ASLOU L) el 8 clilally gl Jiis 5LEY) e sl Gt Qi) cilia) ylsa g

drngie Gl sae (45K Leds (MIMO ‘multiple=input multiple—output’) = ally Jaall saxie dalalyls
e el Il Al sl ahsie Rkl e psll 18 OS5 elpe 2n e Jifieadly Jupall (o JS 3
MIMO ) dgiiy [7-13] 4SLOU iy Lai¥) b diadly L dilaial) cilarally dejud) e Jaee cld bl
LN JleeY) adiats [5,6,14,15] ASLA il julae 3 Lpulill) Cilasl €l e sanly Jadlly i
Shannon capacity ) ¢sili 2 dxw e MIMO Systems zally Jaall saasie dalally dalaial) 4y,kail)
[18] 21996 »le Foschini uiugs [17] 21995 sle Telatar juls Jd e laypea o3 28 ,[16] (limit
e 3ol BUE Aaw 30l OSe G Al Al aasie Al Aalaly A 5508 iy lsagn o) oV
Gl (e I i Cua Bell Laboratories Jy culyite (e ul€ byl o3a Wity « aatiusal) il sl
hnins s g Loy agic degencd .MIMO = yally Jaal saawie Zadal) Jlae b iy cudinlll (e apaall el
V-BLAST ‘vertical Bell Laboratories layered space—) du& <Ml il jodall & sl Foschini

L19-21] MIMO i dalasl aaliss Jilgf allall jola Un (a5 (time’

Sl SIS el e gl (diversity gain) oiall xSzl (e 48 sias MIMO ) el g dadail
[24-22] (STBC ‘space-time block code’) &l byl LS 55l Jis (Space-time coding)
lids sae Jig Jlu)) e gieal) aaenll LS, a peadll 4a5 =8 . (Spatial multiplexing) (ghall aueaill
Gl Loy bl Jaxe 2133 13gu5 , (bandwidth) gasll Jlaall Gaje aomss 050 by (22)8) A aja
oo Aglly dalaiall walyalls Hiroshi Nishimoto aals cpfiald) Cany s iy 2 aiial) cliall s as
il [[26 1,25 ,19] (SDM ‘space division multiplexing’) el sl aseaill @) leands
Juy .[27-31] (E-SDM ‘Eigenbeam-space division multiplexing’) Jis¥! eleiY) &bl anlly
o3y, (AeUsindy i) Agslidie 3lser Abise ULy A ol Sin 305 Led SDM ailall 2a&ll 3 s JS
MIMO CSI ) slall allal cilaglea g Y lavie @lldy cililall 08 depu 52430 acly ddapasy dlew Ak
o ditually Jupall (e IS 8 MIMO CSI jigin Lavies . Jupall a4 (‘channel state information’
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sV aladi) die Slldg Le ) saelaie Uil aja Jiiy Ul Al o3 ans E-SDM (3ukai oSy ligh £lpms 2a
SVD ‘singular value ) syial adll Jdai e lede Jass Sl (eigenvectors) Ll Al
transmit weight ) Juyell ()35l Lails daaaidls Al Jaall aasidl aUaall 38 44 sl (decomposition’
closed- s [32] SVD-MIMO |)Laial lgisauss (Say Hiroshi Nishimoto cualdl cauas <Al .(vectors
0o il anl) Gaiat Sayy .CSI sl Allal cilaglas ale J<5 qallayy HUail) (4 Lie [33] loop MIMO
Aabidl lsall (B5) oSS Bk pe E-SDM alasiuly MIMO z5ally Jaal saseie dalall) sl dalaty)
2 o) (Say e ol g ansall 1agy Ailaially duug paall i) adias Lo 13y (LY deUainds clill) Jans)

3)las sy Jila J<iy Jladd Al 535a (MIMO Systems) dadaly cilueylsally 3ylall a2 i

liily sl Aaleiall saYl Ganli LS ,zals MIMO ol ladY dpudill jualiall & L8V dalleay el
sl Camaall il ) L[34] MIMO ) Gkl ¢lal ayaas 8 1S5 Unsale 1yso andalite <)) Jaal)
i€ e oS S ALl 5,L5Y) demultiplex auead ¢l llaiy SDM e )il apsilly wenill (Y osllas
s Al ays by LD hall aeadl) Al o LS L ALE) Al die Ayl ajal) o)
pall Alsa (o Aailfie 58 230l L Adasal) @ilgall o Bydially 3iedall LYY e dasll (ii.d) L)
Gl e Smds ,[35] A8 ) clilsell aels s Adall LI dans 3 (480 (e z53) doliie Alisd) —
saaiall llsell Cilarae Calias L[36-41] saxial) el Aalail 8 demgal) Jaliall Ll cogall iy
I dadal 8 caca of ey VGl L galaY) Jgdaall Jlsell culd Aaaly) i e aaly alai 6 sasl sl
cAliie s 2683 MIMO 1) cilsié yalic o Ly 1000 dgpliie g Alifiuse clsill (585 o, 48l MIMO
dage i 225 Y & (NLOS ‘non line of sight’) 1 Llug¥l 8 bl 0 ayiall e 489 aalgs
W bl (b Jla¥) e Saty (A eV e DES L aag ,dls S ey, iiaally Q) 0 8)80a
LDl 2 clgilly Alisd) 28Ul ssise 35 o oSy LOS 1l lisSa ¢ua .(LOS “line of sight’)
Alujall ayall (RIS dygmia (o 255 Leild Jad il Adled) il gil) Laiy L Adaylie sl

ahne cpii (V) gy .[21,42-50] MIMO 1) ikl e gl L) uld cillee o HSH (gas

Gl e lelys .SNR gzl ) 5LaY) Jarad i€ MIMO zalls Jaall saasial) dalasll) el cila)
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OsS5 o my Cus [42-46] LOS I Llusl (o 5T 518 daws Jawt LOS I Llusg¥) o W el 1an syl
W i e Jani SILOS I L) Alls b Aljall d8al) (e ST NLOS 1) JalussY) 8 Alus ) 8L
5 ,NLOS 5 LOS 1) Llus¥) M) SNR zsall 3)LaY) Jare (puii o’ 5L dns pi Lty ,[42] SNR
G Oluhall s Gl e Slad Ldlle Al 55 of sygpally gal s clsill g lsl Ay cud Lay
Ul ST e axy e LOS 1) il e ddaulyy 0505 oy 285l SNR zamaall 5Ly Jawe o [47,48]
Ly il ey of casy MIMO ) ol ool s o Slae V1 ey 38k )l dgas ae il 138 ey s
Vgl Aluyal) A8l &5 ol

e 1[42-48,50] 5Ll e aladinly xpds J<8 MIMO ) el o, bl e aaies 3 el
13 dai e of oSy 13 L clagleal) Ayylas Ay daed Al Ayl VLD dase 3Ll A s, Jls S
BLEl) Ao Jaih 4] Al Sl dgag (e Canall 138 & Copdie) L daandy Saa (e dgllie g8 Ak Ulesiad
ol AL VL) sl aadiiy of (Say BER il Ut Jaes Ladf (14

i) luldl) e dsdl MIMO zalls Jaall sasie dadaiYl dalaiall ) (any 5lieV) (e L N
Glgill Gl die Glue ae S Laie [45,49,50] Wili) aleddl Kronecker g Lagad 4yl jidY)
e ey MIMO s e alie ¥V dde Al e Allad 5S5 o38 Jie Adgylad , ) Jdaill 3S 5
Lould Bl 3 s3ald) b e salgal) cilgiall bl Jagladll Caliss o Sy Jla JS e L Auliall cubilyl)
a8y NLOS I clgid o LisY el US55 axiius Kornecker ¢ Li) sale) ,elly e sdle ,[51] Ayl
I lginie o Bial) cany adl La 3)Sala L jlieY) o sdsale je o s 3 0 3 LOS ) el el
LOSRY) 8 Ll Aulial) sl Aaslsy Casllaall Langll & MIMO

Zls) (e aaall aag G Adaly i) Ll 8 < MIMO ) cls (uld cillee o ) L 5)LaY) cass
zoAlly Jaal sanmie dadail e clullly i LS Jiiaaly Jupal) (o 400 ddlae o Lalisd) pa 3 fingial
o S8 e o Joanll 5 a8y lilgel) o Jaliiall badill aga dayis (22 & 4x4 MIMO Systems)
507 (o)) by sanll cpllaall DS 3 llall pan Alauslsy bl Jalall Jal (e Zandl gl sl clie

Cam L Allady 48y ST <G el LlugY) & MIMO 1) (ailias Jilats Gl (e Guldlly ikl o3a LiKa
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s b ueadinl LALugall Bl Cogyl (el ad buea el Lgih JS SDM ) glal sl &
Gy Jame aladid 5 Alee s Adly ST ol 5S of dal as ) 11 i ol (e 5Ll dau da )Y
ED/NO zaiall 3,3V danss sl 2yl

il e Jaliiall Jbill ST Gl Jal (e, ciligheaall jualie Jals z il Jlie) g Lad 3291 Gy
o ading Al Gl my oli el saaie Aadal) pe amgll lsell Al A3jlaed AR sLal)
I Ly @ oald JSh el ()5S Adshadll el ol e (mutual coupling) Jaliall day 5l
Anlial dalally clgill Aplyll Claill (ailads ddsiadl jualic zila il dag kYl 8 ey LOS
¢l BER I dundlly o1a) Hlid) te cra duhal b <83 LS . MIMO 3 dadasy o115 il o a8,
Dbaly sl e sl ilie JSE (@uall) DAl maentll upds ad 3y L LEY) el cille e
dile muai (fading) cogsall siala of oo Aalal) oda 3 duaal SV o 28l 5LaY) Aallaay 5 lgml 5)LaY)
.(capacity) axud) saly)!

High bit-) las Jle ¢y Jare ) deai of oS Al J2all 50 dadatl) e (3806)) Casal) Jlaalyy
Al Jaa) saaie Aadal) ulty Jeasiv Cus i Q8 BER cudly el Jare g 320 clildly (rate
il pe (Aalsall) RS G e Canglly BSEN () Cum . pme iy gl e Jumdl e Aagid
Al pe il ol LSLOUN JlayY) 3U8 ae (B8050) aSial) (ad¥ls aadiad) Sl e fls 8 1)

A il B e o iy e JIS2y 1 il Al

LY aan e oS0 A 2Alia) Cililsel) A ghian Wl g yaY) clilsell @l o 5Ll oo ddbiaa Sl
aend i Jiiadl Gl e adys sasls e JlgY) il IS e dui Gl gl CHLEY) mans ALl
Adiad Can ) Gy 3 ka5 38 Al Ja @lldy AT 550 il 2 4l )l (Demultiplex)
shal ) Sladll jal) s e & 520 e MIMO zyally Jaall saie dadal) 4y adiad . aUal)
53l N o5 ks sae I ALl BLEY) ands o 3gayall 03 () g Les Al sae ) L) s Il

S iy o Lindll (po Ailia ablge s e Bie Leasdi HLEY) o Sy Jifinally )LEY) anent 5f ddladl
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Gn anall lling S IS8 (hpdilly Jalally il daald (565 Y 8 Lesa sanly S e adf e el

cJalSie aaly allas b LedS L)Ll (Seall LS Jladll 130 3 S8

wireless ) aysoly ol 4K 5U8 s Lilla 35 3L8 ,(transmitter) Juye ge osS0 c¥Lai¥) dakl ole (S5
sliall o lall o Jalaall dpanes ,ooally Jalaal) saey canal L Llle (receiver) Judiua (radio channel
s Sl a6 of kBl Jlall Gudally . (multiple antennas) sasiall cillsel) dakuly Lagl caye)

soale lgie ez Al sas Jaall sam g Aadal) 6L, Jifisa) dgay Juspall dga (of sl iga LIS
SISO ‘Single Input and Single Output system’

t A sadl) e Cayads ASLON Alagl) iyl NS aal 8 il Bac aladtinl i

MISO ‘Multiple Input Single Output system’ A samy Jaall saaie Aalasl)
SIMO ‘Single Input Multiple Output system’ Al aaxie Jaall sam 5 el
MIMO ‘Multiple Input Multiple Output system’ oAl Jaall sarea Al

: dbealall dagplY Bl Ciag

eols @bl ueadl) Jans Gyl Jpeab EOE ,Jpend dapa o pfvald) dagy kY Gl il o
Al 2 ) Leall e haY) mua g dlee Jsuad
Ay Jial) 5oneie LabiiVly L&LAU JlwyY) i 2 J5Y) Jadl)

sl gl Al b1 e Te s Lee il (s AL <l giall Aliaday Alols Ay Juaadl) 12a i)
Py CJ}A.\ UAAFY\J} a:u.laj\ oy law! ‘f FOREGAA| CJL&J\ ‘_,,J;‘ Y}mj L@..ABLA;} D.Ju.\.d\ C\}A;Y\} M)@ﬁ\
Leelsil 2ods opalls Jaal sanie Aadal) Lyl Jeadl) 13a Gupn WS zally Jiall saeie Jlad¥) dalad
gealy S Lelankiy Wbyl il aeills (gl il S Gadns Leialey lelee 4dS , L0Ie

Abads Apnly) 235 Lasia Jgues
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I Gy WS ,OFDM aelxiall (5353 apusily apenilly MIMO ) 43585 Jayy Ggale Jucaill 138 (jn ey
Ll Leamling Lol Wiga Al o3gy ddleid) ilay) (e dailll ISy alee dandag saladd J<s OFDM

MIMO I s gadlly i ol iy 228 5 Al 038 lgio (ilad ) JSLaAlg

Ailinkiy ((§4s1) oSl Ly pape 1 EIEN Jadll
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@mad) anill LY Sl lsds ziladl i) Gadlainly Aliay 5Slaas Ay Juadl) 138 (i yey
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& @l eaill JLaay) @l zilal il Gadlaiuly 5y slSlaay Auby Je a5
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AN 5 Jaall saaie A8 gial) Aalal] aladinly AL cVLa) s ) Juatl)

Js¥) Suadll
zoANs Al asia daailly LSLadl) Jluy) g

Wireless Communication Channels and MIMO
Systems

s AL ) g oo dadia 1.1
wireless ) AL LU Al slall Al aaads ASLOU cVLaN) dudal o Jll sadl Cany
AL gl e o Al AL 3Ll yale JS& Lenans o (S (channel environment
ldy absie ey Al o A AELO gl bl sl (Sap B lpailas o A
VL) Akl st aal 35aY) gl g . olal) alies 8 KLU clgiall 3801 Jiatl) Cana)
(mobile communication services) il CYLaW) Gladl apudl saill aa (gy9ma LS
broadband mobile Internet access ) ) 33eadl diayyal) anll @lad o Uad ¢ods aaYls
b SLU il Ll i€ edatl ula) pay Cagas ASLDU) clgiall aal) agdll of £dlsl 4 L (Services

Bliee Jlas e 36 cld ol Adle ddaly Jagll

i) 1)y ApmtoseSl (sl (gl G m Ty AL il Bl Ay ol Gl 13 0

Agaal) EVLaN) 3 Reriind) z 3kl ) Yseas leaailiass

Cigially ;L) L Sl Jlugy) clsdl Lals 1.2

The Wireless Channel: Propagation and Fading

Ladie 4y galyl) cilagall @lslin Cojmy ASLBUN L3y & (radio propagation) 3Lyl L) o)

Jalse Dy oy ISy il (radio waves) dgsal )l cilagally sl 3 o Jiisd) ) Juspall (g s
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Jimglly (diffraction) =)=¥)s (reflection) (ulSa¥1 ay ddlpdll Aaphll  alshll e ddlidg

.[59, 60] (scattering)

dunla Sl G\}‘&‘ palaai Ladie  yelsi (physical phenomenon) 4:ilé sla s Reflection  ulSeiy)
iyl 3yLaY) il yeads D AV 5 o)) mlanS Aasall b ae Ajlie 5y€ dlal 53 ey 8y

i) ) ladl sk sk o e e Yo saad ) ssle Laladl oS of e

£

ox (radio path) sl Hluall (alie) f dle) s jedi g)al 5l5s salls sy Difffaction z /iy
GBypia Gl g Qg o) oy B (sharp irregularities) als J< alaiie pe mhaiy Jafiesal) 5 Juspall
i Laxie (spreading) sfiie lase JSE o 5 Symaall @sall Jsn dajaio Glage JSE o el
Jaiaally Jupal) o Jlise S5 Basda = hadY) 58l e Al 4 glil) ilasall 3puall claidll (PA (g

.zt e (line—of=sight path) jadl La e (< e

Dbadl ezl 5 GlaN) e conaline s oSl ¢ Ll dnse b 4Ly el s Scatfering iesl
S g S @l o JBS 5 Anall Jsha e Al sl Bysa Gilse s ) Bile Gub oo ol

By saacl 5 Agyeyall LY 5 a3l Gl , el 3l

L ALl ASat 5 dumia Loy 5l Adecy Sae Aagabl) o Anlaline g oSl LY Lil (a0 Bl
A ae calids il o ((scattering) jixills (diffraction) )=\ (reflection) _ul<ai¥l)

cagoall R e g calidl

o8d g fading Gigal) exisala o 4SO sl 4 (unique characteristic) s duala g
sl (additive noise) caliadll sl (e Je 5.l 5 2350 s (Signal amplitude) sl dau
Chhaal ol e G 5 Y1 ol Al e ciials 5LEY) 0 Lot SSY) Cadl ey
58 L) @saally ASLA sl A (non—additive signal disturbance) wsbadll e 35L3Y)

,(multi-path fading) <hluall aaai Ggeas a1 Ly 5 (Multipath propagation) <) aaaia L)
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dagdl Sl e im A @l 5 clial) e bl (shadowing) Jlall s cigdll osS f

.(shadow fading) «eall Jlay al Ly 5 Aaunla <)

HF aJull (bands) a3l J) (initially modeled) Aoy LKL Jlaty) sl & Gsadll sallh dada
1960 4.1 1950 4aw & &y 3 SHF 5 UHF
HF, High Frequency 3 to 30MHz
UHF, Ultra High Frequency 300 to 3000 MHz
SHF, Super High Frequency 3 to 30 GHz
800MHz to 2.5GHz claasll laslis) 5 ASLOU Jlaiy) il 6 Lhasiads dpmd SV 3Ll Lils
.(extensive channel measurements in the field) Jlaall 3 8 3Ll dasse Gluld DA
3ams VL) dadaly Laadidl (ITU-R standard channel models) plaall slll z3la Jodis
3aag Jaall saay VLWL ) L saley (single—antenna communication system) sl
3Ll zilad axdiig sl gl 4y (SISO “Single Input Single Output’ communication - Al
Jaa samie AVl L) lids cililsedl samie JLal 4day (spatial channel models) iyl
Ji e DAse lapga & ally .MIMO ‘Multiple Input Multiple Output” Systems = Al st
(6310 sl juleall 5 Caad) culadaie Calidg
IEEE 802, METRA Project, 3GPP/3GPP2, and WINNER Projects
(high—speed wireless transmission) e ull e Juail 5 Jl) Gl ) IS andy cargs Jlly
.(diversity gain) ¢l ) al) ‘_;1}
(large-scale fading) aulsy 3l e gl roilide Guudy cueg ) Ggall alh caial (S
.(small-scale fading) Gu Glai Jo cusidy
JE Ja ey samy cliliad JEy)y &laill vie (large-scale fading) Glaill auly cagall el
[59] 4dluall Las 3,53 (path loss) jluall lasé e =3l a4 (Distance of the order of cell size)

Glalually (intervening terrains) (uylzilly ALallS 30l 3ilsall (0 (Shadowing) Jullll sy
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iy (slow fading process) cugiall Lday 4lee (shadowing) Jullaill iy . (vegetation) dslal)

S & Opagiall il Jupall o (variation of median path loss) Ll ojlasdl o fia cliiy
(average path 108s) jlusall ¢l Lausgie (el 5 Caiagh GUaill als cosiall ol Jsil Aadlagy L anls

.(shadowing) J:llxill
rapid variation ) s)Lay) Sl apadl Sl ) el (small-scale fading) @laill Gua il Ll
(constructive and destructive interference) l3ls (Gl Jalsll cla o (of signal levels
dasall ety Jlnl e dasyy (Multiple signal paths ‘multi—paths’) saasiall 3)LaY) <yl
Ghluall 222l (relative extent) @l sae e lalie) 3juaf Glilud (Mobile station) 4 sesll
Sub o sl (frequency selectivity) gaajll @yl oo Glaill Gua cigedll dand (Multipath)
Jlsy Ll sl Wl Lfrequency selective or frequency flat sl gl gaasll clamy)
e (mobile) Jgesall cailed) dhiat depu il Al e slaeYL zis (Doppler spread)
gt (fast fading) s cga J) (short-term fading) saall juad chsidll Coman (Say 5Ll
types of fading ) sl 4 cisiall glsl o) 5 muagh 5 dawd Jal) JSall L (slow fading) ¢t

:(channels

Fading channel

Large-scale fading

Small-scale fading

Path loss

Shadowing

Multi-path fading

Time variance

Flat fading

Fast fading

Slow fading

Classification of fading channels st & geall canas (1.1) Jil)

13




oAl 5 Jaal) sasmie 4815l Ala¥) alasinly ASLOU LA (i IS Jaail

(small-scale fading) sUaill G cusidlls (large-scale fading) Glaill auly cugsaldl o A8al)
Cua (Mean path 10ss) jludll a8 Lavgiey Gily aie jumy @laill auly cigeall (1.2) JEIL daiaga
i Al 5Ly Al 55 o (Sars Jball 8 augia Job o i Q) Aady Al a3
Sle sdles  ludl & @il e gl (shadowing) Jukall ) @y dgays, Japall (e dnf ddls e
short=) a¥l sl s el 6 ez s Gl Gun cogall Calad il e ol el

Ll sjalla il ciagd ) 3,L33U (term variation

Recaivag?
H.l;r::‘d IEl'nausl-m.l.'lng
pormer |38] {
" |

Maan path | Bmail-scala
S - facng

o

R ——

DiEataimca Mol

[61] Large-scale fading vs. small-scale fading Uaill G3aia <ugially BUail) auly <gsal) G 435l (1.2) Ji

cen Jid s ASLOU) N LatV) dalail apaal b dege dda 53l o (Link budget) il 43
sl 5)L3Y1 Body 5l ant s, i) S ASLOU 5Ll PUs (losses) ilualls (gains) LY
Aanilly Jlie¥) Gy o33 ) Apeal SSYT Dlalall Laa siall 5 jlusall it . ogllaall Gl fials as
oM Jangia Al Jalsally 350l (link budget) dlaagll dlhue mans (1.3) JS&) Lalagl Ayl
Jupall e Jleal) ddbie Je 4 sl (S A (deterministic factor) sasall Jalall o Ll

EN
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Tx Rx
Power | Distance
transmitted
Log-normal
Mean _
large-scale fadin
path loss arge-scale fading
¢
Large-scale
fading margin
~1~2%H
Small-scale
fading margin
Power
received ~1- 2%

Link budget for the fading channel <) slal dlagll dglye (1.3) Jsall

random ) idlsie jalda a (small-scale fading) sl Gua &eally (shadowing) Jallail) Lew
probabilistic ) Ilaa¥) sl alasiul Lo ol ki oo Wi of ey Le (phenomena
log-normal ) aulall ale il aysll aladinly Sale Q) ey, JUall Juw ey (distribution

.(distribution
O 4 stpall il Gladal (ieleS Alall e Jil8 ddlia) cany ,giall spallal Alsdal) dxpdall ki
B Al 5LEY) 88 Craay 5 congin 3 algd) aat lile Cany (6)aT 5)lins L Aliiall 55LaY) 46l
ase s WS (%99-98 JEdll Juw o) avesill 8 gapall Jaad) 2gaa 8 sUaxal) oasl) dal)
Yy dexdll o Laliad) oy Cums Lginhs g Glaill Griay Glaill auly Ciggal) Gialsa o) @bl Jeall
S el 8 W Aygle 0sS5 of Gang Aliiaa) 5L5Y) A8l o ey 135 ,1-2% ¢ Uail) Jaxe saxy
Oty QU e JS0 AW drlall Copa i gyspuall (o Jalal) 13a a8 .0.02 saxny Y Jlaaly J8

