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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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— 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)

anuagi lasuanuaulaninie MIMO A111AS§IUUDI LTE-Advanced i peak

spectrum efficiency 101307 095U multiple antenna @99 MIMO 8x8 il downlink Ly 4x4 A

f19 uplink taasanyue Iaena 11/vea MIMO NxM

@ 1 o v a LR [
anbuzseIdn I MIMO dmnsnliouadlugdveunaindrosdnygiu lAas

[

{ a 1 @ a 4 ' o
aumsh (2.5) TasanFnuaazaIvouuas Ny H unudoyatodda s 130 channel gain
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g9 9
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Y =\
YIULaI y U

AUMINUF QY18 x QUND channel gain HABZIFUN TNV TYYIUTUNIUINTOIT Y194

A28 AIEaUNS (2.6) Taoh n AodaNUTUNIUIINTDIT Y181 (channel noise)

y=Hx+n

(2.6)
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Channel estimation A9N151 5z MM FOIFYY IV NITAIAAZIY HTONMTAUYATH

INT0IETOYAAINITNVOYAUIIA1TVOIF0IT QYY1 (channel state information, CSI) N1
' o T I [ dy
Usznagesdyananisosniunateunngail

1) Pilot structure

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

- Block Type 4010 2.10
- Comb Type A4MNN 2.11

- Lattice Type AININN 2.12

Chung G. Kang, 2010, p. 188)

. 1 OFDM symbol S
“Yolo[o)oL JeleloleX Jelelele] Jelelele
@0 0|00@0000@0000@0000
@O 0|0[0@0000@0000@0000
@O00|Cl0@0000@0000@0000
@000[0@0000@0000@0000

3| @0 0[0j0@0000@000080000

G| @000 000@000CO®0O000

Z| @0 0000000 e0000Ce0000

f| ®@00[0j0@0000@0000e0000

@O0 0|0l0@0000@0000@0000

@ 00000000 @0000@0000

@O000@0000@0000@0000

@O0 0|00@0000@0000@0000

@O 0|0[0@0000@0000@0000
Time
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. 1 OFDM symbol

OOCOOICO0000C000C0O00000C00
QOQOOOOOO00O00C0000CO0
elelolvlelolelelelolelelololololole ol
000000000000 OOO

.| 000000000000 00000000

2|1 0000000000000 0O0CO00O0 |

g | 0O000CO00C00000000C00 |7

g1 OCO0OO0000O0CCO000C0CO0

L | OPP OO0 PPPPOPOOOOOD —
QOO0 COO0O000OC0O0
elofe/eleoisisloleloleoielololololelolole)
slolelsleloleieleioleieleiololoiololele]
QOORIKOCOOOCOoOOCO0O0O0O0
o000 0COOOCOOOCOCODOOO®S

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 loleolelsloleloiole]l lelele
CQOO0eC000000CCOSO000O0
COeICO00000000000000
| Jelelielelsisielelel loloioleleclololelo

.. ©CO00000B000000000eO0

‘aRelele/elelel lejololeleloleioie]l 1OI0LE

2 000PL@00CC000000eQ0000

g1 CO®C 0000000000000 00

Tl lelelelelelelsiele]l lelslolieiololeleloy o
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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mé’wﬁamwwﬁwamdaz cell

-

§nuwe pilot 119 winasgmves LTE 19dyw

lLe

580721 cell-specific reference signal H3e pilot signal ¥4 muagﬁ”uwmmamﬁwu cell U943
eNodeB Haznugavvediooniadingnliod doanuel pllotm ﬂmmimwmmﬂﬂm

uﬂumma (frequency domain) LAZLUNULIAT (time domain) & mu nyal pilot m Mﬁuauami
Uszanamavesdyg i Tasnsmrnuad a1y sub frame M3UszunsguuuUdase
o < Y o o oA ¥ o o Y
IUIUNATY sub frame NazA@NTDMAAZIUNINTIN A anbauzdwmvuad ludinui 1l
Y ] o o ) 9 9 1 o A o
Tanlisumudsnurazamsaihunldmsidsznumsdeyasesdyyiunioons1veg
. 1 A d' = 9 a 4 1
(gain) 4AAY resource block NUNFND 14 vonu I TuFUnUVWATATUNUMTHHNTZII0V0

[l o I @ {
%oy (propagation channel) JUuV pilot 9T UAIN NG 2.13

frequency

time

MW 2.13 ANBUE pilot TUWIATFIUYDI LTE

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

- MMSE Channel Estimation @409 2.14



H A » e=H-H
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 ANINN 2.15

. Yik] X [k X i[k]
—>Removel . sp |3 | FFT [ 3 [Equalizer| 3 |Demod[” 3|7 Pis >
' N g ¥

JJLT
+
]
"

H (K]

3 JI.. -L

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)
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HRv0INS 1Fan 1A uD N 1 orthogonal ABAY 11AZHIUNTT modulation WLA2
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throughput 19011478 bandwidth ANUD AN LW VUL IUYES OFDM Haauily

