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Figure 1 Block diagram of an FBMC system

FMT ZER - #PAE eAas ANE S, RE| 7 RGESUERCR MRS, WEREEA ZEET FMT B4 F)
#, FMT AL 5G ARG EmAITES ).

Mazo 7E 1975 S H T # Nyquist /i (faster-than-Nyquist, FTN) 10 24 % 3% i % F VR B#
RECH 0.3 PIRRFHRZIKHET, EREEABHIEOT, RHE e i e 42% M. 5K Fredrik &8
FTN HIME&Y R 3 1A, K 5 AR IEAE (A5 5 08D A0EE, 43 228N FTN KB 4518, B
S S AR R E R AR IE IR S 121, BT FTN He, A SR — P DU 55 Ay 4 i3k s fr
FEGI ANAE E SR H A FMT 8 (overlapped filtered multi-tone, O-FMT) [ 7775, AR FMT &
G A A

fESH) FMT RGCRHEET 20 B RA BT %, SR T AGE ESH FMT RS0
FUSERI. DR, ASCHEXS FMT R4 H 5] A S 1 SR R EN A )G, 5 3 R ARG
AU EE vt o 2 R TS I B R A 2 T PR S AU FMT ] (fast-convolution filtered multi-tone,
FC-FMT) 75 %, IR S 5| NTHRFI TR Z AT 01 5o, SR JE 5 4 TR R BI ASGE £ B )5
) O-FMT R4; fJa(EL 5 g e B AL L E 24

2 FMT RGEK[RE
B 1 R —ANER R FBMC RS HEALER. REMENESREN

y(n) = 373 anm)pr(t — el DAL/, (1)
n kEk

o(n) RTRBHIED, 1 K B | K BRI, K% M OR FR R 35 Pr(t) A0
Pa(t). FMT f&—F55RH FBMC %54, SRR SRS AR A K KT RGBT M, i
Rl P AR (S TR IBE K/TM > 1/T, (R T FMT RETFHUEMAER BB ER. FMT
B T RSB, H RN T R B, ST FTN FAH Maso B,
3N TF ARSI, R 20 R S A AR B, BB R 31 AT P T
0, X (1) TAME

y(n) = 323" an(n)pr(t — nT e DRI 2)

O YLE FEIRAARESE, ETTE B BEN (1 - 8) x 100%.
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Overlap- save

Xy (n) 2 i [Lbinswith L, A oot | X0,
Oversampling no-overlap bins : FFT

N[ | [ ZbmswitL, |j'-/‘") X Ly o

x(n)| Baseband Se{(i)al Oversampling no-overlap bins FFT syrfl_tlhesis ik)’ plgli—m ﬂ se]l;ct Y(n)

— . : . . ilter N;
modulation parallel e ; banks IFFT bins
Xy, (n) 1,0
2x- H L bins with L, L-point
Oversampling[; no-overlap bins FFT
Sending end
B e [Chamnel ]

Transmitting end
Li4_
L

Xy(n) 2x- Select X0, (n) L-point X0,
downsampling L,-bins IFFT blocks

L, bins
T Overlap-save: Or N, bins

Overlap factor: Ov = 1-

R ~ Overlap-
20| Baseband Parallel LX) 2x- Select %o, (n) L-point X, 0 N —;}ou}t NO) PN N . si(n) 15\;‘;,63 s(n)
<« N downsamplin, L,-bins IFFT blocks analysis oin ins
demodulation|* | setr‘i)al e i oo filter FFT with N,
e . bank no-overlap
bins

Xy () X 1) kw—l./(k)

2x- Select L- point
downsampling L,-bins IFFT blocks

E 2 FC-FMT RELIIEE
Figure 2 Systematic diagram of FC-FMT

W FMT 248 A0 AU 5 B R TP 83 (K AT REE, 7 2225 18 IR R R B S ELAT il 3 £
TRPHEFRIHT KR, FE P M AR . ASCRAPGE G, fEHURSEIL FMT 24, A
AT B AR . T B ST HIBE T FMT R SE I 5 B4t

