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Abstract

In mobile communications, the most widely used multicarteehnique, namely
OFDM, is known to exhibit performance limitations in highega scenarios.
FBMC is an alternative approach and, among FBMC techniqtresyecently
introduced FBMC-PAM scheme has emerged as the most rob@t@ There-
fore, it is chosen here as the challenger of OFDM for perfarceacomparison in
doubly dispersive channels. After presentation of theesgsnodel, multicarrier
scheme and wireless channel, an analytical evaluatioredER in the particular
case of single path time-varying channel is provided for KBRAM and vali-
dated through simulations. Then, simulation results goented for both OFDM
and FBMC-PAM, using the 3GPP multipath channel models. fieaps that
FBMC-PAM can outperform OFDM in highly time-varying frequey-selective

channels.
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1. Introduction

Filter bank multicarrier (FBMC) techniques are potentiinatives to the
current orthogonal frequency division multiplexing (OFp8Bchemes for some
emerging applications fields such as machine type commiumisg{MTC) or cog-
nitive radio [1]. In these systems the prototype filter colstperformance and a
number of operational aspects. Long filters assure hightebbband attenuation
and asynchronous user coexistence. The performandéset-guadrature ampli-
tude modulation (OQAM) combined with the isotropic orthogbtransform al-
gorithm prototype filter with overlapping factor4, 6, in terms of mean-square
error, has been analyzed through computer simulationg.in [2

However, for reduced system latency or robustness to tiangivg channels,
short prototype filters are required. In [3, 4] short propatyilters with overlap-
ping factor K= 2 (i.e., only 2 adjacent multicarrier symbols overlap ingjrhave
been proposed. Since FBMC-OQAM combined with short filtetseves limited
performance, the exploitation of the complex lapped tramsffor transceiver de-
sign has been used for the design of the FBMC-PAM transdéi/éf. For a
special choice of the prototype filter it is much similar te fivst analog multicar-
rier system introduced by Chang [8], whose relation with ®DQAM (for a
proper adjustment of the intercarrier spacing) is repdri¢@]. An unified view of
the two systems by considering the “even-spaced” and “pdded” cases (even
or odd multiples of half the subcarrier spacing) is reportefl0].) The scheme
is based on pulse amplitude modulation (PAM) combined witfina prototype
filter with overlapping factor K2 and it achieves full orthogonality, like OFDM.
Moreover, the sine prototype filter exhibits a key charastier the width of its
main lobe in the frequency domain is 3 times the sub-carpacisg while it is
only 2 times for OFDM scheme. The consequence of this erdangain lobe

and of its better spectral decay is that FBMC-PAM outper®@DM systems



in terms of CFO sensitivity [11]. However, for mobile comnication systems,
particularly in high speed condition, sensitivity to dogHalispersive channels is a
key issue that modern multicarrier systems have to face.

This paper deals with the performance analysis of FBMC-PARM@FDM, in
wireless dispersive channels. In particular, it is showoulgh computer simula-
tions, that in doubly-dispersive channels FBMC-PAM is lesssitive than OFDM
to the frequency dispersion. Moreover, the bit error rateRB of FBMC-PAM
in single-path time-varying channel is analytically eakd and compared with
computer simulation results.

The organization of the paper is as follows. In Section 2 staedard FBMC-
PAM system is recalled while in Section 3 the analytical esgion of its BER in
single-path time-varying channel is derived. Numerical aimulation results are
reported in Section 4, and conclusions are drawn in the fieeti&.

Notation: j = V-1, superscriptf* denotes the complex conjugatidi[] the
real part,J[-] the imaginary partg[k] the Kronecker deltd,- | the absolute value,

andE[-] denotes statistical expectation.