UHUAIN block diagram AN NN 2.16

Pilot symbaol
and virtual carrier

Serial i 3 3 3 Parallel
- erial to (- = i e Paraliel
‘ Data source c:;_'C }—b 'terllalt Oh;:dﬂlggsrl(\ }—) parallel ) IFFT [ "z:d; | 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

MAA 2.16 NTLUIUMINUFTIUUVBITZUDMIADA15 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 1)U parallel stream
| . o w
1azi1/a991n parallel stream (1Y serial stream A1NE1AL
. . . I
FFT/IFFT (fast fourier transform/inverse fast fourier transform) Wunsguaunisg

[ 1 = I'4 = o A [ [ Yo
nilasdynmeglugloynsuysies FFT Hanymen1sviniumilouny DFT ua FFT 145y
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ANUTIUNINAI U091 NYTZANTAINN1II81ANI1 DFT y119909 FFT duRUT A1 N=2"
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veY FFT (C. S. Modlin & J. S. Chow, 1999)

1 a

< a o ! @
Modulation/demodulation tHumatian1smidyayiundesnisauaunie lad

o
Y

AN18U 18NN IUAINANN AT NTZUIUNT modulation NgeUuaz 18 das 1M TV

9

! 1 { o J I A
JoyangeuuluvasidyIusunIUTZHIN symbol 4350 inter symbol interference (IST) MW

Y

49! 9 1 @ A [ [ 4 A . = Y @

AUVUAIYFUNY mmmngﬂuuuaw)awm (symbol) 11359 constellation Nﬂ’J"IiJiﬂﬂLﬂfNﬂ‘Lliﬂﬂ
a Aa 1 1 < a dy = A FIF)

i]‘LlLﬂﬂﬂ'J”lllNﬂwa1ﬂ1uﬂ1illﬂﬂllﬂ$ mem"lsﬂmu ﬂ’J13JWﬂ‘Wﬁ”Iﬂuﬁ1ll1§ﬂ1riﬂﬂmﬂ\1llﬂﬂ38ﬂﬁ

1800 19 modulation order #1214 (Yong Soo Cho, Jakewon Kim, Won Young Yang, & Chung G.

o 1 I
Kang, 2010) 79814013 modulation Ao BPSK, QPSK, 16QAM, 64QAM Audy urun block

diagram U84N019 modulation AININN 2.17

OFDM symibol

Bit stream [BEgoaM | XK _ = Y] —— Bit straam
ﬂwﬁ‘\uﬂu vnu'\k :

TS,_,m - OFDM symbaol duration

(a) OFDM modulation/demodulation

(b) Realization of subcarrier orthogonality

MNN 2.17 LAAIRI0819 block diagram ¥89IN13 modulation 114 OFDM (Yong Soo Cho,

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

. < . @ '
Cyclic prefix (CP) il unszuaunsudayn1 multipath Tagnisaaendiuganio

voudarau1aslnewmensnueszdygra lulvlunudygraftunduniou @
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= ] A Y v @ 1 o a ) A . I
AIZUIUNITONDYNNAAYNUNY CP meﬂuwﬁmqmmummﬂa cyclic suffix (CS) Wuns

Annenauivesdynanduer ludediuiie anuazues CP uag CS A9nIwi 2.18

(a) OFDM symbols with CP

Cyclic p
I |
[th OFDM symbol | (f+1)th OFDM symbol |
l |
‘T:’.?’ v T;ufl
 Lw=T,+T, 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

sub

T

svm__

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

Won Young Yang, & Chung G. Kang, 2010, pp. 129-132)
Y o Y v 19 v = Y &
YUY CP UnIzMrua N0 unuANNaIHIveIdya U NI UNID Y
A08191%U CP 25% dMSUANINUIARDNVDI visual prosthesis D199z AUUA TR LifiTynuToq

< 4 1 1 o v o
multipath 0'1&1Hp991INIZoE N NIZHINMAdsdyIauaznnsudyaadosuin ISI voa

multipath FIMTULARY subcarrier AINTNN 2.19
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Ith OFDM symbol

MNA 2.19 wansgny ISI ¥e9 multipath 8% SULAQ subcarrier (Yong Soo Cho, Jakewon Kim,

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

2.1.3 Equalization

A 9 o ) [ o
szuumsaeats1¥a1e OFDM Taena liaziinszurumsdSulysnunmdyn a

9

= Y [

y 1 I { @ [ @
Ni38n1 equalization 1WunszuIUMsnaasudaygralumstanisnudygyiasuniu ISI
1 R { a (%
(inter symbol interference) 1130i38n9n08199 U UNTZVIUNS signal processing NUTH1TIANS
o 4 I {
dYUIUITUNIU ISI Msaoas 13aouuy time division multiple access (TDMA) Lﬂugﬂuu‘uﬁ
<3| 1 A . .
maganilueg19anu 1l equalization
o 0 .o & & o ) {
ANHAUTNITNINIUVUDY equalization Wu§1uiﬂﬂ‘ﬂ’3llﬂﬂﬂ block diagram MU 2.20
Tunyuue9909 frequency domain d@IUAUNIAAVINTOITYQYIUILYNFAIFYAIY equalization

