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Abstract

Sensitivity to carrier frequencyfiset, due to oscillator inaccuracy and terminal
mobility, is a key issue that modern multicarrier systemgehtn face. In that
respect, FBMC-PAM holds a specific position due to its shootqiype filter: the
overlapping factor is K2 and the width of the main lobe of its frequency response
is 3 times the sub-carrier spacing, while OFDM and FBMC-0OQ#dWiemes have
frequency response whose main lobe width is 2 times the autecspacing. As
a consequence, it is shown in the present paper that FBMC-Bafderforms
other multicarrier techniques in terms of CFO sensitiVityorder to best exploit
this property in burst transmission, affieient and accurate approach for joint
symbol timing and CFO estimation is proposed, based on afspeeamble. A
theoretical in-depth analysis of the scheme is provided el ag performance
validation in multipath channel through simulations.
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1. Introduction

Filter bank multicarrier (FBMC) techniques are proposedltsnatives to the
current orthogonal frequency division multiplexing (OFDsthemes for emerg-
ing applications fields such as machine type communicaiipfisC) or cogni-
tive radio [1]. A critical parameter in these systems is thatqtype filter which
controls performance and a number of operational aspeatsg filters yield-
ing high performance, particularly in terms of out-of-baattenuation and user
coexistence, have been proposed. However, in the scemaqasging reduced
system latency or robustness to time-varying channelst phatotype filters are
preferred. A number of approaches based on prototype filighsoverlapping
factor K=2, i.e. only 2 adjacent multicarrier symbols overlap in tjrhave been
proposed [2, 3]. An additional important benefit of thesdntegues is a reduc-
tion of implementation complexity. However, wheftfset-quadrature amplitude
modulation (OQAM) is combined with short filters, the levdl gerformance
achieved is limited, making the usefulness of such schemestignable. That
is why FBMC-PAM has been introduced [4]. The scheme is basgoutse am-
plitude modulation (PAM) combined with a sine prototypeefilvith overlap-
ping factor K=2 and it achieves full orthogonality, like OFDM. Regardinglniie
communications and the issue of carrier frequenfged (CFO) sensitivity the
sine prototype filter exhibits a key characteristic, nantaly width of the main
lobe of its frequency response is 1.5 times that of OFDM antMEBODQAM
schemes. The consequence of this enlarged main lobe is BAMCHAM out-
performs other multicarrier techniques in sensitivity tBQ@ Now, in order to
benefit from this intrinsic advantage in mobile communimas, accurate yet ef-
ficient estimation and synchronization techniques for toimasmsmission must be
implemented. Such techniques have been developed forad#d-synchroniza-
tion of FBMC-OQAM systems [5-7]. They can be adapted to FBFKM and



optimized in the specific context. Here, preamble-basead gyimbol-timing and
CFO estimation is retained and a synchronization algorigxpioiting the least
squares method is derived in AWGN channel and analyzed indatd multipath
channels. The considered preamble can be easily genesditedls to maintain
the appealing spectral-shaping properties of the FBMC-PAdral and assures
interesting performance in multipath channels.

The organization of the paper is as follows. In Section 2staeadard FBMC-
PAM system is recalled while in Secion 3 its CFO sensitivitgnalyzed. In Sec-
tion 4 the proposed preamble-based symbol timing and CR@a&sbn algorithm
is derived. The Cramér-Rao bound (CRB) on CFO and ph#setcestimation
for the problem at hand is derived in Section 5. Numericallissare reported in
Section 6 and conclusions are drawn in the final Section.

Notation: j = V-1, superscript-J* and ()T denote the complex conjugation,
and the transpose, respectively] ] the real parts[k] the Kronecker delta], - |
the absolute value/[-] the argument of a complex number inAd, 7), E[-] de-
notes statistical expectation, and m@6) = ¢ — qM with q such that mogl(¢) €
{0,1,....M -1}.

2. System Model

Let us consider an FBMC-PAM system [4] witltV2subcarriers. The received
signal in AWGN channel, in the presence of a timirftgetr, a carrier-frequency

offsetAf, a carrier phaseftsety and an attenuatiop can be written as
r(t) = ys(t — 1)z e 4 n(t) (1)

where s(t) is the transmitted FBMC-PAM signal anmgt) denotes the circular

complex white Gaussian noise with two-sided power spedeakity 2\,. The



FBMC-PAM signals(t) is equal to

Np+Ns—1 2M—1
M= > > d)eieAETDni -iT) ()
i=0 k=0

where ' is the FBMC-PAM symbol durationy, is the number of training sym-
bols, Ns is the number of payload symbold,(i) denotes the real data symbol
transmitted on thé&th subcarrier during theh FBMC-PAM symbol, and(t) is
the real pulse-shaping filter.

