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ABSTRACT

This paper presents OFDM wireless communication system by using different
equalization schemes to reduce complexity and power consumption on mobile equipments. We
propose combined pre- and post- equalization technique called PPE scheme and compared with
pre-equalization scheme and post-equalization scheme in term of performance and complexity.

PPE employ equalization process that has weight process both in transmiter and
receiverver by decision constellation splitter (DCS) algorithm. The DCS technique made the
mixed symbols from channel are separated to pre-equalized symbols and post-equalized symbols
sequence by comparing symbol distances with reference symbols.

The result has shown out standing performance of the proposed scheme of PPE
especially in term of bit error rate (BER) by comparison with pre-equalization medthod for each
simulation condition. The proposed PPE scheme provides higher efficiency up to 5 dB at level of

BER 10 and requires 68% less transmited power.
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2. Maximal ratio combining diversity 11181879y J 194 11 weight SNR noU A4
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MNN 2.4 NYULUDI maximal ratio combining diversity (Auda M. Elshokry, 2010)
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I 7\7

MNA 2.5 SNHULVDI equal gain combining diversity (Auda M. Elshokry, 2010)
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FoId Y IUNTNTUNTNTZ18Y0ITYAIUUINND (Rich scattering) 1 1¥inaA AT UaINITD
uendynaaee eennniula

4. N1IAANITUNINA DA (interference reduction) AITUNINADAUVVIINATE TU

1 @ . a 9y a3 A~ 9
FOIFAY YN (co-channel interference) NAINNITIFAIIND (frequency reuse) el Yy
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M 2.8 Ay space-time coded MIMO systems (Yong Soo Cho, Jakewon Kim, Won Young

Yang, & Chung G. Kang, 2010)

v A <] 4 a a . . . I a : {
W) Msiaamandn1915 gl (spatial multiplexing) 1 udnimatianiianldlu
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— Channel

— estimator

v

Signal

detector

Xy i

MNA 2.9 e spatially multiplexed MIMO system (Yong Soo Cho, Jakewon Kim, Won

Young Yang, & Chung G. Kang, 2010)

anmagi lasuanuaulaninie MIMO A1uL1A531MYDI LTE-Advanced 7t peak

spectrum efficiency €143 0909351 multiple antenna 1&59 MIMO 8x8 N9 downlink Uag 4x4 9

f19 uplink tanaanye Iaena 11vea MIMO NxM

@ 1 o v a LR o
anbuzseIdn I MIMO dmnsndieusdlugdvounaingsosdnygiu lAas

[

{ a 1 @ a 4 ' [
aumsh (2.5) TasanFnuaazaIvouuasng H unuioyasodda s 430 channel gain

AUMINUF QY10 x QUND channel gain HAAZIFUNNTINADE

h,
oy

hy
Moy

hMN

A 9 o ] ' [ Y o
o loudyana x iusesdaana A oz lad

UV UNAIUYDIT Y

o9 9

9 9

A28 A9EUNS (2.6) Taoh n AodaNUTUNIUIINTDIT 18! (channel noise)

y=Hx+n

(2.5)

Y =\
YIULaI y U

WAIBIVNIUINFRIT Y 1Y

9

(2.6)
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Channel estimation A9N151U 5z MM FOIFYY IV NITAIAAZIY HTONMTAUYATH
IN30IEITOYAAINIT0VYAUIIA1TVOI¥OIT QYD 184 (channel state information, CSI) N1
' o T I [ dy
Usznagesdyanaisosniunatounngail
1) Pilot structure
- Block Type 4010 2.10
- Comb Type A4M N 2.11

- Lattice Type AININN 2.12

MNN 2.10 block-type pilot arrangement (Yong Soo Cho, Jakewon Kim, Won Young Yang, &

Chung G. Kang, 2010, p. 188)

. 1 OFDM symbol S
"YoJol[ajoL JeleloleX Jolelelol Jelelele
@00|00@0000@0000@0000
@C 000000 0@0000@0000
@ 00|Cl0@0000@0000@0000

_| ®00j0j0@0 0008000080000
3| @00[00@0000e0000e0000
S| @00[00OC0O0@00C0Ce0000
Z| @0 00000008000 Ce0000
f| ®@00[0j0@0000@0000e0000
@O0 0|0[0@0000@0000@0000
@ 00000000 @0000@80000
@O000@0000800000000
@ 0000000080 0O0@0000
@O 0000000 e0000e0000
Time
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. 1 OFDM symbol

OOCOOICO0000C000C0O00000C00
QOQOOOOOO00O00C0000CO0
elelolvlelolelelelolelelololololole ol
000000000000 OOO

.| COO00O000CLO0000LCOO0

2|1 0000000000000 0O0CO00O0 |

g | 0O000CO00C00000000C00 |7

g1 OCO0OO0000O0CCO000C0CO0

L | OPP OO0 PPPPOPOOOOOD —
QOO0 COO0O000OC0O0
elofaleleoisielolelioleoielololololelolole)
slolelslvioleleleioleleleiololoiololele]
QOOQXOCROCOOO0CO000O000O0
o000 OPOCOOOCOCOOD0OOO®O

Time
MNA 2.11 comb-type pilot arrangement (Yong Soo Cho, Jakewon Kim, Won Young Yang, &
Chung G. Kang, 2010, p. 189)
5

IJDFDMswmmIF %
elolslololel loleoleleioleloiole] IsIele
CQOO0eC0000QOCO®00O0
CO@ICO0000A0LOCOD0OO00
| Jelelielelslisielelel Loialiels iolololelo)

.. ©CO000008000000000e0

‘aRelele/elelel lejololeleloleioie]l 1OI0LE

2 000PL@00CC000000eQ0000

g1 CO®C 0000000000000 00

| @OO0I000C000e00C000000C0—F
elolelielejoioiel Ielelelclioleiciolol 16
CoCOOCOe000000000@o0u |
olelols] Iolololelelolelole] lololelololNinl
elel Jellelelsisioleololel 1010IOLOIOI010
®OC0OCO000CEe0C00000O00—

o
3
D

MNA 2.12 lattice-type pilot arrangement (Yong Soo Cho, Jakewon Kim, Won Young Yang, &

Chung G. Kang, 2010, p. 189)
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[

anvae pilot N1 lunasgvues LTE 1¥daaauswdunnizdrveuaag cell

Y
)]
v Y
580721 cell-specific reference signal H3e pilot signal ¥992YUD gNUNNILAVITE cell YOI

LI v

U { J - A y
eNodeB Haznuneavvod1gonadsignldod dydanual pilot Haggunsnmud 1

4 . . : o ¢ & y
LAUAND (frequency domain) LLAZUAULINT (time domain) FYANYM pilot mﬂwumgami
Uszanamavesdyg i Tasnsmirnuad a1y sub frame M3Uszmunsguuuudase
o <3 Y o o oA ¥ o o Y
IUIUNATY sub frame NAzA@MNTDMAAZIUNINTIN A anbauzdwmvia ludinui 1l

Y [l o o o 9 9 1 o A o
Tanlisumudsnumazamsnihunldmsisznumsdeyasesdgyyaunioons1veg
. 1 d' [l d' A 9 a 4 1
(gain) HAAY resource block N UFND 14 vonu I TugUnuUWATATUNUMTHHNTZII0V0

[ o I @ {
oIy (propagation channel) 31111 pilot 9z UAININT 2.13

frequency

time

MW 2.13 ANBUL pilot TUWIATFIUYDI LTE

2) Training symbol-based channel estimation
- LS Channel Estimation

- MMSE Channel Estimation @409 2.14



H— » W » H=WH
Weight

/NN 2.14 MMSE channel estimation (Yong Soo Cho, Jakewon Kim, Won Young Yang, &

Chung G. Kang, 2010)

3) DFT-based channel estimation

4) Decision-directed channel estimation AN 2.15

Yilk] Xl

Yy

L 4
¥ ¥
b

Y

_,Heéngve » S/P ' CET s |Equalizer| s |Demod| & o B>

“".L
=
]
(]

Hy [ k)

Y

Y
Y

MNN 2.15 OFDM receiver with decision-directed channel estimation (Yong Soo Cho, Jakewon

Kim, Won Young Yang, & Chung G. Kang, 2010)

5) Advanced channel estimation techniques
- Channel estimation using a superimposed signal
- Channel estimation in fast time-varying channels
- EM algorithm-based channel estimation

- Blind channel estimation

25
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2.1.2 OFDM (orthogonal frequency division multiplexing)

v = o Y

o w A <] Jd o o [
fl‘ﬁ ﬂfnﬁﬂf]ﬂ’lﬁcﬂ'lllﬁﬂ!fWﬁﬂ“])'ﬁﬂluﬂluﬁllﬁﬁ’lﬁlﬁﬂluiy’lﬂ!ﬁ%f]ﬂWﬁLl‘U\‘]Gﬁ@\iﬁiUiU1ﬂ!ﬂ'Jﬂ

I

=

{ O Y . . . : < '
ANNDNUIBY F992AR 190D FDM (frequency division multiplexing) 921w ean1519
[ d’ [ g’/ dy d‘ 9y 1 ] [ ] (% [ 1 9 9 ]
dyanannudesnannu native lduaazsesdyna lusuniunuuazSuddoya ldodns
A 1 ~ o Y 1 [ g’/ o a3 ~ Y =\ A J 1 [ A A 1
515U uamsnegi 19 ldsunaunuiusuilunezdesll guard band Niilugeedneanuan'li
I 1 1 1A ¢S o & 4 I A
awrsnldauld Senareduanugalaii limedse Tewd duiumod]unismy
Aa a o w A <3 4 { o 4 { ] o
Usganinmveimsiuiadmanduuanud vilddesesnyuuesduganngeinld
a a A A J Y Y =\ A dy a Jd 9
MmANAN1ANAFMEAITNISENI orthogonal tan1ulununluGesil lunensiamaasudn
4 1 @ 3’/ 1 @ o 1 4 @
Won1d g 1MNIa04 orthogonal aonu 1 ldAmaguussnmesvesdgyyia lunig
Aa 4= I SR A I a 1w
Aalpmaninaziugud ¥anneludaszaenu
) [ . I - 4 o .
FIMIUAYYIWU sine wave OETSTAN] orthogonal apnuNAoLiion13¥ integral U9IN1T
Y 1w Cal & 1 < 3 o a 4 o o
ga lamnugudae g wal (T=29) ¥ennemsigu luFuinmesvesdyaiaiums
@ ] 1 o ?1’1 1 ) (] % I 1 o {
Areg1uru mindyanunsdosdimanisnued 90 99 Ba9z1ilu orthogonal ABAY AIWITAN
[ Y
2uenn iU 1A08199 a2 A283FA15VB phase shift keying (PSK) Fa1iaer099z@WenIuiie

a s 3 ’ o 9 I o {
asaenaas Iadlulan sy sint) M cos(y) taz@audluaums ldasaumsn 2.7)

f &)= sink)cosk) 2.7

3 1 v Y, @ 1w v < Y
tazanuilu orthogonal ADNU ﬂghlﬂﬂT integral UDNNUNINUFAUY \‘lﬁlmﬁullﬂﬂ'lﬂ

