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OFDM(Orthogonal Frequency Division Multiplexing) Al2®lelld] Ad3A]-& $i& AMSSs apd3lel dAs)
= 89 AL A" Aol v ks Frl B mEdME o] ¥AIE ] Ha Awd s A
E3l AAY § 9le WS ARt =3 § 9] OFDM AlZ<lA AWE sld=la AAE gdzgied <l
3 LAsle HAF AF L5 (Mean Squared FError, MSE)E #431th zelw, AL 4 Aok dwelEs A}
43 Ad5A 722 AJE 2F-&(Symbol Error Rate, SER) 5% 71l Algkd w2 A= AHe] w2
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ABSTRACT

In Orthogonal Frequency Division Multiplexing (OFDM) systems, Narrow-Band Jamming (NBJ) over pilot
tones used for channel estimation degrades the system performance. In this paper, we propose a new jammed
pilot detection and elimination algorithm to overcome this problem. Moreover, the average Mean-Squared Error
(MSE) on one OFDM symbol both under jammed and removed pilot subcarrier is analyzed. And then, the
Symbol Ermror Rate (SER) performance of the channel estimation scheme using the proposed algorithm is
evaluated by simulation. We can confirm that the channel estimator with the proposed algorithm improves the
channel estimation performance at a high jamming power.

I.ME F& M 7P F83 A9 FEM, ol

RololAe] thefdt Q7S] i) = glck

A'd34-2 OFDM(Orthogonal Frequency Divisi- 3 0)74e £4AlTA 2% g3 9 g
on Multiplexing) Al2®lollA] sdell 23 A% of Eg U2 whe) wel Afslaal sk AR

L & JA@EAD e ZEIRARY, AR, 2580 343 2 B2go2 it 434 AUAkie d7asql
2. 0] =2 20061 WEIARIAE BR21AKIS] d#kel AAldiga A7 AAREEE TMSARI ] x)418 o} A7E] 9S8
AR A7 )ARREE} AR EA 974 (hmskdy @itl.yonsei.ac.kr)

** () AR AREANFE AT

=T D #KICS2006-10-467, H,dAt 12006 104 319, FHEEEASUAL 20079 19 199

*
L
*

166



a2

=i/ i3

AR A A sHdE AA WS 0183 OFDMAI2E ] A d 3o et A7

o A7t m= Fal o ARIFO TR o]Fe]
Aok szl 7t} Ad3A 7oA ol2idl s}
A Bl AHe] Q& AS- 2 k] T
(interpolation) ZFAJollA BilE]lm R ZXAEe
A,

Patels} 2 9| A7AES A8 Alamln FAE
Al FopellAl AE = gl= Pdlga 2R )
B A4 OFDMT} MC-CDMA (Multicarrier-
Code Division Multiple Access) AlZ~®loflx]e] I
e AdFAHoR Qg o]EHel H|E 2R7E
(Bit Error Rate, BER)S s}l 12)7, wel
gt el A el A A8 (jamming
side information)”} & 7}s3 AlsldA AW
=5 AA} Hx FFAF 2FHMMSE) 5317]
W A S5 AREEE AAskich

2 =rde ddY AW ol4 OFDM Al
e 389l AdFAdE 3 AR g’ A
% delES ARt 3 7S OFDM Al Eo)j4]
LS 34 F gl akialelye] 349 fde
AR Alze] EAfel wel 22h ohEA gl
ol o83, AulR walsl FukpnlE A&l
AAZE 4 A "ot A=, Qs spde) oz ne
WA Hs gol] Ajulel oFdke] AlA" ¥ ¥
(linear interpolation)= 7}5-8}A] &k}

=9 AL v 2t e e A
ko Qs sk g 7)o OFDM AlE]
Ao Aol sl ARl AR AQkE A)
e B AF dwelEs sk, A= =
dzlo] AAR ez WA= & 7He] OFDM Al
Eolxie] MSES ¥4t vAlldE Agaws
=3k, VARS B =1 288 dert

I. S0 yEdoMel e =8

B Aolldi= OFDM Al=slollA Hie xim) &
ZdellAi2] Comb-type FHalal riuke] ddsA] 71w
& 2N =3l & sle] OFDM Al 2o ogh
A B oy Ao Qs daehe
ALd3A LFHMSE)E 243t