In the following we assume that the received sigitglis filtered with an ideal
low-pass filter with a bandwidth of/T s, whereTs denotes the sampling period.
Note that, the FBMC-PAM symbol duration is equal td 2 2MTs,.

The discrete-time low-pass version of the received sigaalae written as
([I] = ys[l - 6] eFel? +\[l] (3)

whered = 7/Ts is the normalized delay (assumed to be an integef) Af2T is
the CFO normalized to subcarrier spacifig= 1/(2T) and, moreoven]l] is a

discrete-time zero-mean AWGN process with autocorraidtioction

Rim = EMIIVI - m) = 2ol @)
In (3) the signal of interest can be written as
Np+Ns—1 2M-1
1= > > ddil7dk I -im] (5)
i=0 k=0
where
To[k, 1] 2 h[l] eifi (k+2)(+3+%), (6)

In (6) the real prototype filten[l] (equal to zero fot ¢ Ko £{0,1,...,2M - 1})
satisfies the following conditions
h[M +1] = h[M = | - 1] v, (7)
+00

> hll+ mMI[l + mM+2rM] =5[] VL. 8)

m=—co
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In particular, (7) is a symmetry condition, while (8) repeats a condition on the
zeros, at frequencids, = k/M, of the Fourier transform of the generator of the
periodic signal in the left hand side. Since the prototygerfii[l] is equal to zero

for n ¢ Kom, condition (8) forr = 0 simply becomes
h2[1] + [l + M] = 1, V. 9)
Note that conditions (7) and (8) imply the orthogonality dition
1 2M-1
R { 2, T TIm - pM]} = o[~ Klo[p. (10)

In this case, it follows from [4] that in AWGN channet & 6 = 0 in (3)) the
optimum (in the maximum likelihood sense) decision vaedbk estimating sta-

tistically independent information symbols can be writdesn

Anli] £ % fe240) (11)
where
2M-1
Zn() 2 ) rliM + 7 [m ] (12)

I=0
since conditions (7) and (8) assure the absence of interslyimierference and

intercarrier interference. Specifically, the symmetryditon in (7) assures, in
the decisions on the data transmitted onrthth subcarrier, the absence of inter-
symbol interference and, moreover, the absence of intggcanterference from
subcarriers whose indekis such thatA = modyy(k — m) is an odd number. In
addition, condition (8) assures the absence of intercamterference from the
subcarriers whose inddxis such thath = mod, (k — m) is an even number.

In the following it is considered the prototype filter

LA
2M 2

This prototype filter satisfies conditions (7) and (8), exlilgood spectral prop-

h[I] = sin leom, h[I]=0 |¢Kom. (13)

erties and simplifies the receiver as shown in [4].
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Let us observe that accounting for (6), (12) and (13) it foBdhat

2M-1
Zu(i) = . r[iM + 1] h[l] e f(m2)(+i+

=0

= e (™ )EE) [aRy(i) + @R ()] (14)
where _
n €ldm
a=-— 2] (15)
and
2M-1
Ru(i) = D" r[iM + 1]e71 5™, (16)

1=0
Thus, an éicient evaluation of the termy,(i) in (14) requires the evaluation of an

FFT over 2/ points. In order to boost the performance of the frequencyaio
channel equalizer, the 2M-FFT can be replaced by a 4M-FH®Weld by deci-
mation. The scheme is denominated FBMC-PAM-4M and detadlsawailable in

[4].

3. Carrier frequency offset sensitivity of the FBMC-PAM modulation scheme

In this section we evaluate the sensitivity of the FBMC-PA&tem to the
residual CFO. In particular, we obtain an approximate esgion for the SIR, that
is the ratio between the power of the useful term and the pohbe interference
present in the decision variable due to the CFO.