J61] Ll
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ZAN 5 daall saaie Ad)sial) Aakall) aladtinly LWL VLAY pns I Juad)

: (MIMO Channel) gz allg Jaal) sadadia 3UAYN 1.3
bl (el aladiulys Adlide G035 sl e Alagiye gpally Jaall sadeidl Ll delaly) ()
saals A0 daja Gan Jand ) il e aell e ggias (MIMO) 3 Akl 8 303530 sliall Lasy

BLEY) Ahlias JalS T g Jaadl 4T alay) (g iall (e aild I

o asns il Ssa NI dle) s Nt e cally (MIMO) 2jally Jaall saxia ol Lpal 43l (a8,
- 20l AEEY) dagae Ul o e GlS IS8 A Jlu DU deadiud) L5l Lokl

s 5yaldl jualiadl e 5ya¥) s Gia (H) ddsiad) e (MIMO) slll oyl z3sail) (s5ing
Juyall o (Fading Factor) cusiall Jalaa Jiay (3l (hji) gaal) mapl) Jiai jpualiall o35 5Ll 3504l
i) i)

Jie bpilall e jualiall Laiy (Lalil) sl <das Jiw (h11) e 3Ll 5yalad) jualiall of Cua
L) mamg (1) oo Al 5)LEY15 (S) o Aluyall LIYI o iy ¢ sl Adle Jia gd (h21)
slall Suall dojall Gaes (time—invariant) Lol il aae Slie¥) e 3830 aa5 (N) 8
(MIMO) zall 5 Jaall saasia sLall bl z3saill d2lua (Ko JGIL, (narrow—band channel)
P B g e

r = Hs + noise (1.1)

MIMO g ally Jaal saaaia 3Ll Al JSEU G (1.4) JSal
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AN 5 JRal aaxie Aa sl Aadail) aladinly AL Y LAty (s ) Juatl)

Al Jla) Gob oo lede Juant Cun 3l i Jal g @iy (g el (H) ddshadll 2dje ¢
Alee b 4ahiiid (Kl (e 4l Juupell ) SR il il Jlly diiad) A 13 digyea Ll

. (MIMO) 1 kil o8 L) (et dlans asty a0l o Cam Saa il

: (SISO Channel capacity) gz Allg Jall 5ang 3l daes 1.4

oAl Jaall saag slEll daddl aaadl &by zisd aias (Shanon) ggals Gl LG

:[16] J&I K&l e (SISO ‘Single Input Single Output’)

S
Csiso = fglog, (1 + N) (1.2)

£
*

NG JITEN

eyl Rajall e : £y

. (SNR) C_);.A\ ‘_,,J‘\ ‘DL‘“}“ A o N

b alaiiu) §f Agall Gampe 3 Gang 4lld (SISO) 5Ll drws (a3 Jal (e adl LDl 2Dl 028 (e

i dajal) (e 3ol Gk o ot o oS Y cadall Al o V) ddbide Joaes

: (MIMO Channel capacity) gz Ally Jaal) sasia 3URY 4o .1.5
Olilsell 2ae o adiey 3Ll daw oy @A (sild z3sa i (MIMO) 1) dadail Jal (e Gl
(M) QL) S (ME) QLo deaiial cililsed) aae G () 23l 58 (M) o ayiils (M)
L ileay 5ot of Ses (2%3) L) g JEaSy saalgl 5L (e el cDladl s Jid A
WDl e o (S 3L das 8 (MIMO) 31 kil Jaf (e ale <45 . (2%4) dedaidU dlly Gl
:[39] 4.t
Cmimo = Mfglog, (1 + %) (1.3)
S (1%2) dxpall o Cun L lilsell 2ae 82l ae Jhd S Jap (MIMO) I dddail 3 sl daws

Al Jaall el axe b CRY) ) s (27 1)
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ZAN 5 daall saaie Ad)sial) Aakall) aladtinly LWL VLAY pns s uadl]

Al asia g Lo 1day Slilsedl 2o abajl pe aiple gl J5 Aok (Cpy /p, ) 3l o8 el e sl
:[39] &
S
Cry/ry = fgloga[1+M <N>] (1.4)
Yol 5a Al 53y Dl g giadd) el (Y], SISO 58 (e ousd JSs a3 MIMO 518 daas (b dagiillys
b Taes ST 5% ) bl b Lol (L) el A ) il Jally el sae) Sbadl b

CJLEy) cayka

ZAN 9 A Basatia Aalaid (g gieee) haual) cigddl BLE zisad 1.6

MIMO Flat Fading Chanel Model

haa e Jladd sl Jlaall Gape ol b sty MIMO alail lasse 755 (1.5) JSal) oy
AV dgiall Laype dadal) e gl Load Sy (340 Ve . (Flat fading) gsiwe cusiald) oS Julls
5 Jlay) H1sn Nix e gmy Laal (30 MIMO 1) st (o jiys Aysiase 5Ll Sliie) ¢Sy aag Al S xie

C);J\} Jaall aaxia ew 3Ll ddgaina &R (er X Ntx) H ddgaias Wl C_Lu ‘:JL\]L}} g i ‘5‘1\}& Nrx

21 N N7 #1
# N NV #

[ ] L ]
L ] L]
[ ] ]
#Ntx { [ #NI"X
TX antennas RX antennas

oAty Jaal) saaeie Aakaidll 518 Tawe (1.5) J<a)

(1.5) Aalaally LS ) JEIL RX Jiiaaally TX Jopal) oy Bdsiomall 038 o untll (e
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hiy hip - rI?1.-~f1_ﬁc
hiay hag - han, (1.5)
Lf!dxrnl hﬁ"-]’xz = e 'IPI.-'."'I-E\:;"'I-I:IJ
jth Juydl Hsed) e 5Ll L Say 5 H ddsiiadl Ga jth dsexll 5087 Jhudl e paic s hij Cas
ith Jisa) sl
Juyall Crx s Cix Joliall Ll 138 Jalse aypes oSy 5 dalie AL 0 L MIMO sl oL Jsall oSy
Al ARl H Bl (o Sy Gans Ll ol Jisd)
H = Cx H' C1ix (16)
Glilsedl JS o sty 5 dotaad) S EBN Jele (50 (g 3L Aihias a5 (N X Ni) H' aa
saill e C (NXN) Gisiias Caped of Say 5, ZL 8hpaal) dnilaall (i L) aldailly deniiosall (58 N)
:[36] Jull

Zy + 2y VAL ES Zin
—1 _ 1 Zn Zy+Zy - Zon (1.7)
Z . ; : ;

Z,'m Z:xz i + ZNI\’J

o Cix & Crx 3 oSy il alall ae L[37] jth Jlsed) 5 ith Hlsed) G AsloadMglil) dniledd) & Zij Cam
Ak e S Cap

Gakilly dialu Ugh glines Sl Ldland) 1aS b)) o3 3 alaial Hene (58 of 4l la agesll 3

I Bl g1 IS 3 Gl saa a L) a3 o s dlead) 2L 8 g5k LS L Leall

leall Jpaaill 3 2o LS Lgia il Caaliiinlg Lgiarsiia
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:MIMO 7z allg Jaal) Sasia dadaiy) o dadia 1.7

GSLOU) Ul A 523l Aalad) Gl (38, ASLAY cloadll dpaal ala)) 558y Gl

S Gmenall Joaalll aladiid of Aejall aage 5238 ClLAD (e daall i SIS Ale ol Basa (el Gl

ccadall A e sal3l sane AnlS) a5 lee cily S alatily pendl) dalal s

bl t\na.d\ e (MIMO “Multiple Input Multiple Output’) =ally Jaall i Ly

acy Jalae Bac Lol Cua cdeddiuall Al aje Addlad Cpuadl bl ddghias oladiuly LU

(Spatial diversity) il culall ulad o Zdjpee ZalalV] oday damy dnag s Jal ge clldy #)las

.(Spatial multiplexing) (gyall aasilly

o s (RX) diadls (TX) Jassall s 20l Juaill s :(Spatial Diversity) gjall clill o

S ALyl gl Bghame e ) pped 2 o) o) AT o U8 0n Juft o (e HLEY) (i

Leli clily iy (e JST Jes e 0l Sl of iy :(Spatial multiplexing) gjal) asaslll o

ae Jalall 30 ki alasiuly @l 33l

signal ) sLay) dallee Lk 13) by 13 a8dad oS RSLOU cVLaY) Jlae b 4agll g

<yl (digital signal processors) dudyll §)LaY) cilallas pladin) 5 Lgilgioa 2l (processing

sanie Aalal) Aadinl die HlaeY) Gen 35 ) Awld) Ll LADC i deyudl dlle 4l

Jalull =< (Array gain) ddsadl ~y & (Wireless link) ASLy dlay e JLYl A bl

Transmitter ) Jujall adse maaiy (Spatial diversity) (ghall 4agilly (Interference suppression)

.(Iocalization

Ay Gllsel) de sana (o calgall alaill pryy (lb 3aamte Cililsn aladinl Ll :Array gain ddgiaal) my

e L 5 Al Gl A il A Glabiall b vde 13ay LAskaaill Jlae 3ol L san L

353ya (e 3ol L (S G Lae Yy 5 .(base stations) cilasall (e Ji sae; 58 Cilalise apds
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ol 32 &l oaiyg (Mobile units) Al sasdll e Jlpy) ddlla mssdsy Sl il e A8 siiadll

cJitiall 8 cililsel) 43 siiadl (sensitivity) duulualls (gain)

(spatial dimension) (gall il (e saleiY) 5 cadagy :Interference suppression Jalaill gz
Op dall) =€ o Qi Sadl) (e ,MIMO )il Jaal saseie dadal) (of saneiall cililsell 3485 (pa aaidl)
dpsbia JS1 maadl Jany o oSy pUail) Ly el sy Aalal) 3 alias o ¥ sl cilay!
Golffaasll sl Lusd aadiud Al Glasall o clilea) Qs ey Jalull (susceptible)
Ol (g5 b J8 5 Adlall Aplul) ASEKY d Shaliall & Jas ade 134y ,(time/frequency channel)

.system capacity improvement aUxill dx.

sldll hged Aaglial sadidll llsed) Aelal alaiiu) Lay oSa :Spatial diversity gl ol
Loxie @} 3ty Cua . (Multipath propagation) <)l saia L) e sl (channel fading)
elacy Canlie Jifiveall dga 8 lilsell 2o ls Lo 05Ss dm IS G pae Baxaiall cililsel) Adal ()6
Jlaals LASLOU sball & Laml) ol csidll cilagy e Adlide alshl cumps Al 5LEY) (e fes
Spatial ) gyl 4msll il CE Guing S IS8 Siall sibe gl guen 055 of lan Jfian
@ pladiul (Say (the robustness of the wireless link) ALl dlagll 4t e 2y (diversity
Ayl 5LY) 48l e Jdall 4 (higher data throughput) clibull el dals) e Jpasll Gu L

.(link capacity) ilasll dxw Gawad ) (g5 lldg
Jaall saaeie 4l giall Akl 8 Jiisdl) sladiul (Ko :Transmitter localization Jujall adse aaas

A 4 Ggall jiae paaal bl B Hadiu) Jie ,Jusell dgass adse 2aail Adaptive MIMO zall;

cedgall paat laddS sane lipa 3] 5 Llie aladiul (0

iAlly JAAl Basmie Akl dagiag o L1
s Nt Led (6 30 MIMO ddails SISO Gkl (py ostiyl) (381 i g9 A3 lally o2l Wiy
O (single stream) sa 335 (0 (Mapping) dsas dlaje ddlal s Jlsianl Al NP Jlo)
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GV Aal) il et gl Jiieadl & AL Gl Alaad) 5 sl (e a Gin NE ) bl
Jifisally Juspall dga (a JSI (Mapping) Asaall dleal Say) Cum (1.6) JSGIL Gy iy 5.y (304

ST ST G Bl Lbad) b

| Y Y N

syrbiol

(a)

_j/\li -1 bat
v Y| 1L { —

_ | e |
symbol H symibol

(b)

(a) SISO and (b) MIMO I dakail 4 seia (1.6) JS) ‘
BER (=Y «lld s 4 aall 038 sty cawnd (mapping 1T and de-mapping lTl‘) MIMO ) dalady & gaa Al jo aliad
A8 Alia i spectral efficiency 3L sl

DieY) oSay G Aagee Aalaly) ST Ll e MIMO zalls Jaall saaeie dalalyl ) el off (S
D) A8, b a8 ) AE) i Aals Vs 4 SIMO 5 MISO SISO dekail o Ljlas
il ll (optimize the performance) N eas ) g0 Gy T 5 T agaall clilee pranals
.(wireless link) ZsL.3U)

foh WS Lalds samy AN e e G

assie Ui Jars 2ic ED/NO msiall de Ui G Ji callay o) plaill il le o)aY) Capey 26189
.BER <.l

Jadl Lae saay P bl Kee Jae el 80 s Gagdly :Bit Rate @byl Jaa
adall LIl A oy Lo Wl .(highest possible bit rate per unit bandwidth)
Jlaal) Jal e AdaS Say Jaine Gl Jane Sel § Al aall a5 & 3, .(spectral efficiency)
osld cNolee Gph e ,(Gaussian noise channel) sl mauall sld & bl 3 Ul

Sle L okal) (any 4l AaY) s (spectral efficiency) dadall 5¢USI) Cajad Ayl Shannon
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AN 5 JRal aaxie Aa sl Aadail) aladinly AL Y LAty (s ) Juatl)

number of transmitted bits per ) sUaaall Zaluall s2aly & Jlaall (e A dlupall bl 23e Ll

-(bandwidth per unit area of coverage

Jsill (e 5 (high bit rate) Jll Gl Jaxe ae 48535l a5ea (mylais Lo Wlle :Reliability 4845l

Wai Jase Lawgic sladiuly (robustness of the transmission) Juuy! 58 o ddgdl Ll &y 4

13 ¥ (time varying) el aa 8yuiia 43501 5Ll o s .(Average BER ‘Bit Error Rate’) <)

Juail dagilin) oladiu) agall (eé Ll (MS ‘mobile  station’) Jibsall ddasa dam Gl

zamall 5Ly Jas 3 (fading dips) sl cgiall ol aaas of apkiind (communication strategy)

.(multipath propagation) <)luall 2as3 leia ol sae e ~xUll (SNR)

battery ) dyladl Jaad (5&80 8 ZSLAUN dlagll @lle (e 3aaly el :Complexity  absal)

saall y&e Sl (low complexity mappings) alsaall & Jif aies Ll (< o agall (a8, (pOwered

Gstpall 05 Le Llle Jllyy . ST A8l ellgis Cagas 2@l o)) L JS 43 alall s (inverse mappings)

Jildia ye adaill & Cusy (transmission/reception schemes) JLauYNJLpY) 73 aaal 5o

iplhdly de ) dgall 3 @lld 5 laiad J8Y) Gl hall g adge sy ,(NON—Symmetric)

Glly sl dga bl cabias We [T 4 1T (mappings) Wl AUl . (battery powered side)

(mapping) ilsa sl axiiule dagykY) oda 3 Ageull (SIs .(duplex system) dasajall dakil

Sl Japall g JS 8 il

ey Aumliall iy St of o AUS panany (mndl Lgiamy e Aplimie Wlle 4 1l 5)5S3a LG

.(mobility) elall A0 5 dpnbaidy) Culsall Laf Hlie¥) (e 3331 e, (trade—off)

Badxie 5U8 CDlalas dijee s (1.1) JS& 3 (mapping TT) lsall o 56 Ll 3 degall Jalsell aal

1 5 . Jupall g2 A (instantaneous MIMO channel parameters) ddaalll MIMO ~ally Jaall

(CSI ‘channel state information’) 3Ll Alla ilasles s 32aly , 8 ) (Mapping IT) A saall audy

ipSe 430 3l Alal) ke &l CSIosll) Al Gilasbes 290 o A 5 dupal) dga

¢Sl (consumes system bandwidth) aUaill dsja (e (e g )y (feedback channel)
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AN 5 JRal aaxie Aa sl Aadail) aladinly AL Y LAty (s ) Juatl)

3Ud aladi) i) Jull 5 .(robustness and spectral efficiency) aadall 3¢ lilly biall (3 Gy
Gak . ,lieYl e sl aay (trade off) Al dialic dle 5o (feedback channel) duusSe 4
QB a2 b ol ey Lee (hardware) bl adll e LWl Gany STTT 5 1T dl505)
software ) sl Jall 45)lie o L)) g AN e Jlag 13 .(lower computational complexity)

.(channel scenario) sl Ala e adiay SV Lagaed) Jaxs ,(solution

:(Spatial Diversity) gjal) cpldill 1.9

JEELY) Gyl die gl ) 5LEY) A gy Gl 5LEY) Basa cpny il O asi
S5 aagan e 2k (2hal) hend) apeadll G i dalisall Leaal ) ASL il b Gald (s
LY A8l b)) Al (i I 5 ASEN dls aly)
@l ey iy o G am o) oSae Alaall sday ALl HLIY) Sl LS (B e (g el T )
ekl (sf Gy Lady s ls i
PoleY) Cpmy L dal Cagy (hall colall (e ple s @l
AT ) s e Ldl) alay Ayl 5)laY) ol g 5100 13a a :(Tx-Diversity) JLoy) culs o
Lghde Liaa o5 ALl 3)L3Y) ()b g5l 12 8 :(RX-Diversity) Jusiny) cpls o
13) daadl) (ulaty of (San alldl o s (stereo) s (mono) ) dakail 3 ) Ladl ailie J3¥1 g5 )
- (stereo) s,Lil \llu) 2
saals o pand) (e Juzmdl (56 il aandl o a3 gl B ¢
O G Gy leays s Slly (Alamouti space-time code) aw L @ilay Jbp¥) ool e JUaS
ay Jliin) (Al o danyy JalS ol @aay 585 s
alaiiul Laafs Jly) a2 e 58T JLELY) Gl e 230 aladiuly 0% JUEY) cpls o)
iwyylsa 5 (Switched Combining Algorithm) Jaadlly aaeadll 4yl Jie claslie gaend dga) s
oo Jiue 4 Jad &ua ((Maximum Ration Combining algorithm) e Gacasll e
A(H) 5Ll Z5ina Lide 13 oLl
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A ‘""“\q‘ J-"-J-."-./ B
Rx —C
Received Signal Switched Diversity ~ Maximum Ratio Combining

""" 2 f"""'f?"-i:"f.-ﬁ'{”"ti [ i ad e
SLR f ."-."II_} :&_;*_II I-?’ '|II'-IlI ||
@ |/ \| I

II| III Illl_li

II II|l||

C = max(A,B)

C = (A+B)
saalyslal AB ol das gl Gl dall e Jliia¥) @l sa (1.7) Jgal
:(Spatial Multiplexing) (jal) aseail

.1.10
s (e bill) @il aandly Leny cililsn sac e bl e iy sae o dudlas sac Jlas) )

tole g
gl a4 (V-BLAST *Vertical Bell Laboratories Layered Space-Time’) e sy g5l

el die HLEY) Fgudt (30 B5al) e 5 Lebi Alpeadal) bl Judla (e uaadl Sl s

il — bl Sl o Gua o IV gl GSe e, bl — bl Sae ) aadiy : B g

it ) g3n e saelaiag lgpamy e Al clily Judls axy (STC ‘Space-Time Coding’)

aaie Jalaill (s ALy LD Juad e 06 e (V-BLAST) gl o Cum Judil) o3 (e JaIA)
Ol Ay jEe e JlY) Jeas i @iangy o (Saa (MSI “‘Multi-Stream Interferences’) sl

celladYl odg] paiisay Aila sy alill o530y ud (FEC “Forward Error Coding’) il

bat dallad) sday dlans Aybad dalles e 3)le (STC Signal) Wil —lale) sa5all 3)liy) CaiS ¢

WDl gl paandll e Ll sl 5L Adle B35 s oSy Alle dra ghad) ppeall) ety

el Aalaly Ay dgdasilly JiaY) oY) iy LS L JLY) clila saey daud) 8 ) o dpladl)
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Jaall & bl cplal) (Jupal) i) Capll Jladll 3 ghnd) gaendll DA (e Loghiiad ¢Sae 2L

(iisall e ) e

ZAD 5 Jaal Bamie AN LB ad) gpandd) 1011

MIMO Spatial Multiplexing

r

(Spatial Multiplexing MIMO)  z)ally Jaadll sawie Al (ghall apeadll Caiay

.B-SDM ,SDM |
Jhe Sy 385 TX el Juuyy 485 :SDM “Space Division Multiplexing” eyl awailly apeail)
Aoy o BN daw 5ol Alad Aipla Hded b (1.8) UKL munse o LS (SUb-stream) s,LaY) (he
(MIMO CSI 'Channel State Information’) sldll dllal ilaslee a5 Laxie @lldy A gl il gladl)

- substream #1
sub-st_ream #1 - #1 .
7 ., .
#1 #K L
substream #2 i H#2 RREREAT i
#2 e ol
-
(P —— ..
" o
®e substream #N, & #N., 7
#N., <7 #K
(a) SDM (b) B-sDM

(SDM & B—SDM) oY) el asilly @AA:\M 5 DAl anadilly @A;J\ 2 5¢de (18) IKa

& 48, :B-SDM ‘Beam-Space Division Multiplexing”  eleiy) ehdl @il aeadl
YL & aadiing (1.8) JEL maase s WS 3)LEYI (e Adiia lidxs TX Jlsell (beam—forming)
loal Cijdg 13) Leady .B—=SDM (e dals dla 58 SDM gl Lia Jaads o (K deyud) ddle 48U
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Cpnd JSE5 o Sy Syl dga & (MIMO CSI 'Channel State Information’) slsl) Allal culaslas
o3 Slashea) 518 e faliind 2l ¢)af 2085 Liaf (Say LSy SNR maall LY Jaxa b sl
— B-SDM  _cluy) eldl sl st 80 Y JLgY)l pled Cag
sl sl Jidat Gulaly zjai a9 (E-SDM: Eigenbeam-Space Division multiplexing)
Aghll adll Jias Guliy 0 H o ddiadl e (SVD: Singular Value Decomposition)
o plall oo H™H d3gadll e (EVD: Eigenvalue Decomposition)

H"™ is Hermitian transpose, H"= (H”*)T
syl slal (throughput) aaboy) 5ol 5 Wlke saeleic dja clids Jluy) (e (E-SDM) dps Li€a
IS (Ao U] 5 i) JusY) e salic aaad Gyl e cllds MIMO System g jalls Jaall saaie
3 (E-SDM) a4y ) g ) cliual) Laffs . (Optimal value) il adl) 3aly las o Jia (305
AL LAy 4 cbbdl Q) Jase 5330 MIMO Systems zyally Jaall saaie dalasly) dllad
L) 5, 8aY Jumie JSa Jolan o) SA A dgall ol 4p58)) Gasd B-SDM (e duaal) oy il Ly

Lis E-SDM jlicY) pay 32l
: SDM (space division multiplexing) £Lal awdilly apeaitt  .1.11.1

SDM &)l assilly peatll 4185 223l oSy (MIMO CSI) slidl) Alla e ilasbes jigi axe Jla b
(sub—streams) s)LaY) (e b A i TX Glilsedl Jup ady Aoyl Jle Jlail oplal
tol WS NIX alsha rop(t) L) g et Cayed o (S Uiy Ay sliia cle Uaialy g
rsow(t) = Hs(t) + n(t) (18)
n(t) 5.t adaalll 4 JloY) Sl e alall chlaY) ge bl NiX algh Jlo) glad g s(t) Cua
Nrx alsl 4 (additive white Gaussian noise vector) diliad) aslill (2| sl g lad 5
gend i ) dalsy diied) oy LJLuY) @il s ge lph clie JLY) dae b 45l ae