{ a3 1 o [ [ 4 ) v o @ . .
TasNauraeniodunauveIresdaya s o g unIzind 19NN UNDA equalization
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° ] ° A o =R = ' . . ' o Y 9 . . A
mm@ﬂ“lﬂﬂﬁzmmi‘wmﬂimqgmiamw post-equalization Lmjﬂﬂﬂﬂﬂuﬂﬁl% equalization ¥i7®

. . A v 1A oA v
equalisation Tagag post- mﬂﬂu@;mmmﬂmwﬂaaummm

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

s(f)+n(f)

—{ Channel -

L]

Equalizer Demod |

Heq(f) =1/H(f)

MNN 2.20 aNBUL block diagram U943 equalization

@ o @ { < 1 %‘ Y
anvae Taena1Uve4 equalization LEAIAINING 2.21 WHUNNTLUIUMTHINUD
weight (W) fvualinszihnmsiaasy Rx
™ " Rx

¥

—- Channel ; W | ———

MNWN 2.21 aNHULMMITHINIUOH19918UDY equalization

< . . 1 I o . . .
Tagsna 1y equalization uiveentlu 2 UYsznnalenufie LY linear equalization

118% nonlinear equalization MIueszinnues equalization AIn N 2.22
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Linear Types Nonlinear
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DFE Detector MLSE
r — il R e el M M o [ — T — Ty i " )
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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)
M T e T s e o — 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 :
- e _ _ _ ¥,
Equalizer Decision . Reconstructed
hey(t) Maker ¥ Message Data
& d()
d(t)
- +
e(t)
Equalizer Prediction Error

MNA 2.23 szpUMITRAINAATY IHaY adaptive equalization (T. S. Rappaport, 1996)
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S feedback nav l1dFulge

Y Ay o 9 o A A v . Y v
01 d(t) maummmumumﬂeuﬂau"lﬂuwmﬂaauuﬂawaawmm equahzer AR

= o .
isanInilu equalization 11 nonlinear

Y] Aa 13 ]
Decision feedback equalization (DFE) l@3unnutisnunn uan lasumansenuuin

1INANAANA1ANINAINN1TNTE 18T QYR 1al (error propagation) N8 1A% 0

]
3 =

o 9

TYUIUN SNR

o A =K a3 ~ ] A . . . .
M jUnuunmnganduugluuunedasinaiane MLSE (multichannel maximum-likelihood

sequence estimation)

1
HaNIMNUY

v A

U e

qualization 8n1sznutianiilsz@nTamnishaugs awse

a Y (v = o Y A A ' . X X A
Liﬂugﬂiﬂ!ﬂaEluﬂTTV]1\111!]1@@81%1(?111351]“@38@77&!1! 138N71 adaptive equalization N

o A o A ' 2w ) o Y A ) Vo A
f’]aﬂ@ﬁ‘ﬁllﬂTi@]ﬂﬁuclﬂ@ﬂTQ%TmﬂaTﬂ HANABILLANNIAIYANTNF UFDUNNINVUAIYLTUNU NDY

o % . I o { . .
2 Tvuan1si1auanae Ivua training 1 un15USuasu Taon1sn1ang i (estimation)

' 9 1 . A A Y1
a’N‘WLHIﬂEJﬂ”Ii?N pilot INDLTEUIVO

UsunlaeuTasnmslddoyanasiniul

d'dal

auuIun

o 9

v [

#l aam‘%%mmaumngmauam

[ [

. . Y 1 9 ] ~
equalization mJﬂJE)hlﬂLIEEJUﬂﬂmu‘gﬂﬂ@ﬂ@lNa]ﬂu ﬂ\ulﬁﬂqalu@nﬁ'mﬂ 2.1

M13190 2.1 5@ﬂ6§%%ﬁ1ﬁ§ﬂ adaptive equalization (J. G. Proakis, 1991)

autlSunlaen uazInua tracking (Jun1s

JGAROITLY adaptive

DFE

properties

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-

plexity
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Linear 1!ﬂ31ﬂqﬂllﬁﬂﬂtiﬂiﬂlﬂﬂﬂ31uﬂ1ﬁl !,Wlﬂhlﬂﬁ’ﬂﬂigﬂﬂ‘mﬂﬁﬂJiUWﬂli'Uﬂ'Ju%Wﬂ

g9

. 1 A ~ = [ . @ i i ] I Y v =
noise ¥1NNI LN@&'IJ?EJUL“VIEIUWIJE‘]JLL‘]JU nonlinear GI’J?JEHQE‘IJLLUU’E]EH\‘]\‘HEI Lﬂuqﬁlﬂﬂ Hagy

=) 9 Y Aav 9 o v kY SA o a . R
fniﬁﬂ‘]si1ﬂuﬂ']1']%ﬁlﬁl“]5\ﬂuﬂu@Eﬂ\‘]ﬂ’ﬂ\‘ﬁl'ﬂ\‘lﬂﬂ@@ﬁﬂ@i‘ﬁll zero forcing (ZF) 112 ¢ minimum
mean square error (MMSE)