Let us observe that the decision variable in (11) on the datansmitted on
the mth subcarrier in the-th multicarrier symbol, taking into account (12) and

(14), can be written as
nli] = R fe¥e A [aRy() + aRua)]].  (17)

To evaluate the sensitivity of the FBMC-PAM to a normalizdele, let us con-

sider the discrete-time received signal in (3) in the abs@ftoise fow = 0 and,
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without loss of generality, foy = 1. In this case thetth value of the DFT in (17)
depends also oa Taking into account its expression derived in AppendixtA, i

follows that

ol = % [l C R EMD) 2Ry, €) + ARyl )

2M-1

_ ﬁ sin(%e) (~1) kZ; dli — 1] {D(e) + DE*(e)

2M-1

1 : 2(m-K 2(m-k- 2(m—k 3r
T kZ; dfi] {20779 (2¢) + DT V(2e) + D (26)| cos| Z-(k —m)

1 . 2M-1 )
b s.n(ge) kZ (~1)dfi + 1] {D5" (€) + D" (e)} (18)

where _
D,ﬁ’,l(x) 2 M (19)

sin[ﬁ(p - x)].
Note that in (18) has been used the complex gaine *dei3¢(2-) to compen-

sate for the phasdfiset and the CFO (constant on each subacarrier) accumulated
up to the considered multicarrier symbol. In this way, oy #fect of the resid-

ual inter-channel interference (ICl) and inter-symboénférence (I1SI) due to the

undesired factoe/#< in the sums is accounted for (see e.qg., [8]). The &8 is

given by
O = 5 (20)
where (see (18))
Pu(e) = [2D3,(26) + D32 (2€) + D3y (26)| (21)
is the power of the useful term while
Pisi(e) = 2 [Sin(ge)r zf [D3+(e) + DR (6] (22)

k=0
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and

~ [1+ (-1)<™M] 2(m-k) 2(m—k-1) 2(m—k+1) 2
Pei(€)= Y —— |2D257(2€) + D35 V(2€) + Diy P (2¢) |
k=0,k=m
(23)
are the power of ISI and ICI contribution, respectively. Ippendix B it is shown
that, for| e |[< 1 andM > 1, the power of the useful term in (21) can be approxi-
mated as

Pu(€) =~ 16M? (24)

the ISI power can be approximated as

5 4
Pisi(€) = n262M2(§ + F) (25)

while the ICI power can be approximated as

10— n?
Pici(e) ~ JrzezleZ( nzﬂ ) (26)
Thus, for| € |[< 1 andM > 1, the SIR can be approximated as
pe) = : 27)
m2e? [4% + —“321,?”2)]'

Note that, for a given value of, the power of the interference is nearly equal
to that of the ISI contribution since from (25) and (26) itléVs thatPc, () =~
0.076Ps/(€).

It is of interest to compare the derived SIR expression foMEBPAM sys-

tems with the approximate expression for OFDM systems nbéthin [8]

1
= (28)

3
In Figure 1 are reported the approximate SIR in (27) (labakeBBMC-PAM-
A) and the exact SIR (labeled as FBMC-PAM) obtained by usii,((22) and
(23) in (20). Moreover, in the figure the exact SIR for an OFDpdtem (labeled

pOFDM(E) ~
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as OFDM) and its approximate value given by (28) (labeled BBK2-A) are
also reported. The results show that, in the considerederamigvalues ofe,
the obtained approximate expressions provide resultdyneaincident with the
exact resuts. In particular, the gain= % of FBMC-PAM with respect to
OFDM in terms of SIR, expressed in dB, is nearly equal to 3.8(ii® actual
value of the ratiax obtained by using the exact SIR expressions is nearly equal
to 4 dB). In addition, let us observe that the approximate &tpression in (27)
has the fornp(e) ~ 1/(k1€?) obtained in [8] for dfset-QAM multicarrier systems.
Since for FBMC-PAMk; =~ 1.38 while for OFDM, SR-RC, SR-Nyquist, IOTA
and Hermite designs, the valueskepfare (see [8]) 3.29, 2.3, 1.88, 1.54, and 1.55,
respectively, it follows that FBMC-PAM is superior to thesestems provided that
they are subject to the same CFO. This is obtained by choasuadue of M for
FBMC-PAM equal to half of that of the other considered systen fact, in this
case the subcarrier spacing is the same and also the frgqagset for a given

normalized CFC.

4. Joint symbol timing and carrier frequency offset LS estimator

Let us consider the case whédg = 2 in (5), and, moreoved,[1] = 0, Yk and
d[0] = O, for evenk, that is, the preamble is obtained by transmitting real data
only on odd subcarriers in the first multicarrier symbol of thurst. In this case,

the samples of the preamble in (5) can be written as

plIT = A1, I'e Kowm (29)
where
2M-1
41123 dfo)eifilked)+3+%), (30)
k=0



Let us observe that (fdre {0, 1, ..., M — 1})

2M-1 2M-1
7l +M] = Z d[0] el (kr2)(em+3+8) _ Z a[0] elfi (ke 2)(+3+ %) gif (1)<,
Py k=0

(31)
Since it is assumed that only odd subcarriers are modulatedd[0] = O, for
evenk) it immediately follows that the samples of the sigaf] in (30) satisfy