2. System Model

Let us consider an FBMC-PAM system [5] witltV2subcarriers. The received

signal in doubly-dispersive channel can be written as

L-1
(1) = > ga(t)S(t — ) + (1) (1)
p=0

wheres(t) is the transmitted FBMC-PAM signat(t) denotes the zero-mean cir-
cular complex white Gaussian noise with independent redliaraginary part,
each with two sided power spectral density, andr, is the delay of thepth path
gp(t) of the time-varying multipath channel. In (1) each multipaomponent is

modeled as a complex Gaussian process and ffexelt paths of the channel are
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assumed to be statistically independent of one anotheredder, the autocorre-

lation of thep — th multipath component is

E[gp(t)gp(t — 7)] = Pg(p) Jo(2r fp7) (2)

wherePy(p) is the power of the random procegst), Jo(') is the zero-order Bessel
function of first kind andfp is the maximum Doppler shift. The FBMC-PAM
signals(t) is equal to

Ns—-12M-1

=) > adilefEDTDne i) (3)

i=0 k=0

where Z is the FBMC-PAM symbol duratiori\s is the number of payload sym-
bols, d([i] is the real information symbol transmitted on tktb subcarrier in the
ith symbol interval, anti(t) is the real pulse-shaping filter. The mean-square value
of the data symbols is denoted BKd,[i])?] = Pg. In the following we assume
that the received signalt) is filtered with an ideal low-pass filter with a band-
width of 1/Tg, whereTg denotes the sampling period. Note that the FBMC-PAM
symbol duration is equal tol2= 2MT..

The discrete-time low-pass version of the received sigaalae written as

Ns—-12M-1 L-1

1= > > gulilddilTelk, | - 6, — iM] + V1] (4)
i=0 k=0 p=0
where
Te[k, 1] 2 h[l] efi (ke 2)(+3+%) (5)

0p = 1p/Ts is the normalized delay of thath pathgy[i] of the time-varying mul-
tipath channel assumed to be static over an interval of leMytandV[l] is a

discrete-time zero-mean AWGN process with autocorratdtimction

2N,

RIm = EMIVl —m]} = ——6[m] = ays[m. (6)
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In (5) the real prototype filte[|], equal to zero fot ¢ Kom = {0,1,...,2M —
1} and with energy

2M-1
&= ), ()

satisfies the following conditions -
h[M+1] =h[M-1-1] v, (8)
i h{l + mM]h[l + mM + 2rM] = ¢§[r] Y. 9)

M=—oc0

that imply the orthogonality condition

1 2M-1
M%{}]nmunmu—pw}:ﬂm—Mﬂm (10)
1=0

In this case, it follows that [5] in AWGN channel the optimum the maximum
likelihood sense) decision variable for estimating statidly independent infor-

mation symbols can be written as

. 1 2M-1

dn[i] = m?&{z r[iM + I]Tg‘[m,l]} (11)
=0

since conditions (8) and (9) assure the absence of interslymierference and

intercarrier interference.

In the following it is considered the prototype filter

7.1
2M 2

This prototype filter satisfies conditions (8) and (9) andgdifies the receiver as

h{l] = sin leIom, HI]=0 |¢%om. (12)

shown in [5]. The magnitude of the Fourier transform of thetptype filter in
(12) and of the prototype filter for OFDM is reported in Figrilthe case where
the length of the two prototype filters is the same, that ishexcase where both
systems have the same subcarrier spacing. The figure shawvhéhprototype
filter in (12) assures a better spectral decay and, moreitganain lobe in the

frequency domain is 3 times the sub-carrier spacing instéadimes for OFDM.
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3. BER evaluation

The BER of OFDM in doubly-selective channels has been etediia [12]. In
this section we evaluate the BER of FBMC-PAM in the particalase of single-
path time-varying channel.

