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Cyclic Prefix Length
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Program Electrical Engineering
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ABSTRACT

The thesis presented a precoding technique for MIMO-OFDM systems with insufficient
cyclic prefix length — a technique which has been designed for precoding at the transmitter.

The precoder consisted of 2 parts as follows: a) the feed forward part using the linear
transform and b) the negative feedback used for the feedback part. These parts made the structure
simple and not complicated. After completing the parts, the cyclic prefix was inserted and
transformed through MIMO antenna having independent channel with constant amplitude
distribution in Rayleigh Frequency Selective Fading with additive white Gauusian noise.
Additionally, the transmitter and receiver, designed to transfer the channel state information after
the cyclic prefix, were brought out by using the zero forcing receiver. Lastly, the receiver made hard
decision, a complicated analysis, in order to calculate the bit error rate.

The result from the demonstration indicated that the precoder was able to both sufficiently
and insufficiently implemented the cyclic prefix length. However, the signal constellation of a
distribution graph revealed that the MIMO-OFDM system using the procoder with sufficient cyclic
prefix length yielded a better result than that of the insufficient one. The parameters affecting the bit
error rate were cyclic prefix length, channel impulse response length, and sub-carrier. The criteria
to justify the relationship in selecting the length of cyclic prefix was that the cyclic prefix length (G)
had to be shorter than or equal to the channel impulse response length (L) which, in the same
manner, had to be shorter than or equal to the sub-carrier (N).
Keywords: precoder, cyclic prefix, Multiple Input Multiple Output (MIMO), Orthogonal Frequency

Division Multiplex (OFDM)
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a o d 1 [
h(l) HAADUTUOIONWATYDIFDIT QYD 10
14 o {
W, NNIPOFVOITYIUIVAIUNIAT Kk
W, M3 FFT Y09 W,
14 [ % o w { [ o w a
Y, NNADSURITYANUTVAAUN k WAy

Tyaanoon

3.2 HUU1a9952UL SISO-OFDM

v
=

a o o 4 o1 o 4 0
NATUIVUIADITE VY SISO-OFDM ﬂfmmuﬂﬁuwmﬂaﬂmmu N ﬂauW']ﬁfJE)fJ

vuresdaaun ludasLunuaenaud (Frequency Selective Fading) fviualinanouaues

duWaduesreIdyIMULNUAY

h = [hyhyehya] (3.1)

a Y J 1 o o
TaglinnuenvenaneUaUodduNad vt sdyIaunuale L fivuald

{a J v a =<4 ) o w {
L<N Iaghdunannaeiveimsdadmansainudaiming1aui k unuaeauns

D, = [Df,D:..DM ] (3.2)

Avualy Q Wlumsuilas FFT ves g, Taeh
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1 _ize(m ,
G, =——e N e 0<I,m<N-1 (3.3)

N

o 1 [ [ o
ﬂﬁclﬁ}ﬁiyﬂﬁmlm‘iﬂuﬁmﬁzﬂ’ﬂﬂﬁﬂgaﬂym (Inter Symbol Interference : ISI) Hag
o 1 4 4 o 2’, R a
AR IUUNTNUTITZHINAAUNIN (Inter Carrier Interference : ICT) anad Asuuz laaulsasy
len@n (Cyclic Prefix : CP) A1M81Y G < L < N wasnnihansasulenaneenld Tan

Musuaaun k lulawunar unudlreaums
Yy, = (H-A)Q"D, +BQ"D,_, +w, (3.4)

! J @ . < @ ' s J g
Tagh w, ununneesvesdygiasuniuduiludlsquuuumdniauadodu o uay

~ <
TRICIAIG (SIATR!

I3 Y 2 7 ' ¥ Y Y
Mvual NI NFvoIFeId Y IUINUAIE H TY1a N < N UNUA8aun5 (3.5)

H ° Ja o J ) X
waz Q" unumsimMsgesFeUNT UG Inda (Hermitian transpose) Vo4 Q

B ho 0 hL—l thz hl |
hl hO O L-1 h2
H=|h, h, .. h 0 0 ..h, (3.5)
L-1 hL72 hO 0
L 0 0 h|__1 h|__2 I"lL—3 hO i

a I a J [ A1 v
ufﬂllslﬁj ALTJHL?J‘W?ﬂ%"IIHW@ N < N UNUFYYIUIUNIU ICI UA1PNFUNIT

(N=E)x(N-E-G) O(N—E)X(E) O(N—E)x(G)

A = |:00(E)X(NEG) S O(E)X(G) :| (3.6)

I a 4 o 1w
B umumInguiia N x N Unudyassuniu ISI UAaIauns
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B = {OO(E)X(N—E) S :| (3_7)

(N-E)x(N-E) O(N—E)X(E)

hL—l hG+l
, 0 h, ... h
Taoi s=| . e (3.8)
0 0 h,

1 Y«
______ e M3
y . : Auts ¢ fuls Y
a Y
e _ EXDE o 5wl [l > - Joua
| Maueg | | :F it ] jY_ = ., 295 | gl )
ulas lyngn P 111 e nsAveRIaR
> aae [ - L
Ay AUNTN Precoder Has Lyl FET | b
| qesk [ : 1AL Yasad iy UL QPSK
L S ESH
TR + A - > > oynsu
L N ulas
————— aunsH
0 i 4
aunyy
Y

a <
51]7] 3.1 ‘]Jﬁ@ﬂhlﬂﬂgllﬂilligﬂﬁ SISO-OFDM

U

A o ya 9 Y 1A s A a <
ﬂ"lﬂqﬁjﬂ‘ﬂ 3.1 ﬂTﬁLlﬂ611’7ﬂﬁﬂlﬂyﬁﬂNﬂWUﬁﬂNﬂWiN@ﬂm@LLTJ‘iJLL‘]J‘Uﬂ'JE]mﬂﬁuWﬁ!WﬁG]SWV]