U

ﬁumi‘ﬁ (2.8)
27
j f & )sink )cosk)dx =0 (2.8)
0

2 A4 o5 a . A A4 o 1 P o
UBNINUANDES5 TNUN (harmonic) HI0ANNANT UTIHIUMIVEIANND 1A N
[ [ { g’/ a { 4 a { g’/ ] Y] ]
v2ianyUL orthogonal NUAMNDAAY HIDYAAND 15 TUTUNVDIANNDUUITUNY 15U
@ I 1 [ 3 [ < o
sin(2x) M sin(3x) YU orthogonal ABNY taz1ilu orthogonal AU sin(x) #1210 Fari1ldis114ya
A o 1) [ ] @ A g [ Yy Qddyd' < A [ Y
anuddmiuunaz vesdaanaiiilu orthogonal Annu 1Aa1075 Hilee Fullosiamisaiali
{ 1 ] ] I 1 o o { 4
anud lundazsosdaaa0ilu orthogonal aanu'ld A uufazdesdl guard band 1ive

' Y
Yossumssunununzrualy mldldanud laedddszans nmmuiniu
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HAv0INS 15dn1uAuD N 1 orthogonal ABAY 11AZHIUNTT modulation WLE?
1 @ 4 A Aa . 9 [ 9 = ] ~
wNUNdYIMe13 INTHnANAINNT modulation 92191 T nudgyarudiufes Tuawison
v ' ] ° o & A A '
vzugneannniu ldedianaia 1 ldszuy FDM s1ilued198aizdeell guard band 5311919
Fosdyaauieilosnunioaanaumssuniunndygauesresdyausouieainanln
i 1] . 3 o I~ a3 .
WINNEA 11DADUTD bandwidth 1eda 111U guard band Wntfieala NVz1vae bandwidth 1%
v vy R = v
Tdaulddesaunniu unuen data rate osas
1 o @ ' % A @ g A Y . A o Y a
uad 1T UYeId 189 orthogonal MUY 1io 1@K1UN1S modulation N1 1¥IAA
o . 9 49! ?z}z [ 12 1 1 o = ] o = 2 Y
a8 sideband 50U VULIUNAY LiTinasevesdynnavesdnsesdyanm Fazdunala
{ [ [ ] [ 4 ' [ L
nnanuananvesresdaygia lulldygimsuniu iesnnyesdyaaiuily orthogonal
Y o 1o & ' [ o o { '
Ay v 14 Tisuiludeeld guard band maedloanu nazsi Idgadeanlnasuanuduiediu
1 d o o 1 W Y 1 Aa a 3 o
o619 13152 Tond sirldmsSuasdaanaanuddulledriidszaniamuniu 3¢1dons
A 1Y . AA 1w & & 3
throughput 1g9N31A78 bandwidth ANDMMIN U VUL IUYES OFDM Haauily

UHUAIN block diagram AN 1WA 2.16

Pilot symbaol
and virtual carrier

Serial i < 3 3 Parallel
- erial to - = i e Paraliel
‘ Data sourca c:;_'C }—b 'terllalt Oh;:dﬂlggsrl(\ }—) parallel [ IFFT %ch'j | Windowing ¥ to seral —b
ing interleaver ( ) Prs) Pl ! = F»  (P/S) X
| | e e
1 _ I _ | 1 _ | A\
Bit stream QAM/PSK modulated symbol OFDM signal s
Wireless
channel
Timing/fraquency
synchronization and
channel estimation
N/
v
53 -«
- Demapper Parallel || | 4| Serial to
Data sink H dchoEd(i:n H dgim;'tgavgr}e (QAM demodulatorPSK e to serial | Cﬁ‘gi'r le| FFT |e] paraliel .
9 demaodulator) (P/S) 1 o [ 4 (F/S)
] <]
L |1 | L |
Bit stream QAM/PSK modulated symbeol OFDM signal

M 2.16 ATZVIUMTNUFIUVDITLUDNTAOAT 13818 OFDM (Yong Soo Cho, Jakewon

Kim, Won Young Yang, & Chung G. Kang, 2010, p. 126)

I o . I
S/P uag P/S 1unszuaun1sulasd 194910 serial stream 13 parallel stream
I . o v
1azi1/a991n parallel stream 13U serial stream AIUA1AL
. . . I
FFT/IFFT (fast fourier transform/inverse fast fourier transform) WunseuIunsg

[ 1 = I'4 = o A [ [ Yo
nilasdynrmeglugloynsuysies FFT Hanymen1svinumilouny DFT ua FFT 145y
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a ' 4 a A ' v o Jo m
ANuteNINAINHe9 NN Y52 @NENIMN19Ia1a0 71 DFT 911AU09 FFT dUWUSnY N=2
a4 A o o = £ = A
Taon m avtavuaNUInlala vuiaves FFT Nunnau uenainazinaniznuluizoanis
Y o 2y o Y v ) 2 0 o Y
lFwasaumnUuLa §ainaliun1uA9IN13 1% RAMS QQSUHGLUﬂTiﬂWH'Jﬂ‘! AITNFUEOU
2 Y = v 9 ' o A 2 g o 1 o
NWﬂﬂlu@HNVlﬂﬂﬁﬁl TagNanuFudoutazyuInvInisnNuI NNV udagiunuua
U904 FFT (C. S. Modlin & J. S. Chow, 1999)
. . <3| a [ d' 9 1 a @
Modulation/demodulation LTJ‘L!L‘VIﬂu%‘lﬂﬁW”lﬁiy,iyj”lmﬂﬁﬂﬂﬂﬁ waunmelyds
2 Y o o
U

921191218 IWIUAINA M TOAIT NTZUIUNT modulation MU 1A dnsIMsTuda

9

{ 1 { o 1 I A
FoyangeuluvasidyIusunIUTZNIN symbol 1350 inter symbol interference (IST) NI

Y

d%’ 9 1 @ A [ [ 4 A . = Y @

PAUVUAIYFUNY mmmngﬂzmuam}awm (symbol) 1159 constellation Nﬂ'ﬂ?ﬂﬂﬁlﬂﬂ\iﬂﬂiﬂﬂ
a Aa 1 ] < a dy = A vy

i]ulﬂﬂﬂ'.l”lllNﬂWﬁ191Uﬂ15LLﬂﬂLLﬂ$ LLWE)EJNlliﬂGn?J ﬂ’J13JWﬂwa”lﬂuﬁﬁﬂiﬂ‘ﬁﬂﬂLaENllﬂﬂ'JEJﬂﬁ

1a0n 19 modulation order #1124 (Yong Soo Cho, Jakewon Kim, Won Young Yang, & Chung G.

@ 1 I
Kang, 2010) ©99819N15 modulation Ao BPSK, QPSK, 16QAM, 64QAM Aludy uaunn block

diagram U84N15 modulation AININN 2.17

OFDM symibol

Eit stream [PSiooAM | XK | _ = Y] —— Bit straam
° ht prfl s [ 57

TS,_,m : OFDM symbaol duration

(a) OFDM modulation/demodulation

(b) Realization of subcarrier orthogonality

MNA 2.17 UAAIAI9819 block diagram Y9913 modulation 114 OFDM (Yong Soo Cho,

Jakewon Kim, Won Young Yang, & Chung G. Kang, 2010, p. 125)

. I . Y '
Cyclic prefix (CP) 1Hunszuaun1sudayn1 multipath Tagnisfnaenduganio

voudayrautaslnewmenesnuosdygra lulvlunudygratunduniou @
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= ] A Y v @ 1 o a v Y A . <
AIZUIUNITONDYNNAAYNUNY CP LLGI“VHGluT]ﬁﬂNG]’i\‘]ﬂusUﬁJﬂ’E] cyclic suffix (CS) 1Wuns

Annonauivesdyaaudrer lUdediuiie anuazues CP uag CS AanIni 2.18

(a) OFDM symbols with CP

Cyclic p
I |
[th OFDM symbol | (f+1)th OFDM symbol |
l |
‘T:’.?’ v Tm!‘-
 La=T 4T R

(b) OFDM symbols with both CP and CS
Copy Copy

[th OFDM symbol | (1+1)th OFDM symboll

T:s'ub TC‘S
+ Tp+ I

T

svm__

T

sub

A

MW 2.18 Snbazuesdadnyal OFDM 7 1¥71 CP 11a¥ CS (Yong Soo Cho, Jakewon Kim,

Won Young Yang, & Chung G. Kang, 2010, pp. 129-132)

Y09 CP Wnazimualisessuiuanuaiivesdyarafunndunisou

A0811%U CP 25% dMSUANINUIARDNVDY visual prosthesis D199z AUVATH LiTiTynuToq
<} 4 1 1 o o o

multipath '1&1p991INsZoE N NITEHINIMAdsdyIanaznnsudyaradosuin ISI vog

multipath dviSuunag subcarrier AININN 2.19
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Ian]l

RN NN
sl T NN VT AN |

G
i
\
)
N
=)
~
N
=
™,
A J

I

I

Ith OFDM symbol

MNA 2.19 wansgny IS ¥e9 multipath M5 UUARL subcarrier (Yong Soo Cho, Jakewon Kim,

Won Young Yang, & Chung G. Kang, 2010, p. 129)