3 ax o A A A 1 . A o q ¥ < 7 o
ZF Lﬂu’]‘ﬁﬂWﬁ%ﬂﬂWﬁ ISI Naenaziaonni weight 1’11’1111’1 ISI Lﬂuﬁumaa DIAYNIT
o A v o Y I Jd o ?x‘a PP 9 3}/ [ =
ﬂ1ﬁuﬂﬁ5@ﬂﬂﬂﬂl‘ﬁ ISI Lﬂug{ua muu“luamumimmJ IST vnaqaIuu ZF i]%llll(lclfﬁilmﬂﬂ

[

Ao o ] A o | v ) N
palumsmsihnunleanu Ansan 2x2 MIMO fdilluig1m1/liullﬂinﬂﬁ”|ﬂa”|mﬁﬁumﬂﬂ@

X
Y1 =X + X, +nyp =[hy, h12]|:x +n (2.9
2
o Ao v Y A A
iqulﬁﬂl“Vlﬁ'Uulﬂ‘mﬂﬁWEl@WﬂWﬁ@lu‘Vlﬂﬂﬂﬂﬂ
—h,x +h ~[h,h,]
Yo =Ny Xy +NypX, + 0, = 1 22] X +n, (2.10)
2
Tagn
A Ao 9 Y Y A o w
ViV, o symbol “Vl'i’UUlﬂ%WﬂﬁWﬂ@WﬂWﬁﬂuLLiﬂllagﬂuﬂﬁ@\WHNaW]U
h,, fo vosdaanuanaeeImaauusn ldwdunsn
A @ ) o A
h12 R “H@QﬁQJJQJJTNQTﬂﬁ1861ﬂ1ﬁ@]HLL§ﬂllﬂﬂ”lﬂu‘ﬂﬁ@ﬂ
A [ [ 9 d' (%
h21 R “]5@QﬁigQJJ1'51!ﬁnﬂfﬂ8@1ﬂ”lﬁ@]u7]ﬁﬂ\‘]llﬂﬁ”lﬂuuiﬂ
A @ Y A v A
h22 R 6]5@\1ﬁiy)ﬂﬁﬂﬁ]Tﬂfﬂﬂi’ﬂﬂ”lﬁ@]u%ﬁﬂ\‘lllﬂﬁ”lﬂu‘ﬂﬁ@ﬂ
A A A
X, X, A0 symbol NE4 1130 input
n, n, o FYQNUTUNIU noise NEOIMARULITALAZAUNTDINIUEIAL

quN1T (2.9) 1 (2.10) mmias%u"lﬁﬁu

o wleed

NNANMSI (2.11) iilevzneasiadya x nnduanai lasufe y azdoavumaing w im
1 wH=1#2875v04 ZF (Yong Soo Cho, Jakewon Kim, Won Young Yang, & Chung G. Kang,

2010) 2 18dsaums (2.12) nazanuduiusvesdaana y innsy 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 g A v Ao ¥ o
MMSE &ﬂu’]‘ﬁ‘ﬂﬂﬂ131‘ﬁﬂ1lﬂﬁﬂﬂ1a\1ﬁ@\ﬂl@\1 error Lﬂu‘wuaﬂqamu% Iﬂﬂ@Wﬁﬂ
o Aaa ~ A Y o Y3 4 A axy 2L o YA a A
UaANNIITNINANA LL“VI1!1/]%5Lﬁ@ﬂalﬁi]ﬂﬂWiGlﬁl‘]JuﬁuEll‘ﬁ'll@uﬁlu’l‘ﬁsllf]\‘] ZF %Qﬂflﬁllﬂizﬁﬂ‘ﬁﬂWW
= 1 o~ (=) . A . Y . o A
an31 Tuaa1unisaln 133 noise 139 noise = 0 1d3 MMSE equalizer 9 AANITNINIWNUDU
o o J

ZF equalizer (N. Sathish Kumar & K. R. Shankar Kumar, 2011, p. 337) A1 aUWUDTUDY weight
tazdyaunmaiy y dMsuzUnuuved MMSE adaums (2.16) wag (2.17) Mud1al (Yong
Soo Cho, Jakewon Kim, Won Young Yang, & Chung G. Kang, 2010)
-1

2
O
WMMSE::BXHH HH"™ + =1 (2.16)

1 -
Y=EWMM5E(HX+ z) (2.17)

2.1.4 Pre-equalization
NILUIUNS pre-equalization N3N I0Y IuaIUVRIMIAdITYYIal Tage1dens
ﬂizmmﬂﬁmﬁ’miym (channel estimation) udJumiﬁmmw%mﬂﬂzmeﬁlaya channel gain
a42911 Vlﬁlmmﬁuﬁuﬁﬁmmmﬁmﬂ%’u y A4AUATT (2.18) (Yong Soo Cho, Jakewon Kim,