In a single-path time-varying channel the FBMC-PAM recdigegnal can be
written as

Ns-12M-1

=" > dliladilTelk | - iM] + V1] (13)

i=0 k=0
where the fading procesggi] has autocorrelation function

Ry[m] = E{g[i]g"[i — m]}. (14)

The considered receiver is based on (11) thus, omittingtakevant facto% and

taking into account (4), we can write

2M-1
%{Z ([iM + 1] TZ[m, |]}

1=0

i+1 2M-1 1 M-1
= %HZ D addl ) D gl + Tk 1 + (i +¢ - M)

g=i-1 k=0 /=0 =0

Tem 1+ ¢M]

2M-1
+ > ViM + I]T:[m,l]}. (15)
1=0

where the sum oveftakes into account the lengtivRof the prototype filter (see

(5) and (12)). After simple manipulations we obtain

2M-1
%{Z r[iM + I]Té[m,l]} = R {dufi]la + 8 + v + &) (16)
=0
where
1 M-1
a2 dli+] > P+ oM, (17)
=0 1=0
2M-1 1 M-1
B2 DL ddil ) dli+d ) Tkl +¢MITImI+¢M],  (18)
k=0,kzm =0 1=0
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2M-1

adi+n D g+ Y Telk I+ (¢ - IMITe[m 1 +¢M]. (29)
=0 1=0

2M-1

§2 > MiM + 1T [m1]. (20)
=0
It is assumed that the receiver has perfect knowledge ofettme ¢ in (17) that

multiplies the datum of interesk,[i], and then we can write

~ . dyli] .
dmli] = + Iy 21
[i] N [i] (21)
where the disturbance teriy[i] is defined as
Iofi] 2 %{w} (22)
a Pd

Note that the disturbandg[i] depends on the data transmitted in ttiemulticar-

rier symbol on the subcarriers with ind&x m (inter-carrier interference (ICl))
and on the data transmitted adjacent multicarrier symbdls iwdicesi — 1 and

i +1 (inter-symbol interference (IS1)). Let us denote a pattc (interfering) data
symbol combination a#[i]. The PDF of the disturbandg][i] conditioned upon

a particular data symbol combinatiafy[i], denoted ad ijq (x| d), is the PDF

of the real part of the ratio between two correlated complexigSian random
variables and can be determined by exploiting the followtmgprem derived in
[13]: if U andV are zero-mean correlated complex Gaussian random vagiable
with variances? = E[| U |l and o = E[| V |?], respectively, and correlation

codficientp = pr + joi = EU[U*V], the PDF of the random variable = %{%} is

uov
given by
1o} 1-pf-pf
er (X) = E_LZJ ) ; : 3" (23)
v 1 - ,2)%U ou 2|°
( _pi)o._\2/_2pf0'_vx+x

Note that the expression in (23) has been derived by perfgyreome simple
manipulations on (13) in [14] that has been obtained by takive derivative of
(18) in [13].



It can be shown that for a particular data symbol combinatigij

o 31+ pg) &4
and
e (1 + pg)(A[0] + A'[1]) (25)
V1 ALOT 12 + 1 AL 12 +206R (AIOJA'[A]} + k] 21+ o)
where forf = 0,1
R 1 2M-1 . M-1
AlZ] = d Tk | + ZM]T M| + M
[£] ahm{kzém km; [k, 1+ ZMITSIm, |+ ¢M]
1 2M-1 M-1
£ > ddi+n Y Telk @+ (p- MITym 1 + pM]}, (26)
n=-1,n#0 k=0 1=0
A 1
Pg = % (27)
is the channel fading correlation deient and
SNR= %59[0]. (28)

Note that the signal-to-noise ratio in (28) is equaEtgN, that is the ratio between
the energy of the real radio-frequency signal, in each iwadtier symbol interval
of durationT = MTg and for each active subcarrier, divided by spectral density
level N,. For a particular (interfering) data symbol combinatiédffi] the con-
ditional PDF of the disturbancg,;jjq (x | d) can be evaluated by using (23) and
(24) - (28). Therefore, the unconditional PDF of the disaumtef, ; (X) can be
evaluated by averaging over thefdrent data symbols combinatiozi{i]. Once
the PDF of the disturbanck,; (x) has been obtained, the BER can be evaluated
by taking into account the considered PAM system.