[62] Al Ala)xiall A83al) i) e 434Sl 35L3Y) (demultiplex)
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i) o) (ELAl aadilly apanil)  .1.11.2
E-SDM ( Eigenbeam space division multiplexing )
ig> 4 (MIMO CSI 'Channel State Information’) slall Allal cilaglas sl cijds s
cdalaie Jiisally Juspal) (3L 2els Jrad off (Say €igenbeams Gy el Zad) alasiulys s yall
b WS oy HH 23 il e (EVD: Eigenvalue decomposition) dglill adll Jalas ol s
H"H = UAU",
Nix X N non—negative Hermitian matrix a H"H TN
H = (H*)"
U=Jetez » + - €]
A =diag (K1, K2, . . ., KK) (K1=2K2> ..o > LK) .
S iy diag (+) (Rank of H) H ddsiadl iy J jeis & 5 (K < min (NegNi)) Cua
Lasall pasall a@ll e LS K x K odphall dsiead) Gy A LApkall ddsiiad)
el 4adY) b Lavie H"H Agaiadl e A, Appeeeininnnnnn Ak, (positive eigenvalues)
Dlie) WiSad £, Ag,.... . Ak, (eigenvalues) igldll adll xo Jlll e €, . ., ek (eigenvectors)
el saelaie Badie aja JS& o WiSad [ TX dupdll 035 glad ae liph dauliie dypasal) 2V ¢
s 5 (1.9) Jall mase g LS Alinally dlujal) Slilsedl G (orthogonal multi-beam space)
: Al Al 5LEY) g lad anys [E-SDM ) 4

re-som(t) = HUs(t) + n(t) (1.9)
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# N N7 #
49 *\—\7 eigenchannel #1 <7 49

L ]
. - .
L] - ]
L ] L]
&N, V O eigenchannel #K ) V BN
TX antennas RX antennas

E-SDM i Jlus) aseia (1.9) Jal

Sy -(eigenchannels) ddliall clgall yie dbujall ShHLEY! e osSall K alsh 5 Jlapy) g lad s(t) La
sl 4y 8l) sty Lol aildas (TX weight vectors) dlu ) 41 ofysl 48 (& e E-SDM Jla
@ 5 JLEaY) dea b il o o JAS o s Y LalSa saelaiall 4sall sl LMIMO )
chlay) (demultiplex) asead @i Jeud) (ped oyl 138 Gad 5 .SDM 8 Badail) Comea o 50 ding
$LaY) 4w SNR 3 3 5 (MRC: ‘maximal ratio combining processing’) aladiuly dldill
s sdle 5 (HU)™ @ re-som(t) Aladl Y1 dadl i Gk oo RX Jifiedll dgn b gl

5 (bit modulation) il Jaasd Gausd A (1o MIMO ol Zaliy) (po )28 acl (33 ey ol

i 35 S A8

JAA Baseia LaaiBU ghad) aanil) b aanil) i g kg ciliajylsd 112
:Demultiplexing Schemes in MIMO Spatial Multiplexing z Al

lead SSY) (demultiplexing schemes) awaill ld 3k (0 Gan sayinle sl o3 &
Slo @l oa glle L Ludy ,MIMO-SM zjally Jaall saaxie daladl (ghall aanill 8 deddisdlly
Cililgn 20al (soluse Alpall Liall (aiall) clisll saey H o Lo sl o Sin 4 5] SDM 4

E-SDM Jix (beamforming systems) & lall oda (Gadai d8lay dulys Saall ey (NIX Jlyy)
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glad b Aiaaie Aiall ajal) o dejsal) Al A8l o Liajd Sl oo JHU o H Jlasuly ellis

S(t) Al el 5,LaY)
e Jagiad a1 sally SLaYl deail) dpla Jie 2hal) Lt apenill il sae Gilia) iy (ph ol
a1y Aesiing Base (a0 Grla dlling , caliall Laa VUL Sl diph Jie ddadll e Lgtay Uadl)
anydy st @Al Wil pled e ale JSG add Bl IS Ay Lbadiul SV dalud) (35k))

Jaa e il JS0 sy 4gles 44,

: Zero—forcing schemes _LaYL il ddk  .1.12.1

sl gl )3 MIMO slé e (spatial multiplexing) (gl speadll o Ly
LaY) oo ikl (Kay Aasy daplaid (1.8) W)l s i (flat-fading MIMO channel)
Lsias ay W ddgoadly r(t) Alieall 55LEY) o3 Capmy @lldy Lhad Leapent iy cllyy L Aliiudl)
HLB i Je Jans JGlb 5 JH sl ddgiiaa ) latiis (N X Nix weight matrix) o))
P AP e dlyall

s’(t) = Wr(t) (1.10)
genll ¢l o s oy (spatial filtering) A5l o Aplal syl o3 CaiS Ayyla Liad ands
il dspla oady Nk > N byl @sas Gl (linear  demultiplexing)  aal)

Al sl 8 deadiall 3kl L e ZF (Zero—forcing)

Alugd)l d5a)) dajadl canp K™ L Nix algh gl ;a5 (ZF weight vector) ¢l & las Wark
: Mb sz,k ‘_,,_L:ud

(sz,k)T = (Qk)T H* (1.11)

+

e Nix alsha ¢ las 8 Gk 5 -(MP ‘Moore-Penrose’ pseudo inverse) (e i Cua

H figiadl ok Sl sy (G)| wH' coem anlyaiad K eaial) e Lo liaal lyealic

linear demultiplexing ) idedll wweaill i b (e daaly & ZF SlaVU el o Ly
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AU 5 Jaal saneie 4881 giall AadalY) alasiuly LSLOU VL) (s S et

H® fgadl UL et LS Gl @38 LS Nix > Nix Loyl (3 einlal (il (schemes
d.ﬂ;.}

b WS i 5 H ddsiiadl e 4a5l) (MP pseudo inverse matrix)

H* = (H"H)'H
H+ = (H*)™H)'H
H+

A shemall Ayl (5 (Weight matrix) War Jasll ddsiias ,iluyal) dsall ajall JS e Caisll

(MP “‘Moore—Penrose’ pseudo inverse matrix)

. (1.12)
[ s

oSe @b 2ag Ji (MP pseudo inverse) alaaiul ash ul 4ddas Ra pial) o il ale 5
s oL ZF & MP pseudo inverse alaiiul ¢)ys cuull 5 .(other inverse schemes) BN

Wz @ or(t) @pall xe 5 .(norm-minimized and least-squares—type weight vectors)

P Al amy Nix alsh & el m Al (650
s(t) = Warr(t)
= Wat {Hs(t) + n(t)}
= s(t) +War n(t) (1.13)
T
wyen(t)
1.14

= s(t) + (1-14)

2]
Woe v, 1(E)
thermal noise ) (ghall gzl B e il Ko Aal) Adbed) 4 mnl; o WS

.(MP pseudo inverse) alaiiul 3)LaY) )& 8 el (cOmponents
¢ ) T

(5a)) Sl xS e as Cunlean) (o ZFLaVl Lieaill $aj 53 dae daphay oSl Sy

el e Lo e el aaes af 05 Byaa) dgiall Zall Sl (interfering) alalal agsal)
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AU 5 Jaal saneie 4881 giall AadalY) alasiuly LSLOU VL) (s S et

oA & (SIR ‘signal-to—interference power ratio”)Jalxll 3,Lay) dus sl &3 il .4 slladl)
G815 (SIR) Jalall 5LaY) Ao 5305 Al (e Algia yind 5y pall 5L Aliasal) d3lal) 5 iyl

(AT Clay Al o Gl e d5lie Jallly A5lie LI A B 406 ZF A lsa
: Minimum Mean Square Error Uail) aye hugial S8 aall  .1.12.2

Al Ly lsa o (MMSE ‘minimum mean square error’)laall sy dawsial 3Y) asl)
on Wadll Qg (adss e Gl sda law asys (spatial filtering algorithm) sl 55kl
Al MMSE Uaall oy Jausgial (301 aall Cipey 5 .d(t) Gmayal) 3)L3Y1 5 87(1) alatll 2 A 55l
: aul
J(w) = E [1d(t) - s(t)’|* ]
= E [ld(t) - w' r(t)| ]
= E[ld(t)I* ] - w'vig = W' (Vig)* + W'Rw (1.15)
(vector correlation) il ¢ lai g8 Vig ,(expectation) il ‘éi S bugial s B[] Gus
i b WS Wmy 5 (correlation matrix) laill ddssias s Ry
Vg = E [ r*(t)d(t) ]
Re=E[r*®)r ()]
P e S5 A0 ALl Aad jraly J(W) L

oJ(w)
e

gty J(W) Ras el 5 W Raaly (BESY) tie Wl LS

0 S
—(w" W) = 2U4y

dw
a -T"
3'_tt' {20

9,
iy (w® R, w) = 2R, w.

'U,::d] — {]'
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b L Lol 0 L
oJ(w)
s =1
s
0-2vg—0+2Rw=0
_2Vrd+2Rrrw=0
2RwW = 2vq = Wmmse = Rrrilvrd (116)

MMSE ) lasll gope Jawsgial 5aY) aall dpa) il (sl glady Capmy 5 NIX alsh o lali 0 W Cam
el A s sae @l o Ly 5 sl 5LAY) CAlS Woalasauly (Says (Weight vector
shali ey () LAl 2l U 055 el alayY dalay a3 .(spatial multiplexing) el
NocXNrc 48 s6a0 a9 (MMSE weight matrix) Wimmse (135 44 stmn iy Al dnluall dleal)
P ADAL laxi

Wimmse = [W1 * * * W =Ry ' Vig
drayall LAY ¢ bk ae 1(E) L) L8 o bl adgill Ll e Caps 5 Lafiil ddghiae & Vid Can
:Nic alsh o led sa 58N 5 d(t)

Va=E[r*(1t) d'(t)]
Loie lld s, A0 dualyll el ML Pt alasinls Ry Lagd il 4 s s Vig Jaslill b Caypat Sy

de Uiy slall (perfect estimates) b <) s o (ensembles) @l (A 22e Ll &
mean TX signal power per TX ) Jluw) Al JS alujall 5)Lay) Al baugia Pt Cua sl
-(antenna
Vg = H'E [8°(t)di(t)] = P, H g = P.h},
R.y=H'E[s'(t)s" ()| HT + o°Ly,, = P, (HHF + ?—;IN“) (1.17)
equal ) (gsbuie Bl ayiss of (s o SDM 4 aladia) vie (piiae i) Gl ()5S
(adaptive power allocation) ((385i) —aia 48l azjgis Jlu)y! o dasda (power allocation

E[|dk(t)|2]=pk Laie ¢lly g E[s+(t)s™ (t)]= diag (p1, . - ., prx) 5 E [se(t)dk(t)] = prgk Ll (6
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K Jsb gleles La 4 (thermal noise power) (ghall maall 4l ) ohads INn 60 Cua
Gl 53 agelall g e gl ol K™ il 53 Jupall Jlsel) ABLal) 5La g lad 58 hic 5, Nix Lagia
H giadl e (K" column vector) k"

b LS Winmse e JieY) (35l & b oy

1 T oA
= E_J:f (H H o I EI_\-'“) Hh;‘
2 -1
= (H*HT i %I\) hi. (1.18)
t

o Winmse i) (sl glad Ala e puasilly 5 Ajall A5all 3all IS Slie¥) s 3891 aa
< Wmmse ua .(spatial multiplexing) ng:\al\ t:m;ﬂ\ PN ‘éA Winmse JiaY! sl Adgdina
1AaL1l ‘_,,_La.ﬁ g Nix X Nrx 48 g8nq
W = (R Vea)
| 2 | (1.19)
— HE (HH” + '—I,»,x)
. ¥
132y Anbual) e alas (A& (o))l maaall d8la Jaxi MMSE 2 lsa olé ZF 4 lia e e
5Ly Lo 33 e MMSE de )i Jasi of iyl a8 3sapal) LEY) clShe S e Jaxd
oA Ll .(SINR ‘signal-to-interference—-and-noise power ratio’) ma.ally Jalull )
Sk ok U i peS A 1in ol AT ey s of liSey of MMSE ol s 8 il
Ll il Qi ae A3jlie Wil 05 5y sall 3)LY)
: Maximum Likelihood Detection bl ina L (ids)  .1.12.3
saiiudll (linear demultiplexing schemes) dball aueatll @i Gyl =55 5 Joliy caad (Y1 s
Gt o g dudadll e Bliall 5 G Lo Gadal ( inversion algorithm) (.&all b))l e

sl) Adghian Gl il e At a3 Gl dlia AT s o5 oS 5 . Nix > N

MLD ‘Maximum )  alasl) Laa YU cassl) s @hll sda (e saalys . (Weight multiplication)
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AN 5 JRal aaxie Aa sl Aadail) aladinly AL Y LAty (s ) Juatl)

st MLD ekl daa YL il (joint detection) L .ausy (Likelihood Detection’
slaayl e adind Cus Aluydl syl sl (optimum scheme) Juadyly Jidy) 4s;Lal)
laliiulg \Nx > Nix (38a%y 3080 ye 8 (linear process) dphaa dglee Ll Lo 5 claayls
OsSs @A 5 87(t) bauas SV Jusall Sapll Gl LWl 3583400 rspm(t) = Hs(t) + n(t) add)
(maximum likelihood candidate) eﬁ:c%[\ el Jia a0 S L ol (vector norm) sxic
P ABDLally anys
s7(t) = arg min - [Ir(t) —Hs ()| (1.20)
(MLD) akiall dna 1 il (8, sl Jiaeil) 6 ilinal Spal) (o giie 230 Ll of Lay
caall e lagy i) o ol 5 el a0l @Y Laa) JSI (norm vector) s7(t) clua e a8
oSl 5 bl LAY e aiSH 3 Slies o)l MLD as& 5 .(nOrM) dad J8 laxy 3 alaeY)
2 5 gl S8 LS 5 cililaal) Joa 212 G i) AES 5 G0aS; G )l o3 (ks ey
O 13} M . (level of modulation) Ja=ill (ggiue e 5 NIX JLy) clilga dae e 3aL51 234
Nix =2 & 2) Ll <8 QPSK-modulation aaaieal) Jaaill (K ) Gatilsr o Juys allail)
e JieY) i) e aadl dglas) il allayy Jiiad) dga e s 5 ,(bits/symbol/antenna
Juaal of ¢ua (16 candidates per symbol interval) 3ol ey s Jlial (22)2 =16 o2
allas i (Al Ala 8 5 Aluyal) LD S0 Le ol o Jilen 5 5 gl Juadl iy Jaié sl
5 o) Sllsn ol o Jyy Al 5LEY) ce IS MLD ise s padiy 52 MIMO-SM
& 5 ,(Ntx = 4 & 6 bits/symbol/antenna) wal ;;<é 64QAM-modulation aaaiwall Jhaail)
Gl 5 lually ashy Gum Bl o) G Gl sae dflan) cillea Jisal) Cillsty Al o3
16777216 candidates per symbol ) el () Pl Jlaial (26)4 = 16777216 (n (e
oyal) 5L (S Lol o Bilae 0585 5 bl Juadl (3ay i aaly Jlaa) of ua (interval
By Jon il Ayt e Ga ASH Caald Gl 5 L oga 5 S le IS L sl et o,

Al e Jliay dldinall el 2ae Jii Byl e dysllad) cilluall
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Sphere decoding, Hierarchized MLD based on QR decomposition and M-algorithm

(QRMMLD).

: (STC ‘Space Time Coding’) &1dll — Al sl .1.13

okl SIS 2l ol Jamgs 1) b i) st Y 523 STC el ol uafll o
MIMO  dakal & ukas il Jusyall 3 (Transmit diversity) g5 46 oo sle 5oy calaainlls
Sl @ld el Aadlay sana Al 038 sady (Multiple Input Single Output) MISO
AN 6 Ded . (i) 3 cililsell aaai) 431 dalie 5 ade o AEKHD Can) sl Sl
Lae @l daadll 6% Ly aals Algen 33530 (< (Mobile Stations)  Alauall culdylall (8 2y glal)
. ST Cailses 5353« (Base Station)
ow el 5 Sl (uncorrelation)  Lla) sae JWab maw STC Al Sl el o)
o ALl 3)LEY) aesi @l e Jiiall oSy s @l Al ) e Lay)
oy ol bl 1y Lol g)al de) 558 B AT Sl e ) & lay) daw G Gua
LS L |l 5LaY) fadd muaad et DAl Sleill el () L(Delayed Diversity) sl sl
xSl e ol e Lagasesd & (82) 5 (S1) <)) of Cus (1.10) JSl zempe 5o
(Transmit  ,,Lal Jeal Jisl aal (Alamouti space-time code ) sy JSin (Say lld
Jlol Jupall gty Al oda 3 al Cua (antenna hopping) s Juyl <l i diversity)
e3n oy el ol b (ilsa Lpdie) 13) Dad . ST 4 cpilon oo casliie JSi Symbols sl
One s WS AV el e leluy Coagu Lie il giall &5 J¥1 sl Jle Symbols I (e

(1.11) Jea
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ZAN 5 daall saaie Ad)sial) Aakall) aladtinly LWL VLAY pns I Juad)

: ¥ j> Space
S5 5 ] * * .
1 92 S 5, 5; Time

(2 Tx antennas) Jlu)) s Jal o Alamouti Space-Time Block Code (1.10) J=

Oalon e sl Jlyy) aseie (1.11) Ja
i oyl 2L~ ) sl e (S
(STBC ‘Space Time Block Code’) _aw L s aglsal — Zglll K el L]
- ((Alamouti 3yai = Jlu)) 815a)
S (STTC ‘Space —Time Trellis Code’) o L I Sl = Sl ehlindl el 2
-(FSM ‘Final State Machine’) alaaiuly (s
SV Ay gelh s e Jeaall Jel) s Y1 Ayl ddlly Jitdl) B sl Sl )

o T ed Al daphal) L L Lalasi

: Alamouti STBC zisgai .1.14

(time-varying multipath <Ll aaxie Ggiall & Aoill yull BT Alamouti ae s axisi
oyl 2ie (decoded) Wi <l 5 JlyY) b xie (coded) ap slayl of ¢ . fading)

b AUl Jsandl rm Juyall (3 30581 &80 0l of s Jliny!
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Time Ta T
T So S1
t+T -S1 So

T:Symbol period
Alamouti STBC for 2*2 System (1.1) Jsaal)
OsSiu R* 1 & R*2 JLsiay) s xie Alied) 5ay) o8, Jlpy) Ciph 3 easill 1aa Hlasily

LQ:'L,QS

To = h11So + hiz51 + 19
1 = —hi181 + hypSo+ 1y
1y = hy1So + hypsy + 1y
r3 = —hy181 + hyysp + 13

s o) Jgaall 5 JSa

v

TX1 RXl

hZZ

MIMO Channel Module 5l 35 (1.12) J<ill
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Time RX1 RXZ
T lo ry
=+T r rs

2x2 Jlny) z3sa (1.2) Jsaall

%)
o

o = hi170 + hypry + hyi1y + hoots
S1 = hipro — hyg1y + hoyory — hoats
ol LS L oSy Ll
80 = (Ih111? + |ho1|? + [hi2|? + [hp2]?)sg + higng + hayni + hizn, + hyyng

$1 = (|h11|2 + |hz1|2 + |h12|2 + |h22|2)51 — hyyng + hy1ng — hypng + hyyn,

@b sae s ,ouila e JST Jal (e . (Decoder) el @lld ) Juss Cagas 87 5§ ol @l any

Aul) GG Asase a5 (Pseudo—Alamouti Codes) jusi (b o jusi

) S1 —S3 s1 —S;

Sl _SZ SZ SI S S*

_ * — |52 1
S32 =52 8 S42=|S3 s | Syz = S5 S
ls4 S3 J S5 Se

Juss) ilsn e ST dal (e Alamouti e sll cld gias (1.21) lidla

Ayl llal) Judls 23my Tally lilogll samy Y3l Bl g8 addioadl) Spegll i) Laga 431 Laadls
1S clily Judlie 4 CaiS lias SIS ()€ o Gis 2Ll el ola (542) e 2lails § LAl

cse bl il Ao (sas 2Dl apeadl aladiuly el
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Sy —S; —S3 —S; S —S; —S3 —S,

£ % £ %

S33=[S2  S1  S4 —S3 S; S; Sy —S3
S3 Sy Si —S; S3 Sy ST —S;

J) il s 3 e ST Jal e Space-Time Block Code 4 sias (1.22) 48Ma1)

Ol gy Al Dgall Sl Sl B Sae il el e e (1.22) DAL el 21 )
Sl Jame o Cun el Jae s Spll Ge gl 1 ASE JalS 2l et ae
Jare lley 58030 (ge golall pulld L Jlus DU 2P (pally derdiinal) cl)laY) Jixe 58 (Code Rate)
L) s

() il ia Sl Jsea 33 sl e e (STBO) spasi slaks (Vahid Tarokh) allel) o
e ISy i LU Alled a5 (Quasi—Orthogonal STBC) saalxia 4ad dpals @lla 583l oa
(BER) cull Ui Jixa (f ¥) .(ISI “Inter Symbol Interference’) s slaiall jsaill o Jals Cigan
el Jladll e i

Alamouti 5yius 8 LS JalS Gaags Jore Biiad e 508 e it o3 o

_ . S; S; -
Sy —S —= —=
1 2 ﬁ ﬁ
. 53 S3
S33=|S2 51 7z ~ 2
S3 Sz (=S1—sSi+Sp—s3)  (S1+Sit+Sp—s3)
L2 W2 2 2 .