]
v A

ada o ) - A, g A A 2o

YDA (Quaternary Phase Shift Keying : QPSK) @31y D, Lﬂumagawmuuﬂauwmmﬂum
{ <3 a J [ ! J o [l <

Tagi P uaz O 1Wummsnd Precoder na19107 15n1301)aay5o5nniuod19u59 (Inverse Fast

Fourier Transform : IFFT) 92 ladiadoya d, oenuineuvzdidoyasenaisoinidas laaauls
a a d’d [ gIJ a 9 d'l Y ’
a5y ladnitinnuer 6 adlildmiuiadoyaidiosnnisanseimeunuady d;

{ <3 a o [ {

NTUMIN (3.6) uaz (3.7) A waz B Wuwunsng luTawunainelddemiruanin

kY J Y [ = a o J v 1 S Y o A A A

Az iAo linmssed Ins ludgnuedeauysal dnnuevesdulsasy lyadniia

1 1w a A ' o ' o
WINNIIHIBINNUNAADUAUOIdUWAd VDo dy Y1 na1nfAe G>L ¥ld A naz B

I v ¥ A o ' 4 4 [ 1 v o t4
nauilu o avtueg lulidyauunsnuasznienaunilas dyIuIUNIUTEHINT Yy an Yol

f
4 < ) 1Y 1
T4n15u1laey)iSe35061015 (Fast Fourier Transform : FFT) dmsudnyaia y, 1¥naduuieglu

Tawuanudunuale Y, azld
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Y, = QH-A)Q"D, +QBQ"D, , +W, (3.9)
{ - - o 1 i g Jd 1w 4
Tagh W, = Qw, wagz W, Uminszaneuuumdsaliaunaeiv o uaziFoudsniny 1 ileq

o o @ = L g s
91NA0IN3H Precoder dayanar x, I ladnaiilu D, Fuilunneesyuia N =<1 1zdoald

LllT]%ﬂ“]?PrecoderLL‘Vluﬁ)’Jﬂ P 9119 N x N A39aun13

D, = Px, (3.10)

4 a 4 1o & { < a 9 a o
Hoanuning P 019 lududunaziusasiay (Full rank) Henu1fum3nd Precoder 11 Taruu

¥
LIDTLNUNAIY

O =Q"p (3.11)
ausaestiedie Q1 vy g
Q70 = Q'Q"P
o \7;

(3.12)

: g’./ J a J ! [
‘%QUNﬂi\‘lﬁ"ﬁﬂiﬂfiﬂﬂ P uag O 1UNITNY Precoder NNFUNIIN (3.9) UITOUTAY Yy

a 4
11!L1/]E]3J511’BQL3J1/]5ﬂ°K Precoder ﬁﬁl

Y, = QH-A)Q"Px, +QBQ"Px, , +W,

— Q(H-A)OX, +QBOX, , +W, (3.13)
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3.3 HUVAA9952 Y MIMO-OFDM

#9150152U0 MIMO-OFDM Tasdudedlimee1imasiuiu N, a1ee1mauazausy
1 Y
et N, @1e01masldnanmafernuluszuuues SISO-OFDM aaiuluyy

$1899 MIMO-OFDM tinudae31/i 3.2

- = —= — mai |y o
I nsla
X, D« . dunls Yi Yi
EYrY I duls R
) - y - e 2005 ] M
mlag - .
ol B l.» ounTY :F niving lyaan j 1 fanoon ﬂnﬁ dmo I as msavegian | YONE
il N Vi o
"I Ay Y T Precoder . naz m T v e i QPSK -
sk | iy o FFT ‘ iy
—_= 'r ulas nn woi [~
AU dea\i oUNIY
—_— e — — e VUIU
o oynIN
1y ﬂ
(@) oUnTY e
VU
_——— msld Tﬁm
[ 11. aunls
95 Al S
3 N :t e Ta s i3l 2005 ] N
uilaq . ns - N
i - wing () o londn j i A o dmo : s n1sAuegian | 1040
T Y
AALYY g + P \ waz m 1 yuny -
OPSK i FFT 1922995 - " WUY QPSK
—L uilas U woi [ "
VYUY
ulas NI
| YU
i UNIY
—_— AN i ﬂ
NI N
O VU
a <
qﬁl‘lh'l 3.2 Ua@ﬂllﬂagllﬂillﬁzﬂﬂ MIMO-OFDM
° ya 9 = )
mmualiadoyaluszuy MIMO-OFDM luTamunud unuaie
L T
_ ONT [ RL\T N-INT
D« = [(DY)".(DY)T,... (DY) ] (3.14)

4 . < 4 . 1 4 g o w { .
Tagh D iunnwesvua N, x1 dedsesnarediseins N, Tagldnaumvidesdaui i

t
g‘/ d — o
uag 0<i<N—19miunmaes D, wulasnavmnlulawunarlaeldmsulas IFFT 9¢1a

Q=Q"®I, (3.15)
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{ o & . A < a o

Iﬂﬂ‘ﬁ ® Lmumi‘nm@ui’sg%mmuauﬁﬁm (Circular convolution) (1 INt Wuiunsneg
@ Jd 9 A ' 1 Y a a Aa