N

2.1 HEFEH

g 742 OFDM Aol wel ¥ukgal 744
9] A WYE(B,=ByE Z+t Fud Ay
(Narrow-Band Jamming, NBJ) Al3.& 7}#J3lc}. of
714, B, Bee 27 ddd AW Ao didgE,

el Fukgale] o Fe|ck

O 12 Ak daEEE ARRE AdEA 7
Ho] BERE wolfr 4Ex} 7Hd(Inter-Symbol
Interference, ISD)3} HE3H7E 7Hd(Inter-Carrier Inte
rference, ICIy©] vtz 71A%}H, DFT(Discrete
Fourier Transform)$-oll k¥®] Hulkisl A3E o

23} o] vhehdl % glek

Yk) = X{k) H(k) + G J(k) + Wk), k=0,... K—1 (1)

A7\, Xx(k), H(k), Jk), Wk), K= 27
HeAZ,  Ad, Akl olela o] 09l
Gaussian .2 2983 oo A= 2139, F4ale)
o2l WA 71920} Hrlak-S(Additive White Gau-
ssian Noise, AWGN), $1kga} Foln], O = 4
EAGTo wel 07 19 3kE e Abpelth

Comb-type S}3 7]F Ad3H 71golA, Pl
o] Fdgl kbl #2604 B ule) 3o
AFAE X(k)Well dd3Al Akdech Ale 29
2] Hold& flsl kA Rukgale] AfAse v}
w3} 7o) A eJgit.

e

X, : pilot,

X(k) = {XpL+l :data, where [=1, ,L—1,

@

oi714, L& BZ} Zol(interpolation lengthyo]r,
Px L= K°|t},

by, #Ha: #lFgh(Least Squares, LS) F o
ot pLuls) HdE Fukdulol o] AdA] g
v 2k

5 p:0717..-5P_1a (3)

Fajeile] 4 2 Aol X, =10l2tx
a1, H,,& sl Fukesll ool YAl

2R foll et thet Bl T 4 Stk

{1&: H,;+J,+ W, :a jammed pilot, @
H,=H,,+ W, ‘a non—jammed pilot,

167



g 5Al 83 =41 °07-2 Vol. 32 No. 2

7% 1. OFDMASHAA Ak JTiEe A A
Ee DERas

linear interpolation

T

oL L1 1L (P-2)L P-DL

TS

(a) First pilot subcarrier jamming

linear interpolation

(-vL L=l pr L=l (piL
(b) Middle pilot subcarrier jamming

linear interpolatios

iistzaizn
(P-2L L<1 (P-pL L1

oL 1L

(¢) Last pilot subcarrier jamming

N . % Spreading area of jamming effects
‘ Narrow-band jamming % by interpolation
4

T Pilot Subcarrier

Data Subcarrier

S8l 2. WU ARl OFDMAAEe] A3 w
o <13 Au

A7, 3 W& A7 pLHA Fdgl yat
Sl AE AR 2 ARE Algelrt

L=>29 79, gd8] yuakeel Ad AHrg
o]g3le] dlole] Fukialel AdE A 9
A& ¥7Hinterpolation)e] H8slch A3 wibS
AMSEE pL+1WA Fukgulolxe] SAE Ade
o3 2o B

- L—1+ . 1-:
Hy,= THpL+ ZH(pH)L- )]

(P-1)LWA] s3] Yukgale] 920 ZR)3}
£ dele Fukgalolae] Ad Hre 2y B
Z(edge interpolation), [A1<Pf1) p=Hp 0 2
3 AA =)

2.2 Yoo xjULZo| ABEN

a7 2014 E= ule} 7o), ¥ OFDM Al¥-ellA

168

spalgt kol mlAE Wl A e A
A AR FRE & ook AdFP A2
BE 34] 98 Tdel g Abgshe
2 dole] Pukgsiel] wlAE AW AxE FAG
S e mebd, Case @M Hehe A
ol% B MSES 7517 theh 2w

— 1. ; .
& = —E[s‘iﬂt (Z—1)el+ ©6)
NBJ Effects
(P—1)ep+ [K— P—2(L—1)]e;+ (L—1)eg],
Inherent Errors