3 FC-FMT &%
W x(n) N Ny BT, h(n) N Ny sUFF, WG PUEERA
x(n) * h(n) = IFFT(FFT(z(n)) - FFT(h(n))), (3)

Hrf IFFT/FFT R3O AURE AN L N > Ny +No— 1, BIUPH RIGFRR S T 03, 24 2(n) 0
h(n) K PERRIN, 06 Z5f8 F H S Ok BE B B AR DN 43 B AL B D73k D). SOk [15) TR DA 1 anfer s
B R EAVE L 31 2 s A PRI AR 4. Renfors $& H—FhEE TR BT 1L SEILIE B 25 4H. (fast-convolution
filter bank, FC-FB) {175 5, 1% /7 5890 /2 I 0L 56 4= o 1) 2% A 1160, Wk BAR i (0 A o3 e 7)) mT R
TR R BRI R CVER L A SRS SRR R (18], £5 4 FO-FB (U3 A M, AL FO-FMT &
L SEOAE L, s 2 R

Kl 2t REFNGE T o(n) SLETE RG] B IFLHAS R FEIRR 2(n), BEIH T LRI
FRAL RS, IR S IR, 2 K EERN L AT B 24 5(n), BREB LRI AEE S8R N L,
M, BEEBR T (L — Ly)/2 MR —BREE . BERNG (L - L)/2 iS55 —BES. KBk
MAEE BN Ly 05, 2 j(n) B i NMPEE LS § DB RIEIXLE 2, 5 (n) BEHEECSR FFT
At BEE 1B LR FFT B X, (k). BERESNTEERSE § A~ L S FFT B, dl—1 N
(N = LM) s X;(k), 5HushreaEpsas A, H4E IFFT 24, 193] N G8) IFFT 3t y;(n). )
I 5 S DR BV I S B, il U B e o B (A U N s (N, 2 N, = Ly /L N), ikt
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Figure 3 FFT-domain weights for different prototype filters with L = 32. (a) Roll-off factor=0.25; (b) roll-off factor=0.5;
(c) roll-off factor=0.75; (d) roll-off factor=1

BRI FMT GG S, fEERO, 2Bk as 4l 1A B 25 A um sl R, BlE S s(n) %
FER UM SR B IE 0 S KN N T s;(n). SR)ER FET BRE S S;(k), F- 550
FIFEVEAS B 0 4 W BB A A AH IR, X% 45 R B AN 15 T8 B AT BAF 2 B IS 5 245 (k),
i (k) RoNEE @« TASHE L § BGES, KEN L. BENG - DNEERR 4, (k) # L, &, &3
2 %5 R RFEIG, 1SRRI FEURR 2:(n). 2:(n) BEIFRH . TG 15 20 it & E i
&5 2(n).

UL, B 2 HEAE b RORFERIAREE, 2 PR PR A R B SR A B ek s S
TEVE AT 2T B S (H R T B S AR TR R PR, TR LA 20 5| NI KA IR 7, AR SO R 2 FF i SRpf
BT, A4, MEK 2 hEERET Ov=1—-L,/L=1- N,/N, #nfidith @SHEE) PESBIK
EESRKEMIE. N S8R L s 8dh R A AR E SR X2 SR VR AR E sk 4],
HE R T K, PUEERH R RER RS T P0RR/N, (E R B 28 R T 5 22 B @l FC-FMT (1)
RGNS EREIR KRR EHR T LR G /A iE AR A W . JR G b R BB 28 1 150 >R A A28 4th
FEE, @ ATk REC BT E v 1R 0, S A Ak R ECH R Y Nyquist #ER] 191 SIGHEEE T
PRGBSI FMT RA M 0ATHE, AT 07 52047

(1) ZHE. SHRED, FERIERS EIEIRR) A8 L =32, TRIEH M =32, 46 /701
VBB R N = 32 x 32 = 1024, JF BYYEPARIR B R 5050 A 0.25, 0.5, 0.75, 1, FHAER 0 S 01K 3
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4 FC-FMT RZHERAHIGIRELEE
Figure 4 Comparison of mean square error within FFT blocks in FC-FMT system. (a) Roll-off factor=0.25; (b) roll-off
factor=0.5; (c) roll-off factor=0.75; (d) roll-off factor=1

Fis.