Note that the previous approach can be exploited also tanéd&eccount the

presence of a carrier frequencffset (CFO) in the receiver. In particular, in this



case the received signal can be written as

Ns-12M-1

il = > > dlilddilTelk. | - iM]e'ie + 1] (29)

i=0 k=0
wheree = Af2T is the CFO Af) normalized to the subcarrier spacing(aT).
For a particular (interfering) data symbol combinatijfi] and a fixed value of
the CFOe the conditional PDF of the disturbandg;; .4 (x| d) is obtained by
exploiting the PDF

2 — 0?(€) — p?(e
f2.c 0 = 50 8 L= ) = e )
|- D -2 Gl
where
i) _ w (31)
0'\2/(6) | G[O’ E] |2 + | G[l’ E] |2 +ZPQ‘R {G[O’ G]G*[l’ E]}
and
() = A'[0, €]GI0, €] + A'[1]G[1, €] + pg {A'[0, €]G[1, €] + A*[1, €]G[O, €]}
JW[I GIO. €] 12+ GIL €] 2 +2p5%R (G[O. ]G"[L. €]}]
(32)
with
W =| A0, €] [ + | AlL, €] [ +204R {A[O, €]A[1, €]} + 1 (33)

SNR
Moreover, in (31), (32), and (33), f@gr= 0,1,

1 2M-1 M-1 .
Al = { ddi] > Te[k,| +ZMITS[m, | + M@ @+
Sh\/P_d k:%tm ; ¢
1 2M-1 M-1 |
£ 2,y ddien ) Tkl + (¢~ MIT[m| +§M]e’%€““w} (34)
n=-1,n#0 k=0 1=0
and
s 1N j 2 €(1+¢M)
Gl €] = = R[l + ¢ M]el mel+eM) 35
(.= 2 g [+ ¢M] (35)

Once for a particular (interfering) data symbol combinati#f[i] the condi-

tional PDF of the disturbancg, ji; 44 (X | d) has been evaluated by using (30) and
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(31) - (35), the unconditional PDF of the disturbarfgg; . (X) can be obtained by

averaging over the ffierent data symbols combinatiozigi].

4. Simulation results

In this section, at first simulations results in time-vagysingle-path channel
are presented and compared with the previously derived BtaR/tcal expres-
sion for FBMC-PAM. Then, the BER performance of the FBMC-PAkstem in
doubly-selective channel is assessed via computer siimgend compared with

that of the OFDM system.

4.1. Simulation results in time-varying single-path chainn

The simulation results in time-varying single-path chdrame obtained under

the following conditions.

1. The channel fading is modeled as a lightly damped secoael-@utore-

gressive (AR) process

oli] = =p19li - 1] = B20[i — 2] + ngfi] (36)

whereg[i] is the channel fading cdigcient in theith symbol interval, the
noise procesngy[i] is a zero-mean complex white Gaussian process, and the
AR parameterg; andg, are related to the physical parameters of the fading

channel [15]. In particular,
P =—2rqcos(xf,T) (37)

and
B2 =] (38)

wheref, is the spectral peak frequendy,is the multicarrier symbol inter-

val, andrq is the pole radius. It was stated in [16] and justified in [t
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whenf, = fp/ V(2) (fp is the maximum Doppler shiftin (2)), the autocorre-
lation function of the AR process in (36) is close, for modenalues om,

to that of the Jakes model in (2). The pole radius and theerdrequency
have been fixed aty = 0.998 andfy, = 2GHz respectively. (Note that the
knowledge of the carrier frequency allows one to easily firrelationship
between the mobile speed reported in the figures in the follgpwnd the
maximum Doppler shiffp reported in (2)).

2. The total number of subcarriers for both the consideratesys is 8 =
128, and, the transmitted data belong to a 2-PAM constefiatithe FBMC-
case and to a 4-QAM constellation in the OFDM case. The tatatividth
of both systems i8 =2.5 MHz.

3. The BER values are obtained by averaging over bursts oa§dad sym-

bols received in 1Dindependent channel realizations.