A7VK, ep &, €p Em e 27 ¥R W(non-
jammed) T Fukgal A8 BzE mAE] 27,
A Szl Fukgal AR A 2 e
A3 Bzl o Ad =42 MSE & ov|d
t} ole} EAFA, Case ) (©)MAS HT
MSE+= th3} 2t

£ wa= lebt 22— Delt
NBJ Effects
(P—1)ep+ [K— P~ 3(L—1)]e+ (L—1)egl,
Inhorent Errors

% o= el (L= Def+ (E- Def+ 0]
NBJ Effects
(P- 1)eP+ [K— P—2(L— ])]el]7
Inherent Errors

o7, eft= AT cdske] =t Lo mAjE]
B7] oJg Ad 349 MSE ks vehdch A
J ZA7Aol4] sl 2 F(inherent errors) Zt
9 ep g, epe [5, 61914 T 4 9low, vn
2] MSE &2 ok 2k

eh=E{ | B~ H, | )= 02+ ep,

1 L'l{ . 2} 8
€= L—l,,ElE ! Hippy— Hypvy | ®

2L.-1
= 37 a?-ﬁ-eL,

1 ~ 2
&= ﬁl;E{ { Hip 1= He-vov I }

— 2
wcr]-+sE,

7N, B2 @l AR delelde]
A9 Ad g Bl Y A B G)elA
A 7o) ite] oa) AT pL+iwH
ukgsteld 345 A 3 22l R - te 2]
ol Adedgt ule} zlo] Fu dede] Alggigolt),



=i/ FHY AR A A wedd] AA wbE 0]-83 OFDMAI2E] A

43l B A7

6-8)% T, 7 A9olA) BF MSEE
Thest o] el & gio.

Slst “Ot“l'ﬂ‘i‘{ K (L= 16)]((2LL 1 }0]27
£ —a+ﬂ+{K S;LL L }a ; ®
;Iast a+5+{K (Z— 16)1((2;-1) + L;(l }O? ,

4714, a®t g 4 B7} 2Finterpolation
error)ilr 7}__’_/\101- ;ﬂ-__oh;]_[gl /"ﬂ tﬂ&ﬂ npo XHUJ
2 sl Rakgslol ols) e Yo A o
Folck

g, ©)F o1kl dejed AN
o9} ApEl welel wagstE Qe SAlshe
7H¢] Comb-type OFDM Al¥-ell4]e] it MSE+
Theat gl 7 % gick

e 1o,

- _1- | P-2- 1-

£= Pglst+ P Smid+Fglast (10)

(10)8] $43734s} Age] wlas Vel check
M. HYUE D3 AST[HE 0183 MusH

[41914 A wish o], A selze] A%
e, a9 19 o] AR sele AAuEe
A4 4 olk weld, & PoldE A A
xS dake AAS] AR ARE sl A3
duelEe Al AN A AR <
SAsRs AR oRE PRk

3.1 MY T UE YTelE

F 7§¢] OFDM A8 AlzFgeh Ad Abeirt &
?‘f}xl Ferha 7Ash, (4)9Jr 2o = e A
¥ OFDM AlZ¢] slelg] Hubbulox] 349 A
e A, DA D vk o) ekl 4
sirh

.ol

Jl‘)‘

Dy =~ 1) = )
:%{Jp (m+1) S (m)}
g (W me 1) = W )

D

pL

{

i
(W me+1) = W, ()}

P

L(m+1)—H,,(m)} (11

- b
V2
1
V2

oJ714), m-& OFDM AlE =|$olc}t 7h$-Agke
2 md3" A Assh AWGN 279 o] gt
w3k FRARE wipeld aejme, dxd
OFDM A& 77t 4t o] #5e) Hd& Az
Hold AAlETE EAlshs Selsl Pikbatolx e
AR o o] 7 4 ok

var[D},|= [(f{%mﬂ — )

\/-{ Lm+1 V%L(m)})z]
[E(\/—{‘]pL m+1)—J,,(m)}

_ Jvar [DTfL] = a?+ ¢%:a jammed pilot,
S \var (D=0l :anon—jammed pilot.