(forl € {0,1,..., M — 1}) the following property:
4l + M] = —jz[l]. (32)

Taking into account (29) and (3) it follows that in the absentnoise and for
le{0,1,...,M -1}
(ll + 6] = yh[l] Z{l]elFi<(+ei (33)

and, moreover,
(ll + M +6] = yh[l + M] Z| + M]eZet+M+0gié. (34)

Therefore, taking into account the property in (32), fror8)(and (34) and for

l €{0,1,...,M -1}, in the absence of noise we can write
[l + M + 6] h[l] = —je"r[l + 6] h[l + M]. (35)

Thus, from (35) it follows that the joint estimate of the timgiaffsetd and of the

normalized CFQG: according to the LS approach is obtained as follows
(9.€) = argmin{U (4. &)} (36)
0,€

where
M-1

U(é, €) = Z |r[| + M + é]h[l] + jr]l +§] h[l + M] e 2
I=0

(37)

andd and€ are trial values for timing-fiset and CFO, respectively.
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It can be easily shown that the CFO estimate is expressedsedliform by

€= E43(@) +1 (38)
Vi 2
where -
S(6) = Z h[ITh[l + M]r [l + 6]r[l + M + 6]. (39)

1=0
In particular, taking into account the considered protetfiiper in (13) it immedi-

ately follows that

M-1
S(0) = %Zsin[ﬁ(z +1)]r*[| + Ol + M +4]. (40)
1=0

By substituting the CFO estimate (38) in (36), it followstthae timing-dtset

estimate requires only a one-dimensional search and is giye
n I
6 = arg max{|S(9)| - EW(G)} (41)
6
whereS(6) is defined in (39) and
M-1 o L
W() = Z [|r[| + M+ 8 h?[I] +|r[l + 6] h2[l + M]]. (42)
1=0

To simplify the threshold setting (see [9] and referencesdim) in the next section

the following modified version of (41) is considered:

6 = arg max 2[s@) (43)
i | W@ [

Note that the proposed CFO estimator in (38) assures unaimisgestimates
provided thak € [-0.5, 1.5) while the proposed symbol timing estimator in (43)
assures unambiguous estimates in the whole rargi, 2M — 1}. To enlarge the
CFO estimation range, a preamble symbol consisting of 2 (weighted) iden-
tical parts can be exploited (see e.g., [10, 11] for the OF2¥ey. This can be

obtained by transmitting the real data on the subcarriems&imdex is an integer
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multiple of L and setting zero on the remaining subcarriers. In fact,idase
the CFO estimation range is multiplied lhy Moreover, although the proposed
joint preamble-based symbol-timing and CFO estimator lees laerived by ex-
ploiting the LS approach with reference to an additive nofsgnnel model, in the
following its performance is assessed in standard muhlipaannels.

Figure 2 shows the behaviour, in a single run, of the proppseamble-based
symbol timing statistics in AWGN as a function éffor E,/N, = 10dB and
M = 512. The proposed estimator presents a peak at the actualofhe delay
=M.

5. Derivation of CRB

In this section we assume that the symbol timing in (3) isquly known and
derive the expression of the CRB for joint CFO and phase asitom. Letr be the
observation vector = [e, ¢]" the parameters to be estimated, th&ih entry of

the Fisher Information Matrix (FIM) is equal to

9?In pr(r|v)]
a[vl;a[v],

whereE; is the expectation with respectit@nd (up to irrelevant additive factors)

[Flin = -E (44)

2M-1

Inpe (r|v) = % Z R {r[]plleis'e). (45)
0 =0

It results that
5 2M-1 o
R {Ire[]pll]e' 7' e?}, (46)

#Inp (r|v) _ _7_TS(£)
=0

0e? No \M

Fhnp (rlv)  EInp (1lv)  yTsa X5, ¢y 2l o
e v _—N—Om;%{lr[l]p[l]ej e, (a7)

and, moreover

2M-1

> R{r[plleF' e}, (48)

1=0

lInp (rlv) _ ¥Ts
0¢? N
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Taking into account (46), (47), (48) and (44) we obtain

vT
[F] Ly = >

et DAL
° =0

(49)

sz - 2M-1

_ _ st 2

Fley = Flaa = =1 .Z | p[2, (50)
and

o, M1
[Flez = 5= > PP, (51)
0 =0

The CRB for normalized CFO and for phase is given by the cparding diago-
nal element of inverse of FIM, that is