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

y= E(HAWMMSEX + Z) (2.18)
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UNU FINAONTEUIUMT weight (W) 11 pre-equalization 1104
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2.1.5 Combined pre- and post-equalization

v Y
MANAMITINAUHIOFUNUDHANNE IR ﬁgﬂﬁwmuaﬂauwﬁﬂ (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) yjati w5 uilgeilse@nsnimnissuds
) gy ' ) A . . L a
Joyaliavuy di1ulvngazlgmaiin MRC (maximal ratio combining) HHUIAANIIINNITNIG
o o o 4 . . @ <]
FAIUNUVDY diversity HI0A18DINA Qﬂuwmmaaq“l%'qmiuﬁm equalization HaAN1TNAD
o [ [ @ Y] @ 1 @ I
ﬁq;tg”ummnnmmmw%ﬂfaqaagagwngmwmiﬁﬁ'wnu PATIVNIBYDIAFDIT YA I UL

[

daauulinuasinuszaudyaaumag ms tazusnAuNUs s AUy asvoId Yyl

g 9

g 9 u

SUNIU noise 1INUAAZFOIT YUY A1AINURITAadIUNA 1 UazanlFulundas
] o {9y o o . .. . .. v 1 d
YOIFYY1U MRC ﬁq%,)ilﬂﬂu ratio-squared combining 118 predetection combining DR RIIAY

Aa H o @ 1 [ {3 a
MANAMINAUHA RIS Tud T UseId I AWGN Nitludasy
QuatenountMinaueduuunN1THAUNEIY pre- 1A% post-equalization 7
Y [ a . . a o dy =~ 1
1ﬂmﬂﬂﬂﬂ‘].lgﬂtmllﬂ”linTllWﬁ”lumﬂuﬂ pre- Ll post-equalization Tuaru2deil Gena

Balanced Equalization aataaslunng 2.25

(a) Chann_el
r Estimation —l
\
: : : Recovered
QPSK Pilot- || wireless | | A\ | Post- ol
symbois [ ™| Tones [ FFT ™ ©° ™| Channel [ % [ 7T "1 Equalization [ ] Tahes [ 5K
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
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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. 3145-3148)
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v J a a o
NAAWTVDINTTHHUNTTUINAUA pre-equalization LAY post-equalization Tuauive

[ 1 Yy I3 K a A Aa 1 9 a . . A a
aanauaasIiiunalseansnnnan11ns 169umnANlA pre-equalization HIBINANUA post-
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Charalabopoulos, P. Stavroulakis, & A.H. Aghvami, 2003, pp. 3145-3148)

Bit Error Rate
< < <

-
[ ]

A&
——

10-0? —— Post-Equalization
&= Pre-Equalization
—4+— Balanced Equalization

0 5 1ID 1I5 20
Eb/NO (dB)

10°

M 2.26 nslradnsuaaImsfouiougUnuuHeauNaIU pre- 182 post- equalization Y94
[ Y
QWUJ%&ﬁQﬂﬁHﬁH@NWﬂ@MWﬁ”@ (G. Charalabopoulos, P. Stavroulakis, & A.H. Aghvami, 2003,

pp. 3145-3148)

2.1.6 Imperfect channel estimation
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Pre-equalization mzﬂu%zﬁmuﬂiz‘uaumiﬂizmmmwmaanﬁm 139 channel
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estimation 1 unshuedasverevsodoyaneInusoIdny 1w
° o v aq Y ' ) a
uuudraesIaen ldnezauudldmsidszunusesdyarunnugauad (perfect
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ﬁ=H+E (2.19)
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v o ' ] o a ' o 1 v
JUNIU (noise) ANMUFTUNUTISHINYIITYYIUIN HllagGB@QﬁmuigWﬂl%'lﬂﬂﬁgNWﬂ! H a4

ﬂumi‘ﬁ (2.20)
H= 77I:| +41-17 G, (2.20)

{ < a o U a
Tagh n = ~ uag G, WuanInuedaniniznefivedmIguuuulna (random complex
+0,

1 { 1T @ o " @ [ 2
normal distribution) #28A RGN UFUILAz AN TU51MINY 1 dnBUzYe9 O =0
= = A = 1 1 U =
e lulinnuuilsdsiuas nseBeniimsszuuyosdynIugaund (perfect channel
estimation) (Jin Liang Huangr, 2009, p. 57)
TaginadoyavesroidynIa9zgnsunIU 2 NTZUVIUMS AD NTTUNIUIINMT
Y v
Uszanaresdygaaznssuniuluaiuues feedback avtinuluanimuadouini doya o
o a . { 1 o < A
FUNIU noise 4109 3211910 A interference N laiau1s0usalfiviua 1114 feedback Ny
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Mathar, 2009, pp. 1370-1373)
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2.1.7 Complexity
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Complexity Terminology

o(1) Constant complexity
O(log n) Logarithmic complexity
O(n) Linear complexity
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o) Polynomial complexity
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Exponential complexity
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N30 (addition) A N1TAM (multiplication) J Yy uveINITLUIUNIS (arithmetic operation)
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319N 2.4 Computational complexity of arithmetic operations (Auda M. Elshokry, 2010, p. 77)