ot > o¥ea PSR, Ao g 2 B

e szl Fukbales AfE SdElew FHA4
AN Zhe kel vAE Akizglez Ad
Heh olefgt BAo® qlsl, ZA wH(decision

variable, A)& 1:]——»]— 7ro] viehd & gl

A=""0,~, %a, (14)
. {01-2: When NBJexists,
~ |0 : When NBJ does not exist.
o] Wig= 41 OFDM Al ol i A=) Al

39 &A 575 AR YA (threshold, 7)<t
v s ek QAR 03 oAkl A= 4
sl zZhdst 24 HeE ] e ted 22

169



5183 =F3] *07-2 Vol. 32 No. 2

7F elsiEe 4t e BAlE 3
1 P-1
n= ?,;o@ W, (15)

w2, A>nd we $41% OFDM 3B &
o 24 & Z= Ady]l s AAs,
A<ngd ZStele g9 Ay AT EAER
% e gl

a3 16 s AR dveEe HA AL
ksl g3 Rk

) Al AE $72] F /18] 945 OFDM
Al A5 HFsied 7 sdsl Yo
AR AXRRI
2) Hd|, A 24 39 2E B AA WpE
A3, 2AL YARL} vlwgll, :
3) #E 2 AA
—A>ng o, Hd B4 e 2 JYy
FakEalE AWsha, A|A g
—A<nd 9, AP Ay ket gl
= AeE kit

3.2 HokE LIRIEE AETH xEFTol|A g

g MSE

StollA] dg3F nlie} o), AR dwElEs F
3 AR gl Fuksal AHEgs) AEsod
O)olx] Aoz Ik 93k AAE + gk 2
2y, 39 204 B upe} o] $41%¥ OFDM
Algox] =il Fukgalyl AA=EE BE o)
T die] W3 HE2 ¥zl SFinterpolation
error, o)’} @2 7ot} Case (@M, 3 W
A gddl Pkt ARE Ao AAHI A
A=) web, o] R £ owA mdzyl yukk
I o]83t EAME] EiPoF wiHA EHrh
Case (b)¢} ()X A2 F2bat vbA|2t sladg] &
vy AAR 2N 27k Zolrt T w7l ok

aejug, Aok daElEs AHEE 9, 9)=
o3} 2ol ohA] A=ld 4= gl

_ L., IL-1 1
glst=a+ﬂ+{?8eE—l_ J7e SL-—]?JZ}v

2L—-1 2(L— 1
g (Ul M, L)

€ K K

170

_ex L ex (L_l)
€ last :a+/3+ T{SE—2+ K (’7_6) (16)
L—-1 1
|

A7, & e A WA AW kg AAE
Qls) wtslE maje] B2E Wil 23t MSE, &
£ 7k AR Tdsl AAZ A ¥ B3
wie)] 23k MSE, & = "% AwE sl
AAZ Qg 2] B2E whel 23k MSEE vet
Wick (8)% o83}, &5, 5, TBI T
3 7] 7% 5 Ak

£, =28, (0) +0? -%é{gf@)mf(—z)},

o 10L—1 4L-1

& = oL 21::,,(0)+—62-am ' )
+%{Rf(u)+zzf(—u)}—a,

€5, =2R(0)+d%, —e,

3714,

y= ﬁg{ﬁf(mﬁ,('l)},

-1 _
b= g7 & | S B+ A}

+ Elf{Rf(zL— D+ Ri—20)}|,

2L-1
- 2Ll——1l;1{ﬁf(l)+ﬂf(—-l)}

webd, AR dweEE AMIE T R
Comb-type OFDM Al &oj42] HfF MSEx tha-
3}zl

eRatpet  (9)

~ex_ 1 =4 P-2
€ =?81§t+7

(16)8] Al WA R AqguE gl Fuakes)
o AAZ < Bk felch 109 Feied
A eFet (18)2] A gl AAR AT o7
Bl ke Pl Sasict

