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ABSTRACT

In this paper, we analyze and evaluate the spectrum and BER performance of the filtered-OFDM.
Filtered-OFDM is a method that divides an existing OFDM system into several sub-bands and filtering is used
for OOB reduction and finally, the several subbands are added together to make one large OFDM symbol.
Simulation results show that the OOB power reduction effect becomes more obvious as the filter length becomes
longer. However, it is confirmed that the BER performance is constant even when the filter length is varied. The
serious problem is that the filtered-OFDM must use the pre-compensation in the transmitter because the phase
rotation problem is produced at the filtering process. This pre-compensation must work at every different many
kinds of modulation levels, which is really complicated process in the transmitter. As a result, we have to
consider some serious factors of the filtered-OFDM such as filter length, some loss in time domain, and

complicated process in tx, which should be improved for the system realization of 5G mobile communication.
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Fig. 1. Block diagram of OFDM transmitter and receiver.

www.dbpia.co.kr



=1 /54 ol sEAlE 7 " OFbM Iy 4 2 37}

2.2 Filtered-OFDM

1% 2= OFDM A|~Hlel4] OOB Emission 2%
3E ~HEY B8 A3} JAdEte] 541 o] 5-5Al
of A3kt dHle] Waveform $FH F 3shiql
Filtered-OFDM A|Z=#lo]c}. 7} Sub-Band & 7]
] iDFT d4ke 5-3)51= 213} FilteringS 2-§3=
71 AesP Multi-Paths 8% CP 5 71&
OFDM A|2~8l3} 79| SAlsh e #de}. 421
o7 WY o] ey} 2 7F Sub-Band 2
sl 913k iDFTAE ¥ CcPE Fvlsta 7
Sub-Band M2 Filtering=- gt} o|w] Sub-Band ¥
2 UProla] Kssly] wie] dAdel sulEele
ElslA =¥ 00B A7 &35 7pxech 1E
FAeE gisleg  fAlEl AlEE 7
Sub-Band'd Z Filtering 3} CPE A|A3gF v} DFT
ArRs 53l dlole] AE-S Zopdrh 3R ¢7]4]
ahte] EAlge] ARITE Filtering o2 13l 914l
A== EAR ] AZIA ==t witell $4l7]e4]
o]& z&i3sleo] iDFT <d4Fdell Pre-Compensation 3}
A gl

Z2]3L ©]2{8t Filtered-OFDM A]2~#l->- UFMC<}
vt el 7EIch A URMCS} Rladt of
UFMC®] 73-%- CP dlXl 05 ¢ Guard Interval
HAeta A-8-wl+= Filter®] Zeo] w3}t th2c} 123
AlE7Ee] 7] gtk zfelAe] ik

% 3 Filtered-OFDM A|2~8le] A1 25 HojF
32 giek AAAR] Hel= el AlEE o] FaL giA

H

cp Sub-band| Baseband Tx
ertion Filter 1 toRF
Ccp ub-band|
nsertion Filter 2
ub-band|
Im rtion Filter N -

chnnnel
+A\ GN

g

|J

ub-band|

val Filter 1

ub-band| RFto
Filter 2 stehand Rx

X2 ﬂD:tccnon
Xp’ ﬂhetecnon

a3
Fig.

'J\CP : \

1% 3. Filtered-OFDM] A&
Fig. 3. Symbol of filtered-OFDM.

cp ub-band
Removal Filter N

F-OFDM $41719] 74%
Block diagram of F-OFDM transmitter and receiver.

. A Filtered-OFDM«] ’;1‘%{— 7} Sub-Band ¥
2 Filtering ¥ AlEEo] THE Heleth 71*
OFDM A|2~¥le] 79~ Sub-Band & }7H2l=
Qe eJalja] Zhzte] ukatel] wi=)%l *‘liﬂ |
it FHE AlE-2 OFDM AlE3 FUd3sA|ut
Filtered-OFDM #]E-2 Filtering ©]% 53 =7] vt
of zfo]7} glet. el +417]ell 41 %= 7} Sub-Band™
Filtering ¥ DFT 4k =3)atA] ok #qk opz}
Al=e] Ao7} Folvial vy AlEd == d4
%= oltk o] 4] Filteringol] 2|&F o]-folel. Tl
ol A9 F& A7k ol 4= Convolution > 2 <1
AEBR AZRdAA] B w) AlEe] ARz s
s 4= glr). 31|49 Sub-Band HE 1ol %13)
37| wiitell OOB A7 335 = ZWRE ozt
ZAA S Z Filtering 3h= 73R} Al7kedde] AL
o] itk