PNany "11914“a‘ﬂ%’m%ﬂslmmazﬁwmmﬁ%ﬂﬁﬁaglﬂitﬁﬁuulcvﬂaﬂ‘vmmmﬂn G m"lﬂclu

audune Fluresdyonasyninaeomadidisui | awoimasudeun i Iash

h, = [h;©)h,®,..h,(L-D] (3.16)

I~ @ [ PN ~ I = 4 2 dy o Y
uag hij L‘]J1!G]’JLL‘]JiQ’?JLL‘LIULﬂTﬁ‘VlllﬂHﬂafJLﬂu 0 LaSUANTYUY O uﬂﬂﬁ]TﬂUﬂWﬁuﬂi‘Hnﬂ
P

] [ =1 [ [V a 4 [} [ =\ F)
FOIAUYIUUANNIUNNY L asuunsnyvosvesaanauvua N, x N, unuaig H(l)

Tavfi =0,1,...,L—1 daaums

) )y ()]

h,, (I h,() ... h,(l
s () B o B ()]
A9 @ o w a Aa R o @ v
NATUITVIZUN ’Jllﬂﬁlﬂillllcﬁﬂaﬂ@ﬂﬂ"lﬁ flulmﬂmﬁfluimmurmnmuma
Y. = (H-—A)QDk +BQDi1+W, (3.18)

: < a ¢ o & < ¢
Taon H,A nay B ithuuningyuia NN, x NN, d9aunis uenainil w, 1unnaesves

@ A A wy ~ J 2
AYVIUITUNIUVUIA NNr x1 NUAURAUNINY O LASLATYIUY O

[ H, (1) 0 = 0 H_ ) H_O ... H®O]
H,()  H,() 0 )£ 0 HLO ... H(0
H = HQm H;N) .; H&) 6 L. “:H;M) (3.19)
0 H_I) HLO ...  Hy@ o .. 0
I 0 ; 0 H;m H;m ; L H@L
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[0 ... H(L-) ... HG+D) 0 ... 0]
0 .. 0 H(L-1) ... HG+2) 0 ... 0
A =10 .. 0 0 H(L-1) 0 .. 0 (3.20)
0 ... 0 0 0 ... 0
0 0 0 0 0
0 H(L-1) ... HG+D]
0 ... 0 H(L-1) ... HG+2)
B=1{0 .. 0 0 H(L-J (3.21)
0 ... 0 0
0 0 0
Taoi E=L-G-1 (3.22)

9
[ Y

o a 4 a a X o
UM Precoder UNUAIBUNTAY P 19a10n1501)auFudy (Linear transform) 4avi1 197

D, = Px, (3.23)

T

= ¥ 0y fylyT N-1yT
Tagh X( 5 [(xk) AOWZ, ) J (3.24)
N30ONIUY Precoder 3¢ ADIHDANADINUAUAIIA

O =0QP (3.25)

-1
Tag Q =Qol, (3.26)

Y
%

=< I a 4 [ [ v Aa A A Y
%3 P uag O 1 UUNI NG Precoder AIUU yUIUIVUAN Kk TuTawuanudunualeaums
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Y, = (Q®1, )(H-A)OX, +(Q®]1, )BOX,, +W, (3.27)
3.4 NM309NUUY Precoder 1%3U32UL SISO-OFDM
Tun15e@nIUY Precoder d115152UY SISO-OFDM ¥1'18 Tagfiasanaumsi (3.27)
‘f]éNﬁWi‘Llﬂﬂlﬁ)ﬁmﬂlﬂmiﬂﬂ?ﬂﬁﬁWﬂQﬁﬁWﬁﬂﬁ%‘ﬁﬂﬁ} sy
Y, = (Q®I1, )(H-A)Ox, +(Q®1, )BOX,, (3.28)
iienuazainsagl v 18 fail
VIK] = ax[k]+bx[k —1] (3.29)
Tnefl a=(Q®1, )(H-A)O iaz b=(Q®1I,)BO
ulaaia (Z transform) Waaoatealuaumsi (3.29) 1214
Y(2) = aX(z)+bX(2)z™ (3.30)
Y(z) = [a+bz*1]X(z) (3.31)

v
[ Y 1

% 1 1 [ o o J [ 14 o a
ﬂ\iuuﬁ\‘lﬂGHUQWfJI@u"UfNGD'?Nﬁﬂluﬂlu1mﬂ1ﬁu@f’%}?ﬂﬂﬂﬁ1ﬁ3u‘U@ﬁﬁﬂJﬂJﬂﬂ!!ﬂW]1’!ﬂ@l@ U TUDUNA

UNUAEY
H(z) = = a+bz™?
X(2)
(3.32)
I A ] 1
ayN H™(z2) = ———— (3.33)
a+bz
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NAFNMIN 3.31) tag (3.32) 3z 1@
Y(z) = H(2)X(2) (3.34)
Lﬁ’rﬂﬂﬁnﬂﬂ”li‘ﬁ1 Precoder Lfﬂuﬂjmun"ﬁaune% (Inverse process) izw’jnﬁuwmmz

wiana dmuald X[k] fudaduna uaz yik] Sudaerdnn vinauns (3.29) 1ldaen
x[k] §lu yIK] waznlaou VK] du k] Fuu

ay[k]+Dby[k -1] = x[K] (3.35)
awld ay[k] = x[k]-by[k -1] (3.36)
VK] = —{xK]-bylk -1 } (3.3

P~ A a3 A
ANTUNITN (3.37) F1W15D90NLLU Precoder IﬂElllllﬁ'é)ﬂhlﬂﬂ&milluﬁﬂ\islugﬂﬂ 33

X[K] ( ) I a>1 y[k]