2.1.3 Equalization

A 9 ) S [ o
szuumsaeats1¥a1e OFDM Taena liaziinszuaumsdSulysnunmdyn a

o

=1 v [

y ] I { @ [ @
Ni38n 11 equalization 1WunszurIuMmsnaasudaygralumstanisnudygiasuniu ISI
] 1 a3 { a @
(inter symbol interference) 1130i38n9n08193 U UNTZVIUNS signal processing NUTH1TIANT
o 4 I {
dYYIUITUNIU ISI Msaoas 13eouuy time division multiple access (TDMA) Lﬂugﬂgmuﬁ
<3| 1 A . .
manganilueg19anu 1l equalization
% o . . g o g . {
ANYAUTNITNINIUVUDY equalization Wu§1uiﬂﬂ‘ﬂ’3llﬂﬂﬂ block diagram MU 2.20
Tuyuue9ve 9 frequency domain @IUAUNIAAVINTOIT Y QY IUILYNFAIFYAIY equalization

{ a3 1 o [ [ 4 ) v o @ . .
TasNauraonaodiunauveIresday g s o mnguiunIzind 9N UNDA equalization
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° ) ° A o =K = ' . A ' o Y 9 . . A
ﬂ1ﬁuﬂ1ﬁﬂi$ﬂ1ﬂﬁﬂmﬂiuNg‘ﬂliﬂﬂ’n post-equalization Llﬁljﬂﬁmﬂﬂuﬂﬁl‘v equalization ¥i7®

. . A v 1A o oA v
equalisation Tagag post- Laﬂi‘lugmmmﬂmwﬂaaumamu

H(f) n(f) Heq(f)

s(f)+n(f)

— Channel |-

L]

Equalizer Demod |

Heq(f) =1/H(f)

MNN 2.20 anBUE block diagram U943 equalization
@ o y . @ A < 1 ¥ o
anvag laena1Uveq equalization LEAIAININN 2.21 WLHUINNTLLIUMTHINYD
weight (W) fvualinsgsmsnaasy Rx
™% " Rx

¥

%- Channel : w —

MNWN 2.21 SNHULMNMTHINIUOH19918UDY equalization

< 1 ) (%
Taen'11) equalization u1igeemilu 2 Usziandl8iuAe LYY linear equalization

118% nonlinear equalization MIUNszinnues equalization Aan N 2.22



Equalizer
Linear Types Nonlinear
ML Symbol
DFE Detector MLSE
r — il R e el M M o [ — T — Ty i " )
| Structures |
Transversal
| Transversal Lattice Transversal Lattice Channel Est.

R £ . S i

Zero Forcing Gradient RLS LMS Gradient RLS
LMS RLS RLS
RLS Fast RLS Fast RLS
Fast RLS Sq. Root RLS Sq. Root RLS
Sq. Root RLS Algorithms
MNN 2.22 M500915210NUD9 equalization (J. G. Proakis, 1989)
Fr— = s . — e — — = 7
fit) = combined impulse response of transmitter,
! multipath radio channel, and receiver RF/IF |
Original | . |
Baseband Modulator Transmitter Radio |
Message Channel
x(t) | |
| |
Detector RF Receiver
Matched Filter IF Stage Front End :
Y
Equalizer Decision . Reconstructed
hey(t) Maker ¥ Message Data
& d(t)
d(t)
- +
e(t)
Equalizer Prediction Error

MNA 2.23 szUUMITRAINAATY I adaptive equalization (T. S. Rappaport, 1996)
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9 @

1NN 2.23 81 de) lutidunndgyanadounaunie feedback nav liisuilsa

d‘ (3 . = g . . .
1aeun/as@ vl equalizer 923802 U equalization UV linear

9 @

v Ay o a A o & . Y Y
01 d(t) mﬁummmumumﬂauﬂau"lﬂuwmﬂaauuﬂmwaammm equahzer AYLLRAT

= o .
isanInilu equalization 11 nonlinear

o a =3 ]
Decision feedback equalization (DFE) 1835un1uHenunn uan lasumansenuun
1INANAANAIATNINAIINNITNTLI8T QY18 (error propagation) N1e laTeIFya I8 SNR

o ~ =K a3 ~ ] A . . . .
a1 JUnuunmnganuugluuuiedasinaiaie MLSE (multichannel maximum-likelihood

sequence estimation)

'
v A

1 . . 2 =2 Aa a a °
UBNITINUYIY equalization aﬂﬂizm‘vmumuﬂizﬁmmwmsmqmqq SMEVER)

= Y | v = o Y = 1 = ' . . . A A
LiﬂugﬂiﬂlﬂaEJ‘L!ﬂ1§1/l”I\ﬂu]lﬂﬁlfﬂﬂmlﬂzﬁuuazEJ@]WQL! 158071 adaptive equalization N3
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2 Tvuan1si1auranae Ivua training 1 un15USuasu Taon1sa1ang i (estimation)

' 9 1 . A A Y1
a’N‘WLHIﬂEJﬂ”IiE‘N pilot INDLTEUIVD

UsunlaeuTasnmslddoyanasirninl

d'dal

auuIun

floanNo
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[

aulsulasy iaz Tvua tracking 15 un13

35U maunIngniuen 1491unY adaptive

. . Y ' Y ' @ A
equalization ﬂum@qﬂllﬁﬂﬂﬂﬂlﬂuﬂﬂﬂ@ﬂ@1qqﬂu ﬂ\ulﬁﬂ\icluﬂ']ﬁ']\iﬂ 2.1

M3190 2.1 é’am‘%’fﬁmﬁm%’u adaptive equalization (J. G. Proakis, 1991)

Number of
Algorithm Multiply Advantages Disadvantages
Operations

LMS Gradient DFE |2N + 1 Low computational Slow convergence, poor
complexity, simple tracking
program

Kalman RLS 2.5N? + 4.5N |Fast convergence, High computational com-
good tracking ability |plexity

FTF 7N + 14 Fast convergence, Complex programming,
good tracking, low unstable (but can use
computational com- |rescue method)
plexity

Gradient Lattice 13N -8 Stable, low computa- |Performance not as good
tional complexity, as other RLS, complex
flexible structure programming

Gradient Lattice 13N; + 33N5 |Low computational Complex programming

DFE - 36 complexity

Fast Kalman DFE 20N + 5 Can be used for Complex programming,
DFE, fast conver- computation not low,
gence and good unstable
tracking

Square Root RLS 1.5N? + 6.56N |Better numerical High computational com-

DFE properties plexity
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Linear mam"lmﬂ%&mmwamamaw L!@Iﬂhlﬂﬁ‘ﬂﬂigcﬂ‘ﬂﬂ1ﬂﬁmm1miﬂﬂ3u%1ﬂ

g9

. J A ~ = [ . @ I i ] I Y v =
noise ¥1NNI LiJ’e)L“lJiEJ“]JmEJ‘]Jﬂ‘Ug‘ﬂLL‘UU nonlinear GI?’E]EINQ‘L]LL“]JUE)EINQW uJugﬁm uagy
=2 9 Y Aaw 9 o v kY SA o a . ..
AISANHIAUAINIIY IFIIUAUBEIININNVINNNABOANDI BN zero forcing (ZF) (42¢ minimum

mean square error (MMSE)
2 ax o A A A 1 . A o q ¥ < 7 o
ZF 13 u35n159an15 ISI Ntaonagiaenai weight N9 1A 18I Lﬂug{umaﬂ DIFYNIT
o A v o Y I Jd o ?x‘/ P 9 g’.z [ =
muuarieany 1y ISI L‘]J‘L!fjf‘L!EJ garuluaaiumsalng IST un9uaIuu ZF %z“lu%mman

[

Aa o v A o A Y Y A
TIﬂGLIJﬂ”I'iﬂ”IEU”IZJ”IGlGD'QTu WA1TU1 2x2 MIMO ﬁ’iUu‘Q‘l”lillﬂi‘]_l]lﬂi]”lﬂﬁ"lﬂi’)”lﬂiﬁ@uuiﬂﬂ’rﬂ

y =hiX+h, X, +n,=[hy, h12]|:))((1i|+n1 2.9)
2

o Ao Y Y A A
iqulJ'lﬂlﬂﬁ'UvlﬂﬁnﬂﬁWﬂ@’]ﬂWﬁ@]u%ﬁﬂ\‘]ﬂ@

X
y2:h22(1+h22x2+n2:[h211 hzz]{x +n, (2.10)
2
Tagn
A Ao Y Y Y A o w
ViV, o symbol “V]'J"U1@%1ﬂﬁ18@1ﬂ1ﬁﬁu1!3ﬂllﬁ&’ﬁu‘ﬂﬁ@\iﬂ'ma']ﬂ‘]J
h,, o FosdayanuaInaoeIMAauLsn lmduusn
A [ [ 9 (9 d'
h12 R ﬁvmﬁmﬂpmmﬂﬁmmmﬁ@umﬂllﬂmamnﬁm
A [ [ 9 d' (%
h21 R “F@Qﬁiyjig1'51!ﬁ]”IﬂfﬁEJ'E)”Iﬂ”IﬁG]UVIfT’ENUhJWT?JULLiﬂ
A o Y A v A
h22 R “]5@\1ﬁQJJﬂJTﬂ!ﬂ”Iﬂﬁ?fl'ﬂ”lﬂ”lﬁ@umﬁﬂ\?hlﬂ‘lﬁT@u‘Vlﬁ@Q
A A A
X, X, A0 symbol NE4 Y178 input
n, n, Ao FYQNUTUNIU noise MNEOIMARULITNUAZAUNTDINUEIAL

quN1T (2.9) 18 (2.10) mmim%u"lﬁﬁu

{yl}{hn %}{Xﬂ{m} o
y2 h21 h22 X2 n2

= A

4 v o o [ a -4 { o
NNAUMS (2.11) 1ioIznoAsHATY QM x MIndaanan 1asuaAe y dwAoInINaING W N

% wH=I #2875 v04 ZF (Yong Soo Cho, Jakewon Kim, Won Young Yang, & Chung G. Kang,

2010) 2 1&dsaums (2.12) nazanuduiusvesdaana y imnsy dulawaums 2.15)