i

Il. Filtering % Chebyshev, Hanning Filter

A% AelellA] Filtering> A3l H3A] L=
AL AA 2 Hske ks Adgsie] doju

PHoExR dubdoR oA dd=ar]E 7=
Filter& A]7}°3%l|4] Convolutiondh= HEelZ o]F
izt olwf FEfoll WItel]l oJal|r] AJ7kd Aol A
Convolution<- I} fellxfe] Fo] = A=
Filter®= k= digdibs o] 3 5 Slck
Filtered-OFDM A|2~Hlef|*1= 7+ Sub-Band™ & 1+
o] Filterings ~3Jgic}. 712k 7] OFDM A|2~Hl9]
Al 8ol 202 FilteringS 38317 ] i OFDM
e A & ol 4= 9= Filter7} 3lo]
of 3}aL Fad oA & uf HU3FA] S iRt
oli]z} OFDM ¥ Ef] 53k A|gkstA| =o] dlo]E
£AS S 0 o =3 ARRdeA]
Convolution®. 2 Qlaj] Al&2] Zol7} F43] Aoix]
= AlZE 2HAgkel wlfel|  Filtered-OFDM-2
Sub-Band® 1}7e| 7z} Sub-Band® Z7|HE
FilteringS 33l 2} A 855 St

Uukz] © 2 Filtered-OFDM2| 73-$- Raised Cosine
FilterE  ARgskc}.  3x|vF B =Follie=
Filtered-OFDM 9] A5 H7I3l7] 3t 7 714
FilterE 4143|31t)k Chebyshev Filterg}x E2]+=
Dolph-Chebyshev Filter2} Hann Filter2lz E2]=
Hanning Filter o]ck Z}7ke] X|7kede] 2 S oo
|49 = o} 2l

rlr =

1335

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’17-07 Vol.42 No.07

% 4% Filtered-OFDMoll  #g3l7] £
Chebyshev Filter®] A|7Fddz} Fuld= ofdo] sy
oltth. — N/2 < n < N/2 & | Chebyshev Filter
o] Al o Zrh

k=0
)= =R (k) + N, Fy (k)
Ny
cos{Ncosfl[ﬁcos(ﬂ—]\lj)]} M

cosh[Ncosh_l(ﬂ)]

&)

18] 5%  Filtered-OFDMe]  A-83}7] 9]
Hanning Filter®] A|7kdela} Falg= ofoo] mpo]
t}. Hanning Filter= Raised Cosine Filter®] &+ %
2 0<n<N—-1 4 o 4 o33 3k

2mn
N1

@

Time domain Frequency domain

Magnitude (dB)

20 40 60 80 100 0 02 04 06 08
Samples Normaized Frequency (= rad/sanple)

12| 4. Chebyshev filtere] A17F 2 Fulede] e
Fig. 4. Chebyshev filter in time and frequency domain.

Time domain Frequency domein

1 1
08 =
S 50t

20 40 60 80 100 0 02 04 06 08
Samples Normalzed Frequency (s rad/sample)

Ampitude

Magnitude (dB)

12 5. Hanning filter®] A7t 2 Fulpedd e
Fig. 5. Hanning filter in time and frequency domain.