Inputs
Operation Output Complexity
#real #complex
Complex multiplication 0 2 Complex AM+2A
Complex multiply by real 1 1 Complex M
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

dusuweindlalafidanndusuaueia (real) wiosuMFadou (complex)
u&2 MIUAUVBUNATNS 4 1Ay B fiflvine cxD uag DxE g e 12 ldsmuasaves
MIVINAUAIAUMT (2.21)
# Addition = C(D-1) (2.21)
MINUAUAITUMS (2.22)

# Multiplication = CDE (2.22)
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2.1.8 Performance measurement
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(POE) A4auN5 (2.24)

1
POE 25(1— erf)JE, I N, (2.24)
JET
erf f® error function
E, Ao energy in one bit
N, A0 noise power spectral density (noise power in a 1 Hz bandwidth)
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© d1 2
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Initial Ref QPSK
normalization
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Get x1 x2
from channel

'

Calc quadrant
of X1, x2

!

Calc distance

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

.

¢

End of DCS

Forward to PPE

MW 3.6 LHUNNOANB3 BuAALENNGNA1ITBYA DCS
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noise

input output

System
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mstszanamssesduana liifugauad Tagmsiiasslnvesdynraainns

dszua (H) ianuAanaianingesdaniaase (H) a2on21u151/59u909 channel

S 1 1 [

. . ! ~ 3}.1 <A [P= Aa A =
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FFT 512, QPSK, MIMO Sed, CF 25%, Aayvieish fading channel
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W, s (ﬁi + z) Wlunsgar matrix W [4x4] M) (I:Ii + z) [4x512] MINAN319 2.4 9218

Cl=(4)4-1)(B12)A+@) @) (512)M

=6,144 A+ 8,192 M
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Y a @ N~ 2 3 @ g
nniuAne L qaiiy W, e (Hx + z) FUTUMIQY real number A matrix [4x512] Fuilu

e

complex number awld
C2=2 M (4x512) = 4,096 M
A9 U Rx complexity ‘U’qu‘ij“lJ!L“]J“]J post-equalization awld

Cpost=CI+C2=12,288M + 6,144 A

MIAIUINU Rx complexity Ud4 pre-equalization
WITTUNT (2.18)
A ' | = 1 e
(HW, s X + 2) N37Aa Tx 1dIm3f1uan Rx complexity 34 hiifiaduil
v J ~ ~ A a 4 Aa I a v &
HAANTUDY (HWp’MMSEX—i—Z) ADINATNDY 4x512 NU complex number Audn®n AUy

complexity UBY pre-equalization I9HHYDINTAMTIUIN real number 1 Sy wesed
By
~ —~ é =S 1 1 U
(HW, yuge X + 2) 530U

C,.=2M (4x512) = 4,096 M

137113 Rx complexity Y99 PPE
WIAUIEANNT (3.1)
W, s (I:I>~( + z) Fumsgauuaing 4xa (W, e ) 51U Ao 4x512 (FX + z)
Cl=(4)(41)(512) A+ (4) (4) 512) M
=6,144 A +8,192M
(HAWp‘MMSEi + z) N3z Tx 151 10 WA WY Rx complexity Fa15 10 MadnsuInszims
a0’y Fanadwsn ldnaowadnd 4x512 nszurunisae ldSufunisuanwaing
W, e (I:I>~( + z)+ (HAWP’MMSET( + z) Faflving 4x512 ‘V‘T”wj a2 I8msantutanue
C2=2 A (4x512)=4,096 A
wadnii 1§z 2.5, HuTI real number
C3=2M (4x512)=4,096 M
2B, ﬁJums@m real
C4=2M

ANUU Rx complexity U84 PPE

Cppe = CI+C2+C3+C4 = 10,240 A + 12,290 M
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MIMUIUANNTUFOUVYDI0aND35HN DCS

o v a2 o @ v o o C4
ﬂ’J”Ill%‘].l%’f)lHl’fNi’]ﬁﬂ@i%iJ DCS ﬁLL‘L!’J‘VINf"l”ll!’Jﬂﬂ‘l!qﬁjﬂLﬁJiJLﬁEl’JﬂM JUAYANYU

9 9y N Y Y a 4 = = @
VBYANINNADIUTUNN UAAZIAUN WY TZNOUAIYNATNFVUIA 4x256 Lmunmﬂ%umaunu

o

@ 4 a y a I 1
Fanuaiond | x_ref — x | WoNTAMEANTLUIUMITLATUMTVIUMTHINAAIIDY

1 o 4

o a o I o
NUIFEOU (complex number) 11110523 I umdUYTal (absolute) AUIAULAD

U

a

9 Y Y
mwmi%’mzmumi 3A+3M muummcﬁucﬁ’aummaaﬂa %Nﬁﬁﬂ

Ches=1(2 1FUNT9) (4x256 received symbols) (3A+3M)