W=(H"H)"H" (2.12)
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W, =pH™ 2.13)

N
p= Tr(H {(H 5™ (2.14)

1 -~
y= EWZF (HX + Z) (2.15)

ad o

] Y1 A o o S A9 Ao ¥ o
MMSE UJ‘L!’J‘ﬁEﬂﬂﬂ'l'ialﬁﬂ1lﬂﬁﬂﬂ1a\1ﬁﬂ\15llﬂﬂ error Lﬂuﬂu@ﬂﬁjﬂﬂﬁﬂqﬂ Iﬂﬁl@Wﬁﬂ
o aa = 2 Yo Y < s A an =2 o q Y a A
NaANNIITNINANA Llﬂuﬂﬂglﬁ@ﬂiﬁﬂﬂﬂWiiﬁLﬂuﬁuEJL‘I’T?J?JUiU'J‘ﬁGUfN ZF %QﬂWﬂlﬁﬂJﬂi$ﬁﬂ‘ﬁﬂ1W
= 1 oA = . A . Y . o A
an31 Tuaa1un5ain 133 noise 139 noise = 0 1d3 MMSE equalizer 9L AANITNINIUINUDU
o 4

ZF equalizer (N. Sathish Kumar & K. R. Shankar Kumar, 2011, p. 337) AMNANNUTUDI weight
tazdyaunmMaiyy dinsuzluuuved MMSE adaums (2.16) uag (2.17) Mua1aY (Yong

Soo Cho, Jakewon Kim, Won Young Yang, & Chung G. Kang, 2010)

-1

2
O-Z
WMMSE::BXHH HHH+_2| (2.16)
1 A
Y=EWMMSE(HX+ z) 2.17)

2.1.4 Pre-equalization
NILUIUNS pre-equalization N31INI0Y IuaIUVRINIAdITYYIAl TAge1dens
ﬂithﬂ!“ﬁﬂﬁﬁ)iy’ﬂJﬂm (channel estimation) Lﬂuﬂﬁﬁwuww%ﬂmmm%ya channel gain
a42911 "lﬁ’mmﬁ’uﬁuﬁﬁﬂgiymﬁmﬂ%”u y A4AUATT (2.18) (Yong Soo Cho, Jakewon Kim,

Won Young Yang, & Chung G. Kang, 2010)

y= i (HAWMMSEX + Z) (2.18)
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URUANEE19918 TuMT IS auINg VNI TI9IUUDN pre- equalization NNTTUIUNIS

9 H 1 v {
1N weight (W) gnimualisiinisinings Tx udaadaning 2.24

™ Rx

T

Channel |— .

=

WA 2.24 ANHULBYINGUDY pre- equalization
a A Ny v Y Y = AN 1Y o o A
HUIAAITON pre- equalization DIABY0 lal/Tounnaniiigiui lulidedinaiGoans
9 [ d‘dy 1 9 = A Aa = 9 [ 1 =Y [
Tgwasau lud i li'ldnunedaSesamnaaiigmldnasnulumsaslSuauin uaey
] Y < A ~ [ [l @ 9 9 A [ o A X
yaduludszauinaortigruauisoaeasdanasnud 1118 iiesnnnegnun &
1 [ P 4 y L4 a
uanA1NNUgUnsal MAAoUN (mobile equipment) 15091 N5l Yo 191315 UE (user
. AY o o A Y o A ~ o d v v o 1
equipment) HUD31AAITDINT 1FNAIU tHesndaNnuIuuszdelduuamoiniiluuvag
o R A A Y o s " A ¥ A
wasuvesglnsal JelianunermNizaams lsnanuvesgunsaimaiiiadd lduniga
A o U o A o Y d A [V AasR o
Mz 14 uuananilsienisana g udouvesglnsainieoanossunisvinauluy
d A A o A v a A 9 o Y 49!
gUnsal H300NNNNIIABMINMUILTLANTNINLAL1NT FNUYDIUAND TS THUINTU
A 1o & Y o A s A A Y o J X 1
nszurumslanlusuiuszdesnsziinginsalindeun ewisodreunsziludiudeas
L 3
UNU FINAONTEUIUMST weight (W) 11 pre-equalization 1104
yauaaniu

3]
So 9 9
NYINBINITUDYAD

. . ~ o ' Y dy v 9 9 v A
Pre-equalization °ngﬂunﬁu@ﬂauﬁummmmﬂmmwaﬂﬂ
o 9 o . ' < A . . e
mum@umm’qﬂﬂimé’hw (receiver) iz)ElNuliﬂmiJmﬂuﬂ pre-equalization U
' [ . . 1 R A A I ¥ 2 g @
FOIA YY1 (channel state information : CSI) 1NNIATI0Y mmﬂuﬂﬂm&lﬁlﬂﬂuwwagam
nane M3dszaunsyosdaaal (channel estimation) 104

nMs1FuszuuNG1drnatonu (multi user) MALA pre-equalization A1U1TDFIY

o o

MIady Q15N (interference) NtNAINK 1FA200U Tasordotolya MAI (multiple access

1 [ a A o

. Ay Y ' )] Y A
interference) Vlllﬂinmmazvj’ﬂmmmﬂmﬂﬁmmﬂnm UUIA ﬂaﬁﬂgmﬂmmmm%muﬂuﬂuw

o9

v 9 A o A

o 4 <3| S &
gmbwinaesndendagldenau szmasdyanuniummzvesyaaaiumnniu
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2.1.5 Combined pre- and post-equalization
MANAMITINAUHITOFUNVDHANNA A1 ﬁ'gﬂﬁwmuaﬁauwﬁﬁﬁ (Cosovic L.,
Schnell M., & Springer A., 2003, pp. 439-450; 2005, pp. 1609-1614; G. Charalabopoulos, P.
Stavroulakis, & A.H. Aghvami, 2003, pp. 3145-3148) yjatiuSuilgelse@nsaimnissuds
Foyaliaty drulngez1§inaiin MRC (maximal ratio combining) 14IRANININAIT NG

o o o 4 . [ <3
SIUAUVDA diversity 3081001017 gniim1s1aealFa1uluiE o4 equalization Hann15NAD

o 1 l [ @ 1Y 1 [ I
Ay IUINNIUNAIHI OTOIT Y IUIZYNTINAIAINY BATIVI0VRIATRIT Y IMIT U

[

daauulinuasinuszaudyaaunag ms tazilsinAUN DI s AUT YR asvoIdyIal

g 9

g 9 u

UMY noise 1INUAALFOIFU I A1nINURITAad IUNA 19 uazanlFuluuaas
1 o {9y o o . .. . .. v 1 a3
¥oIa Y19 MRC ﬁijilﬂﬂu ratio-squared combining {01 predetection combining ERRIVIRT,

Aa H o @ 1 o {3 a
MANANMINAUHA UM Tud T UTeId I AWGN NiTludasy
QuatenountIMiudue3JuuunN1THAUNE 1Y pre- 1A% post-equalization 7
Y [ a . . a o dy =~ 1
IndimeanyYuuuNIsSHANNAIUIMANA pre- AL post-equalization 1WATUITEU (TN

Balanced Equalization autaaslunni 2.25

(a) Chann_el
’_) Estimafion —l
\
: : : Recovered
QPSK Pilot- || wireless | | A\ | Post- ol
symbois [ ™| Tones [ FFT ™ S | Chamnel [*] % [T "1 Equalization [ 2] Tahes [ S5
Symbols
s(k) r(k) Spost(k)
(b) Cf.)ﬂﬁﬂlﬂ
Estimation
¥
",
: : Recovered
QPSK Ly Pilot- N Pr.e—l | IFFT I CP | Wireless L | FET o - sl Pk
Symbols || Tones || Equalization Channel / \ Tanes || symbols
‘\ Y
Spre(K
skl Spel) wes()
(c) Chanrel “ K
Estimation | Sbal
s(k) | SpalK) F I ai(k)
: Recovered
QPSK Pilot- Pre- | Wireless \ Post- iat-
Symbols ™ Tones [ Equalzation M ERT G Channel || O<* PRI Equalization i Tenes ] s(jlzt?:n{ls

NN 2.25 (a) Post- equalization (b) Pre- equalization (c¢) Balanced equalization (G.

Charalabopoulos, P. Stavroulakis, & A.H. Aghvami, 2003, pp. 3145-3143)
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v J a a v
NAANTUVDINTITHHUNTTUINAUA pre-equalization LS post-equalization Tuauive

@ 1 Yy I3 K a A Aa 1 Y a . . A a
asnanuaaslimunalszansnnnanimsl1¥aumnaia pre-equalization HIBINAUA post-
. . a a R -~ a A o v d A o A
equalization inaia lamatianiaisanaiinmed Aansmwadns nnn 2.26 anvare3luunn
FSAUAUNTOMNANAMTHEUHAIUTIIUIIUITEAINA12IT 8N 31 Balanced equalization (G.

