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Overlap-Save FBMC receivers for massive MIMO systems

Fatima Hamdar, Jeremy Nadal, Charbel Abdel Nour, and Amer Baghdadi

Abstract—Massive multiple-input multiple-output (mMIMO)
systems and filtered multi-carrier waveforms have recently
emerged as hot research topics in next-generation wireless net-
works. This paper extends the use of Overlap-Save Filter Bank
Multi-Carrier (FBMC) receivers to mMIMO communication
systems and investigates the corresponding FBMC transceiver
advantages over OFDM. To this aim, we derived the signal-to-
interference ratio (SIR) expressions analytically under several
channel impairments such as timing offsets and carrier fre-
quency offsets. Furthermore, we conducted an asymptotic study
on the performance of FBMC augmented with our proposed
receivers in the context of massive MIMO systems. While still
outperforming OFDM, results for FBMC show that increasing
the number of base station (BS) antennas does not increase the
SINR unboundedly. We have validated the proposed analytical
study by comparing its results with those obtained from Monte
Carlo simulations and confirmed the superiority of the proposed
receivers over those in mMIMO literature. Moreover, analytical
and simulation results confirm that the Overlap-Save FBMC
receiver can support asynchronous communications in the context
of mMIMO, a cornerstone for grant-free communications and
massive access.

Index Terms—Beyond 5G, massive MIMO, analytical perfor-
mance, FBMC/OQAM, Overlap-Save based FBMC receivers,
OFDM, asynchronous communication, relaxed synchronization,
QuaDRiGa channel

I. INTRODUCTION

Addressing part of the requirements of the upcoming
6G wireless communication network, Massive multiple-input
multiple-output (mMIMO) emerges as a pivotal solution.
Indeed, it enhances the spectral efficiency, throughput, and
quality of service. In mMIMO systems, the base station (BS) is
equipped with a large number of antennas adeptly catering to
multiple users and mitigating small-scale fading effects [2].
Furthermore, mMIMO mitigates fast fading and multi-user
(MU) interference while implementing simple linear signal
processing techniques [3].

Adopted in multiple standards including fifth generation
(5G) systems [4], the multi-carrier modulation orthogo-
nal frequency division multiplexing (OFDM) enables effi-
cient mMIMO integration [5]. However, the yearly growth in
user density [6] has shown OFDM limitations, especially in an
uplink multi-user scenario. Therefore, maximizing spectrum
efficiency by enabling multiple users to coexist within the
same OFDM symbol (intra-band communication) becomes
imperative. Nonetheless, this objective contradicts OFDM
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This work largely extends the results in [1].

principles since the orthogonality property, which guaran-
tees interference-free multi-user access, is upheld only when
stringent time and frequency synchronization constraints are
met [7]-[9]. Indeed, the presence of any carrier frequency
offsets (CFO) in the received uplink signal results in sub-
stantial inter-carrier-interference (ICI) due to the inherently
high out-of-band-power-leakage (OOBPL) of OFDM. This
can arise when low-cost devices cannot afford precise local
oscillators. Moreover, it is essential to ensure that the time
delay difference between received OFDM signals does not
exceed the duration of the cyclic prefix (CP). Otherwise,
timing advance mechanism [10] must be employed to adjust
signal delays, which is unsuitable for low-latency applications
and machine-type communications, where low-cost devices
sporadically transmit data.