Jue)) ililsn 3 e ST Jal (1 dinadl) Space-Time Block Code 4isiias (1.23) 4l
LS deatinad) cilglsedl sae e 5SS o e Y chadill sda 8 el clild) Judls e o
Adlgs Alad (MIMO) ) dalasl (1685 of Jal e ala el 2 ll) apendlly 2 hall il G Alaluall
(MIMO) Aulaiy) 3 axiie of (Say colil) (g gsill 138, (o558l bl alasinl oy NVl ey b
Cilbas sae ge il (uiiyg ddafiye Akl culS Ja 3 (Handover) L) dle b @by sy
SHLEY) o3 ads asiiy slue 0o ST e BLEY) ad JLials asf padieaal Bl Gl s Aacl

.(SNR) @MAS‘ ‘_,,J;\ 'é)\.&y\ a_mu cA) g
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ALY Sl

dalatial) (5235l ascdilly asanill dufpyg (2
Theory study about Orthogonal Frequency Division
Multiplexing

EoAls JAA Basatia Aalai¥g dalaiall gaal) asedilly asendl) cp ARl 2.1
MIMO-OFDM relation

AL eV el daall seally Bl Jeail) 3 dagyidl MIMO ) dadadl o

WLANs ‘Wireless Local Area ) Zlaall 4L lSull) Jlaall a4 doleall cliadail) (e 52a)08
5 IEEE 802.11a s sl WLANs ladll €L cul€uill Jall =3l W (Networks’
Jaze Jpasll (Say LOFDM anjil apusiily asentll ) olaiivn cuadsalll ol3ag [5] IEEE 802.119
I elgl) medl 138 [58] MIMO-SDM ) faliid 3alud) ziladll (3 ame iy of e Aol by
Laogill AE) g) Geall dia Aailaay Jle Aida 25050 e Gl Jaray Gpusil 525 MIMO-OFDM

.(narrowband interference) 4.)all susw Jalxdly (frequency—selective fading
band interf A G Jalally (fl lective fadi

MIMO & OFDM (y lLufil) gan il 2.2
O LS AL VL) ol gpes e Gudaill AL (MIMO) #yalls Jaall saanie dalail) &)
: B Cpuladl 41 (OFDM) (Jaasilly (MIMO) adal) (p geel
iyl 4 (Multi Path Propagation) ciludl sixie L) ae o2Dlie (OFDM) Jaaddl ) .1
AL
.(GI ‘Guard Interval’) ;LY Juald 33k e 23a0 (OFDM) Juass b b)) Jska &) .2
dalie gug G (Maximum path delay) sl abae) 5alill (e aa3oda L) clilee .3
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ZAN 5 daall saaie A sial) Aakall) aladinly LKL VLAY (s S Sl

chlad) Sdwie L) Lyl aasiis (MIMO) dadasll) &)

(narrowband sub—carriers) dgall diua de b Jalsn ae dajall (ape oUai o (OFDM) Jaasfl G
Bhaall s3a . (52355 el ()55 Aajal) ddpa sl Lulid e e (MIMO) 3Ll b)) z3gall G LS
L (OFDM) el Gyl oo 2535 58]

SR gy Agee a3 die Gy Leosale dajall daye Aalal) d (Fading) cosall sl ik &)
laa (i sae gl Gl e @) Jalsall BlS e g5 Lelb) aball bl o) WS e il Jalsall (any o
(FEC) sl alatinly AS5aN oda dallae (Sayg 28y of (Sae bl (1

i) ol a3 Loy e elaly cbladl) s3aia JUsill 355 (MIMO) g gz ic (OFDM) 4 ()
e (STBC) Saasd adll Jlaall aladl ganssi 8 A ggssy aasinsall a3l Caglall dlle dlledy A3l diial

W8 iy iy 55 Ll Al ony Le 38y Jalsa Bac

Caald Cun alail] ALE D a Lkt Gyl sl e ol Ay dal e ala Lulad) aas Esase )
Oo el Wies Gl 2ay5 1977 ale calS alls ALY A<l U3V llul] g culs IEEE ) i

e Lala¥) Jal e Al uleall
: OFDM -MIMO . dakail julaa 2.2.2

Oe B2 geadins ) )y MIMO 1) Al (s e oo 3Lels 5yl dany (2.1) Jsaadl )
(Gl USH L) o Cum OFDM ) s Jaas (3GPP Release 7) alai lae Lo dalaill) paen of Jsanll

[14] MIMO 3l e 4kl e 4355 OFDM I uslae
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Standard Technology
WLAN 802.11n OFDM

WIMAX 802.16-2004 OFDM/OFDMA
WIMAX 802.16€e OFDMA

3GPP Release § (LTE) OFDMA
802.20 OFDM

802.22 OFDM

MIMO Standards and the corresponding technology (2.1) Jsaall

dalaiial) 5343 ﬁ..msg el skl e dadia 2.3
Introduction about OFDM Evolution

daxdine 438 44 (FDM ‘Frequency Division Multiplexing’) salaiall (5235l ailly apanl)

frequency selective ) dilanl a4 (signal transmission) s,Lay) Jal auly @las e
(sub—channels) dgj iy saal sLal JalKll Jlaall (iaje analiy o588 4060 238 jasa A5 .(Channels
Mdahaa)j‘;c@“};fvmj&dﬁd}swwuﬁdma\ha\)mﬁ\smdi.‘a?'j
dac e Alalad) clansil) Jaad Jiiial) dea 4 GhLEY) Jad Jueuills ((Separate carrier frequency)
A oy hLEY) Juad Jaf o ey e ske Laiany oo oS Yy Cadal) Jalany Y Cuny L 530S Cililisey
spectral ) ighll sl muain by chWY) o bl #18 Ghlie dp 2, oinS Aggn
alatiall (5205l apnailly apenill 485 Cadag Jlaall (aje 3¢S AlSa Jaly Lo aidia JUaill (efficiency
Glagi ahlay) Gl aaais Al (OFDM  “Orthogonal Frequency Division Multiplexing’)

Jalall el 138y . Jfidl) Gga (8 Jeaill Algns Jlons¥) Jonad Aglasa 0355 claa e 320 Lia Baalie
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1960 e die ciaag OFDM 4 o (e eyl Jes oCadall Gandiius 3: S Jial 5 el g daphall o3g
Ghlall JSLae € o )l syl cund) ey 5 ,[6] 1990 ale s Jeld) LelSay Gulai o oSl
cySall plaal Al Llall ol iligKe Jia gl @I b Learaais iy S

4G bl Jdiall &aall LKL cVLa) 4 aabuall iyl Jelall 4 OFDM dud il sl
JAe sl gl

Jalsa e il Qo) Jadti | ol V3] ey Joes 2 5o (OFDM) daleiall (52350l paniilly ansil
23 (8 daad ) 5L2Y) dallen Gob skt s Y] diad) (PlA 4], 0nly dela o Lell) (e Yoy a3eika
Jalasi) €] Caaal Ayl

3a S8 cady (OFDM) (i i LS5 Asiall Gape Jl) go ustt) S (OFDM) Jaxia
chlsall 23eie JlpY! JBa) Jass e 8 Q) o3 e 2350 8 38N @l gl A Jly)
Aapal) Gape JlaYly ddlall il e e S5 el iyl

D Sl Juayyly (DAB  Digital Audio Broadcasting’) <8l Jdeall Jujy) & WS
Ghluall By (A Qgllae @liball bl Juy) Jase 05 Cus (DVB “Digital Video Broadcasting’)
(SFN ‘Single Frequency sim; a1 S sasiuly ey (OFDM) ol Lad (g Ciguy 523wl
Ll Jupy) 8 cBle sae aladiuly 35l e duy of oSe aalgl) &l o Cua .Network’)
LY Lghs e las Sle Jaay @bl Jujuw (ADSL “‘Asymmetric Digital Subscriber Line’)
copeadionall C ax o) (Sarg Agpme e (5 adll pailiad o (B (e Lin A L Apulail) Agaadl)
(HiperLAN/2) i (LAN ‘Local Area Network’) igadll LU Jlat¥) ol 3 Jlall s LS

(asf 5a3xie cilse Hi) lae A3 3 (10 Mb/s) Jle cilily Jlay) Jamas ) aany ol
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alatial) g9y asedilly aandl) A8 Auli) galedl 2.4

Basic principle for OFDM

* (Orthogonal Frequency Division Multiplexing ‘OFDM’) aalaiall (g2l asilly el

G OSASLY AL plse VLAY S b ) clipdal) 8 aadis delss sae e Jlupdd A

OFDM 4y o585 .Adlal j<I 5 S0 435 48 Discrete Multi-Tone alhias alaaiu) (SLud) ) dls

JS dams S closely spaced carriers dylaadl Jalsall o aaall ) Gl g0l cadall s e

43y OFDM el (a0l aesilly apentll o sl (S Uiy - (midiie iy (380 Jaray s o lgie

sasd Aaxdall Akl Ly Nagys ,lsilll e aaell ) bandwidth Jlad) (e audy Cus ) FDMA

Olia) Ada 3 e @) (Sly o ( padiee JS1 3 Ganads oy multi-user environment peadtiog

Jilaclal) o Leiy Alaldl) culibuall of Lpany (e ajd ST Jalall L (<5 OFDM iié Zoaa il Jalsal)

Azl 318 825 ) 523 Lea ,( FDMA 3 30KHZ Jiie OFDM 3 1KHzZ ) FDMA 3 (¢Dlia (e

¥ Jeuss orthogonality between the carriers Juleall o aelaill dpald 5 . 0 JSG calal)

S 2 ) Ly ALalal) il

Lliall e ,aldal) i) dalsall JS 3850 die jia gied 0585 dalsall JS o Ll iy aaledl) Tase

ol 858 DA sl e s 220 e Ly

Slaa¥! saall e 2y TDMA (i .TDMA (e lLiase OFDM il i) o daad il ol

Lo Ll e 318 09 Jpa)ll Jane of Lass I3 ) &8l iy 130 S 3L e Lellny) (S ) (ppariiiosall

Folea o=iln s .(multipath delay spread) il sxie iVl & bl om0l JSLe Cuaay

2 550l Jaee 05 @lldy (S TKHZ 1 ) las Gaia Jlaw (aje 41 OFDM ol é 5L Jala S8

WS bl daxia HLEEY) JSLEay jaglal dasliall (e dalle dapa o3 alaig )LE) ) sam L o addia

significant inter-symbol ) i€ jse) Jalu Cigaal s Jish 1aa la) el o0& of sy

.500usec (1 S S (interference
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: Orthogonality alail) 2.4.1

Jal e iy g aSais Ll & Jalsall gaen o AR (5685 o cany 4l OFDM L) 2l

g lgilly Jalgall Caliday alaill sl Cagla s olial JSEIL raly 52 LS Laslall dpald e Laliall
& SINC s s el Jlad) 8 dlall ciloagll Al 381l 4y Jygad of L(Jalally aaaig)
GAY) gl wang Ay (56 005 Y dradl A e G Al oSy LS 5L I elldg ganill Jladl)

N subearriorm

. - -
— g CPRring & F = WSN

i

LR,

I i
|

§| I::| l IF| ||| |II
| ||I ! 'II I!IlI |

I|| II||.-'||' Lll I.

S

W Jlas e e dejse dala 235 N S OFDM LUail 368 N 3 sl Cagda (2.1) JS&
: OFDM Generation talaiall 5338l audilly apeail) Ay 2.4.2

51 QPSK ,BPSK) axaiall Jpasill alass dliaal) cblad) e 5l qoslhaal) caglall sl Yl 2

ashlls (Amplitudes) dandl a5 aaliy) wyp Jala IS Ll ahall bl alul A58 &5 (QAM

ol dlaall (5af 5 slladll Caall Jyga iy Il amyy o lidall Jpaill g5 e Julsall (phases)

Jis (Inverse Fourier Transform algorithms) Sall 43)s8 Jigas la) jled aal Gulsty @llyg 3Ll
.(Inverse Fast Fourier Transform) sl oSall 43,68 Jygas

Laca a8 05<0 Aleall 03¢y - Ldluy) bl 550501 (Quard period) laloa) délue ddlals (5<s 40U 5ekasl)

@As Alygla ey by Gulad DA (e 3shadll oda (Gaiad (Sars bl danie HLEN) jalshs aa Jlef dilie

dilie dils) P e ST (robustness) bl (ggiue 33y Wikays - jeapll G Jalul) Jul& ) gan
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Cyclic ) g5 &aly ans Lo Al o Gl ALl Aoty dpmd Y Ayykally Adlaiall sapll (o dykalgial
Ayl el ) 35 ) OFDM sl 3 50l e a1 e3all (e 3as o dyysall 252U L (prefix
L dldlh desdle . Jalsall G Ll e fi5) Yy (periodic) dgysn dluyall 5)LEY) Jaay a4l
Jalsall o Jalaill aiay 5 (inter—symbol interference) el (e Jaluill aie ) a5 Wle SO

.(inter—carrier interference)

o

Cvclic First Part of the signal Last Part
Prefix of the
signal
» time
S /
—~
T

OFDM sy 58 e3al) (pe dd & 3 dyyall L0l ay (2.2) S

Jegd 5L o SN Y sale gl o<1y mmall LAY L b sl ) (e (Cyclic prefix) 45l 2l

LAl Aaglie b sl ae A5Gy

.OFDM ,Uail (base band) (saeldll Jlaall ojski & oialyy z3gad JUI agdadsl) JKE o

Transmitter Channel Receiver
t /
Xoi  —a| doft) n(t) Vold ==y,
| dalt) -
T;t
X0, g(t;t)
alt .
—> ¢N 1() Wn. " —» Yo
(I+1)T

OFDM 1l 3 el (22 6l Jlaall (2.3) Sl
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At liag (OFDM) Jaladiall gdsﬂ\ aseadilly &Aﬁdh Jaanill Chuag 2.5
IR

:(Channel) 3 Lal 2.5.1

sl s L (VHF “Very High Frequency’) adlal ciladgll e e l3Y) oyl Jexy Loxie
Cun Bl hlid) 8 el e el Aigdl oday , sadeiall hluall 5y Glal) el i asls Luls

hLay) oda Ay s
: (Frequency Selectivity).a il 4u\as) 2.5.2

Gld (s o ey Al bl (e Aadldll z1sa¥) o 8 (e B3l lusall JSLE (s2a)

e Waadle oS dllyy, el PDla JEY) 2o s LY ol A, el Cus pige S ol il
Al el maall il adain LAY o Gas L Auad) 3 3)Gadl salE Pa (FM) sy ) g L)
O 13g), JEY) die ey a3 sl atlad of Gua 23N 3 A D38 e ol Aad lages

- L) 5y0iie Liayf 5Ll

e 4

- a3al) sl 65 e Slat B A A3l sy (2.4) JSal
3N Al Siae 0K My 3Ll JSLa) pramasi g dysudll Ciaa )
:(Delay Spread) jLiuy) il 2.5.3

b GsS sadaie Chlue e U S LAY O s il JLy) aie ey 3 LAY 5
sl e JAIEN s sl 3,K03 Bl N dagn L ld) Gl Jeh o adiad dabide duia) )pals

(IS1 ) Activadl 3)5laial
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A .
hannel impulse response
/ P P / Symboles

~+V

Sl Llaviady Spal) e Jaladl Ll (2.5) Jsa

: (Qualitative Description) sg¢i ciay .2.6

D aagl U e dajadl Gy e Jlasy) .2.6.1

S A 58 o g Baged ol A3 RS I @l e daall pane JLyl xie
Ol Asuflly GLally (558ie) Antanse 3Ll Jaa o Joxd Lypull) 03 (ISI) el o Jaluil 5l golass
J&&4 (Training sequences) cwxill Judle ) Gob e @ld diy A yaa (< O a3l Al
Gana Aalled) () 32l ) ga% lae il Bany oy of (€40 sl Alla a3l Alla Gaeddl (5550
el 4338 ) dadlaal) 3ang
ol Al A8l Cayen iy 238 Ao juny s 3L pailiad S 13y, e bl Jla) Jaea oIS 13 13
lie Tan spia 68 Jepll daladall syl (s Lad L o] 2805 53 ey HUSH 438 5 dalladd) 50a

(equalization) 4l LAl s (IS1) Byslaiadl Jsail) 8 D€ SAln Cawy cllyy sl 5803 aa

AR C_\A..a.d Y
exp(a)ot + (p) /
[ON) f

channel equalization slall 4ysuy alall 448 Gaw (2.6) JS&)
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:Jalgad) Sdatia Jluy) 2.6.2
U & Jly) a 320 ) A3l dejall mje il o adiad Jalsall adaie JLujy) 5,88 ()
O e Y dalss 322 G amdt Jlapdl 33l @il Jals JS e (FLAT) dadaie o sl Jasy
(S5 52560 L (FDM) 33iall (g3l ansily ayiad L 135 5L € dajs Giage ge aaly el e ()5S
Jala J8 e jopll dalasd) sl o Ul dygus ol ) oling Y Wl ol 4 gllaall 400l vt Jilis 3
oiaty (IS1) 3yslaiall Heaill Jalas 6 13 el e T OB sy sl 5,900 bl 2l ST o
Gillalade Jie Ay jee daady Joand Ayl g platinly Jane 5% dala JS Wdgglhae o5& B dgses B

. (PSK) 5 (QAM)

{exp(a)ot + (p)}

NIVl

Ol cldlin iy lgill Zypuis Bl aa Jalsall 2axia JLwY) g (2.7) Sl

=4 f%”%
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: pasiall Jalgad) Cp dssalait) .2.6.3
aild A, YY) N syea Ul 8 Aeadid) A3l Aagall 0sS5 of agy Ll QLY plas b
Op JAlS Gigan e Al syslatdl dabsadl a4 Ailiad) Jea Jslad Jelsadl sdaie Uil
038 g0 8 (e LY Gand) lpany pe salaie Jalall demy @l s 2y 5 (ICH)sslaiad) Jalsal
(o dalal) ainy Lo 135 J3IS QD Gy o 053 (AY) LY pa sa S e S O oS Jalsal

el Apaldll el dlly GesSeddl agys i of o L ali Gage;  .(OFDM)

. (IFT) (the inverse Fourier transform)

:(The guard interval) oY) Juald 2.6.4

abiae ) gslad syiaa (A1) ssmd aumg <lldg byslatall Gsell Jaln cuiail saaly Ayl ollia
Lia s Conli i) o8 G a0y L gy JE Sl (o i o Sy IS 0 i - o) e LY

o el 1 (3aea &

- 4

Ssall G Jalal (2.8) Jsa

p gAY Jaadl) 5k aa AlEa 2.6.5

513 alag Lexie @lldy € U (IS1) o Sl Ly WS (Layes QAM) ddapad) Sl 35k ()
S s 8 e 0 HLAY) placa Jlaiad ) UYL 58 daged )zl Wl 5 e 5Ll
‘Code Division Multiple Access’) Ll () .(Fading) cusiall sala (e Slad ) dslay)
el delall e llalsy¥) ey of any Jiiasadl Gl @bl Jlsyy e Jars dlley s (CDMA

+ (CPU) a5S,al) Aallaall saal ila) i) iy cllgion g o Janas 43 3Lal3)
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: (OFDM) Jluyf i 2.7

: (OFDM) Jlujl z3sa BN (<

Serial/parallel, Parallel to Digital to
. IFFT . 1
mapping serial analog
converter
Parallel to Serial to Analog to
. FFT ..
serial para]]e] digital
converter

A

OFDM ULy} alss (2.9) Jsall

i JS, N delall 2ae ) (glosa paliall e 2aey Aal 8 Aye (0 JR e AY1 L) o

o o, BIEN Aayal) 8 Alexivsd) Joaadll iyyks daad e saciead) Bl (e dae dauly (She

o Be Aadl Gl g (BPSK) sl alasiuly dela (1536) =l Jexios LS 13 Bl
.(BPSK is 2-ary) cu 1 alaaiuly calse Leie S5 seaie (1536)

o arind) Joaedll dipla dpad e blde) gaie o)l Jiae (35S (G (0 desand) jaic S o

M s e o Juans (S -1 +1 ) 0585 20 (BPSK) Jaaad e adld JEa) Juas

t MLy (Jalall Blis 2ae) * 2 Y dalsy s L (IFFT)

Xy, =X k=1.,N 1
X, =Re(X,), X =Im(X,) (2-1)
CaEs) bl e plad slhey pladll o G (IFFT) el apudd) 4ysh Jisal e plsn @

- Alel) b sasasall jualial) S dlly g bl gy ) Ciliay L) Juali @
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s3lll wlg ST o) L Aejall paje e aall (gyopa 5WEY) e (windowing) sdlll o Guls e
.(raised cosine) sa WLl

Ll Lo O() Znap Llatiad el olas Adadsy dadeidl) Ul SLl et 5LEY) (s Gl 2y @
sl malall

PO ol i iy (ool [ et asad) Al (3 400 G5 LAY O Jied) 3 @

cgdinl) pall g e g lasind o S Uguna oS (FFT) gyl 48 disas @

: (OFDM) Jaanil) Lgia (il A Jsléal 2.8
(Orthagonality) salail) & JSléa 2.8.1

ALzl saelaie Jalsall 038 (0S5 Ladie 5000 30 & Jalsn sae oDlidl Zida Gl Wle Laals LS
(OFDM) aakail & 2l Ll dlee o Jpmall (355 of oS Glly A8lelS piad Jalpal) nala o)ld
gl el 3yl e g6 (IFFT) dhauly e Jseand) 2y 30 Lpsaladl) L lieY) ey 3355 o 13
Alatl) JalS) Apaaletl) JLid) ) gases ystaiall Jalsadl G dilusal) (e DUl iy of Sy lal) 3 Uasl)
Adllag Zoaelaill 5K (Y, 43S S dasy (OFDM) () ddlal) o3a b
:(synchronization) ¢ufjill J<a 2.8.2
Al Aallaall o3a i 1)y e S0 Zadall )LaY) e 32T o il b JSLEA (508
S 058 ACaly L Jalpal) e Rabivall llal) ain o apedl 4nsh Jasad 8 Bhla Glie
Aluyal) 5LaY) calS 1Y) Ll 6l dalay e il L Jee Allay Jiall 0 Lodie |aiad
Jaaxs (05 Asaill AalY) Ll b JELy (FFT) 2 sl Gaadll iy LS Gl ge G50

53



ZAN 5 daall saaie A sial) Aakall) aladinly LKL VLAY (s S Sl

Symboles

Time

\ 4

Good synchronisation
Sam Iir]‘é ........................................... >

Bad synchronisation

O3l AlSie Y maasi G (2.10) Jsa)

il HLEY) o LS bl S Aallee 45 Cagus (S 8) e 008 O LY ol Js B e
Y o Sa Al Al il gld DAY S aalsl) agdlg) & e 5 Al Gsay LRI e oK1 Al
Jalall 13 yslaiall sl e Jals culaaly Load oS0y eodlel L) Laall 5 dy)sha daly) dilialy Jaié )65y

) Ul o oS
@lily ey Lae il a1 saals ALalS 4y e Aludus o ST Jl) 2y ISR 238 i)
o 8! il gl ) slal 5800 Jsla e il S5 Bl e S g coleY) Jialdl ddl)
Cua baie daslee o Jin ¥ 138 LY Juald o ¥ aUaill leall a5 (L1 Jaald 50l ,culibll ALl

HLIY) Al gl Lol G
o dS On ((Apie die) A2)l due Alal 0% da Gali e Jpasll Aol GLEN o)

.(OFDM)
o gial) Ao laia) A LualicY) Ao Ui A 2.8.3
PAPR ‘Peak Average Power Ratio’

G il g Lala it o, ST Sl dabiad) Lo dl) Jelsal) lobal dilia) 15 Losic
[n, N+Ts] el 55 DA (OFDM) 5L JS! Cipee 585 ( PAPR) e A0S o34 .(OFDM) ik

B dagally
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s byl LY Jal o

_ rer?nafr ‘x(t)‘ (2.2)
Xn = n+T;
L x* (8)|dt
dadaiall LY Jaf o
max|x, [k]°
X = ‘ -
Els, k] h

sams Ji Glie (e desane Jal (e lax Adle L dlla of (Ka (PAPR) s (OFDM) dalail 3
Aliaall Jalsall e Adals Bl oy Lae (Alaidl ddad ¥ aibiadd L) Jaead cusiy (%, [x]
Aandl la Cistye e g ladl

O S Blasall 038 callatll ¢1af ol apeSill ymaa Bylagn Jaadly o Sy (PAPR) I Ja¥) il 3ilad)
(DAC) et i)l Jasall akic¥) ssisall (Clipping) pabaidy! il ol Gyha e a3

N als e paiaill Gy (&1 ((OFDM) cjli) b (PAPR) (il s jide Ailiie culsi dllia 4f LS
Al oda 8 eyl odgd (3l ol cady (3 JSi Leaany ae Alaiine ()55 (SNR) s (PAPR)

:(OFDM) i) i (CLIPPING) il L3l .2.8.4

(Lo Agylay L (s of Sy cilediad) Gl ¢ Jle (PAPRS) dlual) @)Ll 58 Lexie

Lajall g Les) alanil N pail) o505 ladiadll g Lpala) 5 J3all 5)L3Y aei€ iy of ¢Sy il
(OFDM) elaf (e (mias ally st pe sl il o3a i Sy e il Jalsall o (IS1) Jabsl Y
V) ((PAPR) (agas Jslas of 5 (Saeliy Jlaall @y cledime Jlasiad 3pha oo L) sS <lld s

L) <Y e Sl s e B Cala 1 s
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I L] L L
0.95 PR PR STRRS SRR IR |
< : : : :
E : : : : :
% {]Ig e E ........... E ........... E............: ........... o
L - : z z :
= T . N
2 : : :
w . N :
c 085 o o o
= : : 5
< : .
0.8 :
075 ; ; ; ; :
0 2 4 B 8 10 12

Clipping Ratioy (dB)
2alaill aall A (2.11) Jsal

: (Phase noise) skl s 2.8.5

%

g Ol Cus ,(OFDM) 5,LaY (5)sh guaia i of (S (Aaall ) s JLin) Capla
tleaa ol dlley of e hall
(CONSTELLATION) sy e gl (CPE) (Common Phase Error) djiiall skl La o
3)LaY)
casill muaiall ALy 4lie J<4 dlag (ICH)(Inter Carrier-Interference) Jalsll o
O Ol 038 ((OFDM) 3)Ls) 8 bl g <yl Lo <dldas Jasny (R&D) 5 (BBC) (e S ol
Sall e 5HLIYI RS ol Aagall 8 5 cdalsal)l JS e ek (CPE) (Common Phase Error)
3a5nse Aomage B Jlesials maay o (Sa DG 1aas dalsal) JS8 dally Ghsall Gudil puals lasall

ol el aa
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=l maall s (ICI ‘Inter Carrier Interference’) e ) s cmall e 4l
aldll A 3HleaS aagh o) Sa COEAY) 1 5 Jalsall o alide o5& ) 5 (additive noise)