IV. A|IZ30|M 21 & 2N
B =Folx] 37} sk} = Filtered-OFDM 4]

2~®lS- Hanning Filter®} Chebyshev FilterE AH8-3}
o] Z}7} Filter®] Zolof wjz} ~#E5] 9l BER A%

E 1. B W
Table 1. Simulation parameters

iFFT size for transmitter 1024

FFT size for receiver 1024

# of used sub-carrier 601

Modulation 4-QAM

CP length 256

Filter type Chebyshev and Hanning

= 4] $slA AlEde] S MATLAB 2271
< o]83le] A3k

. =l Filtered-OFDM-S- Chebyshev Filter2}
Hanning Filter 5 27+ AR-8-3F 74-9- wet Al5-5 &4l
3lo] Hrlslazl AlEH e AS 23] $lsiA A&
ol S 3 19 2o] AAsta #sgsigich W
# $52417]12] FFT 4 iFFT Size: 10242 T4 31
t}. 12|32 OOB Emission #¢l-& $o]3}A 317] ¢
3f4] 601712] Sub-CarrierS A3} dlo]e] Mz
= 4-QAM HxE AME3igich 3k CPe Aol
OFDM A|~Hlof|x] BAF- © 2 x-8-51= FFT Size2]
1/4 3to2 AdAsto] 10242 1/49 25602 A3},
kA odgghle}l zFo] 7 Sub-BandE Filteringoll+=
Chebyshev Filter2} Hanning FilterE ARS-3}o] ZF2:
Filter Zolol| wz} &lalsict

BERz N =05 erfc( \/ %

Al (32 4-QAME AHS3Sl= OFDM  A|~H] 9]
BER °|2X|& Alikslz Aot & =FddA=
4-QAM< A[M8-3h= OFDM 4|28l 2 F-OFDM A
2~Hl¢] BER 455 vl A3k

I8 62 7|& OFDM A|=Hle] ~HEdS ve}
itk 00B AHe] F7]= o -40dB $& R
3ick

a3 73 13 82 77} Filtered-OFDM  A| Z~Elo]]
Chebyshev Filters 283 ~#E3]3} BER 45°]
t}. o]u] Z}+ Sub-Bandell Filtering 3= Filter Length
£ 26, 51, 101, 151, 2012 AAs}w A EH AL
1848k vhs 29 E5]3} BER Ads2 &elaisict Al
o]l A3 1 60] ~HEF oR F9l 3 5 g)
°] Filter Length”} Z¢{*%lel| w}2} OOB Emission
o] ¥ YA el AE )l & 4 9lrk o= A4
3= Filter Lengthol] o2} A8 E8o)] o3 8f-S- n] x|
7]% OFDM tH] OOB Emissions 4] Y& 4= 3l

3

www.dbpia.co.kr



=i/ SA o] 5-5AE A7 2E% OFDM 1%

(o214
Hr
v
2
g
s
N
-

% 6. 7|& OFDM A|~Ele] ~HEF
Fig. 6. Spectrum of conventional OFDM system.

2

Ao

e

o

o ‘ 1

h 25
0

o 33 13

(a) Filter length = 26 (b) Filter length = 51

\H\HWW
o 1 I L
0 05 5 0 L 25

15 5 15

xt® a0

(c) Filter length = 101 (d) Filter length = 15

0s 1 [ 2 25
X0

(e) Filter length = 201
72l 7. Chebyshev filterg %83t Filtered-OFDM 2~# E=]
Fig. 7. Spectrum of filtered-OFDM with Chebyshev filter.

v} w8k 73] 7904 Filter Length7} 3} siojel=

Bit Errer Rate

—E&— F-OFDM w/ Chebyshev (filter length : 1)
|| —/— F-OFDM w!/ Chebyshev (filter length : 101)
:2: F-OFDM w/ Chebyshev (filter length : 151)
F-OFDM w/ Chebyshev (filter length : 201)
—— OFDM theoretical BER- QAM
. ; : : ; 0
SNR (dB)

12| 8. Chebyshev filterE- 483} Filtered-OFDM BER A&
Fig. 8. BER Performance of filtered-OFDM with Chebyshev
filter.