Figure 2 shows the BER of 2-PAM (FBMC) verskg/N, in single-path fading
channel, solid curves and marks denote the analytical andithulation results,
respectively. The results show that the analytical exprassderived in previ-
ous section can be exploited to predict accurately the BBfER of the system.
In particular, as one would expect, as the moving speedaseea performance
degradation is observed and a floor appears for Eigi, values. The gap be-
tween the performance at 5 Kmand 500 knh increases agk,/N, increases,
however, it is quite contained fdt, /N, < 25dB.

Figure 3 shows the BER obtained by computer simulationsfeAkt (FBMC)
and 4-QAM (OFDM) versu&;,/N, in time-selective single-path fading channel.
The results show that FBMC-PAM and OFDM systems achievelaimierfor-
mance in the considered single-path time-varying fadirenoklel. Note that, al-
though the sine prototype filter of FBMC-PAM has better spgatharacteristics

than the rectangular prototype filter of OFDM, in the consddiescenario the one-
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tap equalizer in FBMC-PAM case operates in the presence tbf Il and ISI
while in the OFDM case only ICI is present.

Figure 4 shows the BER obtained by computer simulationsddivles) of
2-PAM (FBMC) and 4-QAM (OFDM) versus the normalized CkE@n the time-
selective single-path fading channel (29) Ey/N, = 30dB and two values of the
moving speed (5 kph and 100 kih). Moreover, the BER of 2-PAM (FBMC)
obtained by exploiting analytical results (dashed linesdlso reported. The re-
sults show that the analytical expressions derived in tkegipus section can be
exploited to predict accurately the actual BER of the FBM&AVPsystem also in
the presence of a CFO. In the considered scenario it is evidemobustness of
the FBMC-PAM system to the CFO while the OFDM system presargsvere

performance degradation as the CFO increases.

4.2. Simulation results in doubly-selective channel
The simulation results in doubly-selective channel araioled under the fol-

lowing conditions.

1. Each multipath channel fading componggii] is modeled as in (36), (37)
and (38).

2. The total number of subcarriers for the considered FBM@Rystem is
2M = 1024, and, the transmitted data belong to a 2-PAM or a 8-PAM
constellation. Moreover, the total number of subcarriensthe consid-
ered OFDM system i$1°FPM = 1024 and the transmitted data belong to
a 4-QAM or a 64-QAM constellation. Note that in this case b®yhtems
have the same subcarrier spacing, and, moreover, the samateb{when
the number of active subcarriers is the same for both systemisn the
absence of the cyclic prefix (CP)) since the symbol rate of EBMhose
overlapping factor iX = 2, is twice that of OFDM. In the following experi-

ments the actual bit rate of FBMC is slightly larger than tfa@FDM since
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the FBMC system has 912 active subcarriers while the OFDNEesy$as
840 active subcarriers, and, moreover, the CP of OFDMfigmint from
zero.

3. The considered multipath channel model Extended Pealegt(EPA) [18]
has the following powedelay profile: relative power (in dB) equal to
[0 -1 -2 -3 -8 —172 - 208] and delay (in discrete samples)
[0 1 2 3 4 5 8]. Moreover, the considered Extended VehiculaEXX)
[18] multipath channel model has the following poydsiay profile: rela-
tive power (indB)equalto [0-15 -14 -36 -0.6 -9.1 -7 -12 -
16.9] and delay (in discrete samples) [0 1 3 6 7 14 22 35 50]. Finall
the considered multipath channel model Extended Typicalbr(ETU)
[18] has the following powedelay profile: relative power (expressed in
dB)equalto F1 -1 -1 00 0 -3 -5 —7]anddelay (expressed
in discrete samples) equalto[0 1 2 4 5 10 32 46 100].

4. The BER values are obtained by averaging over bursts oa§@ad sym-

bols received in 1®independent channel realizations.