Charalabopoulos, P. Stavroulakis, & A.H. Aghvami, 2003, pp. 3145-3148)

. phannel Model C
&%%‘%3;& o

S 1
1[}_1? L R@'% 'E

e

Bit Error Rate
S 37

-
[ ]

A&
r————m

107H — Ppost-Equalization 1
&= Pre-Equalization
—4+— Balanced Equalization
1[}'5 T 1 1
0 5 10 15 20

Eb/NO (dB)
,q' v ~ . .
HINN 2.26 ﬂﬁwwaawmmmﬂmﬂ?aumﬂugﬂuuumewmu pre- LLQ¥ post- equalization YD
[ Y
QWU?%&V]Qﬂﬁ”ﬂﬁM@ﬂﬂﬂ@MWﬁHu (G. Charalabopoulos, P. Stavroulakis, & A.H. Aghvami, 2003,

pp. 3145-3148)

2.1.6 Imperfect channel estimation
. . o s £y = ' o A
Pre-equalization wﬂuﬂwmuﬂ‘izmumﬁﬂizmmmwmﬁmnﬁm 139 channel
. . < 3 Y { (YR )
estimation 1 umsihuedasverevsodoyaneInusoIdny 1o
° o o aq Y ' ) a
suuiaesTasnd linvzauualimsdsznavosdyaraunugannd (perfect
channel etimation) Ao lifinuAanamINMsUszuavesdaanaas 12 lavesdayananin

1T W ] 19 ¥y a A - = ¥ A dy
ﬂ'liﬂi$1J'lﬂ!L‘Vﬂﬂ'U‘]5’t]\1ﬁiUuflJUWﬂ‘!ﬂ\ilﬂiJﬂ@ H=H Gmmﬂalmwu"lﬂuuﬁmiauwmizuu
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Y = 1 ~

MIMO asnldoasimsasdoya ldgeds N im1wesszuu SISO e N Aesiunvosnga

U Q

FTHINNUIUA I IMANNIATIALTY

v
9 ad

9 9
Joauyaiannsogneeusula lumanguwinin uadmsnlumalfiuaudniv
d' ) a d’! 9 d‘ U ] v Y9 1 o Y '
unuieg ldensamavuIdias msznsesas liansasuiveyavesresdygra ldedie
v & X a Ao o ' A A o

auysal Mimnznadymndidyaealszns naaen1smasuiuNIIal (delay)

i1 ] H 1 9
FEUIUATOIAUWALIATOITY uaZNAdYQI1BITUNIU noise NATOIA (transmitter) A1 U
msfnEIausTouz s wesszuy MIMO luannzinswdeyavesresdyaamyun i
S a g A o g A
L‘]J‘L!QﬂiJﬂ@] (imperfect channel estimation) JutluFasuilundeadnm

i1 Y
e lufresdyaiaalmih auiumsiszinanienianziusesdyy o
a 1 3 1

wdodinnuranainegdrodueiullawaunis 2.19) A1numl5159u9049 channel

estimation error (5?)

ﬁ=H+E (2.19)

{ a ' [ 13 @
Tao? £ Ao aAnuAanaianionumlsdsiunnsesdyaia # vieison lainiludyau

v o 1 ' @ a ' o 1 v
FUNIU (noise) ANUFTNNUTISUINYIITYYIUIIN HLLa%‘B@@ﬁiUUﬂJWm%'lﬂﬂigiﬂm H aq

ﬁumi‘ﬁ (2.20)
H= 77I:| +41-1 G, (2.20)

{ < a o U a
Tagh n = ~ uaz G, Wuan¥nuedniniz1efvedmIguuuulna (random complex
+0,

1 { 1 @ o " @ [ 2
normal distribution) @28A R e INUFUELAzANMYTU51MINY 1 dnBUzYes O =0
= = A = 1 1 U =)
e lulinnuuilsdsiuas wieBenimslszuuyosdyn1ugaund (perfect channel
estimation) (Jin Liang Huangr, 2009, p. 57)
TaginadoyavesroadynIa9zgnsunIu 2 NTZUIUNS AD NTTUNIUIINMT
Y v
Uszanaresdyganaznssuniuluaiuues feedback avtiuluanimuadounildoyaa
o a . { 1 o < A
FUNIU noise ¥109) 3z 19 10 A interference N l3iau1s0usalfiviva 1114 feedback Ny
delay tazauAanatnaandvu 11 1¥n1ad99n# (Chunhui Liuz, Anke Schmeinky, & Rudolf

Mathar, 2009, pp. 1370-1373)
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2.1.7 Complexity
@ 9 . o = a a .

ANNFUTOU (complexity) Taen 11z vunedssz@nEannianal (big-0) 92
A [ A [ a a o A . A Y1 A
NEINVITOIUDINITIAUTEANTNINNITNINIUVOINTLUIUNT HT0 algorithm N1 15211
Useansmnlumsdszuranaiesla (Auda M. Elshokry, 2010)

1 Y

VINUIToHOWIET09ANUF UGB U8RI 1UIUATIIUNITAUTUMNST number of

floating point operations (FLOP) (R. Deepa & K. Baskaran, 2011) AITANUUNITIHUE VI AV
{ 1 [ a 14
aa 113 Wlumsdsznanmsnanldlumssullsunsunsesanessuununanoinlala
Y Y '
A0 1AAZATIVBINITRUHIONITHITIIUIUFIFOU (complex number) HAIIWADINITUUS
1 = Y ) I 9 o 1 =

3 FLOPs @3UM15UINauin2IuaeIn15vua1 1 FLOP 1Wludu dledremsifseuimeuniiw

@ 9 . [ A
¥UHOU complexity ANRITIN 2.2

M15197 2.2 uaaIm3fTeuon complexity 1431/ U9 FLOP (R. Deepa & K. Baskaran,

2011)
Detection Algorithm Complexity (flops)
ZF Cyr=TN? +TNIN, - 2Ni + ANN, +%N( log2(M)
MMSE Cymse =TN; +TN'N,— N, +4N,N, —%N, log2(M)
5 3 4 .
Conpasrizr = N:l + ‘?Nrj +%N,’1N, & ;IN ¢ ;AFI‘_‘JVr
VBLAST/ZF & r -
+ "N,N, ———N,+—N, log, (M)
6 12 2 4
b G s - g Ty
Comasr ramse =N, + 3 N; + TNE N, + N7 + NN,
VBLAST/MMSE 4 . i ) -
+—N,N, ——N, +=N, log,(M)
6 6 2
5 3 3 ) 2
Copasr 1 smse = Nr-1 + _} Ny + %N:Nr +N7+ %Nr_Nr
VBLAST/MMSE/MAP 4 i i ) -
+—NN, ——N, +—N, log, (M)
6 6 2
MLD MM

o o [ % g o g
ANUFUFOUMUIAT (time complexity) dvisuTamnils 9 Midusiuduaeu

Y ¥
sUlanvuveIvLIaUeItoyatloud (@ lae

G u
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M lumsuddredrealymdmiulymniu lu
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Undudusnzanvuaiuiia) Taslsiuneuisniidsz@ninmiga sndrediusu Tudym
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Wil dmfuynatedtyminlsuia n da dusrensaudalediadyniil ldniely
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NSZUIUMISNINUA N° Yuasu id@wnsaya ldndymiilianududeusiunaniy n? a9

' = HAq v 2 ] ' A o A a Jd A 3q 9
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ursanaenu il imenaznan@osnnuuanatslugail 1519 lddynsal lolva) (Big O
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Fudouarunaniu 0(n?) vwnTesdugarouiu wzmu landynsol 1o v 31015
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Complexity Terminology

o(1) Constant complexity
O(log n) Logarithmic complexity
O(n) Linear complexity

O(n log n) n log n complexity
o) Polynomial complexity
O(b") where b> 1 Exponential complexity
O(n!) Factorial complexity

niog(n) /

x'f n

I

fin) n?

3 & o o 7w
mwi 2.27 sUuuy Taem Tdvesmsiannusudouvesiandu fn)
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equipment) NLIYNIT Rx complexity ¥130 mobile complexity Gluﬂmﬁ]auﬁlﬁmmmﬂmﬁmu
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BUAY UBNINTOIVBIszanTmumMsTuaateyauad ieosnnuaniumssindeuasn
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2819199819414 (trade-off) 521219152 ANTAINVOITLVUAVANNFUFoUA Tasmnizh
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M31sngarveanaTuTad Object-Oriented (00) ¥ 1#AAAINABINIT TUNT TR
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Gand Chunping Li, 2009)
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N30 (addition) A N1TAM (multiplication) 3 YUy uveINTLUIUNIG (arithmetic operation)

Y
v A o

Y o 9 = Ao A & Y @ o 9 X g
Glumimmmqmclf’au G]NGluQWU?%&ULa@ﬂﬁlcﬁgﬂ!LUUﬂ’li'lﬂﬂ’l’lllclﬁ_]Gﬁ@uulﬂuﬂ?“ﬁ’]ﬂﬂ?’lu

Y Y

FuFouveIn1nsulutuuiaouiiosnrnninuaielunsAamiulauazedenannig
Y

A = . . Y a a g o = v oo A
wugmmmmaiﬂaﬂ Object-Oreinted 1D NDIDNAIY Huguefsoumounuainis i 2.4

M319N 2.4 Computational complexity of arithmetic operations (Auda M. Elshokry, 2010, p. 77)

Inputs
Operation Output Complexity
#real #complex
Complex multiplication 0 2 Complex 4M+2A
Complex multiply by real 1 1 Complex 2M
Square root 1 0 Real M
Complex power 0 1 Real 2M+A
Real division 2 0 Real M
Complex division 0 2 Complex 8M+3A
Complex divide by real 1 1 Complex 2M

dusuweindlalafidanFmdusanesa (real) Wios 1T adou (complex)
u&2 MIUAUVBUNATNS 4 1Ay B flvine oxD nag DxE amd e 12145 uasaves
MIVINAUAIAUMT (2.21)
# Addition = C(D-1) 2.21)
MINUAUAITUNNT (2.22)
# Multiplication = CDE (2.22)
anuduiusanandnlniunsinnzianududeuvesgilunumdudu (Auda
M. Elshokry, 2010, p. 77) Lml13mJﬁ’ugﬂuum%u%’uﬁﬁimm?éfﬂﬁ #1081U%Y ZF 1ag

MMSE



44

2.1.8 Performance measurement
[ Aa A A 9 [ 3 A [] A
ﬂﬁ?ﬂﬂi$’d‘ﬂ‘ﬁﬂ1WﬂJ@Q§$UUﬂ1ﬁﬁﬂﬁ1iﬂlﬂMvauliJ?W&!“lJuiﬂU‘ULﬂi@ﬂﬂﬂﬁi@iﬂU‘U

Tnsaumandoas Heowl9nued 19N Ha18Ae bit error rate (BER) %30 thoughput

=

. I o 1 1 o a { A v o a
Bit error rate UJ'Llf)ﬁﬁ']ﬁ’luig'ﬁ’ﬂ\ﬁnu'lu‘ﬂﬂsﬂjﬂuaﬁWﬂWﬁWﬂ@l@%WHﬂuUﬂéﬁI@Ha

aalUnauadsaunsn (2.23)
no _error _bit
no_all _hit

BER = (2.23)

1 < a [
BER a131350@eulugiuainuuiaziluveannuianaia probability of error

(POE) A4auN5 (2.24)