— 6,144 M + 6,144 A

v 9
agimsnSeuiiouanududounniniy (Rx complexity) nanualunaazguuy

. . a v dy Y v A
VD9 equalization Tuauiveil Llﬁﬂﬂl’lﬂﬂiﬁﬁﬁ‘ﬂ 4.1

M3197 4.1 wamsifseuioy Rx complexity (512FFT, QPSK, MIMO 4X4)

Scheme Addition Multiplication
post-qualization 6,144 12,288
pre-equalization 0 4,096
PPE - ideal 10,240 12,290
PPE - DCS 16,384 18,434

o Jay Y A A o Y A o Y 1 . A
Mneaansf lalonfSeuiieunnugudounniniuuds wuan pre-equalization 1
v 9 9 ~ = o 9 1 1 A v o w
ANUFUFo UG HazgUuUVHANHA Y PPE UANUF UG UNINN0e 1t sd 1Ay 1y
Y 1 Y v H ' Y F4
FIUIUATIVOINTUINNNAUNNADUN19INFUUUY equalization FIANUFUFDUNNUYUT
d' Y 1 dﬁ 9 a A = o
199 NIzABINBNDIANNIAIBLILANTNNATAVDIVVTIa0I PPE-DCS
AInzRanuFudouveuiassiiuausudraulvaiinannnszuiums
(% 9

4 a o 1 v A o J o A
DCS &ﬁ@ﬂﬂW‘ﬂWﬂﬂi%UﬂuﬂWﬁﬂﬂﬂ1uﬁﬂ!ﬂ@uﬂﬂﬁuiﬂL!ﬂﬂﬁiyaﬂ‘ﬂﬂﬂl@yﬁuul@ﬂ EN??II@Qﬂ1§

o Ak A ' o Y 2 A 2
@aﬂ@iﬁuﬂﬂﬁ']ﬂu'lﬂlﬂ'ﬂ@ AITUBUBFDUAIIUISINUUUATY



=
Unns

=
asilwanmsanmn

a v

1 @ A a A 9
audteimuegluuumsliviyalsz@nsamvesszuunsdedis 1¥as OFDM
TagmsNauHa I pre-equalization ILi¥ post-equalization [A2en Y ¥IeiTena1 PPE (combined
pre- and post-equalization) 916AIAUVD equalization AAZUUVVITINAUNDUTZANT AN
A ¥ Ao = = A v Y oA v 9
M3y IFdegegaluvaziidiladasosnnusudouininiuaiy
v 9 A g Y o w o o . .
ANVFUFoUNY T 1 Y9991 nT8IA1ATY (mobile equipment) 1UFL VU
doas 3o nnszuumsdedrs IFaelinnudesmsInlianududeuiosngamnazila
A ' Yo g A o vq ¥ gy A dAyy
ennudelumsesnuuulddvina@n iesninginsaivesdldnuiianysuzinaoui 18
o I X o o ' v
(mobility) $uiludeseenuuuldazainnnm wagiielsyudans ldnaeauiiesningnsal
9 1 dy 9y = 1 Y] ~ ] =) 1 3‘/
YOIR I FNUNAI DL ADININ M AINA WV AIADT DG 1RGN U
[ a .. . . x I o a
A1519%91148an83 51 DCS (decision constellation splitter) ¥1iludanassuluns

(% @ (% o @ J {0 { @ VA ]
asvtunazAauendy Iudydnyaitoyaniu 1 (received symbol) NHANAUB GO 1Y

] o o 1 [ [ 4 . o Aw Y
Foad oI IaenIAuInszeziINdyanyal (symbol distance) vosdyaunsy lafFou
@ 4

= v W Y a A 1 1 o A ~ v W @ JY Aa Y
MYUNUTAYYIUDWOINGALH ixaxmmmaﬂym“lmuenﬁaumemﬂuﬂmuaﬂymmwmmu

9

1 v A @ a 1o @ PR 1 . .
GUHWWIj!IfJEIﬂ’N ‘ﬂ%gﬂﬂﬂﬁuiﬂﬁl@ﬁﬂ@i%u’ﬂﬁiyaﬂHmuuNWHﬂiz‘U’J‘Hfﬂi pre-equalization ‘Vi?@

= o @ J

v . v A I @ (% S
{58091 pre-equalized symbol ttazdndyanuaivzgnaaduliiludydnyainriunszuiums
post-equalization (38111 post-equalized symbol NoUIZ MW IFNIZUIUNTAD T)vRITZU
HAUNEY PPE

@ v A @ a a o [ S
nanmsaadulavesoaneisuiinuinnufaunndyaiuviodyanyuiuu

g

Y
=

NIZVIUNITIANTG weight Y9931 pre-equalization NOUH M IFO T YR AT Ty a0
SUNIU noise LAY interference 19 1A5UNANTENUIINT Y@ IUTUNIWKAIIT BN QYR 104