Figure 5 shows the BER of 2-PAM (FBMC) and 4-QAM (OFDM) versus
Eu/N, in static and in doubly-selective EPA channel. The restits\sthe perfor-
mance degradation of the receiver for both systems due tiveahaency-domain
dispersion related to the time-variability of the channel.particular, while the
performance of both systems in the static channel case dsigatly coincident,
the OFDM system presents a more severe performance degraddien the
moving speed increases.

Figure 6 shows the BER of both systems as a function of themgmspeed for
two different values oE,/N, and in the absence of noise (see the curves labeled as
Euw/No = inf). Of course in this last case the performance degradatidmenly

to the loss of orthogonality among the subcarriers in thesictamed frequency-
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dispersive channel. The results show that,EgfN, = 30dB, the FBMC-PAM
system outperforms the OFDM system for a moving speed lainger 100 kryh.
Note that, in the absence of noise and in the static charlmeeFBMC-PAM sys-
tem presents a BER valueidirent from zero due to the presence of residual inter-
ference while the single-tap equalizer in the OFDM systene, b the presence
of the CP, provides only correct decisions (thus, the markie OFDM system at
moving speed equal to zero is absent). However, also in thenale of noise, as
the moving speed increases, FBMC-PAM results to be morestaghan OFDM.

In particular, the performance cross-over in the absenc®isk is at a moving
speed slightly larger than 100 km

Figure 7 shows the BER versig/N, of both systems in static and in doubly-
selective EVA channel. As one would expect, in this more tarspersive (and,
then, more frequency-selective) channel a performancedation of the FBMC-
PAM system with respect to the OFDM system is observed fondalues of the
moving speed, since the presence of the CP in the OFDM systsumes (nearly)
perfect one-tap channel equalization while the one-talesgr in the FBMC-
PAM case operates in the presence of residual interferétmaever, as the speed
increases, the performance degradation of the OFDM systenoie severe and,
for a suficiently high value of the moving speed, a performance coves-is
observed. Thisféect is more clearly observed in Figure 8 for some values of
Eb/No.

Figure 9 shows the BER versisg/N, of both systems in static and in doubly-
selective ETU channel. In this highly frequency-selecthannel, the perfor-
mance degradation of the FBMC-PAM system with respect taRBPM system
for moderate and high values Bf/N, and for the considered values of the mov-
ing speed, is severe. In particular, the curves present adt@BER value larger

than that assured by the OFDM system also for very high valiiése moving
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speed. Thisféect can be clearly observed for some valuekgN, in Figure 10.

Figure 11 shows the BER of 8-PAM (FBMC) and 64-QAM (OFDM) ves's
Eu/N, of both systems in static and in doubly-selective EPA chhnftee results
show that as the moving speed increases the BER of the OFDiginsyiscreases
more rapidly than that of the FBMC system. In particularhe tonsidered case,
if the moving speed is higher than 100 Aimthe FBMC-PAM system outperforms
the OFDM system.

Figure 12 shows the BER of both systems as a function of thermg®peed
for two different values of,/N, and in the absence of noise. The results show
that, forE,/N, = 30dB, the FBMC-PAM system outperforms the OFDM system
nearly in the whole range of the considered moving speedte that also in the
absence of noise, as the moving speed increases, the panfcerdegradation of
the single-tap equalizer for FBMC-PAM results to be moretaored than that
observed in the OFDM case. In particular, the performanosscover point in
the absence of noise is at a moving speed of 5(hkm

Figure 13 shows the BER versHg/N, of both systems in static and in doubly-
selective EVA channel. The results show that, as the speedases, the perfor-
mance degradation of the OFDM system is more severe and ftnasuticiently
high value of the moving speed a performance cross-overserobd. This ffect
is more evident in Figure 14 where it is shown that the FBMQWPgystem out-
performs the OFDM system for high values®f/N, at a moving speed greater
than 200 kih. For Ey/N, = 20dB the cross-over point is around 100 /km
however, the performance degradation of the OFDM systern sggpect to the
FBMC-PAM system is more contained.