a3 99} 23 102 Filtered-OFDM  A|2~Elo]|
Hanning FilterE #-83F ~#e233} BER Al%o|ch
Filter Length& 26, 51, 101, 151, 2012 t}=A|3}
7} Sub-Bandel| Filtering 3}o] | E-#|o]4dS #1855
t}. Al E#lelAd A3} 128 8ellA4]%= Filter Length7} 2
o]A]i= Zl°] OOB Emissiong © YA #te= s
A EgS T8 oF = glck b oh2} Filtering 3}
£ Filter= #-4-31= Filter Lengthel uje} ~=E3]
o d¥F& F= f4elv 7]E OFDM ] OOB
Emissions FA] YF+= & &<l 3fdck 18]l 1
2] 9oJ|x] k4] Chebyshev Filters 8-} Filtered-
OFDM A|~~El¢] BER A5} 53 Filter Length
o= 3] qAI ol2A A de AE &
Q) & % giek 8 6, 78] 7, 18] 9% Fale
o, 7] OFDM t|®] F-OFDM A|2~8l-2 HE| Zo|
5 2017) AHE3191E i, Chebyshev BE|] 7 -

40dBel4]  -120dBE OOB A#Ho| zhiw]w
Hanning ZE]¢] 7$- - 160dBZ O0B H#Ho] 7t4

HE A 5 ik
T AEHeld Axs sl =

Length+= Filtered-OFDM OOB ¢l °33-& 7]2]= &
23 @40} YU 2 2 Filter Length7} o3
w2} OOB Ad5<] ZolX|A| 4t Filtering-= A7}k
ol AlBeo] Aol FARE itk =
Filtered-OFDM-2 Sub-Band® & 1137021 4] H-o]
H=7] dtel] o] & 9lgk 722 BER A5l 4

& lAe e ¢ 5 g

hul
o 12 2 of

—

-

-

ok O{N

1337

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’17-07 Vol.42 No.07

0 0g 15 2
26

o 05 "3 25 hy 25 is 25
xnt a0

(c) Filter length = 101 (d) Filter length = 151

(e) Filter length 201

12 9. Hanning filters %]-8-3} Filtered-OFDM =¥ E®]
Fig. 9. Spectrum of filtered-OFDM with Hanning filter.

Bit Error Rate

—C— F-OFDM w/ Hann (filter length : 51)
H =~ F-OFDM w/ Hann (filter length : 101)
i F-OFDM w/ Hann (filter length : 161)
F-OFDM w/ Hann (filter length : 201)
—— OFDM theoretical BER - QAM
T T T

0 2

4
SNR (dB)

32 10. Hanning filterE -8+ Filtered-OFDM BER ‘3%
Fig. 10. BER of filtered-OFDM with Hanning filter.

oalo] 4t o] 5-5AlY] AT ER AREE ] Sith
AR, ~dERS AEA =W S 00B
Emissions 7H]+= A ] stk o] Aol
S 71 4 glo] Harfo] 8o ~HEH
Fgo] vz}, 2 ~HEY 988 Q78 54
o o] E-Exlelli= OFDM-2 A 3slA] 9 o1 wfjiol]
e Waveforme=o] A= Q. 2% s}
OFDM A|2~815- 7§2kgt 3 eQl Filtered-OFDM |2~
dlojr}, B =fol|A& Filtered-OFDM A]2~E]o] 54|
o olTEAldl AR dolwr] 93l
Filtered-OFDM A|~8]2] 3A1Q] Filtering 3713 &
glale] AlEHelds Aldslslch A&l Ax
Filtered-OFDM-2 OFDM H[1] OOB ##e]| =4 A
7= AS gl & 5 9lv} =3 Filter Lengthel]
w2} OOB #17t Adso] HefA= 2 wgk glo] 7}
531t} BER 452 7-%- Filter Lengthol] F-¥3}e]
o] 243l BER AleHr} vHE 7S 2]l & 4 glrh
SEARE UMb © 2 FilteringS A]71e3 ¥ e] Al&o] 2
AR EE wHEE AibEEe] kS v} Ak o}
Hel, oS F83F AL HERoR Qs Arle
571 $lsiA SAl7ellA A
~J(Pre-Compensation)< 1o} g}, ofg] 7|4
Wz ddle] ufe} AP BAlshe #AS 73 5318}
t}. A3} 02 Filtered-OFDMo] 54|t o]5- 5414
AREE]7] SlsME ] Ao, A7 A 4, AR
WA AR Ald] BAtwet Ak 3, 5 e
of & AREEe] glom AAdsopst AlalEe] gl

=

oo

o

>
o
b
2
Me
X
Gl
:Ollz,’,
(i

References

[1] 1. J. van de Beek, O. Edfors, M. Sandell, S.
K. Wilson, and P. O. Borjesson, “On channel
estimation in OFDM systems,” [IEEE 45th
VTC, vol. 2, pp. 815-819, Chicago, IL, 1995.