(2) AR BORZE ST, T HREE R A FEEEIRE T 1, BHA/ N L —AF
SEAE NI R R FMT KRG EEERAFSEN C, L f8dRBRPIERES SN L A, WA
Bl BAL A RGN L2 A, BB REEREIR BN SECN J = [2C/L,], Hrb [o] Foxim |k
U o] WAL BE & — e, Ly 8/, EERAREESBSERZ, N Rg0z H 8K, Me HdE Bt

n N REHR AL I )7 1R 2 (mean square error, MSE) A

1 J
MSEn:jg

Her outy,, RAWGIRGMBRME ¢ MEIEEAE » MaHES, ing,, £XPFAES. B 44
H TR R IEL 0.25, 0.5, 0.75, 1, KA F EEF T B, FC-FMT R EdE BN 3 77 = 2 s
B, LA A b B B AL o EAT T A — 1k

Bl 4(a)~(d) 2IH AN RELIRBNIRZE MSE 2884k Finploy—4 U AL, BIFi s
MSE i i, Fifi 35 AH AR A7 B 5 0T P IE], MSE 3% N F%, %Tﬁéiu—%ﬁlﬁ, MSE #&JfaE. X
A TR B EE SN BT E AR IS A T AR 2D, R AE 4 80T LLE ), R B R A0 R R

2
t
OWben —Men "y L2, (4)

mt n
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Figure 5 Comparison of SER performance in FC-FMT system under ideal AWGN channel. (a) Roll-off factor=0.25;
(b) roll-off factor=0.5; (c) roll-off factor=0.75; (d) roll-off factor=1

HEE K, KRGEEIEEHN MSE /), EES R FAHFER, BRI/, REGEHEB N MSE HoK.
X HR5 ) AR B VS B GRS R SE R VI A . BUE & FON RSN oK, E 37 e R SR st
2, HRB A H) MSE BT Be A, 1M 5 22 PR R B R ER /N AR A, R B R I gk ot 1 31
PEPUE G 5] NIPEIRE & TP, MIdE B N MSE B

(3) RIGZEA . B 5 AMIME Gauss [ (additive white Gaussian noise, AWGN) 3 AE {5 &
T, R 208 16QAM, B R B BN 0.25, 0.5, 0.75, 1 I, ANEESHE 744 F FC-FMT i
#H R4 SER HhZk.

SIS 5(a)~(d), B S FF RN, ERERLAET, RAMIRGE)LT—K, BEE
M EE 2> SN E 8 dB, 10 dB, 11 dB, 12 dB PAJG, iRER A G i Z 5. XK N BRAF EEE 15|
AW R GRS THAFE, AHTEARAS B L, EATZIZE /N T Gauss 1M 77 R 1T 170 BEE 15
EU PR3 Jn, 175 Th 2235 FRAIC, 240 B 5 R 1) TP TR IR R & TR, AR E SR 1 R 50w %
LA FIEE T ZEN. B, EERTREEERIE T —EMEE, AR RGREER =450,
B 5(a)~(d), ATLLE K 5(a) HESE TN 4/32 F1 6/32 BIEE T A&, K 50) hEREE
RTh 4/32 ih & B m AR %, EEFE T 6/32 ML & TEERF T8 24/32 1 16/32 1)
Pisk i 2k; B 5(c) HESR TN 4/32 MR Ea T A 3 ik, B3 3 iz RAKR; B
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Figure 6 Example of multiplexing different waveforms in FC-FMT system

5(d) 4 AT LRI RIEREANZE A D . IXRE PRUGIR B AR Bob K i) SR R DR %, XoF I 1 g 3k o
K, ZAEIMRETIAIERD, FrUAFEEE 7R FC-FMT 2GRS EERZERAL; K2,
R REN, EERTARE K FC-FMT RAIRIG R MRS R 12 5.