NMTHUILIA

511 3.3 M3LONILY Precoder

TuhueuRernuszuy SISO-OFDM luaums (3.4) e luinsandyanasuniu o ldaums

Y, = QH-A)Q"D, +QBQ"D, , (3.38)
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Q(H-A)Q"D, =Y, -0BQ"D,,
D, = (QH-AQ") (Y, -QBQD, ,)
Mviualiunind P = [Q(H—A)QHI1 (3.39)
Funilouty @ lugums (3.37)
LAINI A E = —QBQ" (3.40)
Funilousy b luaums (3.37)

9
[ Y

411 Precoder 1u5211 SISO-OFDM tugavuaen laozunsulugilii 3.4

X, D,

P=[QH-AQ]

1123091

E= —-QBQ"

311 3.4 N33 Precoder 15211 SISO-OFDM

3.5 N399IV Precoder 1143211 MIMO-OFDM Nin e vaanusiasy

a 1] =~
Tandnlineriias
a = 9 1A Y v A R
W91390152V1U MIMO-OFDM B uaall N, a1ee1md ausud N, a1e010d &3l
o 4 a1 o . g ° ' v
Tuaauwgosunuals N fmvuald M = min(N,,N,) duswaumeoimeaindosiga
FENINAWOINIAT VU A100101AdS uazi1vualinisaedoyalurosdygimviag

o o ' 4 { o ~ a ]
(Downlink) 91naaiigin lUseInsdAnsinaeoun Tasdnlsiasulonaniaiwed luneriios
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o @ 4 4 @ a a

ﬂT‘Viuﬂﬁ'JfJﬂ'NiJﬁ'iJWU'ﬁ G<L<N !ﬁ’ﬂ G ﬁ’ﬂ‘ﬂ')'liJﬂ??ﬂlﬂﬁﬁlllﬂﬁlﬁﬁuq‘ﬂfﬂaﬂ uay L ‘ﬁ’ﬂ
Y

ﬂ'J"IlJfJTJ"’U’fNWﬁﬂﬂﬂﬁu@ﬂﬂﬂwaﬁ{ﬂlﬂﬂsﬁﬂﬁﬁﬂgﬂﬁm AIUUNIM Precoder 11452UY MIMO-OFDM

naaalugdn 3.5

k k k d K
X Z D _ _ | ladwnlsiesy 2asifan
P »-| N-IFFT - > .
lyadn vunailueynsy
Y
ENH L.
E |=— | Foedynna
LTRRTR T
dygusunu
. hawnlsidin | vsuaseneynsy
4 N-FFT < A < o
K k lyndnoon Wuvnu
Y y

519 3.5 NMIDONLVY Precoder 115211 MIMO-OFDM néaualsiasu lsaaniiaiiued la

U

=
NBLW

o 4 a
dmualinnmesvetoyaluszuy MIMO-OFDM e X uaztetuld X*(n,m)

= I o < v & K v s
Taeh K i uduwauuan aedu X (n,m) Ll,‘lfluﬁﬂluaﬂ‘HmGluﬂﬁiJf]ﬂlﬁml‘Uﬂ QPSK YU

'
v A

] [ 1 o W { 4 0 . o 1
FoId Y1960 (Subchannel) d19 A M Tael¥nauwiidos (Subcarrier) a1dUN N YBINTA

Ed
Y

Y01y OFDM §wuit k Fam = 01..M-1uazn = 01..,N-1 aaiudaudoyauny
Rre1INIAD3 HaANMS
T T T
X = [T X5 )]
(3.41)
;
ay X5 = [ X50), XD, .. XK (N-1)]
(3.42)

Taed j = 0,1,..,N
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o 4
MIINTHE Precoder 92 lanniaoivesdoyaunuaioauns

Dk

(@@ .08 | (3.43)

nay Dﬁ

[D4(0), D¥®.... DE(N -1 ' (3.44)

Tagit j = 0,1...,N,

9
Y

[ o 1 o w { 4 ol o w {

JUU Dr (n) UNUNITNT Precoder ‘]Juﬁ"]fl'f]’lﬂ’lﬁﬁ'ﬂﬁ’lﬂﬂ‘ﬁ J UuﬂauW’lWﬂ@ﬂﬁWﬂﬂﬁ n

9 @ 9 o w { o & a 4 7 @ o Y
ﬁWWiU"U’ﬂN‘.a OFDM m@mﬁ k PANUHUINNINFLDIANANAINITN IFFT Gluimnunaumumﬂ

qunsg

Q"P(X% +EDY™) (3.45)

A H A& a o o A ) v a d o a
Iﬂﬂﬂ Q ADINNINYUDINITINT IFFT 91UIU N %qﬂ Lu’éNﬂmmiﬁQ"UfJiJ“mmunamwaﬂ“ﬁﬂﬁlmﬂ

1 [

Y
ANRINISTINANTENUADAYUIUITUNIU ICT LLasayYIUITUNIU ISI ﬁﬁ\‘]ﬁﬂﬂﬁWﬂ’JLlﬂilﬁiNq%

a o Ay @ T Y
ﬂaﬂ@i’)ﬂ]lﬂ FUYIUNATUITUUDITIYDINIAAIAUN | Gluiﬂmunm!,mum&ﬁumi

N, N, N,
yi = 2.hQ"Dj-2.2,Q"Dj+ > b Q"D +w; (3.46)
=1 =1 =

v
o v A

4 4 o { o . X I o
Tagh wk ununmmesvesdyausuniululamunainaeeimasvawun i Fuilusiun

a 9 A A 1 A g ~ J 2 a 4 1 o
FIFOU 1Az UNTNIZNBUVUINMANUA RSN 0 uazuliFous o INTNHFUDIFDITYYIU

v
o v A

[ I 1Y) . Y A I
sgvinmeomameauil | uazaeeimaiuddui i unuade h, Taoh a, taz by i

[ o

peAlsznouvasdRIAUTUNIUL ICT uay IST Tugesdyananuday

g 9

Mvualy E=L-G-1 (3.47)
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' 3 13 d o =
$ G Uanwenmann L i a, uag b, Sandugud vilw hilidyanasuniu