A performance behaviour similar to that observed in the iptes/four figures
is present also in Figure 15 that shows the BER veEy$|, of both systems

in static and in doubly-selective ETU channel. In this hyglequency-selective
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channel the performance degradation of the FBMC-PAM systéimrespect to
the OFDM system, for moderate and high valueg&gfN, and for low values of
the moving speed, is quite severe. However, as the speezhses, the perfor-
mance of the OFDM system is more sensitive to the channalémey dispersion
and, again, for a gficiently high value of the moving speed a performance cross-
over is observed. Thisfiect can be observed in Figure 16 for some fixed values
of E,/N,. Note that, in the FBMC-PAM case, the performanc&gtN, = 30dB

is nearly equal to that in the absence of the noise; thus,isnctise the residual
interference is more relevant than the additive noise.

By comparing the results for 2-PAM (4-QAM) and those for 8NPAG4-
QAM) in the different channels, it follows that the performance cross-puants,
when present (see Figures 6 and 12 for EPA channel and Figuaes 14 for
EVA channel), are observed for lower values of the movingedpa the 8-PAM
(64-QAM) case. Moreover, Figures 10 and 16 for ETU channehstinat, while
in the 2-PAM (4-QAM) case the OFDM system outperforms the KBFAM in
the whole range of values of considered moving speeds, i8-%&M (64-QAM)
case a performance cross-over is observed for very higresadti the moving
speed.

To gain some insight into the actual performance of both FBRAG/ and
OFDM systems as the relative channel frequency-dispemsmpases, in figures
17 and 18 itis reported the BER as a functiorivbfor a fixed value ok, /N, and
some values of the moving speed. In particular, 8-PAM (FBMGJY 64-QAM
(OFDM) constellations are used in figures 17 and 18, respadygti

Note that the performance of the FBMC system in static chidionéigh val-
ues ofM achieves a floor at a BER value equal to that in frequency-flahcel
since, for a sfliciently large number of subcarriers, the residual interiee is

negligible. However, for a moderate value of the moving sp@sM increases,
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at first a performance improvement is observed, while fohérgrzalues oM a
degradation is present. Thus, there is an optimum vall thfat leads to the min-
imization of the BER. In the case of the OFDM system (see Bigfbr a moderate
moving speed value and for a low value Mf the channel frequency-dispersion
relative to the subcarrier spacing is contained and a padoce similar to that
in the static channel case is observed. However, as the muohtsibcarriers
increases the subcarrier spacing decreases and the cHiagusncy-dispersion
leads to a severe performance degradation. Tifexteis observed also for high
values of the moving speed; in particular, the higher is {heed, the lower is
the number of subcarriers that leads to a BER similar to thaeved in static

channel.

5. Conclusions

The FBMC-PAM transceiver with its capabilities in terms qfestral dhi-
ciency, asynchronous access and protection of adjacers, Uses the potential
to meet many requirements imposed by the future wirelegemsygs[19, 20].

In this paper, the performance of FBMC-PAM in dispersiveroiels is ana-
lyzed and compared with that of OFDM. In particular, an atief expression
for the BER of FBMC-PAM in single-path time-varying chanrbkht can take
into account also the presence of a CFO in the receiver, lrasdexived. More-
over, simulation results have been exploited to obtain tB® Bf both systems
in single-path time-varying channels and doubly-dispersiireless channels. In
the last case both 2-PAM FBMZ QPSK OFDM and 8-PAM FBM®G4-QAM
OFDM have been considered.

The results have shown that in single-path time-varyinghokaboth sys-
tems assure similar performance in the absence of CFO, Wigieperformance

is quite diferent when a frequency shift is present in addition to thgqueacy
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spread. Specifically, the FBMC-PAM system is quite robush&frequency shift
while the OFDM system presents a severe performance degnadas the CFO
increases.