As an alternative to the timing advance mechanism, two
simplified time synchronization procedures can be considered.
The first is the relaxed synchronization scenario, where mul-
tiple users transmit data within a common time reference.
However, because each user is located at a different distance
from the BS, their signals experience a different propagation
delay, leading to a specific timing offset (TO) that the receiver
must be able to compensate for in order to maintain energy
efficiency. The second scenario is the asynchronous communi-
cation scenario, where users transmit data without considering
any time reference, resulting in a time mismatch between users
that can be as large as 50% of the symbol duration. However,
the potential gains of MU-mMIMO-OFDM systems heavily
rely on accurate frequency and time synchronization across
multiple users, which is challenging owing to the presence
of several CFOs/ TOs at the BS [11]. Accurately estimating
and compensating MU CFO/TO differs significantly from
conventional single-user (SU) systems [12]-[15]. Hence, re-
taining subcarrier orthogonality typically requires computa-
tionally expensive mMIMO techniques [16]. Considering these
OFDM shortcomings, the promising benefits of MU-mMIMO
systems, and the stringent requirements of beyond 5G systems,
there is renewed interest in alternative waveforms to address
OFDM drawbacks and fully leverage mMIMO technologies.

Filter bank multicarrier with offset quadrature amplitude
modulation (FBMC/OQAM) is one of the promising alterna-
tive waveform to OFDM that has been investigated in the con-
text of 5G. Recently, innovative contributions have been pro-
posed for FBMC/OQAM in single-input-single-output (SISO)
systems [17], [18]. With the same duration as one OFDM
symbol, the short Near Perfect Reconstruction-1 (NPR1) pro-
totype filter (PF) was proposed in [17]. Its usage results in
a significant reduction in latency, hardware complexity, and
energy consumption. When combined with short PFs such as



the NPR1 the OS-FBMC receiver proposed in [18] enhances
the robustness against doubly dispersive channels and supports
asynchronous communications.

To overcome the aforementioned drawbacks of OFDM in
MU-mMIMO systems, we extend the latest FBMC/OQAM
advantages through the proposal of OS-based MU-mMIMO
receivers. Furthermore, we derive signal-to-interference-plus-
noise ratio (SINR) analytical expressions for the proposed
receivers over different channel impairments including the
presence of TOs and CFOs. These have been used to evaluate
the performance of the proposed FBMC/OQAM MU-mMIMO
transceivers under different system scenarios over realistic
channel models and without the need for time-consuming
Monte Carlo simulations. The specific contributions presented
in this paper can be summarized as follows:

1) Proposal of overlap-save (OS)-based FBMC receivers
for MU-mMIMO systems.

2) Derivation of the corresponding analytical signal-to-
interference ratio (SIR) expressions in the presence
of CFOs and TOs.

3) Derivation of an asymptotic analytical expression of
the SINR saturation level for the proposed OS-FBMC
receivers.

4) Evaluation and validation of their performance under
the 3D-urban-macro non-line-of-sight (Uma-NLOS) and
3GPP-38.901-rural macro (Rma) channel models with
several channel impairments.

The rest of the paper is organized as follows. In Sec-
tion II, we go through relevant existing FBMC and OFDM
transceivers in the context of mMIMO to pave the way for
the derivations provided in this work. The proposed OS-based
FBMC receivers for MU-mMIMO are detailed in Section III.
In Section IV, we provide the analytical derivation of the SIR
in the presence of CFOs and TOs, followed by an asymptotic
evaluation of the SINR level for the proposed receivers.
Section V describes the channel model along with the antenna
array structure and the considered simulation parameters. Sec-
tions VI to IX provide the validation results of the analytical
derivation, evaluate the efficiency of the proposed OS-based
FBMC receivers, and compare the results of the proposal
to the conventional OFDM receiver in different transmission
scenarios. Section X provides complexity assessment of the
proposed receivers. Finally, section XI concludes the paper.

II. RELEVANT MULTI-CARRIER TRANSCEIVERS IN THE
CONTEXT OF MASSIVE MIMO

A. The OFDM transceiver

The OFDM transmitter is implemented using an inverse fast
fourier transform (IFFT) of size M, where M is the total
number of subcarriers that may be transmitted [19].