+ Aoaalatll
:(Frequency error) a3l i) .2.8.6

tlad A3l Uad¥) (e cpe sl mald 5S of (Sey (OFDM) ol
csnall Caall sl 235 Can daaat o Sy Al 0350 AalY) e
Al e ddbide ()5S 488K Jelsall Baelae Capsy o ) L)l Jiiasal) Aol 205 3 il @

(Adesyal
slaa) el i oy el a3l tadll sasy (Y alall aaias sy JSLaa) el Jolad) alay) s
Al 5y e
IS8 55 Ay (ssbaiia dalsal) aliae o T3l Aaly) OBl o cus Lellas 5 ol eda e S
o cdalsall 2 52 Aoy Bl 456 L0058 sl e U (IC) D) o WS (Jalal) dila Jle (it
G duad il AaBY) Ol Sy sed ditionall Aol 235 8 Uadll Bl 5. (l5 pUaill Al e ol
A3 Gl o8 e il Jalall o 5% Tou) Sl L SUB by (95l dalall) dalsall (g5l pae
oblall sl ol oalind (FFT) J Al ddai 0 os agall o QL) aud 8 . (4la]) e alagidl
O Syl B ol (JY) Aalh Gee) Jlexind ol Lo 13 Gl 058 O sy el g8 Al
A g (peak to average) Al Adlall Aedll ca age 35Sy JLELYT JlsyY) 53eaY sl
las (ulua (OFDM) & Gum . € IS GBS Ll eV anally ciledaall  Saabinall Jlaall (1S 13 5,053
Dl iy el Jital) e il ade ) JSEs Cant claliny) o3 Jie, Jalall 33l ~ LY
¢ 4060 Llall, OFDM alaill (ulae (el (Sa Cua . pddiosall 4yl oy die

bl gaall Cadall Juadl alasia) .1
Gl gl Jaald Gyl (e saneiall sl A g0l 5.2
Aae ) Jalpally @l Gayha e Juaill 13 58 Aaeall 3,LEY) Ll (38 4l giiall cilaadl] a3 .3
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SFN sagll dalaf a<,al .4
.(Frequency Selective Fading) 2l jgiall &gall Alle delia .5

-(Channel equalization) slall 4yl ikl .6
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G Juadl)
Adli g ((Rl6) Cisall g e

Adaptive theory and its implementations study

P(Aeplpall) il oo dadia 3.1

il 3o WS ool (3at) sl ) @il aal e Zalpall ABkl) e (GHa) casil e
O G Jlayy) 318 A8kl dadally daiiy . pald J< LSLOU NV LaDy Hle J<a ayLa) dadadl
iy JANS5 i e Aasall Rl il W S8 Qalal Bate 08 LS Jluy) sl
e e oL cllaal)
lee GtV o Juisall §f Juspall 8 Lt (Sad VL) dadil 8 ol 3kl 3lais (3pha bae llia
el A2l 3LE paa ) Adlia) Ay ST Bl (o palill adall Bl aads JS Gaae e AY) (Sl
Uail) Alal 48 pe ) 3Ll
faesh Clitead il IS dllis Ly Leahinl afise Coua caial (Sl alid b JlieY) Sy o)
N3 V) 53l ) 138 8 galatind 5 A58 gl 1) agsnl S Ly, Lea iy o808
fpald sl Jiall 5 ) 2GS Lalu) 5S GaS Cun Apail) Zalll o Jap il Taue
) e el 138 ety W jladiinly pUsil o gy Aima algdas Caglal lag (alsd sae 5l 5adse saals
Al 8 e oy 13y Aladl L of 8 sl Aalad (Says, dasale IS
il sae 3ga ) Cua lle Cakill Galed JWAaY AL sl ST e calilsel) sanmiall dadaly) il
o leelsly L@l caline o casall JISEly ¢ lsl alane aladiuly ey Jiially dupal) (e S b

MIMO a1y Jaall sasmia Aalay) 1ualy 83 cililpells 1y e Cililgell 388 gial) uld giumal
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tJapall dga B LSl ald guki 3.2

OsSey Joall dga b Sl Galid ety (e 5K o s 2l 038 Aale Lt au) e (S
oAl B gyl GLEKl ey Leads &Y @al e s o (S ol 1 duuld clid sae e olly
sl

Sy Aol i ((3ilsall) Caal)
dBm i Loy Laally Jlp) delind oy oF (e Jupal) 5,085 2lSaly (815ill) Rl n gill 138 ()50
JLoYb Jupall Tay Jass Jlie Ao 4335 38 Gph oo Juall Jifienal) lgphony Tipne S Con
ACK Jie dlld e yige Jany damias 4LlS Cilogaall J8 Jitad) Jiing Laties daliel Lo delaiuly
Aad ) deai S 1305 saaal) dadll Yo Jupes Caaill ) JLY) Aol dad (anidty Jiiuall o5
Sl tmyg Wgiia e Uad Bady oK el f bl Juiid e 50l e Jiid) badie maay
e e JLaY) G Ad Al Jpy) S (el¥1 13 e s NACK laxie

Aaall paje A (Els) casill
Hz Jin Leass daall apm s of o Juall 5385 2l 5$ Band width Zaall e casil)
sl (8 Claglaal) 20aS L Zldall Ao 45300518 Gyh e Jupall Jifsall lgphany Lipme Gilpdise
.3asl4l)

Jaawill 338 mpe 8 ((38lsall) Caal
Gavn JLY) (B daael) 3380 Gmge i of o Juusall 5538 2Kl (G85) sl e gsill a6y
padiusall el (S Jla (8 Doy Jhe Ao 030 818 Sk e dupall Jifisall lgplary dipme iyl
eyl asity oty JLEWY) &5 Jla 8 QPSK oaly JluyY Loa Jaaed 3380 (iayey Jusyall Taud MPSK
Slo B e Jiid) lavie pmuay dlage ) Juai s 1385 32PSK & 16PSK 1) 33Ul (aje ad
Jaaxt 330 Gape DAL DLy st ) 13 ey Algie e Uad daily (S0 Ll ) bl Ol
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diversity gain aagll ma) A (&ils) sl
Lliae dasi e JlgY) il Asiias 5l Jusall Jla ZlSal 05 sl myy b (GsY) sl
il 3 ASas Ui ded duail e Jpeanll =l 61 Q)

Tx angle Juuyl 4y 8 (385) sl
Cpize i JWo¥) S daddl gl o of o Junsall 5y AalSaly (G sl e gall 3 ()
LS ) Sl Jiaa L) @lldg Ae 33558 Bk ge Juall Jiiaal) Lgadany disee

Phase shift ~ L) a0y 8 ((3805) sl

tddiual) dga B il el gk 3.3

Gl (e paill 138 Jaays Jifiasal) dga & (G81l) il (ald Gkl maaly JSG Led 0505
ol ple U Taal (aSyy Analy 5 Raslan Ay el Glilaae o el duall Als g )
HLE) duadl e Jmandl @llyy (Jefind) o) JUENT 3 ad sae ol Badas Gad iy pstin i)
fol WS Al il sae ) (G85l) oSl pe ) da Gl Cuad Ll LS L

i) 3)LIYI mdan (B (8l5) sl
piaaall mya 8 Al dad o Wil Jpaadl CaSie JS0 LAY aduid o sl e il 138 Janys
lilsell B dadie e e Ll Glan Bales ddpha s

diversity gain aagll =) A (&ils) ol
Llie Jaani e Aliiad) Cldla Aghias o Jifiall s TaSal 058 4l my S (Gi) sl
AiSan Jin) dad il e Jgaall =) gi Jusiay)

Rx angle Juguy) dy)y A (&8lsl) ol
Spise Can L) Sl ol Al an o o Juinall 55085 A<l (GBalsA) Sl e gl 138 ()5S0

c S o Sl Jamt L) @l Anea
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23 (alais Aliwe LY Bae o A Tae o sl Jiiadl dga & asill A1 g1l Laad aagp
o WS i,z palls Jaall saasie Aalal) e pald IS ¢l ylsal)

e By el (Gala) Casal)
Nain Juad) il gy Aliine L) B30 On Jifisall ¢l Ledy

sanly 5yL8) (DAt lerpeats bl sae Jliud 8 (G3ilsll) asal)

(sLill) LKL dlasl) e falaie) (Gailsll) Casal)

Adaptive coding e jll cliy Sl A (&8s) el

JLiiay) de))lsa A (Gilall) sl
CHLEY) apand @l ol saseidl LY o Jalall WY dasae Hle JSG JlEaY) cle)la (s
sl gl 3 o Sagyll (8 5S5 as Aag k) e dile i G easd 35 WS JloY) (& daead)
o) Aalail A ae A3l gole 2 535 RS JAY) Ay auls S8 Galae s wan cosld A Gl
JEaS s, aphal) JUEuY) ey s o aind oSer Yl S 13 Sl Cslal andiny L Gadadl) Jews
Al \gle Cagill Jay ALy £ Al Jial saaie AaaB el apeadll B poeadll Gl 35l e
Minimum Mean Square sl e gl Y1 aally Zero—forcing schemes layl il
grentll 8 peatll i gyl dydadl) i) ylead) ) ol JU) Alead b)) Tasd) &35 €y Error
sal Duas (5 Apalyy Aslae Gpb oo el 5 bl sl glad bl e i 5891 gl (gl
Wl Lyl a5 sl 5 Y Al 3B W o55l) & snn 5S5 dgngadal) Allal) a8 H 5L 48 ghae Lgilaaas

colal Jumdl (38a] A2 8 yiie dad D W (35l) b ghime mena oy Lin ol 65 Al 5 Sl

s JLEILN) dsa)lsd ‘_,A (Lgabﬂ\) caSil) 48 ) Jae A0 s g,":l.ul\ Cilaad) 3.4
Jaa Baxie AalaBl (ghaall ppanill B asenill Gl Ak s i W35 Astiae daghy fan

sl ik 8 LS lade Sl JAaY S JS8 ALGE Bl b le cill LS, desdid) £ Al

.Minimum Mean Square Error Uaall ae o gial Y1 aallg Zero—forcing schemes LaYyL
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sinidl gl AW eledll Slasy) Jasall alasinly Jll s S (e Auye 5yLa0 Jumdl Hlaaly cudd
LS 5yl 8)L3) Jumdl axs s W (3sl) A stuaal o Juadl olim) Glld aay5 (Minimum norm) sl
Al JLEY e sale) Gllee aagy Gl days A sy Alinall 3)LEY) Gl iy ()l) A shian (e, ik

LA

Find best transmitter signal using minimum norm

Select Weight vector for best transmitter signal

Calculate output for transmitter n and demodulate bit stream
Subtract effect of the transmitter n from received signal

Adjust channel estimate matrix for next minimum norm search

b JSall 8 LS el oyl Uaad) a2l el 1Sy of Cam

fe)

0.3
0.2

0.1

| 63.2..%I1|”IZI2| ;

-3 -2 -1 0
-

95.45%

99.73%
gszégaﬂ cﬂl§ﬂ\(3.1) Lﬁ;ﬁd

:[56] Juad) il =i e Jaad) 4075 Aadadl) Y aladl) aparss
overdetermined set of linear ) Al o3 wd M >N A & RMXN Cua y = AX Lal il
e pladind LSy (815 Al el Y Aad e X da oSy Y el abiee 3 4 La AISG4) L (equations
JEIr] bxie (s Al X = X ;\%ﬁl}r=Ax—yUag\ 33 Gyl e Ay Y = AX Al Jal aam

R L
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Jib Ladll laxie (5 Ally y = AX dladl) daladll Ja 54 least-squares oY) gyl aall Xjg (o

o

Al

P

all Ga Y ) et as R(A) e adais AXIS Ll oS4 dpuigl) Lalil (g &l )85

oo
N

-

:
A
7 Ax

[56] Axls 5y ddasill cpw (3.2) Jal)
Ut gyl dad jraal alagly asiios Xig J dad JuadY ol (full Rank array) ig) disas o A (a0

(minimum norm of residual squared)
7|2 = 2T AT Az — 29T Az + yTy (3-1)
Jall g5l (gradient w.r.t. X) zxl) s
Vellr||? = 24T Az — 24Ty =0 (3-2)
(normal equations) ikl e Juas Lgias
AT Az = ATy (3-3)
Ll )% Aol S
rs = (AT A)~1ATy (3-4)

Anppe digias A culS Jla b X = ATy 5y J ld i s X Caa

:[57] (least squares minimum norm error) leasis ,LaY) Aallas e o)) Tl e Jla T

(he JSa Jseae alil Y(t) oAl 5 u(t) daall Clusys
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—
o
o
-]
-]
=]
=
—_
=
R

]
iy

e IS Jsena ol o (3.3) Jsal
Jaal .l ) sl Jady) zasadll aaan LiSay system identification problem ylas aladsul
Gaslial) Ll alagy (MA ‘Moving-Average’) iSidl ol adll fae o led s lly .z Al
cdalsall (e oo aladtiuly moadly Jaall af e CasSially o) sall
§(t) = hou(t) + hqu(t — 1) + - - - + hyu(t — n) (3-5)

P il Al mhsa e Bymall ay L LS Aa) Aabea) 308 Wiy AT S

7(n) u(n) uln—1) - u(0) ho
gln+1) _ u(n+1) w(n) “e u(1) hq
() W) w(N—1) - u(N—n) || tn

2 Al Albeally Uadd) 2 3ga Jany Sl

e = (y(n) —g(n),...,y(N) —g(N)) (3-6)

dad jal ) sl Uas QI 2 30a0 lis) S least-squares identification alasiulys s oaj

choose model (i.e., h) that minimizes norm of model prediction error ||e||
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: solid: - (tjﬂ: ac:tuél DUtpth I '
4-} ....... d.ash g{t},Pr@dlCtEd{medEl—

[57] e toiiall 3)LaV 15 Apul) 5)LEY) cpa (3.4) Jsa)
Gligall aae ) WS dalpay ,alaill Jild) dadll ) deail laling 300 0 cliad) 2ae o sa ulal) Jlsad)

S ) 8 LS Jumdl IS LS AU e lan Leie gy ) Aol

Y

1] R R E e T Lt L LRl EE R T PP PP PP SRR RE FEPEET T EPRRR
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| S U S POPF SRR PO SIS PSS SRR
02——

relative prediction error ||e||/
-
T
1

[57] n Slual) e Gy (3.5) JRal)
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ey Ledie 5l & Al Ja sl QT Cua Jas 3S Nl J & OsS Lgay AlS0a Sl S
LGAldazal) fpeas Lﬁi
o oal B Gmss el selaly g gngall z3sailly alailly Cross-validation claed)l daua (e (gl

A0SV el 3 deadi

[57] Sl ) ddasd) ol (3.6) Jal

N i) 3o o e atiall il Ut s i (3.7) S o 4n3lis (g5 (530 JLESVL s

: validation data

relative prediction error

[=)

[57] Wadlly n dle (pa (3.7) JSal

N=10 2ie 585 ad Juadl of aa3 Caa
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e ydied Al ISl Alalls ALl cluhall ALals Aty elal a)l e osSial) lead) anill 3,88 <l
o Jh) 38, Jnye) ALl Al JiSin e Sale  ZSLOU 3L8Y) Jly) liaslsiSiy <l anaad Gulads
lal) Dae 3paall aad ) Leall a8l LSlae dugpsall Zagliiall daph e lmse (Jiises 28 320

A sall Akl o gunlly AN Laliii Bae Gl sty zalaly LA xe clilaall
el acdll £ laY Ladle

(s 58 Juspe) ALolS ASLLY L) Aokl 43)laa g 3180an s Andydy AagylaY) (o land) ansill a5ty
Augpde LB Gl Jalsally Clilsedl o gy ,lehani |, S50y () Ll , Slsdie JS& bl 2l (e
Clshall pues 738 asbles s eladY) Jare Glia 5 Qo) @, Uil Sl ld Guda | gl | lgle

il padand o slSlaall e S5 Al dlead el A AUk JS uade JS8 AL

JoY) audl
Ol 5 43 ey BSlae 5 Al o aghy 5 )l daadl) i da g b1 e JY1 lendl sl 2y
Lﬁﬁﬂ\ @A&ﬂ\ dl.\siu\ d‘)k E) CJLA.J K QQS\)@J‘ PRRERPY Mm tﬂbj ,d;ﬂ\ K] CJ;J\ PRRERPY My\ ‘f @m‘
ol Lo e 3 il s Jaall 5 Lin
System antenna diversity simulation & comparison.

MIMO Spatial Multiplexing schemes simulation & comparison.
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Ljlieg s8lasy Aulp o asty 5 oulall Juadll cand dagplV) e SO el andll zyu
ha e lgie JS 2 pall 5 Jaal) sanie AalalY) 8 o) aanill JLELY] il lsi g gz 3latl il (adlaiul
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Adaptive MIMO-SM schemes implementation, simulation & comparison.

D anidl

Ul A3)laa g 3lSlaag Ay e agly g ualiadl Jaadll as dag by e b el anadll =0
di s e Leie JS z Al 5 Jaall 3aaate 44S0a) Lalay) & )l el JLEaY) il ylsd gz dlal bl
s alafiall  xpeaill (52053l apdil) L aladiul 2ey

ek e le Sl daall a3l
Adaptive MIMO-SM schemes with OFDM implementation, simulation & comparison.

&) e

Reals 5 3Slaal) aliy Jemdll 138 Giapas bl Jeaill s Gy )1 (e wll) lead) adl) 25

) Cla gl G payy il (el LS ardil)
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) Juadl
Al JAL axmia allall ALl dles A

Jaall saxie aladl ALels A s Caediy, ead) o3all e J5Y) il il o Jeadll 138 Caypes S
Jaall sam s Aalailly Al sams Jaal) saanie Aalaill zally Jaal sam g Al pe Ujlias g laiiage = yalls
Jaall aaie JlapY) B Aidadl el peadll Gyl il i) Aduaii Ay Laf clglig oAl saai
Al
Channel model aaiiual) 3URY zigai 4.1
IEEE (e badine zpally Ja) aaxie AalaiBl) ASLOU Aliagl) 8 aadins # 3l sac cllia
IEEE 802.11n channel model [52]

IEEE 802.16 channel model [53]

p Gl Jpanlly Ll (Ka dualy; 73k clliag

Model Environment | LOS/NLOS | K (dB) | RMS delay | Number
spread (ns) of
clusters
A I'lat fading NLOS -0 0 1 tap
B Residential LOS/NLOS 10 15 2
(first tap
only)
C Residential/ LOS/NLOS 3 30 2
Small Office (first tap
only)
D Typical Office NLOS - 50 3
E Large Office NLOS ~o0 100 4
F I .arge Space/ NI.OS -or 150 6
(Indoors and
Outdoors)

lshaaaes MIMO 1 ksl <l = 3 o (4.1) Jsaa
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O e Jsaall AF A e die) ddaal (Pla el o5 IS zpally Jan) saasie AalaDU H 3Ll 3 shiaa )
) snd) el digiass  Fixed (Constant, LOS) Matrix culill oiall digias ropha s
oaiall eiall ddsiias ot dlia One-Ring model suall dslal) ~3la Jls & .Variable Rayleigh matrix
LOS ol il Jady ¥ zasall 1aa o Cum 1)

A AR gie umy [54] H sl ddshins z3sai b, Sl 2X2 s

-~ I- ||
II = Hf+ |I 1
VE+1 VE+1

o

H = x."?

|-

correlated jiall @l laugia s (A-th receiving and M-th transmitting antenna) Xym o G
complex Gaussian random  duaslall Luas=l) Cilyuaiall 4e gana g ,UNit variance (ulill 30a)5 ,zero—-mean
s K, He i) ciall ddins jalic o exp(joNM) JHY 5pidl L) ddgiiae clalaa it variables
zasa S 8 Aeliy) oo P Rician K-factor

ol LS iionally Juspall (e Lag ) A8Dle (s [55] X 28 shacaall Xpgy walind Tl jill (3

] {Rale [Re Y] “-2)

@hall budidl g lad o Hiid | Jiiedlly Juyell correlation matrices il tagaias Laa Rrx 5 Rix &ua
Lamall clyiall degenag LUNit variance plall sasly ,vector of independent zero mean Jsiwl)

.complex Gaussian random variables iia x|

[Rrx ] = [pj".t‘ﬂ! ]
[Rﬂr] = [Pm_m'] (4.3)

Ll Jalae 5a o oy Wi Mth 5 Nth Capsll @l aluyall cililsgl) o saiad) Tl Jalaa 58 0 7ov Cass

Mth 5 Nth Cagill 03 ALl cililsel) G (gaial)
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i) ) Basatia dalaty 45 8a g 3Slaa 4.2
System antenna diversity simulation & comparison
sae Gpb oo sUs Jiie Jupe (o J3ally Al aamie Lada¥) o Ljlie ohall 138 3 cuids
Sy Cuny BlSkaal) zalin AUSy aranal &35 Flat-fading Rayleigh 4,5 cigis 38 Pla QPSK Jpaaill

) 4l Aagdall i (g (gya] Aall Balmin Al sgasy Apull] Gl Jiaeiy 4ad s

: BlSlaal) alip Jaad 7 4.2.1
O G Alia g MIMO Al Jaall sasie ol ¢1af (aiis SISO zalls Jaall amg ol 5\Ska) o8 a5
IS0 Jiasall Ay aialy IS A8 yra 3Ll (o 51Skaal) 030 & it i) L Ald) Aalal) pe il (peldal)
ae allae Jowd (Ko ED/NO Llsi (e Jlae o okt 5y 138 38aall cealiyy Lgine el 318 ag dadasY
Sk (BER “Bit Error Rate’) i) s Jare alg zliiul U - Lewll @lldg saalgl) shadll dady ailghad
AN A paal) Akl o 455lad)

.SISO (1 x 1 antenna) -!
.MISO (2x1 antenna) -
.SIMO (1x2 antenna) -&
.MIMO (2x2 antenna) -<
.MIMO (4x4 antenna) -z

-

AL agelly il .4.2.2

(0-20 dB) gppiall jaall e EB/NO Jlae o s ) slSlaall 3by ausy olial JSEIG inse 52 LS

P g paal) Aadal) olaf Al USay L (2dB) sk
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aystem antenna diversity comparison
Sl % SIS0 (1x1 antenna) [

MISO (2%1 antenna)
O SIMO (1x2 antenna) |-
+  MIMO (252 antenna) | :
< MIMO (4x4 antenna) |-

................................