1
POE = (1- erf)\/E, I N, (2.24)
Taen
erf A9 error function
E, Ao energy in one bit
N, A0 noise power spectral density (noise power in a 1 Hz bandwidth)

o J

1 o 1 I o [ { o @
erfuana1enu a1z uuves modulation A1 POE Wudadiufduwusny
{ g
E, /N, ﬁgﬂugﬂgmmm signal-to-noise ratio
F4
A1 BER i 1a5unansznua1nilasera1gee199u noise, distortion @y jitter 113
. o Y
019 bit error rate YDITEUU mi]ﬁ]z‘i/n]lﬂiﬂﬁl
1. 9A32AVTYYIUTUNIY Interference UANI3AA bandwidth TEUUNTLNUAD
throughput
2. umasas uavzinaly 159015 THWE991U power consumption A1
A A
SIGLNBIL I GE
A P} . v b 'y v ° ¥
3. M31a9n 1% modulation 5ZAUMAY LAADILANAIY data throughput $19378
4. 9@ bandwidth ILAN15AA bandwidth 52 UUNTENUABD throughput
I @ dy [ a a =S @ = = [ 2 9
Throughput 11 4A% 32152 ANTNINVDITLVVBNAIM UL Fa9zdalIuuveya

9
%

NarnNANFIUszUY luulenan
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3.1 M3I20NUUVD1A PPE-DCS
o { o I a . . U @
uuuaesnindue \Wumswaunaunaila pre- IQ& post- equalization 3IUNY
ano3 5 wﬂLLﬂﬂﬂﬁjllﬂnsﬁlﬂyja Pre- and Post- Equalization Combining technique with Decision
Constellation Splitter W3eisen laseed1 PPE-DCS
o A o < o A 9 9
LL‘U‘U%T@’E)\i“VI“L!'ILﬁ'HfJL‘]JUL!‘UU%Wﬁ@ﬁﬂWﬁﬁ@ﬁ?ill‘iﬁWﬂ OFDM Q38n3SUIUNIT
Y 9 Y
Lﬁmé’fummu ANNILUINUNIT FEC (forward error correction) 48¢ interleaving 800 UBNINY
awv dy @ [l 1 = a o . Y [ @ A 9
Glu\‘ﬂu’Jﬁ]EJHENulllﬂﬁTJﬂ\imﬂuﬂﬂﬁﬂ'l channel coding GluﬂﬁiﬂﬂWﬂiUﬂi’)ﬁ]ﬂUﬁﬁfJLLﬂll"llﬂ’NiJ
Aa ' o I <3 . 4 H
mwmﬂmﬂ%maﬂgtymuluawﬂzn,ﬂu block code 1182 convolutional code 11199910 lailin21u

o 4 o o L4 o a v dy I o @ A A Y ~
anuﬁmi‘uﬁmumimu‘uumamalmm’mﬂu Lﬂumimﬂmwuulﬁum’eﬂﬁm’a‘nﬁ‘&mm&m

A 2

o ' ) o <3 { o ' @

LLUU%1afJ\1ﬁﬂ'§1ullﬂJuEl'lfl\ielluclfﬂmu“luﬂ5$Lﬂuﬁuuﬁu@ %ﬂﬂﬂuﬂﬁu']ﬂﬂl@\‘]ﬂ'liﬂﬂ
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1naOUN (mobile equipment) block diagram AININN 3.1

Data | 1gp | | Modulator || IFFT ps || G ||RF

source insert Tx
CH

Data [«—{ P/S [«— Demodulator [«<— FFT [<—| S/P Re?]llove < l;l:

M 3.1 glupumsdeans 15aie OFDM fld luauise
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o 3 (J ' o . .
fviuald HLﬂumgmumm%ua%mﬁﬂmm %350 channel information #50
. = o o 9 < a 4 A A a I
channel gain 3 lunpusiaeusidrviuald 2 1iluwasnd 4x4 (MIMO 4x4) NiduFmiiln
o IS4 ! A A Y J
1UUFIFOU (complex number) 011UV a+bj 30 a+bi 1aeT a wag b lAu9INMTFY
{ I @ ] 19 4 ° ° ' '
Tagiag'la 7 ludunuvesrosdgyananient U1 lunnuiiasas 11 Tunsain

a o

Hassmeomanaeduriegiuuy MIMO Avg 1951unnWas 5 randn (N, , N,) Tagdi N, i
IUIUAIINIANIAT 1AZ N, ADIIUIUA 18910 IAN1ATY nu1a0venLITel 14
fmualilsgluuuaiseimanaiedunyy MIMO 4x4

miiﬁamsﬁmﬁaﬂnmicﬁmuﬁwam%mﬁaﬂmﬂnmmm Rayleigh fading channel
model Taplidunalisruiuinn swawnsaauudlWl¥msguuuy Rayleigh distribution 1111
AunuveIFyanuLadUNnIg Gﬁmt‘fﬂujqpmﬁugm AWGN (Additive white Gaussian noise)
muualianuulsisauvesmsgu variance = 0.5 Faazh liludyanusuniu noise wan
hAuYeedyaa H ae li

d" [ 9 @ 9

ﬂ”liﬁ”l‘l’iuﬂW”li1ﬁm®§ﬁ3Jﬁ}u1uﬂ”liﬁ'la’ENGIJE’NQ”IM;%TEJM YUTUANUFUFoUAIN

Q
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I Y =KX a A A J
WuTandanuuesnsesnuuusz Ul WNse@engluunneuaziuiiugiuvesssuy
MIMNUAYUIAYY FFT tag IFFT 1¥0gN 512 n13i1%ua cyclic prefix 087 25% n3fmuea
. < . 4
P 1/11U1N15 modulation 111 QPSK (quadrature phase shift keying)
° A 9 A g Aq Ao 2o v Y '
Suuiiadeyaisuaunlslunuidsiimmualvgqu o waz 1 drglemaanuiieg
I 1T v A 3‘4 =\ a Y ~ A o A
Auminune 0.5 NIMuALed 800,000 Uadpyaieans NIz NATBVHUVTIA0IUALINDAIIN
<3 o a P Y o ?A‘/ dy o Y
a0 I UMIMUIVNVDIADUNAAD TN 1F IUAITIIA09TE VD NIUFIWITONIHUA TH
1 A Y ' dy ¥ = o Ay Y =) 9 a = @ ) g’; 1
1INANHI O eeN 1 1a Famaansn taaz Tuud Ty Tl lunama@ersu msmnuanisaan

a J <3 A
YNNI UADIANUDI OFDM Lﬂu"lﬂmumiwn 3.1

4 o g o
3197 3.1 %’aﬂmuﬂmawamuumam

Channel model Rayleigh fading channel model
FFT size 512

Cyclic prefix 25%

Modulation QPSK

Multiple antenna MIMO 4x4

Equalization ZF, MMSE (pre-, post-, combined)
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Y
=1

Y .. { g . % H '

Tuaudveilisezaulamnie equalization MY linear Feviuvvi laaauiingg

9 1 1 A =\ 1 = ?,’, a A a3 ~ [ Y

T¥uediaunsvaaiiesnnianudelumseenuuudnnsdszaniamaduneeusula
o ' o { g . . . .

uazﬁl%’ﬂuﬂugﬂuuuwmﬁmﬂumrﬁnJu MIMO fading Ao zero forcing equalization (ZF) tiag

minimum mean square error (MMSE)
ANHULNITNINIUVD (post-) equalization AININN 3.2 FUNANTEUIUNTT weight

o d' 3 .
NTLNINNATY (receiver)

4 z 1/ p

MNA 3.2 ANHAULMTINNUVDY equalization 7119 11UINY

[

v o . [ Aq Y= a dy v A
ANYUSNITNINIUUDY pre-equalization nlganyrluanuitetl aenni 3.3 uag

[

' @ < ' @ { 1
soddaa i H lunmaznatousosdayaiunnininnslszuiusosdyains (channel

7]

estimation; H ) N52U2UM3 weight 9zdeanguimadenouvzderinuyesdynmas 1)

g

Mg

X
D — W

NSt — =

Rx

MNA 3.3 aNHULNTNNUV pre-equalization
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3.2 YUADUNITUIUMSVDIUVVUI1A09 PPE-DCS
° A o % o A ¢
MseRnLUUMINAToULLUIIaeIN T taue Taen1s e ldsunsudiaesndinmans
A g9 19 <3| . 9 v Y Y vy °
FUAUNNMIFUVOYAIY U bit stream UTENBUAIY 0 A 1 AILBATINITFUTBHAL 50 T1UIU
Y
9 a 1 1 I
NIUA 800,000 umi'mga ADUIWIUNTLUIUNIT S/P (serial-to-parallel process) wWumsuas
I o ?x‘a
msiestoyannoynsuitlunuuvUAUNIIUe
[ I o I
AszuIUmMIaa 1 unszuIuMT modulation Tasfivualiiily QPSK (00, 01, 10,

a 9 1 a Ay a 1 a . ' 9
11) daveyauaazinszgnunuialeialv 2 Taaugluuuueenis modulation NoWIE
o I
n3zUIU IFFT udamsulasnduuniluglunueynsudaonszuauns P/S (parallel-to-serial)
udunniiadoya Cyclic prefix 1111 25% noudsoon lufrea1eo1na 4 Au (MIMO 4x4) 191
T luvesdnanuae il
! Y o & ¥ o A 2 ) o ¥y o ¥
Tudrvvesdssuilumsudasdoyanduazvuaoudounavassdunuiuaou
9

MIAIND A INTUTYYIUNINFIIT YA IUAOT 001N 4 AU 1FIVINFIUADUNITDOA
a . 1 I
1@ Cyclic prefix oonnou udwasdoyavinoynsuliiduvuiu ududinszuiuns FFT

@ . a [ < a 4
18700059 & de-modulation 1111 QPSK 910 2 Dadoyanauunilu 1 0a e Tidg
NIZUIUMIATINTOUANNYNABIUBITOYA naziuaueoni lugdununs sz @nsamn
BER #9011/

A A [ . . a o dy o Y o [ 1

NFTUIUNTNINGINY equalization THIIUIVBUMKUATANTZHINTHAIIIANIY

Y AAd Y U A o [

NIZUIUNS FET swad lunsaiindluauaadyqia ¥3onigiinsneunszuiuns IFFT 1u
AA g Y v o & a 9 o o 1 A [ S ¥ .
nsaldlumusudyana FelaslnAndninaziineunionad FFT 018 (Armour S., A. Nix,