(4) FIR B Z R, BT FC-FMT ZRZUEAEHUISSIILN, R AT BLR G i 481 3 i o
O L A 55 FUE 5 oR A, B 6 44 T FC-FMT RE:[F I A3 2 Rl e i Am ik B, o] LUE Y, 1%
FGEAT AR I8 A T 0% P 2 BOE, th mT DL AR S AN [F) 5 98 - ARSI PR Tt 5 5, R
WG 5G HH2L55 2 3755 (A4

4 O-FMT %%

fE48 FMT W H]7 A5 40 AN E B 1007 SRR IR, i R RS R 8K, T FC-FMT 5Z
W R BA RIG TR TEE O T 58 PR, BRI, mT DLa i 42 i A 410 38 ik 7% 7] 2 & 24K
RAE = RGOSR FH &, X Rh 5] A0S & RGN O-FMT R4

O-FMT RS FC-FMT RSB AE R AL, AR 142 25 G U8 i a5 AR M a4 1 i
HoREEWmE 7 Fos.

(1) SERHZ R0, MESSECN « i, [RERATSHEERN 1T, HT 2 5 ERFEXR,
AR IERI 5N 2/T, HTFAEE SRR, KRGS AN (2/T) - [LM — x(M —1)]/L, Wt
Overlapping FC-FMT ARG HBE RN

n= LML/i('A]‘f 5 Baud/Hz, (5)

ERECP ¢/ SUEUNIR

L/Qx Baud/Hz. (6)

N ——

AR EBEES A 0 <e < L/2, R 14GH T L =32 I, HS S SHUEH AR RE R
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(a) FFT bins

0.7071
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(b) FFT bins
7 (MEERFE) O-FMT M FC-FMT RHELEE/HERSRELR

Figure 7 (Color online) Comparison of synthesis/analysis filter banks in O-FMT and FC-FMT system. (a) Spectrum
diagram of FC-FMT; (b) spectrum diagram of O-FMT

®1 EBRHSIMEFRARNOMNXR (L = 32)

Table 1 The corresponding table of overlap frequency bins and spectral density with L = 32

Overlap bins 1 2 3 4 5 6 7 8
Spectral efficiency 0.52 0.53 0.55 0.57 0.59 0.62 0.64 0.67
Overlap bins 9 10 11 12 13 14 15 16
Spectral efficiency 0.7 0.73 0.76 0.8 0.84 0.89 0.94 1
0

Inter-carrier interference (dB)

70 } : : : : : - —— Roll=off factor=0.75
""""""""" Dot == Rollsoff factor=0.5 T ]
: : : - —— Roll-off factor=0.25
O 1 1 1 1 1
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Spectral efficiency

8 L = 32 B}, O-FMT AR%H ICI (HEE
Figure 8 ICI simulations in O-FMT system with L = 32

(2) BT 0. BT O-FMT RFESINTHBPHUE ES, BA T HPG MBI 27
AP AT (inter-carrier interference, ICT). & 8 4 O-FMT R4H ICI fi H K. MK 8 AT LLE H,
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% 2 O-FMT ARG AWKISASTLEF AR