10

BER

[ 2 4 B a 10 12 14 18 18 20
Eb/Na (dE)

(&aldl Jee) MIMO 5 SIMO ,MISO ,SISO : dalaiy) (s 4 e (4.1) JSal
S ol aladinly VI Cpatyy ,BER il Ui Jasa ST Lual SISO oAy daall sam Ll o Gus
) arant i€y o815 JLEaad aaly 5 Sl daid cuilen o sl &5 5 (JlsY) b il sae f) Jluy!
Jare Jins dluyall Slilsell aae 2la)) LalS as) JaaBling sy JLital Algs dilie Jlopdld ililss sae Je Agem
ans Jlay) Slsay Jlind @l sae aladind Jla 1ol 28U 5 il 3 d3jlie liSey ¥ 081 5, cnll il
il sae o il aaxt (Sars Juind Cailoas g Sl Sa o 3ISaall cuald Julf 2ia g LS L
Jhdin) Gl sae aladiul Gl pull ) A€y jlaidly 5 ale dS 5 ams b)) Hlsed danilly Jliin)
Ay e ahasinl e Uad Jone J81 5 aas Jils 25300 e 5 o130 Jumdl 58 SIMO wny ) Jsed Zansilly
Jlo)) lilsn sae of aas il dyy, 5 Auhall JLSh 5 WMISO am Jliind Jlsa 5 Jl) lilsn 30
o Jpasl) (S Lo bl G AL gl e 00 5 Ll 3 oS00 Al (e Jumdl 35 (363 MIMO Jlis

Slo L slSadl cusi  (gsbuia JUEAY) 5 JlafY) & lilsed) sae (S (5T el Cld ghamall aadainly oS

74



AN 5 Jal saneie 481 giall AadadY) alasinly LSLOU VL) Gpund bl e

Jendl e Lady L (4%4) JLEL ehiey Jusy) s al Lol ,(2X2) Ul lehias JlayY) 3 sl
ST gl 5 AN s Ao AN 30l ) a5 salpll of alad) ae lilsed) e ST aae o gl agens

cavanaill die e e 13a 38T Camy JEIG 5 alad) 8 ) Jare (e
axd gslase JlyY) & @lilsed) sae (ol dappall Glighiad) aladinl o dale Glagl ) abiuds s\Sad) s3a (e

ol 138 e dyiae (oS 400 A yaall dalalY) JS 138 ey el Juadl (3iay Jlgin) 8 clglsed)

ZAY 5 Jaal) Saseia LB ghal) aseadll gk ke gillae 4.3

MIMO Spatial Multiplexing schemes simulation & comparison

el el 1ol dagyal) Adsioadll 32l Cad 5al s2a 3 Cum Blull slaial sSLaally Auhall oda e

e ain G A Bl b o Cua L lgle A0 Auball 58 clll U Jane il 35350 Jmdl a3 el
Sl Anllae byl ol 50 Al IS Lelliiind 5 5L Y edl) o JLgY) lglon 23 e i) Al Juad
36 pa Aillie Agiian JC8 o cildanall g ol of S cpuled Gipsa Guiad aag lgh Al ol 3
dila) Wl dapel) cligtiad) Gulal e aaa plail) ol e ol W Cia Joadl] dlaje jeais lag culslggl)
Ly leie IS Aable dpadi 5 len DA o Cun € IS8 oY) uand Jiiadl) dea b Dby Clbay)lsa
sl sae ) 3L, Jue) Bleill ) (e JalS ai e L 8 @ alls Jaall saseiall Lalal) o agstl g

: BlSlaal) aliy Jaad s 4.3.1
o Jaally cad Al 5 Jaall saamie Aaabll ghal) wanl) Cilaoh iy (3plal 5Slaay duslyy L G o)
il g3 5 aiill a3 (Say oK1 5 QPSK axtiadll Jiawill 53 .2%2 MIMO & 4x4 MIMO 11 4l Al
Ol Gl Jiindl dea (B peil) gl e g (sl alasiad ol Al i padanu) Jal e Asen IS
3 e ghn apand allai ol ,duyall Qi) (o Ao 35335 aas Yy JAasgpadl Aaaly) U ddg yea 5L

.open-loop spatial multiplexing system

nonlinear interference Jalsll elal) dpday Gula 5 Al ddadll e Adad) cpn 3L Teliy
: cancellation
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Theatrical Zero-Forcing (MIMO-SM TZF) (g laill yeall ) bl jlaYl il =i

Theatrical Minimum-Mean— gkl sl ) ol Uadll aope Jawsgial 31 aal) —c
Square-Error (MIMO-SM TMMSE)
: &= Léc\di LJ‘AA K]

Maximum-Likelihood optimum receiver (MIMO-SM ML)  _alaall Gaa YL il —&

 dsilall bl .4.3.2

Generate ) H—MIMO Channel R RandStream(mt199
randommsg |— 1 MPSK Transmlt No.TxXNo.RX 37ar),M,N) + ti'randn(hStr, M, N))/ | Receivesignal | | MPSK
Bits for MIMO Msg n signalon  —TxData— Flat Rayleigh Fading independent links Ori(2) on [ DeModulator
modOrXNo.Tx : N Tx antenna + *Tx, snr, 0, RandStream(mt19937ar’)) | M Rx antenna
. Additive white Gaussian noise Rx=HTx +N
Rx= WRX TZF algorithm for MIMO

W=pinv(H)

Qutput Graph g [Ccmpereeelicen TMMSE algorithm for MIMO
Eb/No Vs BER — | Rxé&msg RX= WRK Ws=(H"*H + N/(10°(0.1*EbNo + 10*log10(modOrd))*eye(N)) \ H
For each algorithm W= HH (HHH +62/P, Ier)'l

< R ML algorithm for MIMO receiver

(bl Jae) zyalls Jaal) saseia Ll (ghand) paenl) Gkl Jisaia Jahia (4.2) JS4)
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leie S Wlkay L Laniage zyally Jaal) saswie 23Sial) Aalaidl (ghall gaenil) (g e )i ALl Zualal)
OFDM ‘Orthogonal Frequency Division ) salxiall (a3l asilly apeatll culii@ aladiul dagg Ji Jaa e

-(Multiplexing’

OFDM 1alaial) ga3 1) asdilly asaail) lyidll &bl ciagll 6.1

aldde o) - ooft, T) dabad) dpe)l) gl e S(t) slay) Jly) oo deladl Uil of ol
cdala (N) e dedge o588 s S[N] Bl (e Al (e Ble (A Sl
:Badaial) Jalgall Aatlaa .6.1.1

sanall bl e eha Ja basade o5 dola S5, bl Aluls J8 e il Jalsad) S
(OFDM) 5y o (XulkDocicns (sub-stream) due s il s iy il 385 0la 5 cpmy  JLl
St Y Jalgal) (el el Jantivny Julall) Al Alulid) s (K) 5 el il (1) Cus s gl padis
Aasinl et Jalal Jal e Gpsthall dsiially JUaall o WS Gise Aliee il dudes o680 i) 43a

. (demultiplexing) a5l Llee Jd (QAM) , (QPSK) , (BPSK) &)l saa)

88



AN 5 Jal saneie 481 giall AadadY) alasinly LSLOU VL) Gpund cubadd) Juad)

(COFDM) (coded orthogonal frequency division multiplexing) s (OFDM) Jaxill &Y J<3l) o
(FEC ‘Forward Error Coding’) e ll Guki & 45 Cus (Fayall dalafiall (5235l ansdil) aladinly asanill)
L) Ce aalill Gigal) alh 4 @3 Jalall i e Al o Uaa¥) e il 5L Jluy) U

) e Al () sl sl maal 45035

X, ]
Modulation |
5@] | BPSK, QPSK, X[l]
QAM
X, Iv-1]

Jalsall 33w dallaall fase cppm (6.1) Sl

t (IFT) GusSaal) 4y b Jypas .6.1.2
Aigat (e 135 B yslatia) clyill o sae bl Gk e Jlad JS& il Calall (OFDM) Jasing
A dal Gay ayslaidl delsall G Ja1al) aiay Las ,pand) Lgany ae Baleia Jalsad) OS doa P& (e
Gl dal e, s Jalsall G aalaill gy &1 383 a3 of cang Jalsall IS (g 3D (s ~lasy (OFDM)
aline b GusSad) g dysad aladinly el Jlaall ) L) ami o qas eqollad) Calall sl sy
G s e g JelS < Qo By (52lg (IFFT) GusSadl) ppuad) 4y b Jisat padioss Lila clilal

aalaia daiid) Jalall clyla) (&8 o Geca Aav 485l

Xl  —— x,[0]
Xl - x, 1]
X [N-1] x [N-1]

onsSaall apuall 4y Jysad g (6.2) S84

89



AN 5 Jal saneie 481 giall AadadY) alasinly LSLOU VL) Gpund cubadd) Juad)

S of pabiis G
=L X [kexp| j2a 6.1
" N& T N
1=0,1,.., N-1 s Jal e

p oY Juald daL) .6.1.3

Al 51 chlusall 2daia L) Al Al delal s (OFDM) Jly! (ailad aal saa
o LS ayslatiall gl oo JAlsl e JE iy Sapll daade Aligh dyie) 858 oDlid DA e Bise 055
vie dlea Gai 23 oY) Jeald Glalupdl Seaill gn oled Jeald dalaaly @lldg alagy of Sas deid) (g5ie
SEY) Aleal) sy leaans o Alupd) sl Jemd Jal e @llig sadxie cihlae e Al cuylay) Jlil
etk ) o9l Fadll Jlaall )LE) Jsa pped) GusSaall dapsd dagnd o S0ll (5350 1l (& Jlexindl 4dllad
Dby @y JAne (NHL-T) oo dgyen 5L8) JSG5 A 58y peally Zgyen o 3)LEY) O G ¢ 4K @25l
el gy sal) Bl LY Jeald o A8l o34 5Ly ey die @llg 558N (L=1) el (e ¥r ["]auﬂ,ﬂ
¢ Al Ay)el) dediall ,LaY) ol 1A LAl 5,803 (e ST 33555 Sl il (g (L)

(xn [N — L+ ll..., X, [N - 1], X, [0], X, [1],...xn [N — 1]) (6.2)

D daall Gase sl .6.1.4

Jaall & 5ylay) ol 13, Cagllaall Cadall & ol saeliie ()& (OFDM) b Alastioadl) clad il
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BlSlaal) zaliy
MATLAB Codes

Compare between SISO, MISO, SIMO and MIMO

% We start by defining some common simulation parameters
frmLen = 100; % frame length

numPackets = 1000; % number of packets

EbNo =0:2:20; % Eb/No varying to 20 dB

N =2; % maximum number of Tx antennas
M =2; % maximum number of Rx antennas
%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
repeatability.

%hStr = RandStream('mt19937ar’, 'Seed', 55408);

hStr = RandStream('mt19937ar');

% Create PSK mod-demod objects

Q=4 % modulation order

pskmod = modempskmod('M', 'SymbolOrder', 'Gray");
pskdeod = modempskdemod(pskmod);

% Pre-allocate variables for speed

tx2 = zeros(frmLen, N);

H = zeros(frmLen, N, M);

r21 = zeros(frmLen, 1);

r12 = zeros(frmLen, 2);

z21 = zeros(frmLen, 1);

z21_1 = zeros(frmLen/N, 1);

z21_2 = zeros(frmLen/N, 1);

z12 = zeros(frmLen, M);

error11 = zeros(1, numPackets); BER11 = zeros(1, length(EbNo));
error21 = error11; BER21 = BER11 error12 = error11; BER12 = BER11; BERthy2 =
BER11;

BERthy4 = zeros(1, length(EbNo))

%%
% Set up a figure for visualizing BER results
h = gcf grid on; hold on;

set(gca, 'yscale', 'log’, 'xlim', [EbNo(1), EbNo(end)], 'ylim', [1e-4 1]);
xlabel('Eb/No (dB)"); ylabel('BER'); set(h,'NumberTitle','off");
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set(h, 'renderer’, 'zbuffer'); set(h,'Name','System antenna diversity comparison');
title('System antenna diversity comparison');

% Loop over several EbNo points
for id = 1:length(EbNo)
% Loop over the number of packets
for packetldx = 1:numPackets
data = randi(hStr, [0 P-1], frmLen, 1); % data vector per user
% per channel
tx = modulate(pskmod, data); % PSK modulation

% Alamouti Space-Time Block Encoder, G2, full rate
G2 =[s1 s2; -s2* s17]

s1 = tx(1:N:end); s2 = tx(2:N:end);

tx2(1:N:end, :) = [s1 s2];

tx2(2:N:end, :) = [-conj(s2) con(s1)];

% Create the Rayleigh distributed channel response matrix

% for two transmit and two receive antennas

H(1:N:end, :, :) = (randn(hStr, frmLen/2, N, M) + 1i*randn(hStr, frmLen/2, N,
M))/sart(2);

% assume held constant for 2 symbol periods

H(2:N:end, :, :) = H(1:N:end, :, :);

% Received signals
% for uncoded 1x1 system
r11 =awgn(H(:, 1, 1).*tx, EbNo(idx), 0, hStr);

% for G2-coded 2x1 system - with normalized Tx power, i.e., the
% total transmitted power is assumed constant
r21 = awgn(sum(H(, :, 1).*tx2, 2)sqrt(N), EbNo(idx), 0, hStr);

% for Maximal-ratio combined 1x2 system
fori=1:M
r12(:, i) = awgn(H(:, 1, i).*tx, EbNo(idx), 0, hStr);

% r22_1 =awgn(sum(H(, :, 1).*tx2, 2)/sqrt(N), EbNo(idx), 0, hStr);
% r22_2 =awgn(sum(H(, :, 2).*tx2, 2)/sqrt(N), EbNo(idx), 0, hStr);

% Front-end Combiners - assume channel response known at Rx for G2-
coded 2x1 system

hidx = 1:N:length(H);

z21_1 =r21(1:N:end).* conj(H(hidx, 1, 1)) + conj(r21(2:N:end)).* H(hidx, 2, 1);

z21_2 =r21(1:N:end).* conj(H(hidx, 2, 1)) - conj(r21(2:N:end)).* H(hidx, 1, 1);

z21(1:N:end) = z21_1;
z21(2:N:end) = z21_2;

% for Maximal-ratio combined 1x2 system

118



AN 5 Jal saneie 481 giall AadadY) alasinly LSLOU VL) Gpund MATLAB Codes :2 sl

fori=1:M
z12(:, i) = r12(;, i).* conj(H(:, 1, 1));
end

% ML Detector (minimum Euclidean distance)

demod11 = demodulate(pskdemod, r11.*conj(H(:, 1, 1)));
demod21 = demodulate(pskdemod, z21);

demod12 = demodulate(pskdemod, sum(z12, 2));

% Determine errors

error11(packetldx) = biterr(demod11, data);

error21(packetldx) = biterr(demod21, data);

error12(packetldx) = biterr(demod12, data);
end % end of FOR loop for numPackets

% Calculate BER for current idx
% for uncoded 1x1 system
BER1(idx) = sum(error11)/(numPackets*frLen);

% for G2 coded 2x1 system
BER21(idx) = sum(error21)/(numPackets*frLen);

% for Maximal-ratio combined 1x2 system
BER12(idx) = sum(error12)/(numPackets*frmLen);

% for theoretical performance of second-order diversity
BERthy2(idx) = berfading(EbNo(idx), 'ps', P 2);

% for theoretical performance of 4x4 diversity
BERthy4(idx) = berfading(EbNo(idx), 'ps', P 4);

% Plot results or (semilogy)
plot(EbNo(1:idx), BER11(1:idx), r*, ...
EbNo(1:idx), BER21(1:idx), 'go’, ...
EbNo(1:idx), BER12(1:idx), 'ms/, ...
EbNo(1:idx), BERthy2(1:idx), 'b+', ...
EbNo(1:idx), BERthy4(1:idx),'BX");
legend('SISO (1x1 antenna)', 'MISO (2x1 antenna)',...
'SIMO (1x2 antenna), ...
'MIMO (2x2 antenna)', 'MIMO (4x4 antenna)');

drawnow;
end % end of for loop for EbNo

% Perform curve fitting and replot the results
fitBER11 = berfit(EbNo, BER11);

fitBER21 = berfit(EbNo, BER21);

fitBER12 = berfit(EbNo, BER12)

fitBER2 = berfit(EbNo, BERthy2);

fitBER4 = berfit(EbNo, BERthy4);
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plot(EbNo, fitBER11, 'r', EbNo, fitBER21, 'g', EbNo, fitBER12, 'm',EbNo, fitBER2,
'b",EbNo, fitBER4, 'B');
hold off;

Compare between 2x2 MIMO-SM schemes. Theoretical ZF,
Theoretical MMSE and ML

% We start by defining some common simulation parameters

N=2; % Number of Transmit antennas
M= 2; % Number of Receive antennas
EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
numSym = N; % number of symbols

%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
% repeatability.
%hStr = RandStream('mt19937ar’, 'Seed'’, 55408);
% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb')’;
% Split them per Transmit antenna
b = zero(N, modOrd, length(bits));
for i = 1:length(bits)
b(:, i) = reshape(bits(:,i), modOrd, N)'
end

% Preallocate variables for speed

dist = zeros(length(bits), 1);

[BER_ZF, BER_MMSE, BER_ML,BER_TZF,BER_TMMSE] = deal(zeros(1,
length(EbNO)));

% Create QPSK mod-demod objects
hMo = modem.pskmod('M', 2*modOrd, 'SymbolOrder', 'gray’, 'InputType', 'bit");
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are

% presented later.

% Set up a figure for visualizing BER results
h = gcf; grid on; hold on;
set(gca,'yscale','log','xim",[EbNo(1)-0.01, EbNo(end)],'ylim',[1e 3 1]);
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xlabl("Eb/No (dB)"); ylabl('BER'); set(h,'NumberTitle','off");
set(h, renderer’, 'zbuffer'); set(h,'Name','Spaial Multiplexing');
tile('MIMO Spatial Multiplexing schemes simulation & comparison');

%BERthy2 = zeros(1, length(EbNo));

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_mmse = 0; nErrs_ml = 0; nErrs_ TZF=0; nBits = 0;
nErrs_ TMMSE=0;
while ( ((nErrs_zf < 100) || (nErrs_mmse < 100) || (nErrs_ml < 100)) && (nBits <
1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0 hStr);
r_store =r;

% Assume perfect channel estimation
H = RayleighMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);

% Zero-Forcing SIC receiver

E_zf = zeros(modOrd, numSym); k = zeros(N, 1);

% Initialization

G = pinv(H);

[val, kO] = min(sum(abs(G).*2,2));

% Start Zero-Forcing Nulling Loop

forn =1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream
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y=w?*r;
E_zf(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);
foraa=1:n

G(k(aa)) = inf;

[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% MMSE SIC receiver

E_mmse = zeros(modOrd, numSym); k = zeros(N, 1)
% Initialization

G = (H™H + N/(10*(0.1*snr))*eye(N))

[val, kO] = min(sum(abs(G).*22))

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym)
% Start MMSE Nulling Loop
forn=1:N

% Find best transmitter signal using Min Norm

k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w*r,

E_mmese(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(:, k(n))

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H';

foraa=1:n
G(k(aa) = inf;
end

[val, kO] = min(sum(abs(G).*2,2));
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% Restore variables for next receiver
H = RayleighMat; r = r_store;

% ML receiver

fori =1:2(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(;, :, i)').";

% Distance metric for each constellation
dis(i) = sum(abs(r - H*sig).2)

end

% Get the minimum

[notUsed, val] = min(dist);

E_ml =Db(:,:;,val)’; % detected bits

% Collect errors

nErrs_TZF= nErrs_TZF + biterr(msg, TZF);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_ml = nErrs_ml + biterr(msg, E_ml);

nErrs TMMSE = nErrs_ TMMSE + biterr(msg, TMMSE);

nBits = nBits + length(msg(:));

% Calculate BER for current point

BER _ZF(idx) = nErrs_zf./nBits;
BER_MMSE(idx) = nErrs_mmese./nBits;
BER_ML(idx) = nErrs_ml./nBits;
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

% Plot results
semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r*");

% semilogy(EbNo(1:idx), BER_ZF(1:idx), 'r*");
semilogy(EbNo(1:idx),BER_TMMSE(1:idx),'ms');
% semilogy(EbNo(1:idx), BER_MMSE(1:idx), 'ms');

semilogy(EbNo(1:idx), BER_ML(1:idx), 'b+");

% legend('MIMO-SM TZF ','MIMO-SM ZF', 'MIMO-SM MMSE', 'MIMO-SM
ML');
legend('MIMO-SM TZF ''MIMO-SM TMMSE', 'MIMO-SM ML),
drawnow;
end

% Perform curve fitting and replot the results

fitBER_TZF = berfitEbNo, BER_TZF);
fitBER_ZF = berfitEbNo, BER_ZF);
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fitBER_TMMSE = berfitEbNo, BER_TMMSE);

% Draw the lines
semilogy(EbNo,fitBER_TZF,'r");
%semilogy(EbNo, fitBER _ZF, 'r");
semilogy(EbNo,fitBER_TMMSE,'m");
%semilogy(EbNo, fitBER _MMSE, 'm'");
semilogy(EbNo, BER_ML, 'b");

hold off;
%%

Compare between 4x4 MIMO-SM schemes. Theoretical ZF,
Theoretical MMSE and ML

% We start by defining some common simulation parameters

N =4; % Number of Transmit antennas

M =4, % Number of Receive antennas
EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
numSym = N; % number of symbols

%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
% repeatability.

%hStr = RandStream('mt19937ar’, 'Seed’, 55408);

hStr = RandStream('mt19937ar');

% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb")’;
% Split them per Transmit antenna
b = zeros(N, modOrd, length(bits));
for i = 1:length(bits)

b(:, i) = reshape(bits(:,i), modOrd N)

% Preallocate variables for speed

dist = zeros(length(bits), 1);

[BER_ZF, BER_MMSE, BER_ML,BER_TZF,BER_TMMSE] = deal(zeros(1,
length(EbNO0))

% Create QPSK mod-demod objects
hMod = modem.pskmod('M’, 2modOrd, 'SymbolOrder’, ‘gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are
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% presented later.

% Set up a figure for visualizing BER results

h = gcf grid on; hold on;

set(gca,'yscale','log','xlim',[EbNo(1)-0.01, EbNo(ed)],'ylim',[1e 3 1]);
xlabel('Eb/No (dB)'); ylbel('BER"); set(h,'NumberTitle','off');

set(h, 'renderer', 'zbuffer'); st(h,'Name','Spatial Multiplexing');
ttle('MIMO Spatial Multiplexing schemes simulation & comparison');

%BERthy2 = zeros(1, length(EbNo0));

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_mmse = 0; nErrs_ml = 0; nErrs_TZF=0; nBits = 0;
nErrs TMMSE=0;
while ( ((nErrs_zf < 100) | (nErrs_mmse < 100) || (nErrs_ml < 100)) && (nBits <
1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awg(RayleighMat*Tx, snr, 0, hStr);
r store=r

% Assume perfect channel estimation
H = RayleighMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);

% Zero-Forcing SIC receiver

E_zf = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = pinv(H);

[val, kO] = min(sum(abs(G)."2,2));

% Start Zero-Forcing Nulling Loop

forn=1:N
% Find best transmitter signal using minimum norm
k(n) = kO;
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% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w?*r;

E_zf(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);

G = pinv(H);
foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% MMSE SIC receiver

E_mmse = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = (H™H + N/(10*(0.1*snr))*eye(N))

[val, kO] = min(sum(as(G)."22));

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym);
% Start MMSE Nulling Loop
forn=1:N

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w*r,

E_mmese(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next min Norm search

H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10%(0.1*snr))*eye(N)) \ H';
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foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*22));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% ML receiver

fori = 1:2%(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(:,i)")

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig)2);

end

% Get the minimum

[notUsed, val] = min(dist);

E_ml = b(:,val)'; % detected bits

% Collect errors

nErrs_TZF= nErrs_TZF + biterr(msg, TZF);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_ml = nErrs_ml + biterr(msg, E_ml);

nErrs TMMSE = nErrs_ TMMSE + biterr(msg, TMMSE);

nBits = nBits + length(msg(:));

% Calculate BER for current point

BER _TZF(idx)= nErrs_TZF./nBits;
BER_ZF(idx) = nErrs_zf./nBits;
BER_MMSE(idx) = nErrs_mmse./nBits;
BER_ML(idx) = nErrs_ml./nBits;
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

% Plot results
semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r™);

% semilogy(EbNo(1:idx), BER_ZF(1:idx), 'r*');
semilogy(EbNo(1:idx),BER_TMMSE(1:idx),'ms");
% semilogy(EbNo(1:idx), BER_MMSE(1:idx), 'ms");

semilogy(EbNo(1:idx), BER_ML(1:idx), 'b+');

% legend('MIMO-SM TZF 'MIMO-SM ZF', 'MIMO-SM MMSE', 'MIMO-SM
MLY);
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legend('MIMO-SM TZF ''MIMO-SM TMMSE', 'MIMO-SM ML');
drawnow;
end

% Perform curve fitting and replot the results
ftBER_TZF = berfit(EbNo, BER_TZF);
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);
fitBER_MMSE = berfit(EbNo, BER_MMSE);

% fitBER_ML = berfit(EbNo, BER_ML);

% Draw the lines
semilogy(EbNo,fitBER_TZF,'r');
%semilogy(EbNo, fitBER_ZF, 'r");
semilogy(EbNo,fitBER_TMMSE,'m");
%semilogy(EbNo, fitBER_MMSE, 'm');
semilogy(EbNo, BER_ML, 'b');

hold off;
%%

Compare between 2x2 MIMO-SM ZF scheme & 2x2 Adaptive
MIMO-SM ZF

% We start by defining some common simulation parameters

N =2; % Number of Transmit antennas
M=2; % Number of Receive antennas
EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
numSym = N; % number of symbols

%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
% repeatability.