In time-varying and frequency-selective channels, FBM®GAResults to be
less sensitive to frequency dispersion than OFDM and, gethe mobile velocity
increases, a performance cross-over can be observed. &opéx forE,/Ng =
30dB, in EPA channel with binary signaling (2-PAM FBVAZQPSK OFDM)
the cross-over is observed at 100/kmvhile in EVA channel the cross-over is
observed at 200 krh if 8-PAM (FBMC) and 64-QAM (OFDM) constellations
are used. Moreover, for a fixed doubly-dispersive channealehaf the cross-
over is present for both the considered symbol constefiatid is observed for
lower values of the moving speed in the more spectrdificient case. Future
work will be focused on the derivation of the analytical BEG® FBMC-PAM in
doubly-dispersive wireless channels and on the sengitivialysis in the presence

of imperfect channel knowledge.
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denote analytical results, marks denote simulation result
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varying channel.

26



BER

10_ ............... L e

...... —3— FBMC 30 dB 5 km/h sim

------ —Q— FBMC 30dB 100km/h sim [~
------ —de— OFDM 30 dB 5 km/h sim | ‘
—©— OFDM 30dB 100 km/h sim|{ A4 |
- B -FBMC30dB 5km/h th |
- P>=FBMC 30 dB 100 km/h th

0.15 0.2 0.25

Figure 4: BER of 2-PAM (FBMC) and 4-QAM (OFDM) versus CFO ow#ngle-path time-

varying channel.

27



BER

10_ L e

EEEEEEE:::ZIEIIIIIIZIZII:IIIZIIZIIIII]IZIZIII +FBMCStatiC _

| —©—FBMC100kmh|
........................................... —Q—FBMCBOOkm/h
........................................... Y orom et |
-< - OFDM 100 km/h | "1
~ B — OFDM 300 km/h

Figure 5: BER of 2-PAM (FBMC) and 4-QAM (OFDM) versus o over EPA channel.

28



BER

| = % = OFDM Eb/No=20 dB
~ Y = OFDM Eb/No=30 dB
10°%l| = © = OFDM Eb/No=inf

| =—HB— FBMC-2M Eb/No=20 dB| .- = = T
| —O— FBMC-2M Eb/No=30dB| . _ 3 T e g
| —P— FBMC-2M Eb/No=inf |4 =7 . ‘

0 50 100 150 200 250 300
v [km/h]

Figure 6: BER of 2-PAM (FBMC) and 4-QAM (OFDM) versus movinged [knth] over EPA

channel.

29



BER

10

10

10

3| | =<+ = OFDM static

| —=he— FBMC static
| —©— FBMC 100 km/h

| —&— FBMC 300 km/h

| =P— FBMC 500 km/h

[ —Q-OFDMlookm/h RS SIS L FER AR SEBREERER (|
~ | = B = OFDM 300 km/h
| = % = OFDM 500 km/h

Figure 7: BER of 2-PAM (FBMC) and 4-QAM (OFDM) versus o over EVA channel.

30



BER

- % — OFDM Eb/No=20 dB
- Y = OFDM Eb/No=30 dB
- © - OFDM Eb/No=inf ]
—B— FBMC-2M Eb/No=20 dB

—Q— FBMC-2M Eb/No=30 dB|
—P— FBMC-2M Eb/No=inf

Figure 8: BER of 2-PAM (FBMC) and 4-QAM (OFDM) versus movingeed [knjih] over EVA

channel.

v [km/h]

31




BER

10

10

10

—sfe— FBMC static

—©— FBMC 100 km/h
—&O— FBMC 300 km/h
= 4 = OFDM static

- < - OFDM 100 km/h
- B - OFDM 300 km/h
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Figure 15: BER of 8-PAM (FBMC) and 64-QAM (OFDM) versus/Blw over ETU channel.
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Figure 16: BER of 8-PAM (FBMC) and 64-QAM (OFDM) versus mogispeed [knh] over ETU

channel.
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Figure 17: BER of 8-PAM (FBMC) and 64-QAM (OFDM) versus log kér FBMC-PAM system
at ElyNo= 30 dB over EPA channel.
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