ICI Az Ay uNIU IS 39A1ved h, . a,, by ua s, NudIeTums

[ h,(0) 0 0 h(L-1 h(L-2) .. h@ ]
h@ ) 0 0 h(L-1) - h(
h, = hij(l;—l) hij(L-z) hij.(O) 0 hij(L—l)
0 h(L-1) h(L-2) . h, (0) o .. 0
] 0 0 hij(l_'—l) hij(L—z) hijkO) "
(3.48)
3 ) Sij Oe)e(e)
! O(N—E)x(N—E—G) O(N—E)X(E) O(N—E)X(G)
NxN
(3.49)
O eyen-g) Sij
P = 1o 0
(N=E)x(N-E)  Y(N=E)x(E)
(3.50)
R WS O WG]
| 0 h(L-1) .. h(G+2)
Taod Sij = ’ : : (3.51)
0 0 LD |

A o ° Y a o o K
NEWDINIATIUY | LLTJEN FFT9743u N i]ﬂ UNUAIYLUNT DY Q ﬂJE)\TﬁﬂJiLﬂﬂ! Vi GL‘LlI@]L?J‘L!L’J@'I

nav luTamwuanud unudie Y auniu
N, N N,
k HRk HRk Hk-1 k
Y = > Qh;,Q"D}-> Qa,Q"Dj+> Qb;Q"Di™ +Qw; (3.52)
=1 j=1 j=1
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(3 [ v A

Fedgausudaui k lulamunnudues MIMO-OFDM nuaie

Y* = BhQ D" - GaQ D" +0ObQ D¥ +Qwk (3.53)

o Y —H & a o Y
ﬂWiu@Gl,w Q Lﬂulj\lﬂﬁﬂcﬁﬂl@\iﬂ'ﬁ‘ﬂ'] IFFT tinuaeg

‘o o
—H 0 ;
Q =Q"®l, =| Q (3.54)
0 0 .. Q"]
GluﬁWu’f)\‘iLafJ’JfT‘L!LJJT]%ﬂGI?'ﬂJfNﬂﬁﬁW FFT Lmuﬁ’aa
Q 0 ... 0
~ O ®op. ¢« 0
Q = QY =2 N\ &7 . (3.55)
02 U~ "6

o 2 J a v 2 ' @ {
Mualdmsndveinanoudussduiadvessesdyanaunuale h(l) Taeh 1=01...,L

1 A
NANIND

hy(1) ... hy (D)
hay = | &

= . (3.56)
ha() oo By (1)

9
[ Y

[ )=} [ A v a 4 Y a 4
WUHAINNMSHEeaa U asULD AT HANVOUUNT N h, ad uag b UNUAWNNTNY
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" h(0) 0 . 0 h(L-1) h(L-2) h) ]
h)  h() 0 0 h(L-1) h(2)
: : : : : : : 3.57)
h= |h(L-1) h(L-2) h(0) 0 h(L-1)
0  h(L-1) h(L-2) h(0) 0 0
0 0 h(L-1) h(L-2) h(0) |
O epen-e-opn, 5 On Epeanie)
a = (3.58)
0 0 0 '
(N=E)N, x(N-E-G)N, (N=E)N, x(N;E) (N=E)N, x(N,G)
NNy xNNg
b — On,Eyxin-eON, S
O(N—E)N,x(N—E)Nt O(N—E)er(E)Nt _—
(3.59)
h(L-1) h(G +1)
p 0  h(L-1 h(G+2
Taoh s = { ( : ) : ( : ) (3.60)
0 Py it YR
713111 Precoder 11/ 1¥ 703211 MIMO-OFDM lusesd oo 1a laifludasy
(Independent

H ° 1 @ [ P 1 v
channel) naaaluzili 3.6 Tasfmualdaduezdmsunswalansunie Toudadiaesnn

[ %) 4
uaz Tumnugud
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Jaan —»| [T = Yo - yumdu
< a3y lwndn
Vaon Precoder DUNTY
Tx:N,
- Y - < y thann)siedsy < wasulasn
laadnean aynsuiluvnu
X ENREIGE v
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vy Rx:1
oYNIN
‘ _— » y hdunlsiaiy Nasin
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ladnoan aynsudiurnu
Rx:N,

517 3.6 M3951 Precoder 53 D1 MIMO-OFDM Tusrosdayaai lidase

o a v 1 o 4 ] { o o w A
mwuﬂ“lﬁ’mmfmmmwamuaum@uwaaﬁ’aamwmmmﬁuw1ﬁﬂ’oﬂ ﬁﬁWNiUHTﬁ’JLLﬂSLﬁiM

lynanoonliuas lifanavesdaanasuniuunualoaguns
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A Study of Insufficient Cyclic Prefix by using Precoding for MIMO-OFDM Systems

Chaowalit Kosanyakun and Chirawat Kotchasarn
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Abstract— In an orthogonal frequency division multiplexing
(OFDM) system, the cyclic prefix (CP) is added to the beginning
of each symbol to prevent intersymbol interference (ISI) and
intercarrier interference (ICI). In practical OFDM system, the
CP lengths are fixed. When the CP length is shorter than the
channel impulse response (CIR) length, referred to as “insuffi-
cient CP”, significant signal distortion can occur at the receiver.
This paper proposes the use of precoding technique at the trans-
mitter to solve the ISI and ICI problems owing to insufficient CP.
Precoding is first derived for single-input single-output (SISO)
OFDM system, and then generalized for multiple input multiple
output (MIMO) OFDM system. Simulation results on the bit
error rate (BER) versus the signal-to-noise ratio (SNR) demon-
strate that the proposed precoding technique is much more effi-
cient the conventional OFDM with one-tap equalization when the
CP is insufficient.