_ 1
CRB(e) = [F*] , = (ﬂ o zf ) (52)
: IpllI B
M No —
and
CRE¢) = [F_l](z,z) - 2T ZMi (53)
< 2, IplEs
° =0
where
;0 12 |p[I]?
i TE—— 54
Y IplP
=0
and
2M-1 2M-1 2
oz 12 |p[1]? > L 1p[I]I7
B= 2M-1 ) N Y | (55)
EO Ip[1]| EO Ip[1]|

Let us observe that the parametarandg, in (54) and (55), respectively, do
not depend on the preamble energy but only on its shape.
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6. Simulation results

In this section the performance of the proposed preamldeebpint symbol
timing and CFO estimator is assessed via computer simaktidhe simulation

results are obtained under the following conditions:

1. the total number of subcarriers for the considered FBM@tRystem is
2M = 1024, the number of active subcarriers is 912 and, moretiver,
transmitted data belong to a 2-PAM constellation;

2. the total number of subcarriers for the considered OFDMesy iSM =
1024, the number of active subcarriers is 840, and, morethetransmit-
ted data belong to a 4-QAM constellation;

3. the considered multipath channel model Extended Velniu(EVA) [12]
has the following powedelay profile: relative power (in dB) equal to
[0 —15 —-14 -36 —06 —91 —7 —12 —169] and delay (in
discrete samples) [0 1 3 6 7 14 22 35 K0Moreover, the considered
multipath channel model Extended Typical Urban (ETU) [12% lthe fol-
lowing poweydelay profile: relative power (expressed in dB) equal to
[-1 -1 -1000 -3 -5 —7]" and delay (expressed in discrete
samples) equalto[0 1 2 4 5 10 32 46 100]

4. in each run the actual value of the symbol timing is a raéibn of a random
variable uniformly distributed in the s@d, 2M — 1} while each CFO value
is a realization of a random variable uniformly distributed—0.4, 1.4);

5. the normalized root-mean-square error (RMSE) valueslataned by av-
eraging over 10independent channel realizations;

6. the BER values are obtained by averaging over bursts cigdad symbols
received in 10independent channel realizations;

7. each channel realization remains constant in the whaot,land, moreover,

the equalizer has a perfect knowledge of the channel witretfidual timing

14



offset.

Figure 3 shows the RMSE normalized kb of the proposed symbol timing
estimator as a function d&,/N, in AWGN and in multipath channels EVA and
ETU. The results show that a performance degradation isneddén multipath
channel with respect to that obtained in AWGN channel, inipalar a floor is
observed. However, the timing estimate is quite accurae ial the highly fre-
guency selective ETU channel provided tBgtN, > 5dB. Note that in this range
of values ofE,/N, the RMSE value of the symbol timing estimate is nearly equal
to 3% of the FBMC-PAM symbol interval.

Figure 4 shows the RMSE of the proposed normalized CFO etinas a
function of E,/N, in AWGN and in multipath channels EVA and ETU. In the
figure is also reported the derived CRB in (52). The resultsvstinat in AWGN
channel the proposed estimator achieves the derived CRBdderate and high
values ofEy/N,. A performance loss is observed in the considered multipath
channels, however, the CFO estimate is quite accurate,jdd, > 5dB.

To gain some insight into the actual performance of the FBRABA system
when the proposed synchronization algorithm is exploite#jg.5 and 6 the BER
of the perfectly synchronized FBMC-PAM-2M and FBMC-PAM-4fgceivers in
multipath channels EVA and ETU, respectively, is comparéth what obtained
in the case where the synchronization is performed with tbpgsed algorithm
(curves labeled as FBMC-PAM-2M-s and FBMC-PAM-4M-s). Intpaular, in
this first set of curves only the symbol timing is estimatedlevthe CFO is as-
sumed to be known. Moreover, in all the figures, the perfolceant the perfectly
synchronized OFDM system with cyclic prefix €PL/16 in EVA channel and
CP= 1/8in ETU channel, is reported. The results show that in bo#mokls the
two considered receivers exploiting the proposed symhuohy estimation algo-