%hStr = RandStream('mt19937ar’, 'Seed'’, 55408);

hStr = RandStream('mt19937ar’);

% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb'")’;
% Split them per Transmit antenna
b = zeros(N, modOrd, length(bits));
for i = 1:length(bits)

b(:,i) = reshape(bits(:,i), modOrd, N)';
end

% Preallocate variables for speed

dist = zeros(length(bits), 1);

[BER_ZF, BER_MMSE, BERML,BER_TZF ,BER TMMSE] = deal(zeros(1,
length(EbN0)));
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% Create QPSK mod-demod objects
hMod = modem.pskmod('M’, 2*modOrd, 'SymbolOrder’, ‘gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are

% presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on; hold on;

set(gca,'yscale','log','xlim',[EbNo(1)-0.01, EbNo(end)],'ylim',[1e-3 1]);
xlabel('Eb/No (dB)"); ylabel('BER"); set(h,'NumberTitle','off");

set(h, 'renderer’, 'zbuffer'); set(h,'Name','Spatial Multiplexing');

title('Adaptive MIMO Spatial Multiplexing schemes simulation & comparison');

%BERthy2 = zeros(1, length(EbNo0));

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_mmse = 0; nErrs_ml = 0; nErrs_TZF=0; nBits = 0;
nErrs TMMSE=0;
while ( ((nErrs_zf < 100) || (nErrs_mmse < 100) || (nErrs_ml < 100)) && (nBits <
1e4))
% Create array of bits to modulate
mg = randi(hStr, [0 1], modOrd, numSym);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1irandn(hStr, M, N))sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0, hStr);
r_store =r;

% Assume perfect channel estimation
H = RayleighMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);

% Zero-Forcing SIC receiver
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E_zf = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization
[val, kO] = min(sum(abs(G).*2,2));

% Start Zero-Forcing Nulling Loop

forn=1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w*r,

E_zf(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);

G = pinv(H);
foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% MMSE SIC receiver

E_mmse = zero (modOrd, numSym); k = zeros(N, 1);
% Initialization

G = (H"H + N/(10%(0.1*snr))*eye(N))

[val, kO] = min(sum(abs(G).*2,2));

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym);
% Start MMSE Nulling Loop
forn=1:N

% Find best transmitter signal using Min Norm

k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream
y=w*r,
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E_mmse(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H';

foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% ML receiver

fori = 1:24(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(;, :, i)').";

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig).*2);

end

% Get the minimum

[notUsed, val] = min(dist);

E_ml = Db(:,:;,val)’; % detected bits

% Collect errors

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_ml = nErrs_ml + biterr(msg, E_ml);

nErrs_ TMMSE = nErrs_TMMSE + biterr(msg, TMMSE);

% Calculate BER for current point
BER_TZF(idx)= nErrs_TZF./nBits;

BER _ZF(idx) = nErrs_zf./nBits;
BER_MMSE(idx) = nErrs_mmse./nBits;
BER_ML(idx) = nErrs_ml./nBits;
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

% Plot results

semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r*");
semilogy(EbNo(1:idx), BER_ZF(1:idx), 'go’);
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% legend('MIMO-SM TZF ','MIMO-SM ZF', 'MIMO-SM MMSE', 'MIMO-SM
ML);
%  legend('MIMO-SM TZF ''MIMO-SM TMMSE', 'MIMO-SM ML),
legend('MIMO-SM TZF ','Adaptive MIMO-SM ZF');

% Perform curve fitting and replot the results
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);

% Draw the lines
semilogy(EbNo,fitBER_TZF,'r");
semilogy(EbNo, BER _ZF, 'g');

hold off;
%%

Compare between 4x4 MIMO-SM ZF scheme & 4x4 Adaptive

MIMO-SM ZF sachems

% We start by defining some common simulation parameters
N =4; % Number of Transmit antennas

M =4; % Number of Receive antennas

EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
numSym = N; % number of symbols

%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
% repeatability.

%hStr = RandStream('mt19937ar’, 'Seed', 55408);

hStr = RandStream('mt19937ar');

% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb")’;
% Split them per Transmit antenna
b = zeros(N, modOrd, length(bits));
for i = 1:length(bits)
b(::, i) = reshape(bits(:,i), modOrd, N)';
% Preallocate variables for speed
dist = zeros(length(bits), 1);
[BER_ZF, BER_MMSE, BER_ML,BER_TZF,BER_TMMSE] = deal(zeros(1,
length(EbNO0)))

% Create QPSK mod-demod objects
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hMod = modem.pskmod('M’, 2*modOrd, 'SymbolOrder’, ‘gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are

% presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on hold on;

set(gca,'yscale','log','xlim',[EbNo(1)-0.01, EbNo(end)],'yim',[1e 3 1]);
xlel('Eb/No (dB)"); ylael('BER"); set(h,'NumbTitle','of");

set(h, 'renderer’, 'zbuffer'); set(h,'Name','Spatial Multiplexing');

title('Adaptive MIMO Spatial Multiplexing schemes simulation & comparison');

%BERthy2 = zeros(1, length(EbNo0));

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_mmse = 0; nErrs_ml = 0; nErrs_TZF=0; nBits = 0;
nErrs TMMSE=0;
while ( ((nErrs_zf < 100) | (nErrs_mmse < 100) | (nErrs_ml < 100)) && (nBits <
1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M N) + 1i*randn(hStr, M, N))sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMTX, snr, 0, hStr);
r store =r;

% Assume perfect channel estimation
H = RayleighMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);
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% Zero-Forcing SIC receiver

E_zf = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = pinv(H);

[val, kO] = min(sum(abs(G)."2,2));

% Start Zero-Forcing Nulling Loop

forn=1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w*r,

E_zf(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);
G = pinv(H);
foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% MMSE SIC receiver

E_mmse = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H';

[val, kO] = min(sum(abs(G)."2,2));

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym);
% Start MMSE Nulling Loop
forn =1:N

% Find best transmitter signal using Min Norm

k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream
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Yy=WT;
E_mmse(;, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H'H + N/(10%(0.1*snr))*eye(N)) \ H';

foraa = 1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% ML receiver

for i = 1:2/(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(:, i)')

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig)."2);

end

% Get the minimum

[notUsed, val] = min(dist);

E_ml = b(:,val); % detected bits

% Collect errors

nErrs_ TZF= nErrs_TZF + biterr(msg, TZF);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_ml = nErrs_ml + biterr(msg, E_ml);

nErrs_ TMMSE = nErrs_TMMSE + biterr(msg, TMMSE);

% Calculate BER for current point

BER _TZF(idx)= nErrs_TZF./nBits;
BER_ZF(idx) = nErrs_zf./nBits;
BER_MMSE(idx) = nErrs_mmse./nBits;
BER_ML(idx) = nErrs_ml./nBits;
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

% Plot results

semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r™");
semilogy(EbNo(1:idx), BER_ZF(1:idx), 'go’);
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% semilogy(EbNo(1:idx),BER_TMMSE(1:idx),'ms');
% semilogy(EbNo(1:idx), BER_MMSE(1:idx), 'ms");
% semilogy(EbNo(1:idx), BER_ML(1:idx), 'b+');

% legend('MIMO-SM TZF ','MIMO-SM ZF', 'MIMO-SM MMSE', 'MIMO-SM
ML');
% legend('MIMO-SM TZF ''MIMO-SM TMMSE', 'MIMO-SM ML");
legend('MIMO-SM TZF ','Adaptive MIMO-SM ZF");
drawnow;

% Perform curve fitting and replot the results
fitBER_TZF = berfit(EbNo, BER_TZF);
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);
fitBER_MMSE = berfit(EbNo, BER_MMSE);

% fitBER_ML = berfit(EbNo, BER_ML);

% Draw the lines
semilogy(EbNo,fitBER_TZF,'r');
semilogy(EbNo, BER_ZF, 'g");
%semilogy(EbNo,fitBER_TMMSE,'m");
%semilogy(EbNo, fitBER_MMSE, 'm');
%semilogy(EbNo, BER_ML, 'b");

hold off;
%%

Compare between 2x2 MIMO-SM MMSE scheme & 2x2 Adaptive

MIMO-SM MMSE sachems

% We start by defining some common simulation parameters
N=2; % Number of Transmit antennas

M= 2; % Number of Receive antennas

EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
numSym = N; % number of symbols

%%
% and set up the simulation.

% Create a local random stream to be used by random number generators for
% repeatability.

%hStr = RandStream('mt19937ar’, 'Seed', 55408);

hStr = RandStream('mt19937")

% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb')’;
% Split them per Transmit antenna
b = zeros(N, modOrd, length(bits));
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for i = 1:length(bits)
b(:, :, i) = reshape(bits(:,i), modOrd, N)'

% Preallocate variables for speed

dist = zeros(length(bits), 1);

[BER_ZF, BER_MMSE, BER_ML,BER_TZF,BER_TMMSE] = deal(zeros(1,
length(EbNO)));

% Create QPSK mod-demod objects
hMod = modem.pskmod('M', 2 modOrd, 'SymbolOrder’, 'gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are

% presented later.

% Set up a figure for visualizing BER results

h = gc grid on; hold on;

set(gca,'yscale','log",'xlim",[EbN(1)-0.01, EbNo(ed)],'ylim',[1e3 1]);
xlabl('Eb/No (dB)'); yabel('BER') set(h,'NumberTitle','off');

set(, 'renderer', 'zbuffer'); set(h,'Name','Spatial Multiplxing');

title('Adaptive MIMO Spatial Multiplexing schemes simulation & comparison');

%BERthy2 = zeros(1, length(EbNo));

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_mmse = 0; nErrs_ml = 0; nErrs_ TZF=0; nBits = 0;
nErrs_ TMMSE=0;
while ( ((nErrs_zf < 100) || (nErrs_mmse < 100) || (nErrs_ml < 100)) && (nBits <
1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data

137



AN 5 Jal saneie 481 giall AadadY) alasinly LSLOU VL) Gpund MATLAB Codes :2 sl

r = awgn(RayleighMat*Tx, snr, 0, hStr);
r_store =r;

% Assume perfect channel estimation
H = RaylehMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);

% Zero-Forcing SIC receiver

E_zf = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = pinv(H);

[val, kO] = min(sum(abs(G).*2,2));

% Start Zero-Forcing Nulling Loop

forn =1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream
y = Wr;
E_zf(:, k(n):N:end) = reshape(demodulate(hDemody), modOrd, numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemoy));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);

G = pinv(H);
foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% MMSE SIC receiver

E_mmse = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H'";

[val, kO] = min(sum(abs(G).*2,2));

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym);
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% Start MMSE Nulling Loop

forn=1:N
% Find best transmitter signal using Min Norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w*r,

E_mmse(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10*(0.1*snr))*eye(N)) H';

foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% ML receiver

fori = 1:22(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(;, :, i)')."

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig).*2);

end

% Get the minimum

[notUsed, val] = min(dist)

E_ml = b(:,,val)’; % detected bits

% Collect errors

nErrs_TZF= nErrs_TZF + biterr(msg, TZF);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);

nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_ml = nErrs_ml + biterr(msg, E_ml);

nErrs TMMSE = nErrs_ TMMSE + biterr(msg, TMMSE);

nBits = nBits + length(msg(:));
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end

% Calculate BER for current point

BER _TZF(idx)= nErrs_TZF./nBits;
BER_ZF(idx) = nErrs_zf./nBits;
BER_MMSE(idx) = nErrs_mmse./nBits;
BER_ML(idx) = nErrs_ml./nBits;
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

% Plot results

% semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r*);
% semilogy(EbNo(1:idx), BER_ZF(1:idx), 'go");
semilogy(EbNo(1:idx),BER_TMMSE(1:idx),'m*");
semilogy(EbNo(1:idx), BER_MMSE(1:idx), 'bo’);
% semilogy(EbNo(1:idx), BER_ML(1:idx), 'b+');

%

ML);

%
%

legend('MIMO-SM TZF ''MIMO-SM ZF', 'MIMO-SM MMSE', 'MIMO-SM

legend('MIMO-SM TZF '/MIMO-SM TMMSE', 'MIMO-SM ML');
legend('MIMO-SM TZF ','Adaptive MIMO-SM ZF");
legend('MIMO-SM TMMSE ','Adaptive MIMO-SM MMSE');

drawnow;

% Perform curve fitting and replot the results
fitBER_TZF = berfit(EbNo, BER_TZF);
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);
fitBER_MMSE = berfit(EbNo, BER_MMSE);

% fitBER_ML = berfittEbNo, BER_ML);

% Draw the lines
%semilogy(EbNo,fitBER_TZF,'r');
%semilogy(EbNo, fitBER ZF, 'g");
semilogy(EbNo,fitBER_TMMSE,'m");
semilogy(EbNo, fitBER_MMSE, 'b");
%semilogy(EbNo, BER_ML, 'b');

hold off;
%%

Compare between 4x4 MIMO-SM MMSE scheme & 4x4 Adaptive

MIMO-SM MMSE sachems

% We start by defining some common simulation parameters
N =4;

% Number of Transmit antennas

M =4; % Number of Receive antennas
EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
numSym = N; % number of symbols
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%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
% repeatability.
%hStr = RandStream('mt19937ar’, 'Seed', 55408);
% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb'")';
% Split them per Transmit antenna
b = zeros(N, modOrd, length(bits));
for i = 1:length(bits)
b(:,i) = reshape(bits(:,i), modOrd, N)'
% Preallocate variables for speed
dist = zeros(length(bits), 1);
[BER_ZF, BER_MMSE, BER_ML,BER_TZF,BER_TMMSE] = deal(zeros(1,
length(EbNO)));

% Create QPSK mod-demod objects
hMod = modem.pskmod('M', 2*modOrd, 'Symbolrder', ‘gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are

% presented later.

% Set up a figure for visualizing BER results

h = gcf; grd on; hold on;

set(gca,'yscale',log','xlim',[EbNo(1)-0.01, EbNo(end)],'ylim',[1e-1]);
xlbel("Eb/No (B)"); ylabel('BER); set(h,'NumbeTitle','of');

set(h, 'renderer’, 'zbuffer') set(h,'Name','Spatial Multiplexing');

title('Adaptive MIMO Spatial Multiplexing schemes simulation & comparison');

%BERthy2 = zeros(1, length(EbNo0));

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_mmse = 0; nErrs_ml = 0; nErrs_ TZF=0; nBits = 0;
nErrs_ TMMSE=0;
while ( ((nErrs_zf < 100) || (nErrs_mmse < 100) || (nErrs_ml < 100)) && (nBits <
1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);
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% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0, hStr);
r_store =r;

% Assume perfect channel estimation
H = RayleighMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);

% Zero-Forcing SIC receiver

E_zf = zeros(modOrd, numSym); k = zeros(N, 1);
% Initialization

G = pinv(H);

[val, kO] = min(sum(abs(G).*2,2));

% Start Zero-Forcing Nulling Loop

forn=1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=ww*r

E_zf(;, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);

G = pinv(H);
foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G)*2,2))
end
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% Restore variables for next receiver
H = RayleighMat; r = r_store;

% MMSE SIC receiver

E_mmse = zeros(modOrd, numSym); k = zero(N, 1);
% Initialization

G = (H™H + N/(10%(0.1*snr))eye(N)) H';

[val, kO] = min(sum(abs(G)."2,2));

TMMSE-= reshape(demodulate(hDemod,G r), modOrd, numSym);
% Start MMSE Nulling Loop
forn =1:N

% Find best transmitter signal using Min Norm

k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=ww*r

E_mmse(;, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));
r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10(0.1*snr))*eye(N)) \ H';

foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_stre;

% ML receiver

for i =1:2/(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(;, :, i)')."

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig).2);

end

% Get the minimum

[notUsed, val] = min(dist);
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E_ml = b(val)'; % detected bits

% Collect errors

nErrs_ TZF= nErrs_TZF + biterr(msg, TZF);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_ml = nErrs_ml + biterr(msg, E_ml);

nErrs_ TMMSE = nErrs_TMMSE + biterr(msg, TMMSE);

nBits = nBits + length(msg(:));
% Calculate BER for current point
BER_TZF(idx)= nErrs_TZF./nBits;
BER _ZF(idx) = nErrs_zf./nBits;
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

% Plot results
semilogy(EbNo(1:idx),BER_TMMSE(1:idx),'m*");
semilogy(EbNo(1:idx), BER_MMSE(1:idx), 'bo");

% semilogy(EbNo(1:idx), BER_ML(1:idx), 'b+');

% legend('MIMO-SM TZF ','MIMO-SM ZF', 'MIMO-SM MMSE', 'MIMO-SM
ML');
%  legend('MIMO-SM TZF ''MIMO-SM TMMSE', 'MIMO-SM ML");
%  legend('MIMO-SM TZF ','Adaptive MIMO-SM ZF");
legend('MIMO-SM TMMSE ','Adaptive MIMO-SM MMSE");
drawnow;
end

% Perform curve fitting and replot the results
fitBER_TZF = berfit(EbNo, BER_TZF);
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);
fitBER_MMSE = berfit(EbNo, BER_MMSE);

% fitBER_ML = berfittEbNo, BER_ML);

% Draw the lines
%semilogy(EbNo,fitBER_TZF,'r');
%semilogy(EbNo, fitBER ZF, 'g");
semilogy(EbNo,fitBER_TMMSE,'m");
semilogy(EbNo, BER_MMSE, 'b');
%semilogy(EbNo, BER_ML, 'b");

hold off;
%%

144



AN 5 Jaall saaxie A8 sial) Aakall) aladioly LELOU) VLAY Gauas MATLAB Codes :2 Gl

Compare between 2x2 MIMO-SM ZF, MIMO-SM ZF OFDM,

Adaptive MIMO-SM ZF & Adaptive MIMO-SM ZF OFDM
% MIMO SM OFDM for TZF and ZF without any dividing for data just add IFFT and
FFT

clear all;

% We start by defining some common simulation parameters
N =2; % Number of Transmit antennas

M=2; % Number of Receive antennas

EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
nOFDM =4; % number of ofdm division

%numSym = N*nOFDM,; % number of symbols
numSym = N; % number of symbols

%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
repeatability.

%hStr = RandStream('mt19937ar’, 'Seed', 55408);

hStr = RandStream('mt19937ar');

[BER_ZF, BER_TZF] = deal(zeros(1, length(EbNo0)));
BER_TZFofdm=deal(zeros(1, length(EbNo))); BER_ZFofdm=deal(zeros(1,
length(EbN0)));

% Create MPSK mod-demod objects
hMod = modem.pskmod('M', 2 modOrd, 'SymbolOrder’, 'gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on; hold on;

set(gca,'yscale','log','lim",[EbNo(1-0.01, EbNo(end)],'ylim',[1e-3 1]);
xlabel('Eb/No (dB)"); ylabel('BER"); set(h,'NumberTitle','off");

set(h, 'renderer’, 'zbufer'); set(h,'Nam','SpatialMultiplexing');
title('Adaptive MIMO-SM F schemes comparison with add OFDM stage');

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_zfofdm = 0;
nErrs_ TZF=0; nErrs_TZFofdm=0;
nBits = 0;
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while ((nErrs_zf < 100) || (nErrs_zfofdm<100) || (nErrs_TZF<100) ||
(nErrs_TZFofdm<100) && (nBits < 10000))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

TxOFDM =ifft(Tx,nOFDM);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0, hStr);

rxofdm = awgn(RayleighMat*fft(TxOFDM,nOFDM), snr, 0, hStr);
r_store =r;

% Assume perfect channel estimation
H = RayleiMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym)

TZFofdm= reshape(demodulate(hDemod,pinv(H)*rxofdm), modOrd, numSym);

% Zero-Forcing SIC receiver
E_zf = zeros(modOrd, numSym); k = zeros(N, 1)

E_zfofdm = zeros(modOrd, numSym);

% Initialization
G = pinv(H);
[val, kO] = min(sum(abs(G).*2,2));

% Start Zero-Forcing Nulling Loop

forn =1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);
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% Calculate output for transmitter n and demodulate bitstream

y=w?*r;

yofdm=w*rxofdm;

E_zf(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

E_zfofdm(:, k(n):N:end) = reshape(demodulate(hDemod, yofdm), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));

zofdm = modulate(hMod, demodulate(hDemod, yofdm));
r=r-H(, k(n))*z;

rxofdm = rxofdm - H(:, k(n))*zofdm;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);

G = pinv(H);
foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% Collect errors
nErrs_ TZF= nErrs_TZF + biterr(msg, TZF);
nErrs_TZFofdm= nErrs_TZFofdm + biterr(msg, TZFofdm);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_zfofdm = nErrs_zfofdm + biterr(msg, E_zfofdm);

% Calculate BER for current point
BER_TZF(idx)= nErrs_TZF./nBits;
BER _TZFofdm(idx)= nErrs_TZFofdm./nBits;

BER _ZF(idx) = nErrs_zf./nBits;
BER_ZFofdm(idx) = nErrs_zfofdm./nBits;

% Plot results

semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r™);
semilogy(EbNo(1:idx) , BER_TZFofdm(1:idx),' ms");
semilogy(EbNo(1:idx), BER_ZF(1:idx), 'go");
semilogy(EbNo(1:idx), BER_ZFofdm(1:idx), 'b+');
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legend('MIMO-SM TZF ', 'MIMO-SM TZF OFDM','Adaptive MIMO-SM ZF',
'‘Adaptive MIMO-SM ZF OFDM');
drawnow;
end

% Perform curve fitting and replot the results
fitBER_TZF = berfit(EbNo, BER_TZF);
fitBER_TZFofdm = berfit(EbNo, BER_TZFofdm);
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_ZFofdm = berfit(EbNo, BER_ZFofdm);

% Draw the lines
semilogy(EbNo,fitBER_TZF,'r',EbNo, fitBER _ZF, 'g', EbNo, fitBER_TZFofdm, 'm");
semilogy(EbNo(1:idx), fitBER_ZFofdm(1:idx), 'b');

hold off;
%%

Compare between 4x4 MIMO-SM ZF, MIMO-SM ZF OFDM,
Adaptive MIMO-SM ZF & Adaptive MIMO-SM ZF OFDM

% MIMO SM OFDM for TZF and ZF without any dividing for data just add IFFT and
FFT

clear all;

% We start by defining some common simulation parameters
N =4; % Number of Transmit antennas

M =4, % Number of Receive antennas

EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
nOFDM =4; % number of ofdm division

%numSym = N*nOFDM,; % number of symbols
numSym = N; % number of symbols

%%
% and set up the simulation.

% Create a local random stream to be used by random number generators for
repeatability.