V. 4 2y

2 AolxE, Fue dlYge] 2.0GHzolw, A
Hukdwl g7} 25671, SdEl o) 327, HEE



=i G AR AN AR Fd] AA WS 083 OFDMAI~E S AdFA el #3F A7

2.5 MHzE ZH= OFDM AlA"lollA] fojed xfja)st
ZelAd AME daElES AHE AdE S
FA%} AE A)7RE 400 nsec B, AEZE 714
(Inter-Symbol Interference, ISI)S 37| $J& R
3 TRRE 128 pseco® AFPTh Ad mule
ITUR g Agsisicl s aksde u)
(Signal-to-Noise Ratio, 5/N)+ 20dB® 1A 8k1,
Alsd] A=) 21=8)(Signal-to-Jamming Ratio, £/.J)E
0941 20dB7HA| 2 At 7

¥ 3& E/J=0, 10, 20dBol|lA] 7+ sl R
whpalse] Bab (13)2 b 8 AREE
OFDM A& ol wpE 39| MSE A5
3Hg nejFrl aeld B ule} 3kl A A
Hel| w2 7} A92] MSE A2 8719] OFDM
AE A elA] F33l, w2 A A¥S e 3
ZelA A" slelg]l yalbals AHEs] &3P
A o B2 AlZe] daghs o & glrh o)
AL w2 AEY oy AW Aol BRI
AT AE o fel sk o570 23k k] H
g FA] Aol wzkghe BeiFr) ulebA, ARk
darz]Fellr] 7 galg] Fuakpalel AalF 2R
7371 s 8718 OFDM A% kel #ES %
3 Zb sl Fukbulel FAbe ek, iy )
W Aze] Fuge AT 092 msec (87K
OFDM Al8)E<t wislx] sherha 71Asisic)

1A, 1A M 243 4] Aas Ay
<+ 59 29ty Aok duE)ES ARE A
F4 7Y Aes Rk a¥ 4 B/N,
=20dBellA] ARF dwelEe] £/J ol wE MSE
Ass BoFEo AL 103 18)9 4] A
oln, 7|32 A 7L APAsolry 2ellA
By wle} o), BAE A3 AAn) A3
Adxghe o S ok =3, B/ e Hud
AN A At dvE]Ee AdEA ASS
AL ol Ak dmElEe] B/J 7t 3
< B BEAoz HAeE S gL v
o] BIE B TRl & = o HL A
AHEr}t 25 AHe] o] Z 6= A9
o] whg =k Zelch o)A [4, 7, 8]olA
T uke}l zo] AT A AR dubd
A#NYE FelF 4 gk aEE, A9 3
I Alz"le] Aeg Frlsk] ddiMe E/J 7}
T, E/N7F %8 $70lMe] A sl 24

& Dok ek

[e]

o2 of L

22

2

jl}

MSE

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

2 4 5 8 10 12 14
The Number of Averaged Symbols

32 3. B/J,=0, 10, 20dBY] e Aol 2 s}
g pukbsiEel 4k (13)& 73] S8 AHSEE
OFDM A% ol w2 Ad34A)2] MSE A3t

—¥— No jamming N
—%— Narrow-Band Janming (NBJ) ||
—&— Proposed algorithm

High Je ing Power ———— L

E,/N,=20d8

8 10 12 14 18 18 20
E,1J,(dB)

T8l 4. E/N,=20dBellA AlokE dze|Ee E/J
& MSE Asdst

10°

SER

Nojamming S
—— Narrow-Band Jamming (NBJ), E,/J, =048 |-
—— Proposed algorithm, £, 17, =048

weeeerie- Narrow-Band Jamming (NBJ), E,/J,=10dB
—&— Proposed algorithm, £, /J, =1048 )
[uf 5 10 15 20 25 30
E,/¥,(B)

38 5. E/J=0, 10dBelA AHE guaEe)
E/J o we AdFAel o7 AE 2F{-S(SER) A
3}

171



F=EA3 3] =74 072 Vol. 32 No. 2

a% 5% E/J,=0, 10dBellA] A=l dwz)Ee]
E/N,o e Ad3Ael 23 Al¥ 2F-8(SER)
AAed BoiErh Wz W QPSKE A3t
adeA B wpe) o), & E/N A o

Aol 27t AT Ak daElEe] Ayl

XH“H EA et BAo) 71«] I
et wbell, A dwElEe B/ g
E/N7} £8& A4 SER A5-E A7)