rithm assure a performance indistinguishable from thaiexel when the timing
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offset is perfectly known. Thus, also in the more frequencycsigks channel
ETU, as previously observed, the RMSE of the symbol timingrese is quite
contained and, then, leads to a residual timifiget that the equalizer can handle.
The BER in multipath channels EVA and ETU of the FBMC-PAM-2kida
FBMC-PAM-4M receivers when both the symbol timing and theOCére esti-
mated exploiting the proposed synchronization algoritemeported in Fig.7 and
8, respectively. In the figures the labels FBMC-PAM-2M-s &BMC-PAM-4M-
s refer to the case where the residual CFO is perfectly knawdhits dfect (a
phase shift constant on each subcarrier that linearly asee with the FBMC-
PAM symbol index) is perfectly balanced. Note that the nealdCFO can be
estimated in the frequency domain by exploiting pilot syishiaserted in the
payload symbols of the burst. Arfieient frequency domain CFO compensation
algorithm for FBMC systems has been proposed in [13]. Mogedn Fig.7 and
8 the labels FBMC-PAM-2M-nc and FBMC-PAM-4M-nc refer to tb@se where
the residual CFO is not compensated. The results show thadtim channels
the two considered receivers exploiting the proposed symikation algorithm
assure a performance similar to that observed in the caserfefigb synchroniza-
tion (curves labeled as FBMC-APM-2M and FBMC-APM-4M), pided that the
residual CFO is compensated in the frequency domain. As angdvwexpect a
performance degradation is observed in the absence olLis#StFO compensa-

tion.

7. Conclusions

The FBMC-PAM transceiver with its capabilities in terms qfestral dhi-
ciency, asynchronous access and protection of adjacert, us&s the potential
to meet many requirements imposed by the future wirelesemsgs Here, the

scenario in mind is short burst transmission which is a eingié for FBMC sys-
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tems because of the required length of preambles. With thygosed preamble,
the initial loss of diciency of FBMC-PAM with respect to the optimal 2M-OFDM
approach is at most 2M real data. This loss can be more thapeiwsated over
the burst by the absence of the cyclic prefix.

In this paper, at first an analysis of the CFO sensitivity & EBMC-PAM
system is provided. In particular, an approximate expogssf the SIR has been
obtained and compared with the SIR of the OFDM system andvafrakdatset-
QAM multicarrier systems. The results have shown that thMIEBPAM system
is superior to the considered systems when all of them arpcuto the same
CFO, that is when the total number of subcarriers of the FBRAGA system is
equal to that of OFDM and offtset-QAM systems.

Then, the problem of preamble-based joint symbol timing@RO estimation
for FBMC-PAM transceivers has been considered. The desyaabol timing
estimator requires a one-dimensional maximization whike €FO estimator is
in closed form. Although the proposed algorithm is derivedWGN channel,
its performance is assessed in standard multipath charBER curves obtained
via computer simulation have shown that when both the paemare estimated
the performance loss with respect to the ideal case is nielglifpr moderate and
large values oEy/N,, provided that the residual CFO is accurately compensated

in the frequency domain.
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Appendix A

In this appendix we obtain the expression of tiv¢h DFT value in (17). Since
it depends also on the CFO we denote iRa$i, €). Let us observe that, taking
into account (3) in the absence of noise ot 0 and, without loss of generality,

for y = 1, it follows that

2M-1

Rn(i, €) = Z r[n +iM]eFMerizimn — gitdi [A (i €) + By(i, €) + C(i, €)]
e (A1)
where
2M-1 M-1
Ani, €) 2 Z( 1)d[i — 1]l (2) G+ %)Z a—a'elin)glfinmel (a 2)

n=0

2M-1 2M-1

Bu(i.€) = Y dfilefi(e)(E+8) 3 (ararefin)elinmeb  (A3)
k=0 n=0

and
2M-1

C(i, €) 2 Z( 1)di + 1]ei# (r2)(z+2) Z (a-arefin)eifinmeh (A 4)
After simple but tedious algebra it follows that

e 1 (m2)(3+%) [a*An(i, €) + aAn(i, €)] =

2M-1 sin[ﬁ(m—e—k—l)] sin[l(m—e—k+ 1)]
- Jzelzf(l W) ' 2 2
e (-1) Z dh{i- 1]{Sin[ﬁ(m_e_k_1)] +sin[ﬁ(m—e—k+1)]}

(A.5)
e i (m3)GE) [aCoi, €) + aCmea(i, €)] =
1 g Al _ sin[3(m—e-k-1)]  sin[§(m-e-k+1)]
—eitgt(3-w) > (Dfdi+1]{ = +—
4 e sin[ Z(m-e-k-1)| sin|&(m-e-k+1)]
(A.6)

and
2M-1

g it (m3)(3+%) [ Bm(i, €) + aBn.1(i, €)] = 6126(2_“”) Z ejan(k_m)dk[l]
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x{z sinfr(m-e-K] _ sinfxm-e—k-1)] _ sinfx(m-e—k+ 1) }

sin|Z(m-e-K)|  sin[Zm-e-k-1)| sin|Zm-e-k+1)]
(A.7)

Taking into account (A.1), by using (A.5), (A.6) and (A.Metexpression in

(18) immediately follows.