Keywords—MIMO-OFDM; precoding; cyclic prefix; channel
dependent; insufficient length

I. INTRODUCTION

In future wireless communication system designs are in-
creased spectral efficiency, improved link reliability and
achieved data rate. However, wireless communication systems
encounter high level of intersymbol interference (I1SI) and in-
tercarrier interference (ICI) which originates from multipath
propagation and inherent delayed spread [1], [2].

Orthogonal frequency division multiplexing (OFDM) is a
multicarrier transmission technique that divides the broadband
channel into a number of parallel independent narrowband
subchannels by using FFT/IFFT algorithm [1], [2]. A cyclic
prefix (CP) is usually added to each OFDM symbol before
transmitting it. In order to mitigate ISI and ICI, the CP length
must be more than or equal to the channel impulse response
(CIR). Otherwise the system suffers from insufficient cyclic
prefix distortion is composed of both I1SI and ICI [3], [4].

In addition, MIMO systems are promising techniques to
increase performance with acceptable bit error rate (BER) by
using a number of antennas [4]. The spatial multiplexing
transmission technique is used to transmit independent and
separately encoded data signals. The antennas at each end
transmit independent and separately encoded data signals. The
antenna at each ends of the communications circuit is com-
bined to minimize errors and optimizes data speed. If the
transmitter has N, antennas and the receiver has N, antennas,
the maximum spatial multiplexing order (the number of the
stream) is min(N,, N, ) [3].

A MIMO-OFDM system transmits OFDM modulated data

from multiple antennas at
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the transmitter. Data transmitted with subcarriers at different
antennas are mutually orthogonal. The receiver extracts differ-
ent data stream from different subcarriers after OFDM de-
modulation and MIMO decoding [3].

In MIMO-OFDM wireless systems, spatial multiplexing is
a common technique used for the antennas to increase the di-
versity against multipath fading or spatially separate devices
[4]. Precoding at the transmitter is a big issue. A considerably
long CP is need if the multipath delay spread is large, resulting
in a various loss in both bandwidth and power efficiencies. In
order to improve the transmission efficiency, MIMO-OFDM
systems with sufficient CP have been studied significantly in
the past. In [5], [6] a precoding technique is proposed to elim-
inate the distortion by processing the information symbols at
transmitter side. In MIMO-OFDM systems with sufficient CP,
the cyclic prefix has to be as long as the CIR. However, in
practical designs, the cyclic prefix is usually fixed. As a result,
distortion might occur at the channel output if the channel
impulse response is longer than the cyclic prefix. The distor-
tion may be so severe that it dominates other noise. In order to
overcome the distortion caused by insufficient CP length. A
precoder is used at the transmitter to ensure that distortion
does not exist at the receiver. MIMO-OFDM systems with
insufficient CP have been studied significantly in the past for
example, In [7] a precoding is proposed to eliminate the dis-
tortion by processing the information symbols at the transmit-
ter and it also requires the perfect of the channel state infor-
mation at the transmitter (CSIT). In [8] proposed a channel
independent precoding scheme for a MIMO-OFDM system
with insufficient CP by using the interference alignment (1A)
and singular value decomposition (SVD) method.

In this paper, we propose a channel dependent precoding
scheme for a MIMO-OFDM system with insufficient CP by
using the precoding technique. We use QPSK modulation
schemes and assume that the channel transfer function is
known to both the transmitter and receiver sides.

1.
A. SISO-OFDM Model

SYSTEM MODEL
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Figure 1 SISO-OFDM System Model.

Consider a SISO-OFDM system with N subcarriers over a
frequency selective fading channel and depicts in Figure 1.
The data stream is modulated by a QPSK modulation. Let N

be the number of subcarriers, D, be the QPSK symbols to be

transmitted on the subcarrierk , P and O be the precoding
matrix. Denote the impulse response of the channel by
h=[h,,h,..n ,]", where Lis the length of the CIR. In this

paper, we assume that L <N . We use D, =[D/,D;,..D}'']"
to denote the input signal vector of the k™ OFDM symbol. Let

N
N

J. The IFFT operation is performed at the

Q be the N-point FFT matrix whose element ¢, =

exp(—jZﬂlm
N

transmitter and changes the input signal from frequency do-
main to time domain. A CP of length G is appended to each
time domain vector. Since CP is generally insufficient in this
work, we have G <L < N . The transmitted OFDM symbol is
thus affected by both ICI and ISI components. After the insuf-
ficient CP is removed at the receiver, the time domain expres-
sion of the k™ symbol, can be written as

y, = (H-A)Q"D, +BQ™D, , +w, , 1)

where W, denotes the time domain received noise vector with
the complex Gaussian distribution ON (0,5°1) . The channel

matrix H is a circular matrix of size N x N, Q" is the Hermiti-
an transpose of Q,A and B denote the ICI and ISI compo-
nents of the channel, respectively, where E=L -G -1.