@ [ P [} 1 @ U [
vsodyanyain 1y ldHIunsZUIUNITAN1S weight nowas 8819311V post-equalization
INSIZNTTUIUNT weight nTzIvaIINMUTesdyaaudl uag ldsuransznunndg gl

a e 1 a 4 a o g 1
FUNIU HUIANNAATHIUNITNAoaz Hgniua) TuauIdeTl WU pre-equalized symbol 1)
] A ] o o J 9 1 . 2 o 3 Y o
AMAYTZoe M Ndyanyal oI post-equalized symbol 391 udomiviualunis

ponLUUNaNMIfaaL19U9I9ane3 51 DCS
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=2 o A = . Aq ¥ g’/
Waﬂ’liﬁﬂ‘]&ﬂl!'ﬂ‘ﬂ‘ﬂ’la@QWU?WLN@HGEJUWIEJUL%W'lgqﬁ]ﬂll‘ﬂ‘l] equalizer nlrauluns

. . . . o <3 1
ATLUIUMS pre-equalization 1AL post-equalization UAIWANITIaLaA1Fi1UI1 MMSE 17
A 9

a A ' @ { o I a J
Usz@NnTa a1 ZF aennii 4.2 3uny MMSE 3sgnideninmvuailumsiimesisudu

ensaSeumsudou lvdunmaoae 11/ luade

Y
=

o Y < ' A o 9 a a Aa J
W'ﬁﬂ'li%'laﬂﬂllﬁﬂﬂiﬁlﬂu'NEﬂLL’U‘Uﬂunﬁu@aluxﬂuﬂﬂﬂuﬁlﬂﬂﬁgﬁcﬂ‘ﬁﬂTW“Vlﬂﬂ'J'l

A a

sUupwdu luyuuesnnuianainszauiia (bit error rate, BER) iinudana1niosnios

RY

1 =) ]

N8N8 931 AR N IUAD T YY1V 5UNIY (noise immunity) ganIgUuDUDY

a v

[ v Y
19138119 SNR 18 JUuuvmeaunea1y PPE Mivaue luauidslilinnuianaia BER tigd 10°
A . . a = ) 9 1 o Y 1 Y
YN 31D pre-equalization AAWA1ANINDI BER 107 w19z 310035z 00 Inegniela
4 1 o { [ a <} o
Joulumsdsguamsvesdyaui luilugauad (imperfect channel estimation) Na1 5319
(A a o
pua Tduveswaans I lufiema@ean
a d' -2 d' o a o dy Y a A
915817 BER 107 giunumaunaiy PPE ninaus luanudseildilszansam
1 v 1 o
?]ﬂ’ﬂgﬂu‘]_l‘]_l pre-equalization NAANWS SNR LANANINUDA 5 dB
Hnsanudesnsnasaulumsas gluuunausaIu PPE Miuaueiinay

Y @

foanmsnaanulumsaeiiosnin pre-equalization D9508ay 68 AuImi BER 10 Tagluvus

=

. . S = av ' y X a Y Y v
N31)u11 Balanced Equalization NUMIANEIIVGUINOUNIIT UANUGBINs Tewasnulums
vy ' . . Ay = v v v A
@9108n71 pre-equalization 1isa¥ooaz 36.89 1agllangluvunauwaiu PPE Idwadwsh
= 1 [ ) d'
AN MUNAMIANE 1IN 4.1
] < o A y A dy dy o & 9 o o 9 A A dsl
pg19lsnadnea i lamuyuiisuiudeuansuaududouinuiy
[] A 9y Y v asR 9 g’z [ 9 A [ dsl = v
Tagmn1z081983M1nA03 199ane3 51 DCS AIGUUANNFUFOUNNIATVILFIVUDI 2 111D
. . [ A 1 = g A = @ @ AR o
equalization A915 197 4.1 HAMAUADNVDILTLAUUDIVIZHUBDIMINAUIOANDI BUAALYN
] Y] L4 9 Ao a A =\ [ 9 9 1 @ == 1
dyanwaivestoyaniidszaninmgualinnusudouriveninoansisu DCS ao
9 a o dy = Aau 1 A a
TorguouzNUIte ansadny1Iveas T luGesvesnisnaunaiumaiin
.. . Y A Y o wa A
pre-equalization 11a ¢ post-equalization (PPE) 1 iaua1misalunisidenlaesdn Tusiah
' A 7 A (o = Y . A . . A A
NN maaﬂymzmﬂsmﬂaau"lmm (adaptive) D199LADNIRANIE pre-equalization HIDLADN
Y )
MW post-equalization W3 o1AeNFUNVUNAUNAIY PPE YuagnuiNou Tvvesanmuiadow
A ] o A 1 @ A v 9 . Y Y o
WIDANMNFOIT Y UNUANANNU 1NDAAANUFUFOU complexity adlaon aan1s 1FnasaIU
{ 4 @ a [ [ [
ngUnsalvesd1d (UE) mapasunisanbidanessulunsdsuljsnunimnssudedoya

. . o - a 1 o [ . a .
equalization “lu ANHYUS ‘ﬁ L‘]J UDATECADNULAAS component carrier (CC) DN AUA carrier

aggregation (CA) lumalulad LTE-Advanced (4G) ao 'l
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