Appendix B

In this appendix, we derive the approximate expressionk@power of the
useful term in (21), the ISI contribution in (22), and the &rm in (23), for
| e|]< 1andM > 1.

Let us consider at first the power of the useful term. Note, ttaiing into

account the definition in (19), favl > 1 and| € |< 1, it follows that

singre) 1
e 1-¢€2

2D%,(2€) + D374 (2€) + D3y, (2¢€) ~ 4M ~ 4M. (B.1)

Thus, from (B.1) the expression in (24) is immediately atxal.
Let us now consider the power of the ISI contribution in (229te that, taking

into account the definition in (19), it follows that
DYM(e) = (-1)MDB,, (e). (B.2)

From the previous relationship it follows that

2M-1 2 2M-1 2 2M-1 2
2, DR = 3 [pae@] = 2, [Ph@]  ®3
k=0 k=0 p=0

and, moreover,

2M-1 2M-1

D" DIYe) DR H(e) = . DE(e) Doni(e): (B.4)
k=0 p=0

Thus, the power of the ISI contribution in (22) can be expedsss

Pisi(e) = 4[Sin(g€)r{A|S| + Bisi} (B.5)
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where
2M-1

Asi = Z [DSM(E)]z

p=0

and
2M-1

Bisi 2 > Db, (€) Di(e).

p=0

In particular, taking into account the definition in (19)fatlows that

[—_)]z[—(> I

sin(&e)| & [sin(&(p-)

ForM > 1 and| € |« 1 it follows that

(z+1»

2M- l[ Sln

M-
+

|_\

=2 [sin(&0 + »f'
Since it can be shown that (far# mnr)

M-1 hﬂz

kZ::: sin( ﬂ)]z it

it results that
/NSI = Zhﬂz.

Moreover, taking into account the definition in (19), it fmAls that

2M-1

—1 - cos(n(p — €))
Bis| = .
! pzzs‘, cos(ﬁ) - cos(ﬁ(p - e))

ForM > 1 and| € |« 1 it follows that

1 + cos(re 2t 1+ (-1)
Bis, ~ (e) _Z (-1)

cos(Ze) - cos(&) & cos(Z) - cos(Zp)

20
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(B.9)

(B.10)
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(B.12)



am2 N 1 (1p amz A 14 ()P
= - =2 . 2
™ 1-cos(fp) T A 2[sin(55p)|
am?z N5 1
=1 [Sln(ﬁl)]
Since it can be shown that
M-1
1 M2 -1
5= (B.14)
i1 [sin(Z&K)]
it results that
4aM?%2  M2%2-1 4 1
Bis| ~ — — ~ M?(= - Z|. B.1
o M w5 g 8.15)

By substituting (B.11) and (B.15) in (B.5), the expressiotid5) is obtained.
Let us finally consider the power of the ICI contribution irBf2 Note that,

taking into account the definition in (19) it follows that
DXPe2W(2¢) = D (2e). (B.16)

From the previous relationship it follows that

2M-1 _1ynk 2M-1
O oo = 3T W o f @
k=0k#m 2 =] 2
2M-1 [1 + (—1)rTFk] - 2M-1 [L+ (1)) ( 1y ] )
2 (i @af Z D2?(2¢)|"  (B.18)
2M-1 [1+ (—l)wk] N 2M-1 [L+ (1)) +( 1y ]
k=0,k¢m# [Di( - 1)(2 ) Z Dim “(2€ )] (B.19)

and, moreover,

2M-1 [1 4 (=1 2M-1
wDif\T—k)(z )D2(m k+1)(2 ) = Z M (2 )D2(p+1)(2€)’

(B.20)

k=0,k#0
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2M-1 |11 -1 m-k 2M-1
[ +(-1) ]Dil(\;lmk)(z )D2(m—k 1)(2 ) = Z [1 "‘( 1)P ] (2 )D2(p—l)(26).

k=0,k+0 2
(B.21)
2M-1 1+ (_1)m—k 2M-1
[ ]Di(Mm—k D(2¢) DA (2¢) = Z [1 +( 1)°] D2%1(2¢) D2V (2¢).
2
k=0,k+0
(B.22)
Thus, the power of the ICI contribution in (23) can be expedsss
Pici(€) = 4Aci + Bici + Cici +4Dici + 4Eic + Fic (B.23)
where M1 V1
1+(-1
A2 3y L O ozl = Y [Dhea’. @29
=
2M-1 M-1
A [1+(-1)P] 2p+2 _ 4+2
Bic 2 pz; T [D2(26)] _Z |Df (26) (B.25)
2M-1 M-1
A [1+(—1)] 2p2 4-2
Cier £ Z === D] I'= 2.[oh o (B.26)
is 1[1+( 7
Dy, 2 Z 2 (2¢) D2P*%(2¢) = Z D4, (2¢) D2+2(2¢),  (B.27)