V.28

2 =Rl OFDM Al2slol shalel Babs
Sholl Ashs Wi Ae] e AAY 4 9
= ZH“‘Q Hdy ZHE dalEg AHs AdE
A 722 ALsgct =3, Yo A Az}
xnvgsa stalgle] AAE Aoolie) T MSEE
e, APe B9 AZAAck AN W
) rq~ AR easE B A3 Al
& BJJ7F FE4E AYEY e ¥
*MZJ_ % 93, B/J7F 2 el Adaael
MR AP o] e
2}, Ak o A7) Az 2R
sl 7oA OFDM Al2le] AdaA] r]dd]
Ao Hew 5 9ok

|

(1] O. Edfors, M. Sandell, J.-J. van de Beek, S. K.
Wilson, and P. O. Borjesson, “OFDM Channel
Estimation by Singular Value Decomposition,”
IEEE Trans. on Commun., vol. 46, pp. -939,
July, 1998.

(2] Y. Li L. J. Cimini Jr., and N. R. Sollenberger,
“Robust Channel OFDM
Systems with Rapid Dispersive Fading
Channels,” IEEE Trans. Commun., vol. 46, pp.
902-915, July, 1998.

(3) S. Coleri, M. Ergen, A. Puri, and A. Bahai,
“Channel Estimation Techniques based on Pilot
Arrangement in OFDM Systems,” IEEE Trans.
Broadcasting, vol. 48, pp. 223-229, September,
2002.

(4) Chirag S. Patel, Gordon L. Stuber, and Thomas
G. Pratt, “Analysis of OFDM/MC-CDMA un-

Estimation for

172

(5]

(7]

(8]

(9]

(10)

der Imperfect Channel Estimation and
Jamming,” IEEE Wireless Communications and
Networking Conf., 2004, vol. 2, pp. 954-958,
March, 2004.

Jihyung Kim, Jeongho Park, and Daesik Hong,
“Performance Analysis of Channel Estimation
in OFDM Systems,” IEEE Signal Processing
Letters, vol. 12, pp. 60-62, January, 2005.
Jeongho Park, Jihyung Kim, Myounghee Park,
Kyunbyoung Ko, Changeon Kang, and Daesik
Hong, “Performance Analysis of Channel
Estimation for OFDM Systems with Residual
Timing Offset,” IEEE Trans. on Wireless
Communications, vol. 5, pp. 1622-1625, July,
2006.

Jun Tan and Gordon L. Stuber, “Multicarrier
Spread Spectrum System with Constant
Envelope: Antijamming, Jamming Estimation,
Multiuser Access,” IEEE Trans. on Wireless
Communications, vol. 4, pp. 1527-1538, July,
2005. '

Gang Huo and Mohamed-Slim Alouini,
“Another Look at the BER Performance of
FFH/BFSK with Product Combining Over
Partial-Band Jammed Rayleigh-Fading
Channels,” IEEE Trans. on Vehicular
Technology, vol. 50, pp. 1203-1215, September,
2001.

A. Papoulis, Probability, Random Variables,
and Stochastic Processes, 3rd. ed. New York:
McGraw-Hill, 1991.

ITU-R, M. 1225, Test Environments and
Deployment Models-ANNEX 2.

s I (Myeongsu Han) A3

1994 34 : slTAlREAL ) A
T

20033 249 : GAg . AR}
&3} A}

20053 3Y~3A] : AA Rk
AAFE = vl

<BAEop FANEAE,

Ad-hoc, MMR



=T/ 8 AR AN A AA S o] 43 OFDMAI2H S AdFA o A AT

§ E 7| (Takki Yu) A8
PFEAIE) ¥4 ) 267,

A 33(2001) =

& Xl & (Jihyung Kim) Z3]9
F=-5413k38) =77 A 297,
Al 4A5(2004) B2

2 A & (Kyungchul Kwak) Z3)
e 20039 24 @ AAEE F)AA

A2

¢ 20054 2% : xSt AApE
CE A

20051 39~z : At
g e} 9

<Al ol EAlAlZ A e,

MIMO, OFDM, Relay

)

8t & ¢ (Seungyoup Han)
F-5Al 83 =] Al 314,
A 1CE(2006) 3

3]

rjz

& [ 4| (Daesik Hong) 22134

=583 =54 A) 219,
| 85(1996) Z-=

173