[21 T. Hwang, C. Yang, G. Wu, S. Li, and G. Y.
Li, “OFDM and its wireless applications: a
survey,” in IEEE Trans. Veh. Technol., vol.
58, no. 4, pp. 1673-1694, May 2009.

[31 J. Van De Beek and F. Berggren,
“Out-of-band power suppression in OFDM,”
in IEEE Commun. Lett., vol. 12, no. 9, pp.
609-611, Sept. 2008.

[4] X. Huang, J. A. Zhang, and Y. J. Guo,
“Out-of-band emission reduction and a unified
framework for precoded OFDM,” in I[EEE

www.dbpia.co.kr



= SA o] EEAlE A7 2

Commun. Mag., vol. 53, no. 6, pp. 151-159,

Jun. 2015.
[51 P. Banelli, S. Buzzi, G. Colavolpe, A.
Modenini, F. Rusek, and A. Ugolini,

“Modulation formats and waveforms for 5G
networks: who will be the heir of OFDM?: an

overview of alternative modulation schemes

for improved spectral efficiency,” in IEEE
Sign. Process. Mag., vol. 31, no. 6, pp. 80-93,
Nov. 2014.

[6] M. Sahidullah and G. Saha, “A novel

windowing technique for efficient computation

of MFCC for speaker recognition,” in IEEE

Sign. Process. Lett., vol. 20, no. 2, pp. 149-
152, Feb. 2013.

[7] X. Cheng, Y. He, B. Ge, and C. He, “A
filtered OFDM using FIR filter based on
window function method,” 2016 IEEE 83rd
VTC Spring, pp. 1-5, Nanjing, 2016.

[8] X. Li and L. J. Cimini, “Effects of clipping
and filtering on the performance of OFDM,”
1997 IEEE 47th VTC, Technol. in Motion, vol.
3, pp. 1634-1638, Phoenix, AZ, 1997.

AN | (Byeong]ae Kim)
: 2016 29): FEoista Azt
ERECER)
2016 3U~EA
R RE R
Wreb  FAEAAA,
A5 Az

Hsta

A (Changyoung An)
20134 29 =Eogkw =}
FeHEEAh
2015 29 FEOEtw Az)
T3 F44h
2015 39~3A): S5
Axpgstat vk
<Al A o] F-EAIA
2], R[S A

Hsta

0| & 7 (Jungu Lee)

20174 2% : FHdgkw A}
FHFEAD

20179 3Y~3A): =
AAAg-ska Aatatdd

<IilEel  FAEAIALE,

A 41425

st

-l s

20174 2% : FHdgkw A}
FeIHF3Ah

201791 39~3A) ; 2Bt
AAAg-sh} AAltAd

<IilEeol  FAEAIALE,
Az A2

T & T (Heung-Gyoon Ryu)
1988 d~&A : FHHg Az}

:1.%]—31,]_ —7/‘\
2002+ 3°J~2004L4 29 %

1996%~& Al : IEEE, IET =
ARSI

2002 : F=dxptets] et

200841 : ICWMC 2008 =A|st&t3] “Best Paper
Award® 4

2009 : SPACOMM 2009 =fA|s}<sul3]
Paper Award” 4

<FlRol FASAIAE, 91454l 5G/B5G ©]
Al A2, SAlEE A 2 B4l Al

“Best

1339

www.dbpia.co.kr



	5세대 이동통신을 위한 필터된 OFDM 파형 분석 및 평가
	요약
	ABSTRACT
	Ⅰ. 서론
	Ⅱ. Filtered-OFDM 시스템
	Ⅲ. Filtering 및 Chebyshev, Hanning Filter
	Ⅳ. 시뮬레이션 결과 및 분석
	Ⅴ. 결론
	References