A2Ml[1+( 1)] . M-1
Eccr = Z (26 D *(2e) = ) Dijy(2) Di(26),  (B.28)

1=1
and, finaIIy,

2M1[1+(1)] D2P-2 2p+2 M14|2 242
F,C,_Z— P2(2¢) D2 (2)_ZD4M (2¢) D22(2¢).  (B.29)
=1

In particular, taking into account the definition in (19)atlbws that

M- sin(5(4l - 26)) |
Aci = ; [sin(ﬁ@l - 26))} . (B.30)

ForM > 1 and| € |< 1, and moreover, accounting for (B.14), it follows that

=1 M2 -1
Aci = [sin(re)]* Y ————— = (ne)’ :
ICI IN(re ;1 [Sin(ﬁl)]z TE 3
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Taking into account the definition in (19) it follows that

V2| sin(3(4l +2 - 26)) 2
Bici = Z Li”(ﬁ(d'l +2- 26))] )

1=1

(B.32)

ForM > 1 and| € |< 1, and moreover, accounting for (B.10), it follows that

M-1

Bici = [5|n(7T€)]2 L

= [sin(z0+ )

Taking into account the definition in (19) it follows that

~ (me)? Mz(l— ﬂiz) (B.33)

sin(5(4 - 2 - 2¢)) r ©.34

Gt = ,le [sin(ﬁ@l —2-2))

ForM > 1 and| € |« 1, and moreover, accounting for (B.10), it follows that

M-1

Cicl = [s|n(7re)]22 ((::- 1)]2
=1 sm all=3

Taking into account the definition in (19) it follows that

~ (71'6)2 M2(1 - 7'%) = B|C|- (835)

M1 sin(5(4l - 2€)) sin(5(4l + 2 - 2e))

Dici = ,
= sin(75 (4l - 2€)) sin( 7% (4l + 2 - 2¢))

<

B ol cos(Zre) — 1
= cos(# ) — cos(Z(8l + 2 - 46))' (B.36)

ForM > 1 and| € |< 1, and moreover, accounting for (B.10), it follows that

M-1 2
Dici = — (re)? — (1€)> M? lZ - (ﬂ) l . (B.37)
= sm ))] n

Taking into account the definition in (19) it follows that

M-1 (4| 26)) sin(g(4| -2- 26))

Be = 2 (&4 - 2)) sin(7% (4 - 2 2¢))
_ = cos(2re) — 1 | (B.38)
= cos(ﬁ) — cos(ﬁ(& -2- 4e))
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ForM > 1 and| € |« 1, and moreover, accounting for (B.10), it follows that

M-1

2
Eici = — (n€)? )]2 =~ — (ne)? leZ— (;) l =Dic;.  (B.39)
=1 S|n - =

Taking into account the definition in (19) it follows that

M1 sin(4(41 + 2 - 2€)) sin(5(4l - 2 - 2¢))
Fici = Z :
S sin( (41 + 2 - 2¢)) sin(Z (4l - 2- 2¢))

M-1
_ 1 — cos(2e) ' (B.40)

= cos(ﬁ) — cos(ﬁ(& - 46))
ForM > 1 and| € |« 1, and moreover, accounting for (B.14), it follows that

M-1

2y ———= )
Fret = () i1 [sin( )] "

-1

= Ac. (B.41)

By substituting (B.31), (B.33), (B.35), (B.37), (B.39),B.41) in (B.23) the

expression in (26) is obtained.
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Figure 3: Normalized RMSE of the proposed symbol timingreator over AWGN, EVA and
ETU channels versus,/N,.
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Figure 4. Normalized RMSE of the proposed CFO estimator AWGN, EVA and ETU channels

versusEy/Ng.
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Figure 5: BER versu&y,/N, over EVA channel. The proposed symbol timing estimator is ex

ploited while the CFO is assumed to be known.
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Figure 6: BER versu&y/N, over ETU channel. The proposed symbol timing estimator is ex

ploited while the CFO is assumed to be known.
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Figure 7: BER versug&,/N, over EVA channel. Both the symbol timing and the CFO are esti-

mated.
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Figure 8: BER versu&,/N, over ETU channel. Both the symbol timing and the CFO are esti-

mated.
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