Table 2 The allowed maximum spectral density for O-FMT system®

Overlap factor

Roll-off MSE (dB) 28/32 24/32 20/32 16/32 12/32 8/32 4/32
—60 0.55 0.55 0.55 0.55 0.53 0.53 -
Roll-off factor=1 —50 0.57 0.57 0.57 0.57 0.57 0.57 -
—40 0.59 0.59 0.59 0.59 0.59 0.59 -
—30 0.64 0.64 0.64 0.64 0.64 0.64 0.62
—60 0.62 0.62 0.62 0.62 0.59 - -
Roll-off factor=0.75 —50 0.64 0.64 0.64 0.64 0.64 - -
—40 0.67 0.67 0.67 0.67 0.67 0.67 -
—30 0.73 0.73 0.73 0.73 0.73 0.73 0.5
—60 0.7 0.7 0.7 0.7 - - -
Roll-off factor=0.5 —50 0.73 0.73 0.73 0.73 0.5 - -
—40 0.76 0.76 0.76 0.76 0.76 - -
—30 0.8 0.8 0.8 0.8 0.8 0.76 -
—60 0.5 - - - - - -
Roll-off factor=0.25 —50 0.84 0.67 - - - - -
—40 0.84 0.84 0.84 - - - -
—30 0.89 0.89 0.89 0.89 0.76 - -

a) SIEA K BAL8 Band/Hz; — RRAFAE

B ZRE 7N 1, 0.75, 0.5, 0.25 1] O-FMT R4, 240k F H 25 552+ 2 0.57, 0.65, 0.75, 0.93 B,
R4 1C1 #REIRFRIE —60 dB FIZKFLUR. S5 5308, @ idh 02 i B U 48 12047 DUSI R s A7 1Y)
HE, BHMEINR 1ICT v UG IR HI7E— e Ja P, BAE ] A R 2 T A i Tt

5 BSHMHEE

T AT B4 BT 0] LR Y, TP S RSLE FMT R4 2 AR 2 0] RIS TREZE S H L 2 %
Pl 25 MR A ) RG TR, Hilan, EER K, HREEHGIARIERRS TS, £4
MSE #tii ), (H[F s R R AN . ES a0l E, KRGk FH RG24, RGN T
BB T, iR ARG MSE . RN, EER T HE o FE AL E D 28R I R BUR R R G
JERFE SRR . PR, O-FMT F 48T L@ a7 5 e B A [R] AT 2 8 s 40, 1S R RR R 4L
K e BAR I R GE K.

T SETE R A AR R B S, R 2 FIH T ARIS L (B RBAESH ) EMAR
MSE ZRIGHLT, O-FMT R4 o v i i o RAE R 2.l i i R R T H B i & 1& 1) O-FMT &
G E S, ERENWR: (1) & RG0S E RS, WG RS 2 /M R 2 24
(2) £ R G SRR B =, WAL Je % i 2 i KOS R 2RS4 (3) B KRG B R
K, MAREH R REEN FR/AMISEECE,; (4) 4500 F RSN, i L ESH T/ e
MSE BE/NRZEL (5) G S 7 AHSEN, 156300 2 200 F FH 22 38 K MSE B/hEIZ4LG (6) 433
Ji R ZE MSE — g I, e 2 B & K /N SR 2R 280 i, 4 RGBSR MSE fRIFTE
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#

—60 dB LA HARHE R 208 ey, 4R IR JE0), wT AR BRI 2 E0: I R AU 0.5, HER
THL16/32 B AHCN 9 GEIEE 1 PRI RN 0.70 KR RE).

6 LERIE

AR SCR 2T B SR A S AR EHE, B 9T 7 FMT REGERIUESEI T & (FC-FMT), 18
S5 EIGAIE T % RE RN, I T FC-FMT RGirhEER T BHERE T 5 R4 MR 1L &,
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Implementation of the filtered multi-tone based on the
improved spectral efficiency
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Abstract This paper proposes a frequency domain implementation method for the filtered multi-tone (FMT)
based on fast convolution called FC-FMT, which can adjust the center frequencies flexibly. Aiming at the low
spectral efficiency of the FMT, spectral-overlapping in frequency bins is introduced in FC-FMT called Overlapped
FC-FMT (O-FMT). We then analyze the relationships between the overlap factor, overlap frequency bins, roll-off
factor, and system performance using models and simulations. The simulation results show that O-FMT can
be used to simultaneously process multiple waveforms. It also has superiority in meeting a variety of transport
requirements, such as computation complexity, spectrum efficiency, and mean squared error, for multiple services

due to simple parameters.

Keywords filtered multi-tone, overlap save, fast convolution, spectral overlapping, spectrum density
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