%hStr = RandStream('mt19937ar’, 'Seed'’, 55408);

hStr = RandStream('mt19937ar’);

[BER_ZF, BER_TZF] = deal(zeros(1, length(EbNo0)));
BER_TZFofdm=deal(zeros(1, length(EbNo))); BER_ZFofdm=deal(zeros(1,
length(EbNO)));

% Create MPSK mod-demod objects

hMod = modem.pskmod('M', 2 modOrd, 'SymbolOrder', 'gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);
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%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on; hold on;

set(gca,'yscale','log','xlim',[EbNo(1)-0.01, EbNo(end)],'ylim',[1e-3 1]);
xlabel('Eb/No (dB)); ylabel('BER"); set(h,'NumberTitle','off");

set(h, 'renderer', 'zbuffer'); set(h,'Name','Spatial Multiplexing');
title('Adaptive MIMO-SM ZF schemes comparison with add OFDM stage');

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_zf = 0; nErrs_zfofdm = 0;
nErrs_TZF=0; nErrs_TZFofdm=0
nBits = 0;
while ((nErrs_zf < 100) || (nErrs_zfofdm<100) | (nErrs_TZF<100) ||
(nErrs_TZFofdm<100) && (nBits < 10000))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)N);

TxOFDM =ifft(Tx,nOFDM);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1irandn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd)

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0 hStr);

rxofdm = awgn(RayleighMat*fft(TxXOFDM,nOFDM), snr, 0, hStr);
r_store =r;

% Assume perfect channel estimation
H = RayleighMat;

% TZF without any received algorithim
TZF= reshape(demodulate(hDemod,pinv(H)* r), modOrd, numSym);
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TZFofdm= reshape(demodulate(hDemod,pinv(H)*rxofdm), modOrd, numSym);

% Zero-Forcing SIC receiver
E_zf = zeros(modOrd, numSym); k = zeros(N, 1);

E_zfofdm = zeros(modOrd, numSym);

% Initialization
G = pinv(H);
[val, kO] = min(sum(abs(G).*2,2));

% Start Zero-Forcing Nulling Loop

forn=1:N
% Find best transmitter signal using minimum norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w?*r;

yofdm=w*rxofdm;

E_zf(;, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

E_zfofdm(:, k(n):N:end) = reshape(demodulate(hDemod, yofdm), modOrd,
numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));

zofdm = modulate(hMod, demodulate(hDemod, yofdm));
r=r-H(, k(n))*z;

rxofdm = rxofdm - H(:, k(n))*zofdm;

% Adjust channel estimate matrix for next minimum norm search
H(:, k(n)) = zeros(M, 1);

G = pinv(H);
foraa = 1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Collect errors
nErrs_ TZF= nErrs_TZF + biterr(msg, TZF);
nErrs_TZFofdm= nErrs_TZFofdm + biterr(msg, TZFofdm);

nErrs_zf = nErrs_zf + biterr(msg, E_zf);
nErrs_zfofdm = nErrs_zfofdm + biterr(msg, E_zfofdm);
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nBits = nBits + length(msg(:));
end

% Calculate BER for current point
BER_TZF(idx)= nErrs_TZF./nBits;
BER _TZFofdm(idx)= nErrs_TZFofdm./nBits;

BER _ZF(idx) = nErrs_zf./nBits;
BER_ZFofdm(idx) = nErrs_zfofdm./nBits;

% Plot results

semilogy(EbNo(1:idx) , BER_TZF(1:idx),'r™);
semilogy(EbNo(1:idx) , BER_TZFofdm(1:idx),' ms");
semilogy(EbNo(1:idx), BER_ZF(1:idx), 'go");
semilogy(EbNo(1:idx), BER_ZFofdm(1:idx), 'b+');

legend('MIMO-SM TZF ', 'MIMO-SM TZF OFDM','Adaptive MIMO-SM ZF',
'‘Adaptive MIMO-SM ZF OFDM');
drawnow;
end

% Perform curve fitting and replot the results
ftBER_TZF = berfit(EbNo, BER_TZF);
fitBER_TZFofdm = berfit(EbNo, BER_TZFofdm);
fitBER_ZF = berfit(EbNo, BER_ZF);
fitBER_ZFofdm = berfit(EbNo, BER_ZFofdm);

% Draw the lines
semilogy(EbNo,fitBER_TZF,'r',EbNo, fitBER_ZF, 'g', EbNo, fitBER_TZFofdm, 'm’);
semilogy(EbNo(1:idx), fitBER_ZFofdm(1:idx), 'b');

hold off;
%%

Compare between 2x2 MIMO-SM MMSE, MIMO-SM MMSE
OFDM, Adaptive MIMO-SM MMSE and Adaptive MIMO-SM

MMSE OFDM
% MIMO SM OFDM for TMMSE and MMSE without any dividing for data just add
IFFT and FFT

clear all;

% We start by defining some common simulation parameters
N=2; % Number of Transmit antennas

M=2; % Number of Receive antennas

EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
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nOFDM =2; % number of ofdm division
numSym = N; % number of symbols
%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
repeatability.

%hStr = RandStream('mt19937ar’, 'Seed', 55408);

hStr = RandStream('mt19937ar');

[BER_TMMSE, BER_MMSE] = deal(zeros(1, length(EbNo0)));
BER_TMMSEofdm=deal(zeros(1, length(EbNo0)));
BER_MMSEofdm=deal(zeros(1, length(EbNo0)));

% Create QPSK mod-demod objects
hMod = modempskmod('M', 2modOrd, 'SymbolOrder’, ‘gray’, 'InputType" 'bit');
hDemod = modempskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on; hold on;

set(gca,'yscale','log",'’xim",[EbNo(1)-0.01, EbNo(end)],'ylim',[1e-3 1]);
xlabel('Eb/No (dB)'); ylabel('BER'); set(h,'NumberTitle','off");

set(h, 'renderer’, 'zbufer'); set(h,'Name','Spatial Multiplexing');

title('Adaptive MIMO-SM MMSE schemes comparison with add OFDM stage');

%BERthy2 = zeros(1, length(EbNo));

% Loop over selected EbNo points

for idx = 1:length(EbNo)
nErrs_mmse = 0; nErrs_ TMMSE=0;
nErrs_ TMMSEofdm=0; nErrs_mmseofdm = 0;
nBits = 0;

while ( (nErrs_TMMSE < 100) || (nErrs_mmse < 100) || (nErrs_TMMSEofdm <
100)) && (nBits < 1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);
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TxOFDM =ifft(Tx,nOFDM);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd)

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0, hStr);
r store=r

rxofdm = awn(RayleighMat*fft(TxOFDM,nOFDM), snr, 0, hStr);

% Assume perfect channel estimation
H = RayleghMat;

% MMSE SIC receiver
E_mmse = zeros(modOrd, numSym); k = zeros(N, 1);

E_mmseofdm = zeros(modOrd, numSym); k = zeros(N, 1);

% Initialization
G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H'";
[val, kO] = min(sum(abs(G).*2,2));

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym);
TMMSEofdm= reshape(demodulate(hDemod,G* rxofdm), modOrd, numSym);

% Start MMSE Nulling Loop

forn=1:N
% Find best transmitter signal using Min Norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w?*r;

yofdm=w*rxofdm;

E_mmese(:, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

E_mmseofdm(:, k(n):N:end) = reshape(demodulate(hDemod, yofdm),
modOrd, numSym/N);

% Subtract effect of the transmitter n from received signal

z = modulate(hMod, demodulate(hDemod, y));
zofdm = modulate(hMod, demodulate(hDemod, yofdm));
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r=r-H(, k(n))*z;

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H';

foraa=1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% Collect errors

nErrs_ TMMSE= nErrs_TMMSE + biterr(msg, TMMSE);

nErrs_ TMMSEofdm= nErrs_ TMMSEofdm + biterr(msg, TMMSEofdm);
nErrs_mmse = nErrs_mmse + biterr(msg, E_mmse);
nErrs_mmseofdm = nErrs_mmseofdm + biterr(msg, E_mmseofdm);

nBits = nBits + length(msg(:));
end

% Calculate BER for current point

BER_TMMSE(idx)=nErrs_ TMMSE./nBits;
BER_TMMSEofdm(idx)=nErrs_ TMMSEofdm./nBits;
BER_MMSE(idx) = nErrs_mmese./nBits;
BER_MMSEofdm(idx) = nErrs_mmseofdm./nBits;

% Plot results
semilogy(EbNo(1:idx
semilogy(EbNo(1:idx
semilogy(EbNo(1:idx
semilogy(EbNo(1:idx

, BER_TMMSE(1:idx),'r);

, BER_TMMSEofdm(1:idx), ms');
, BER_MMSE(1:idx), '90");
, BER_MMSEofdm(1:idx), 'b+');

N— N N N

legend('MIMO-SM TMMSE ','MIMO-SM TMMSE OFDM', 'Adaptive MIMO-SM
MMSE', 'Adaptive MIMO-SM MMSE OFDM');
drawnow;
end

% Perform curve fitting and replot the results
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);
fitBER_TMMSEofdm = berfit(EbNo, BER_TMMSEofdm);
fitBER_MMSE = berfit(EbNo, BER_MMSE);
fitBER_MMSEofdm = berfit(EbNo, BER_MMSEofdm);
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% Draw the lines

semilogy(EbNo,fitBER_TMMSE,'r');
semilogy(EbNo,fitBER_TMMSEofdm,'m");
semilogy(EbNo, BER_MMSE, 'g');
semilogy(EbNo, fitBER_MMSEofdm, 'b');

hold off;
%%

Compare between 4x4 MIMO-SM MMSE, MIMO-SM MMSE
OFDM, Adaptive MIMO-SM MMSE and Adaptive MIMO-SM

MMSE OFDM
% MIMO SM OFDM for TMMSE and MMSE without any dividing for data just add
IFFT and FFT

clear all;

% We start by defining some common simulation parameters
N =4; % Number of Transmit antennas

M =4; % Number of Receive antennas

EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
nOFDM =2; % number of ofdm division

numSym = N; % number of symbols

%%
% and set up the simulation.

% Create a local random stream to be used by random number generators for
repeatability.

%hStr = RandStream('mt19937ar’, 'Seed’, 55408);

hStr = RandStream('mt19937ar’);

[BER_TMMSE, BER_MMSE] = deal(zeros(1, length(EbNo)));
BER_TMMSEofdm=deal(zeros(1, length(EbNo0)));
BER_MMSEofdm=deal(zeros(1 length(EbN0)));

% Create QPSK mod-demod objects
hMod = modem.pskmod('M', 2 modOrd, 'SymbolOrder’, 'gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are presented later.

% Set up a figure for visualizing BER results
h = gcf; grid on; hold on;
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set(gca,'yscale','log','xlim'[EbNo(1)-0.1, EbNo(end)],"'ylim',[1e-3 1]);
xlabel('Eb/No (dB)"); ylabel('BER') set(h,'NumberTitle','off")

set(h, 'renderer’, 'zbuffer'); set(h,'Name','Spatial Multiplexing');

title('Adaptive MIMO-SM MMSE schemes comparison with add OFDM stage');

%BERthy2 = zeros(1, length(EbNo0));
% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_mmse = 0; nErrs_ TMMSE=0;
nBits = 0;

while ( (nErrs_TMMSE < 100) || (nErrs_mmse < 100) || (nErrs_TMMSEofdm <
100)) && (nBits < 1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshape(source, N, numel(source)/N);

TxOFDM =ifft(Tx,nOFDM);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0, hStr);
r_store =r;

rxofdm = awgn(RayleighMat*fft(TxOFDM,nOFDM), snr, 0, hStr);

% Assume perfect channel estimation
H = RayleighMat;

% MMSE SIC receiver
E_mmse = zeros(modOrd, numSym); k = zeros(N, 1);

E_mmseofdm = zeros(modOrd, numSym); k = zeros(N, 1);

% Initialization
G = (H™H + N/(10*(0.1*snr))*eye(N)) \ H

TMMSE-= reshape(demodulate(hDemod,G* r), modOrd, numSym);
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TMMSEofdm= reshape(demodulate(hDemod,G* rxofdm), modOrd, numSym);

% Start MMSE Nulling Loop

forn=1:N
% Find best transmitter signal using Min Norm
k(n) = kO;

% Select Weight vector for best transmitter signal
w = G(k(n),:);

% Calculate output for transmitter n and demodulate bitstream

y=w?*r;

yofdm=w*rxofdm;

E_mmse(;, k(n):N:end) = reshape(demodulate(hDemod, y), modOrd,
numSym/N);

E_mmseofdm(:, k(n):N:end) = reshape(demodulate(hDemod, yofdm),
modOrd, numSym/N);

% Subtract effect of the transmitter n from received signal
z = modulate(hMod, demodulate(hDemod, y));

zofdm = modulate(hMod, demodulate(hDemod, yofdm));
r=r-H(, k(n))*z;

rxofdm = rxofdm - H(:, k(n))*zofdm;

% Adjust channel estimate matrix for next min Norm search
H(:, k(n)) = zeros(M, 1);
G = (H™H + N/(10%(0.1*snr))*eye(N)) \ H',

foraa =1:n
G(k(aa), :) = inf;
end
[val, kO] = min(sum(abs(G).*2,2));
end

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% Collect errors

nErrs TMMSE= nErrs_ TMMSE + biterr(msg, TMMSE);

nErrs_ TMMSEofdm= nErrs_TMMSEofdm + biterr(msg, TMMSEofdm);
nErrs_mmseofdm = nErrs_mmseofdm + biterr(msg, E_mmseofdm);

nBits = nBits + length(msg(:));
end

% Calculate BER for current point
BER_TMMSE(idx)=nErrs_ TMMSE./nBits;

BER_TMMSEofdm(idx)=nErrs_ TMMSEofdm./nBits;
BER_MMSEofdm(idx) = nErrs_mmseofdm./nBits;
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% Plot results
semilogy(EbNo(1:idx
semilogy(EbNo(1:idx
semilogy(EbNo(1:idx
semilogy(EbNo(1:idx

, BER_TMMSE(1:idx),'r);

, BER_TMMSEofdm(1:idx),' ms');
, BER_MMSE(1:idx), 'go");
, BER_MMSEofdm(1:idx), 'b+');

~— N S

legend('MIMO-SM TMMSE ','MIMO-SM TMMSE OFDM', 'Adaptive MIMO-SM
MMSE', 'Adaptive MIMO-SM MMSE OFDM");
drawnow;
end

% Perform curve fitting and replot the results
fitBER_TMMSE = berfit(EbNo, BER_TMMSE);
fitBER_TMMSEofdm = berfit(EbNo, BER_TMMSEofdm);
fitBER_MMSE = berfit(EbNo, BER_MMSE);
fitBER_MMSEofdm = berfit(EbNo, BER_MMSEofdm);

% Draw the lines

semilogy(EbNo,fitBER_TMMSE,'r");
semilogy(EbNo,fitBER_TMMSEofdm,'m');
semilogy(EbNo, BER_MMSE, 'g');
semilogy(EbNo, fitBER_MMSEofdm, 'b");

hold off;
%%

Compare between 2x2 MIMO-SM ML scheme, MIMO-SM ML

OFDM scheme

% MIMO SM OFDM for ML without any dividing for data just add IFFT and FFT
clear all;

% We start by defining some common simulation parameters

N =2; % Number of Transmit antennas
M=2; % Number of Receive antennas
EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2”modOrd
nOFDM =N; % number of ofdm division
numSym = N; % number of symbols

%%
% and set up the simulation.

% Create a local random stream to be used by random number generators for

repeatability.
%hStr = RandStream('mt19937ar’, 'Seed', 55408)
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hStr = RandStream('mt19937ar’)

% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb')’;
% Split them per Transmit antenna
b = zero(N, modOrd, length(bits));
for i = 1:length(bits)

b(:,i) = reshape(bits(:,i), modOrd, N)';
end

% Preallocate variables for speed
dist = zeros(length(bits), 1);
distofdm = zeros(length(bits), 1);

[BER_ML,BER_MLofdm] = deal(zeros(1, length(EbNo)));

% Create QPSK mod-demod objects
hMod = modem.pskmod('M', 2 modOrd, 'SymbolOrder’, 'gray’, 'InputType', 'bit');
hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on; hold on;

set(gca,'yscale','log','xlim',[EbNo(1)-0.01, EbNo(end)],'ylim',[1e-3 1]);
xlabel('Eb/No (dB)"); ylabel('BER"); set(h,'NumberTitle','off");

set(h, 'renderer', 'zbuffer'); set(h,'Name','Spatial Multiplexing');
title('Adaptive MIMO-SM ML schemes comparison with add OFDM stage');

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_ ml=0; nErrs_MLofdm=0;
nBits = 0;

while ( ((nErrs_ml < 100) || (nErrs_MLofdm < 100)) && (nBits < 1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshap(source, N, numel(source)/N);

TxOFDM= ift(Tx,nOFDM);
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% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMatTx, snr, 0, hStr);
r store=r

rxofdm = awgn(RayleighMat*fft(TxOFDM,nOFDM), snr, 0, hStr);

% Assume perfect channel estimation
H = RayleighMat;

% Restore variables for next receiver
H = RayleighMat; r = r_store;

% ML receiver

fori = 1:24(modOrd*N)
% Signal constellation for each bit combination
sig = modulate(hMod, b(;, :, i)').";

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig).*2);
distofdm(i) = sum(abs(rxofdm - H*sig)."2);
end
% Get the minimum
[notUsed, val] = min(dist);
[notUsed_ofdm, val_ofdm] = min(distofdm);
E_ml = b(:,:;,val)’; % detected bits
E_MLofdm = b(:,:,val_ofdm)'; % detected bits OFDM

% Collect errors
nErrs_ml = nErrs_ml + biterr(msg, E_ml);
nErrs_MLofdm = nErrs_MLofdm + biterr(msg, E_MLofdm);
nBits = nBits + length(msg(:));
% Calculate BER for current point
BER_ML(idx) = nErrs_ml./nBits;
BER _MLofdm(idx) = nErrs_MLofdm./nBits;
% Plot results
semilogy(EbNo(1:idx), BER_ML(1:idx), 'r™);
semilogy(EbNo(1:idx), BER_MLofdm(1:idx), 'bs');

legend('MIMO-SM ML ','MIMO-SM ML OFDM');
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drawnow;
end

% Perform curve fitting and replot the results
fitBER_ML = berfit(EbNo, BER_ML);
fitBER_MLofdm = berfit(EbNo, BER_MLofdm);

% Draw the lines

semilogy(EbNo, BER_ML, 'r');
semilogy(EbNo, BER_MLofdm, 'b");
hold off;

%%

Compare between 4x4 MIMO-SM ML scheme, MIMO-SM ML

OFDM scheme
% MIMO SM OFDM for ML without any dividing for data just add IFFT and FFT
clear all;

% We start by defining some common simulation parameters

N =4; % Number of Transmit antennas

M =4; % Number of Receive antennas
EbNo = 0:2:20; % Eb/No in dB

modOrd = 2; % constellation size = 2"modOrd
nOFDM =N; % number of ofdm division
numSym = N; % number of symbols

%%

% and set up the simulation.

% Create a local random stream to be used by random number generators for
repeatability.

%hStr = RandStream('mt19937ar’, 'Seed'’, 55408);

hStr = RandStream('mt19937ar’);

% Get all bit combinations for ML receiver
bits = de2bi(0:2*(modOrd*N)-1, 'left-msb'")’;
% Split them per Transmit antenna
b = zeros(N, modOrd, length(bits));
for i = 1:length(bits)

b(:,i) = reshape(bits(:,i), modOrd, N)

% Preallocate variables for speed
distofdm = zeros(length(bits), 1);

[BER_ML,BER_MLofdm] = deal(zeros(1, length(EbNo)));

% Create QPSK mod-demod objects
hMod = modem.pskmod('M', 2 modOrd, 'SymbolOrder’, 'gray’, 'InputType', 'bit');
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hDemod = modem.pskdemod(hMod);

%%

% The simulation loop below simultaneously evaluates the BER performance of the
three receiver schemes for each Eb/No value using the same data

% and channel realization. A short range of Eb/No values are used for simulation
purposes. Results for a larger range, using the same code, are presented later.

% Set up a figure for visualizing BER results

h = gcf; grid on; hold on;

set(gca,'yscale','log','xlim',[EbNo(1)-0.01, EbNo(end)],'ylim',[1e-3 1]);
xlabel('Eb/No (dB)"); ylabel('BER"); set(h,'NumberTitle','off");

set(h, 'renderer', 'zbuffer'); set(h,'Name','Spatial Multiplexing');
title('Adaptive MIMO-SM ML schemes comparison with add OFDM stage');

% Loop over selected EbNo points
for idx = 1:length(EbNo)
nErrs_ ml=0; nErrs_MLofdm=0;
nBits =0

while ( ((nErrs_ml < 100) || (nErrs_MLofdm < 100)) && (nBits < 1e4))
% Create array of bits to modulate
msg = randi(hStr, [0 1], modOrd, numSym);

% Modulate data
source = modulate(hMod, msg);

% Split source among N transmitters (symbol-wise)
Tx = reshap(source, N, numel(source)/N);

TxOFDM= ift(Tx,nOFDM);

% Flat Rayleigh Fading - independent links
RayleighMat = (randn(hStr, M, N) + 1i*randn(hStr, M, N))/sqrt(2);

% Calculate SNR from EbNo
snr = EbNo(idx) + 10*log10(modOrd);

% Add channel noise power to faded data
r = awgn(RayleighMat*Tx, snr, 0, hStr);
r_store =r;

rxofdm = awgn(RayleighMat*fft(TxOFDM,nOFDM), snr, 0, hStr);

% Assume perfect channel estimation
H = RayleighMat;

% ML receiver
for i = 1:2/(modOrd*N)
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% Signal constellation for each bit combination
sig = modulate(hMod, b(;, :, i)')."

% Distance metric for each constellation
dist(i) = sum(abs(r - H*sig)."2);
distofdm(i) = sum(abs(rxofdm - H*sig).A2);
end
% Get the minimum
[notUsed, val] = min(dist);
[notUsed_ofdm, val_ofdm] = min(distofdm);
E_ml = b(:,:,val)’; % detected bits
E_MLofdm = b(:,:,val_ofdm)'; % detected bits OFDM

% Collect errors
nErrs_ml = nErrs_ml + biterr(msg, E_ml);
nErrs_MLofdm = nErrs_MLofdm + biterr(msg, E_MLofdm);

end

% Calculate BER for current point
BER_ML(idx) = nErrs_ml./nBits;
BER_MLofdm(idx) = nErrs_MLofdm./nBits;

% Plot results
semilogy(EbNo(1:idx), BER_ML(1:idx), r*');
semilogy(EbNo(1:idx), BER_MLofdm(1:idx), 'bs");

legend('MIMO-SM ML ','MIMO-SM ML OFDM");
drawnow;

% Perform curve fitting and replot the results
fitBER_ML = berfit(EbNo, BER_ML);
fitBER_MLofdm = berfit(EbNo, BER_MLofdm);

% Draw the lines

semilogy(EbNo, BER_ML, 'r');
semilogy(EbNo, BER_MLofdm, 'b');
hold off;

%%
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ABSTRACT (eilall

Wireless communications, such as satellite, cellular, wireless internet (3G & 4G)
and WI-FI & WI-MAX ..... etc. Always technology in continuous growing, need to
quickly transmit information wirelessly and accurately. Which is now commercially
driven by ever more demanding consumers, who are ready for seamless integration of
communication networks from the home to the car, and into the office. That hunger for

more data employs Engineers to research and develop new techniques, most studies

[9,11-14,28,30-34,37,39-46,49-55,59,63,65] including mine was made to increase it is

capacity and efficiency of the wireless channel or/and whole system. Such new
techniques as Multiple Input Multiple Output (MIMO), Orthogonal Frequency Division
Multiplexing (OFDM), which are suitable for high data rate transmission with forward

error correction (FEC) methods over wireless systems & channels.

In this thesis, I enhance the system throughput of a working wireless system by studying,
implementing and adding MIMO, OFDM and adaptively. Without forgetting taken into
consideration the wireless channel which is the most important thing that effect wireless

transmission.

Simulations was done for the whole systems (transmitters, channels, sub-channels and
receivers) over a time varying — Eb/No(dB) step jumps VS BER — none frequency
selective Rayleigh fading channel solved as linear and non-linear equations system, with
and without CSI (Channel State Information), All cases was negotiated separately and

clearly.

The end goal is to increase the system throughput, capacity and efficiency by using
adaptive systems while maintaining system performance under a bit error rate (BER)
compared to Eb/No. The results I obtained are preliminary usable to produce new type of

researching way developing. It is the key to future.
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