& D. Bull, 1999, pp. 539-540)
[ $ I~ ] @ I~ [ [ @
ludrunduresdygrauasanarniumsgudoyavesvosdyaandunicves

e v Y o ) a @ A A A 9 3
A1901N1ANT 4 a1 voIdaTuuardaaaiuuaIng 4x4 (MIMO 4x4) AU au1F¥nv 1913y
o a o d v o a A
IUIUFIHDU (complex number) Tagnissiasaldlandulullsunsusiasindincmans aiu

[ o 1 I~ o @
YOIAQYQYIMITUNIU noise T1aOIMIGUITUAUNUTYYIUTUNIU AWGN
Y v
JUMUDRANNAIUNT pre-equalization 1AZ post-equalization 1188 UA AL U
Ao d" =Y s A I Y = a A v Y A A
NuITeil Taelidagilszasameld laundlse@nsnngegaveszun Tavodedonnso
YAAUYDIUAAZIUUVLTINAY block diagram AININN 3.4

[ 1 @ ~ L] [ ~ A o Y g‘/ 1

dyaradazgnanasninaduiluaesdiuimilouny udrdansaesdiuonn 11
TunauReIN s Iy Y IUASINUAIULITNILHIUNTLUIUNT post-equalization DNAIUIE

(% C4

HIUNTZUIUMS pre-equalization NN1ATUAZATIT DTy mdyanbaivoya (symbol) lafiaz
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@

' o 4 o o ¥ v

ﬂﬁmaﬂymﬁﬂﬂﬂuiugﬂgmu stream HIUUITADIAIUNTZVIUNTT DCS (decision constellation
. A v 1 9 A o ' 1 o 1 Y I .

splitter) LW@ﬂﬂLLﬂﬂﬂQNﬂ13ﬂl@Mvﬁﬂﬂuﬂu@giﬂﬂ“ﬁﬂﬂﬁiy}iﬂﬂﬂ!ﬂ@u Toonuuilu pre-equalized

. ¥ 9 o Ao v Yy )
symbol L0& post-equalized symbol mﬂuumayaﬁigmumamuulmgaxgmmmmzum nNazLug
Y 1
NIZVIUNIT equalization ‘llf)\i@]')!f)\‘]ﬂ@hlﬂ ﬁWﬂﬁjﬂW\‘lﬁﬂﬂﬁﬂuN13'33Jﬂ1!°ﬁﬂ1ﬂ3‘ﬂ Iﬂﬂ@%”’fﬁl
a o v o { [ U
IMAUA MRC (maximum ratio combined) ﬂ??ﬂﬁﬂwu‘ﬁﬂlﬂﬁﬁﬂg%ﬂmﬁﬂWﬂi‘U (y) Magn1nag (x)

dluldawanms 3.1) Falszgadinnnmssusuvesauns (2.17) uay (2.18)

X

Y
—

é
l

H —&—» DCS

i y
¢ Ch
Tx N .« — Ay | - Rx
MNN 3.4 aNBULNININUVOI PPE-DCS
y W, v (Hx + z)+( W, unse X + z) o
2B.0,
Taof
Ay Ad o .
y o eumgjaeumaﬂmﬂﬂizmumsmﬂqm (receiver data)
X flo Foyav I INTZVIUMIANE (transmitter data)
We’MMSE Ao weight ¥UDINTLUIUNT (post-) equalization % MMSE (2.16)
Wp,MMSE Ao weight UBINTEUIUNIT pre- equalization 14 MMSE (2.16)
H flo AoyAV0I¥OIT YR (channel information)
H flo doyaveI¥oIdyn 052 IWUNT (estimated channel information)
] {3
B.. B, fomasiiuldamanms 2.14)
A o . A Y v Y . . . .
z D FYYIUIUNIU noise T]llﬂi]”lﬂﬂ”liquﬂ’m Rayleigh distribution Tag

Tanunals1594 variance = 0.5
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3.3 9anNv3BUAANINNGNAIIVBYA Decision constellation splitter (DCS)

o a 4 9 . ] o a A
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© d1 2
SN d2
X N
X
O O
O reference signal X received signal

[

d‘ = ] o o
MNWN 3.5 MafSeuNeussoz1ing yandal

(3 v a

J a v
atyaﬂyméﬁm (reference symbol) ‘lﬁ’mmﬂgﬂgmwmms modulation 11911437

Ay vo v g . W & ' ] A
ullﬂmwuﬂiw QPSK 1lus1uuuv99n15 modulation muu“lumuawmﬂqmnmagamﬂ

Rl Q

constellation VWK 4 AS1BIVBINGUANITOYARD 1+1j, 1-1f, -1+1j, -1-1;

a
v 4 o

szognedadanal (symbol distance) N1 1da1nn1siuam naasvesdydnyaingy

v o o t4 a o 1 { o I 1
18 (received symbol) AUFydNH8i 61984 (reference symbol) a1 maa 199 Tau1vir 1l uan
Y U

] o 9 =} " g =\ A 9 1 v A
quYIu (absolute) ﬂgllﬂ’ﬂf)ﬂlﬂﬂﬁgﬂ ﬂHﬂﬁﬂi%‘U’JuﬂTﬁLlﬁﬂ‘Um&l‘U FANUBYININICHNAATY

3 o oA .. o 1 ' .
amJuamuaﬂymﬁmmﬂﬂixmumﬁ pre-equalization ﬁ%@gﬂﬂﬂiﬁ!ﬂgiuﬂquﬂlm pre-equalized
symbol azNIHAvzgNINBY 1UNGUYDI post-equalized symbol TAgBANDITU DCS UWUAIN

VDIDANDI BULAAIAINING 3.6



Start DCS
Initial Ref QPSK
normalization

'

Get x1 x2
from channel

'

Calc quadrant
of X1, x2

'

Calc distance

d1=| x_ref —x1 |
d2=| x_ref—x2 |
.—-"',-—(-—/‘-)// xu&‘“‘--\_
d1>d27? > N
X_pre = x2 X_pre = x1
X_post = x1 X_post = x2

.

¢

End of DCS

Forward to PPE

MW 3.6 LHUNNOANBS BuAALENNGNA1ITBYA DCS
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VINUAUAININN 3.6 danessuENIINMsMruam Ivnudyanavsodydnyaln

g
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v 4
1961993 FarmiualdningUuunveanis modulation Tuauideiimivuald 14 QPSK 1ins
normalization
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Abstract— This paper presents OFDM wireless communication
system by using different equalization schemes. Performance and
complexity are compared between pre-equalization, post-
equalization and combined pre- with post- equalization (PPE)
schemes. For combining technique, the received symbols are
separated to pre- and post- symbols sequence by using the
decision constellation splitter (DCS) algorithm. The result has
shown performance in term of bit error rate (BER). In practice,
channel estimation is not perfect so we also include the impact of
imperfect channel estimation on BER performance in this paper.

Keywords— Pre-equalization, Post-equalization, Equalization,
Combined pre- and post- equalization, PPE, combining, Decision
Constellation Splitter, DCS, low complexity receiver, Imperfect
Channel Estimation.

L

The traditional downlink wireless communication from
transmitter (TX) or base station to receiver (RX) or user
equipment (UE) has employed the equalizer in receiver devices
which has more complexity, more power consumption and also
not be handy by user. The pre-equalization has been applied in
order to decrease this complexity. To achieve high data rate of
transmission while limited power resource of mobile
equipment is a challenge for wireless communication.

INTRODUCTION

In LTE-Advanced (4G), orthogonal frequency division
multiplexing (OFDM) modulation which is widely used in
many applications and standard such as xDSL, digital video
broadcasting (DVB), broadband mobile, IEEE 802.11 and
802.16 standard also supports high data rate requirement to
obviate inter-symbol interference (ISI) caused by quasi-static
frequency selective-fading channels [1] [2] [3]. Equalization
and channel estimation is schemed to improved performance of
OFDM and various detection techniques are proposed,
including zero-forcing (ZF) equalizer and minimum mean
square error (MMSE) equalizer, decision-feedback (DF),
maximum a posteriori probability (MAP) [4] [5] [6]. Naturally,
there is performance-complexity trade-off among these
equalizers. The ZF equalizer is the least complicated and
lowest performance while the MMSE equalizer has higher
performance and higher complexity.

The ZF equalizer removes all ISI, forces the ISI part of the
error to be zero. This is an ideal when the channel is noiseless,
but when it is faced to the noisy channel, the ZF equalizer may
amplify the noise power greatly. The better balanced linear
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equalizer is the MMSE equalizer which does not aim at
eliminating ISI completely, but instead minimizes the total
power of the noise and ISI components at the output [1] [7] [8]
[9]. Feedback equalizer sends more processes and increases
more complexity of the receiver. The pre-equalization
technique in [10] [11] [12] have shown method how to reduce
complexity at the receiver.

To achieve high data rate the combination of pre-
equalization at transmitter and post-equalization at receiver
scheme is applied in wireless communication system [13] [14].
When pre-equalized symbol and equalized symbol from the
transmitter have been sent into the same channel and the same
time, the mixed complex number of each symbol sequences are
difficult to separate by detector at receiver.

Thus, the main contribution of this article is the proposal of
pre- and post- equalization (PPE) scheme with decision
constellation splitter (DCS) algorithm where separate symbol
among pre-equalized symbol and post-equalized symbol by
using symbol distance from the received symbol to the
reference symbol. The detected symbol that close to the
reference symbol is decided to pre-equalized symbol, the other
is decided to post-equalized symbol.

In section II, the simulation model of transmission channel is
discussed and OFDM descriptions are presented. In section III,
the equalization methods and parameters are discussed. In
section IV, the complexity measurement is presented. In
section V, imperfection channel estimation is discussed for
practice and implementation. The bit error rate performance
and receiver complexity of the proposed scheme is compared to
different conditions and discussed in detail in section VI and
VII respectively.

IL.