A = |: O(E)X(N—E—G) S O(E)X(G) } (2)
O(N—E)x(N—E—G) O(N—E)x(E) O(N—E)x(G)

B = |:O(E)X(NE) S } @3)
O(N—E)x(N—E) O(N—E)X(E)
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At the receiver, the time domain signal vy, in (1) is trans-
formed into the frequency domain signal Y, by the FFT ma-
trix Q of size N . We have

Y, = QH-A)Q"D, +QBQ"D, , +W,, (6)

where W, =Qw, and W, is also distributed as CN (0,571) .
Since we need to perform a precoding, signal D, is the pre-
coded output of N x1 vector x, of tentative information sym-

bol passing through a precoding matrix P of size NxN and
be presented as,

D, = Px,. Y]

The time domain precoding matrix is defined as O = Q"P.
After the design of matrix O , the precoding matrix P can be
obtained by multiplying with the inverse Q. Thus, P and
O are equivalent and in what follows, we call both P and
O as precoders and interchangeably.

From (6), the received frequency domain signal for the
k™ OFDM symbol can be equivalently expressed as

Y, = Q(H-A)Q"Px, +QBQ"Px, ,+W,. (8)

B. MIMO-OFDM Model
By considering a MIMO system with N, transmit, N, re-

ceive antennas, and by using the signal model in the SISO-
OFDM system, the model of OFDM with insufficient CP is
further extended to MIMO-OFDM in spatial multiplexing
mode.

At each antenna, a CP of length G is added to the input sig-
nal symbol and propagates via a multipath channel

h; =[h; (0),h; (@),....h;(L—1)]" between the i" receive anten-

na and the j" transmit antenna, where we assume that all the
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entries of h; are i.i.d. complex Gaussian random variables

with zero mean and the channel length, L is identical for all
the channels. We now define N, xN,channel matrices

H(),1=0,1,...,L—-1as

h,(1)  h,(1) hy, (1)
H(l) _ th:(I) h22:(|) hZN; (I) (9)
hy. (1) hyo () By, ()

These matrices H(l),1 =0,1,...,L—1are the multipath channel
matrices for the time domain vector D serially transmitted at
N, transmit antennas. Due to the randomness of the channel
coefficients, all the matrices H(I) are of full rank almost sure-

ly. At the receiver, the CP is removed and the overall time
domain received signal is given by

Yy, = (H-A)QDk +BQDi1+W, , (10)

where w, is the NN, x1 noise vector with complex Gaussian
distribution ON (0,0%1) ,H,A and B of size NN, x NN, are

the overall channel matrix and ICI matrix, respectively. For
convenience of the designing the precoding matrix, we con-

sider the design of precoder O :6P. The precoding matrix
P can be obtained by multiplying O with Q ' =Q®l, .

Thus, both P and O are called precoders interchangeably.
Finally, we can represent the received frequency domain of
the OFDM symbol as

Yi = (Q®1, )(H-A)OX, +(Q®I, )BOX,, +W, (11)

I1l. SYSTEM DESIGN
From equation (8), we assume that

y[k] = ax[k]+bx[k-1], (12)
Using the Z-transform, we obtain Y(z) = aX(z)+bX(z)z*.

From above equation, we will know the channel transfer func-
tion which equal to the ration of output signal over the input
signal.

1

H(z) = .
(@) a+bz™

(13)

The precoding or the inverse system has input-output relation-
ship. Note that x[k] is the input, y[k] is the output. From

Y(z) = H'(2)X(z) , we can be written as

ISBN 978-89-968650-4-9

81

ay[k]+by[k —1] = x[Kk]. (14)
From (14), we want the output signal and can be rewritten as

ay[k] = x[k]-by[k -1], (15)

yIK] = i{x[k]—by[k—l] . (16)

By using the pattern matching, the receive frequency domain
signal for the SISO-OFDM system can be written as

Y, = Q(H—A)QHDk +QBQHDk_1, a7
Thus, we obtain

P = [QH-AQ"], (18)
and E = -QBQ". (19)

In this paper, we focus on the downlink transmissions from the
base station to the mobile users. The CP is insufficient, we
have G <L<N where G is the length of the cyclic prefix,
L is the length of the CIR. The system model with insuffi-
cient cyclic prefix is presented in figure 2.

dk

N-IFFT >

X* zZ*

PIS
Converter

Add CP

A

l— Delay

Channel

s/p
Converter

N-FFT -+
Y y

Remove CP -4

k

Figure 2 Precoder model with insufficient cyclic prefix.

The information symbol vector denotes by X. We defined
X*(n,m), where me{0,...M -1} ,ne{0,..,.N-I},keZ" be
the QPSK symbol on subchannel m of subcarrier nof the
OFDM symbol k. The information symbol vector is denoted

by X = [(X})", (X5)",.... (X}, )T .where X% =[X*(0), X (1)
,...,X'}(N —1)]T,j:0,L..., N, . The precoded symbols are de-
noted by D* =[(D})",(D})",....(D},)"1", where D} =[D(0),
D*(@),...DY(N-1)] , j=0,1..,N,. D} (n) represents the pre-
coded value at j" antenna on subcarrier nof k™ OFDM
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symbol.
given by

The output of the IFFT matrix in the time domain is

df = Q"DY = Q"P(X} +EDYY) , (20)

where Q"is the IFFT matrix of size N. The transmitted
OFDM symbol is affected by both ICI and I1SI components.
At i"™ receive antenna, after the cyclic prefix is removed, in
time domain is written as

N, N, N,
yi = > h,Q"D{-> a,Q"D! +> b,Q"D! T +w, (21)
j=1 j=1 j=1

where w¥ denotes the time domain received noise vector at

i receive antenna with distribution N (0,6°l) . h; is the

channel matrix between the j™ transmit and i" receive an-
tenna a; and b; are the ICI and ISI components of the chan-
nel, respectively. If G is longer than L, a; and by are zeros,
thus no ICI and ISI exists in the receive signal.

At the i™ receive antenna, the time domain signal y¥is
transformed into the frequency domain signal Y by the FFT
matrix Q of size N .

Nl Nl Nt
Yik = ZthjQHDE _ZQaijQHDE +2QbijQHDI;_1 +QW:(' (22)
j=1 =1 j=1

The receive frequency domain signal for the MIMO-OFDM
system of the k™ OFDM symbol can be written as:

Y = OhQ D"~ GaQ D' +ObQ D* +Ow*, (23)

where h,aand b are the stacked matrices of h;,a;and

b, representing the channel matrix, ICI and ISI matrices, re-

spectively. Both (SH and Q are the IFFT and FFT matrices,
which are given asQ = Q"®l, and Q = Q®l, , re-

spectively.

The basic scheme is drawn in figure 3. The channel transfer
function is known to both the transmitter and receiver. We
assume that the channel transfer function is stable and not ze-
ros. P and E are block filters. We described the precoding and
show how the precoding removes the ISI and ICI caused by
insufficient cyclic prefix length. We assume that the CIR is
shorter than N, where N is the number of subcarriers

01..,N-1) .

ISBN 978-89-968650-4-9

AddCP [ PIs
AddCP [~ IS
y

FFT |

SIP

Precoder
Block

Remove CP

-«+———— PIS

Remove CP

Figure 3 MIMO-OFDM with Insufficient Cyclic Prefix.

At the receiver, neglecting additive noise, the CP is re-
moved and the time domain received signal is given,

y* = (h-a)Q D* +bQ D* . (24)
In order to find the Pand E matrices, we use the Z-

transform to help in considering for the discrete-time signal.
The receive frequency domain signal for the MIMO-OFDM

system in the k™ OFDM symbol can be written as

Y* = O(h-a)Q D' +ObQ D (25)

We can write the input-output relationship for the inverse
system, i.e., zero-forcing. From which, we obtain

1

p - [Q(h—a)c_f}, (26)
and E = —(gbc_gH. (27)

IV. SIMULATION RESULTS
The simulation parameters of this paper are given in Table 1.

Table 1 Simulation parameters

Parameter Notation Value
The length of CIR L 8,16,32
The length of CP G 4,8,16
Number of transmit antenna N, 1,2
Number of receive antenna N, 1,2
Number of subcarrier N 16,32,64
OFDM symbol 1,000
CIR parameter of SISO h 0.7
CIR parameter for MIMO h, hy, 0.8 0.7
h, h, 0.6 05
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Figure 4 Signal Constellation for SISO- OFDM with
(a) Precoder (b) No Precoder

In figure 4, the signal constellations of SISO-OFDM with
precoder and no precoder are presented. We notice that by
using precoder technique, we can justify the correct signal
constellation which is equal to 1+i,1-i,-1+i,-1-i. However, the
bit error rate (BER) by using precoder is less than no precoder.

In figure 5 shows BER of SISO-OFDM. We notice that the
BER of SISO-OFDM using precoding technique with insuffi-
cient cyclic prefix length is less than for SISO-OFDM with
sufficient cyclic prefix with one-tap equalization. We observe
that BER of SISO-OFDM precoding with sufficient cyclic
prefix is as same as of SISO-OFDM precoding with insuffi-
cient cyclic prefix length. We can see that the BER of MIMO-
OFDM using precoding technique with insufficient cyclic
prefix length is lower than MIMO-OFDM with sufficient cy-
clic prefix with SVD one-tap. For example, at BER 10 using
insufficient cyclic prefix length has less SNR about 13 dB as
compare with MIMO-OFDM with sufficient cyclic prefix
length for one-tap SVD.

10 - —— = -
recoding SISO insuficient CP
| ¥y suficient CP with one-tag |
‘3"r‘1‘ﬁ o Precoding SISO sullciert CP | ) |
g SISO sifficent CF wih one-tap._|
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Figure 5 BER of SISO-OFDM with sufficient and insufficient cyclic prefix
length using precoding and one-tap equalizer.
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Figure 6. BER of MIMO-OFDM with sufficient and insufficient cyclic prefix
length using precoding and one-tap equalizer.
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Figure 7. BER of MIMO-OFDM with insufficient cyclic prefix length at the
different values of channel impulse response.

We notice that BER of MIMO-OFDM precoding with suf-
ficient cyclic prefix is as same as of MIMO-OFDM precoding
with insufficient cyclic prefix length. We observe that the less
channel impulse response length the better BER as presented
in Figure 8. However when we increase the value of subcarri-
ers of OFDM, the system performance is obtain.
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Figure 8. BER of MIMO-OFDM with insufficient cyclic prefix length at the
different values of subcarriers.

V. CONCLUSION

We propose channel dependent precoding for MIMO-
OFDM systems with insufficient CP. In order to eliminate ISI
and ICI owing to insufficient CP, precoding is performed at
the transmitter. Precoding matrices are derived base on the
zero-forcing equalization criterion. The modulo operation is
perform. Simulation results indicate that the precoding tech-
nique is much more efficient the conventional OFDM with
one-tap equalization in term of the required SNR for the same
BER. In addition, the precoding technique can be applied to
both sufficient CP and insufficient CP. Simulation results in-
dicate that the precoding technique is much more efficient the
conventional OFDM with one-tap equalization in term of the
required SNR for the same BER. In addition, the precoding
technique can be applied to both sufficient CP and insufficient
CP.
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