This paper has simulated by using Rayleigh fading channel
model and the multiple antenna system. The multiple transmits
and receives antenna can be realized in the form of M x N
channel matrix. The basic multiple input multiple output
(MIMO) system shows in Fig. 1. Generally, output symbol y
has shown in (1).

SIMULATION MODEL

€]

Refer to (1), x represents the input data, n represents noise
with a variance and H represents the channel gain of the

y=Hx+n

ICOIN 2013



antenna between transmitter and receiver. H can be written in
form of matrix (2), whereas N is the number of transmitter
antenna, M is the number of receiver antenna. The simple
MIMO 4x4 model is selected as parameter in our simulation.

hl 1 hl 2 IN
H — h2 1 h22 h2 N (2)
hM 1 hM 2 hMN
Tx Rx —>

Figure 1.

Typical MIMO system

This paper considered OFDM scheme to maintain high data
rate transmission. The simple OFDM is selected for our
simulation, showed in Fig. 2. The OFDM scheme without
forward error correction (FEC) and interleaving process
reduces complexity, small size of receiver and easy to
implement. The impacts of the larger FFT are not only power
consumption and the size of the RAMs, but also include the
multipliers and control logic. The complexity increase in logic
and the memory increase are linear with the FFT size [15]. FFT
512 is selected for our simulation.

Data S/P || Modulator || TFFT || P1s || &!
source insert Tx
Data P/S Demodulator Reg;)ve E

Figure 2. Basic OFDM block diagram

High order modulation increases a level of noise sensitivity
that causes high bit error rate for detection at the receiver. The
errors can be decreased by using lower modulation order [16].
QPSK scheme is selected for our simulation because of low
receiver’s complexity and reasonable noise immunity.

III.  POST-, PRE- AND PPE EQUALIZATION

A. Equalization

An equalizer or post-equalizer is designed to compensate
the effect of channel. Linear signal detection method treats all

337

transmitted signals as interferences except for the desired
stream from the target transmit antenna. Therefore, interference
signals from other transmit antennas are minimized throughout
detecting the desired signal from the target transmit antenna.
To facilitate the detection of desired signals from each antenna,
the effect of the channel is inverted by a weight matrix. The
standard linear detection methods include the ZF and MMSE
technique. The equalization block diagram shown in the Fig. 3,
weight processing is proceeded at the receiver-side.

1/

A
i
P
i
[}
i
i

Rx

Figure 3. Equalization block diagram

Zero-forcing is simple linear and easy to implement, but
low performance also. Weight matrix (W), constant to meet the
total transmitted power constant after Pre-equalization (f), the
received signals (y) are given as (3), (4), (5), respectively [17].

Wy = ﬂﬁ’l (€)
N
- 4
p \7r (A (H ™)
y= %WZF (ch + z) ®)

Where, X is the bit input, let H denote the estimate of
channel H, z is channel noise, Ny is numbered of transmitter
antenna. Normally, simulation channel estimation is perfect

( B = H ), channel noise is Additive white Gaussian noise
(AWGN).

This paper focused MMSE equalization, showed better
performance than ZF. Weight matrix of MMSE equalization
and the received signal are given (6), (7), respectively.

2 -1
o ’J

o_2

x

(6)

WMMSE:ﬂXﬁH[AI:IH"'
1

5 )

Where, o2 is noise variance, o’ is input variance [7].

A

W, s (I + 2 ™

e,MMSE

Ve =

B. Pre-equalization

The pre-equalization scheme on the transmitter-side
outperforms the receiver-side equalization. It is attributed to the
fact that the receiver-side equalization suffers from noise
enhancement in the course of equalization. In view of the
complexity, this scheme is provided low complexity at
receiver. Fig. 4 shows pre-equalization with MMSE, the
received signal is given by (8) [17].
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Figure 4. Pre-equalization block diagram

C. Combined pre- and post- equalization (PPE)

In the scenario that complexity is unlimited, or system BER
is seriously, we may use combined pre- and post- equalization
as shown in Fig. 5. The input data are copied to two parts, one
multiplied by pre- weight (Wp) before transmitted into channel,
other transmitted directly into the same channel and same time.
At the channel H, the signals are mixed and suffered by noise.
The mixed signals are detected and separated to two parts by
DCS algorithm. Each pair of symbol from two sequences is
compared with reference symbol, calculated symbol distance
from received to reference symbol as (9), (10). In the areas of
mathematics, symbol distance is magnitude of vector or the
length of vector from the received symbol to the reference
symbol on constellation diagram. The detected symbol that has
smaller symbol distance or smaller magnitude is decided to
pre-equalized symbol, the other symbol is decided to post-
equalized symbol. The reference symbol depend on modulation
type or constellation diagram. Example, there are four points of
reference symbols in QPSK; 1+i, 1-i, -1+, -1-i.

dl =‘ ref symb —received symb 1 ‘ ©
d?2 =‘ ref symb —received symb 2 ‘ (10)
z E — We
| 1/2p e
x H —@®—>| DCS I
— Wp :
; —X) —
i y

Figure 5. Combined pre- and post- equalization (PPE)

At the receiver, post- equalized symbol sequence is
multiplied by post- weight (We). The last output symbol is the
average of complex number from both pre- and post- equalized
symbol sequences as (11).

W, wmse (1—}3E + Z)+ (ﬁwp.MMSE X+ Z)
2.5,

y - an
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1IV. COMPLEXITY

Normal complexity measurement by using big-O represents
computation complexity [18] [19] [20]. This paper considers
only Rx complexity by using computational complexity of
arithmetic operations TABLE I [19] to calculate and compare
the complexity at the receiver-side. As we known this
computational complexity is how many times of multiplication
(M) and addition (A) process.

TABLE L. COMPUTATIONAL COMPLEXITY OF ARITHMETIC
OPERATIONS[19]
Operation Inputs Output Complexity

#real #complex

Complex multiplication 0 2 Complex AM+2A

Complex multiply by 1 1 Complex 2M

real

Square root 1 0 Real M

Complex power 0 1 Real 2M+A

Real division 2 0 Real M

Complex division 0 2 Complex 8M+3A

Complex divide by real 1 1 Complex 2M

V. IMPERFECT CHANNEL ESTIMATION

Pre-equalization needs channel estimation process to
predict channel gain or channel information. Normally

simulation used perfect channel estimation ( H =H).

In practice, we do not know channel information and
channel is not perfect, so that channel estimate gets the error.
Imperfect channel estimation depends on variance channel
estimation error (o). The acceptable error will be specific to

maintain system performance. Let A denote the estimated
channel, it can be a model as,

A=H+E 12)

Where, E is the estimation noise with independent
complex Gaussian entries, [E],-,- ~ CN(O,Jj). We denote E as

channel estimation error from actual channel. Channel
estimation is perfect when the channel estimation error
variance gf: 0. Let H denote the actual channel matrix, the

original channel can be rewritten as (13),
H=nH+\1-7G,

1

= >

1+0o?
distributed Gaussian white noise [20], [G ] ~CN(O,1) ,
w Jij

13)

where G, is independent and identically

G, denote the random complex normal distribution, C means

complex domain, and N indicates the normal distribution with
mean zero and variance 1.

Normally, imperfect channel state information is incurred at
two places, at channel estimation and feedback part. Noisy
channel estimation can cause random interference in the
detection which cannot be eliminated. Feedback introduces
delay as well as errors when passing information from the
receiver to the transmitter [21] [22].
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To review the effectiveness of the proposed combining
technique with proposed decision algorithm (DCS), we set
simulation parameters as Rayleigh fading channel model with
MIMO 4x4, QPSK modulation, cyclic prefix 25% and FFT
512.

SIMULATION RESULTS

MIMO 4x4, QPSK, CP 25%, FFT 512, Rayleigh fading channel
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Figure 6. ZF-Equalization, MMSE-Equalization, Pre-equalization-MMSE,
Combined pre- and post- equalization performance comparison

FFT 512, QPSK, MIMO 4x4, CP 25%, Rayleish fading channel
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Figure 7. PPE-DCS under imperfect channel estimation

Fig. 6 shows plot of bit error rate versus SNR for ZF-
equalization, MMSE-equalization, pre-equalization with
MMSE, PPE with DCS algorithm and ideal PPE (with perfect
DCS algorithm). It is observed at BER level of 10 SNR about
11 dB can be achieved by using the proposed method, but it
must attained SNR over 16 dB by using pre-equalization with
MMSE. That means pre-equalization requires transmitting
power more than three times of transmitting power by using
proposed method. In the noise facing scenario, the proposed
method shows that it is outstandingly noise immunity which is
observed at 18 dB NSR, pre-equalization get bit error rate
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around 1/100, meanwhile proposed method get bit error rate
around 1/1000.

Fig. 7 shows the result of imperfect channel estimation
simulation. The channel estimation error variance effects to
performance. The perfect channel is estimation, 5>= 0. The

result shows lack performance when channel estimates are
error increase (g > 0.01).

Consider pre-equalization scheme (8), the operation of

(HWp.MMSE7~C+Z) is operated over the transmitter side, so the

receiver complexity calculation is not included this operation.
The operation at receiver is only a real number multiplied by
matrix 4x512. Refer to TABLE 1, the computational
complexity of pre-equalization equals 4,096M. In the same
way calculation, the computational complexity of PPE scheme
in (12) equals 4144A+4162M.

Consider (9) and (10), the symbol distances are calculated
and compared by DCS. There are absolute, square root and
addition operations in DCS. Thus, computational complexity of
DCS algorithm equals 2050A+6M. The TABLE II shows all
computational complexity comparison.

TABLE II. RX COMPLEXITY COMPARISON (512FFT,QPSK,MIMO 4x4)
Scheme Addition Multiplication
Equalization 48 4,160
Pre-equalization 0 4,096
PPE — ideal 4,144 4,162
PPE - DCS 6,194 4,168
VII. CONCLUSION

This paper proposes combining method of pre- and post-
equalization (PPE) with decision constellation splitter (DCS)
algorithm to improve the system performance for OFDM
wireless communications. The DCS algorithm has proposed for
detect and separate the mixed signals by calculates and
compares symbol distance with the reference symbol. From the
result, the proposed method can be achieved the higher
performance in term of bit error rate compared to other
methods. In the other words, the method shows out
performance in term of higher noise immunity.
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