The transmitted signal composed of M samples is obtained
at the IFFT output, where a CP of length Lop is added
before the first samples. The OFDM receiver performs dual
operations with respect to the transmitter for demodulation.
Due to the increased dimension of mMIMO systems, a low-
complexity detection algorithm is required, such as zero forc-
ing (ZF). The latter entails an equalization matrix defined by

C,(m) = H}f (m) for the received symbol n at frequency bin
m, where H, is the pseudo inverse operator of the channel
frequency response (CFR) matrix. This ZF equalizer performs
near-optimally if the number of antennas at the BS tends to
infinity [20].

B. The FBMC transceiver

The FBMC modulation may be implemented in two ways:
polyphase network (PPN)-based [21] and Frequency Spread
(FS)-based [22]. Similarly to OFDM, the first implementation
is composed of one size-M IFFT, followed by one PPN for
the filtering stage. The length of the PF, parameterized by
the overlapping factor K, determines the PPN processing.
Using a short PF (i.e. K = 1) significantly reduces the com-
putational complexity and latency. To preserve orthogonality
in the real field, the OQAM scheme is used. Therefore, if
a,(m) € CUX! are the pulse-amplitude modulated (PAM)
symbols for the users at time slot n, subcarrier index m, then
the baseband signal s(k) is expressed as

> o(knen. o

n=—oo

s(k) =

with

i

M—
Tu(k) = D (1) an(m)gn(m)e® 5, ()
m=0
where ¢ denotes the impulse response of the PF and
¢n(m) — in—&-m.

The use of FBMC in mMIMO systems was investigated
in [23], with results obtained for a sample set of chan-
nel responses generated using the IEEE802.16 broadband
channel model (SUI-4) [24]. Simulations confirmed its self-
equalization property, which results in a channel flattening
effect.

In [25], the authors proposed a simple FBMC PF design
aimed at eliminating antenna array correlation, allowing the
system to achieve arbitrarily high SINR values as the number
of antennas increases. However, OFDM outperforms their
proposal, achieving approximately 1.5 dB higher SINR when
considering a simple exponentially decaying channel. This
performance gap is likely to get even wider when more
realistic channel models are considered. In [26], a PPN-FBMC
low complexity data detector was implemented, preceded by
a mMIMO equalization. However, it was shown that the
FBMC waveform is outperformed by OFDM in the context of
large-scale MIMO systems over the WINNER-Phase2 channel
model due to the PPN structure of the receiver [26]. Since the
prior art on FBMC-based mMIMO is still in its early stages,
these systems require rigorous inspection and investigation
before conclusive results can be drawn.

III. PROPOSED OS-BASED FBMC RECEIVERS IN THE
CONTEXT OF MASSIVE MIMO

The OS-FBMC receiver was proposed for SISO transmis-
sions in [18]. Its primary concept is to combine an OS-
based time-domain equalizer with FBMC demodulation. This
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Fig. 1: OS-FBMC/OQAM massive MIMO Receiver.

receiver, combined with the NPR1 short PF, was proven to
exhibit enhanced robustness against TOs and long delay spread
multipath channels while reducing computational complexity
in comparison to existing FBMC receivers presented in the
literature [18]. In fact, there is a lot of interest in combining
short PF with FBMC since it allows the support of short frame
sizes for low latency communications. When compared to long
PFs, this can significantly reduce computational complexity
and result in improved power efficiency. Thus, implementing
the OS-based FBMC receivers in the context of mMIMO
becomes particularly appealing. To the best of our knowledge,
our work is the first to consider OS-based FBMC receivers
with mMIMO.

A. The Overlap-Save FBMC receiver with massive MIMO

Figure 1 depicts the OS-FBMC receiver in the context of
mMIMO. Let Ng be the number of antennas deployed at the
receiver side, and U be the total number of users. At the output
m of the size N FFT, the received signal R, ,,,(j) at receiver
antenna j, symbol index n, is expressed as the size N FFT
signal at subcarrier index m:

N—-1

Rum() =7 <k + nJ\24> itk

k=0

3)

where r; is the received signal on the jt" antenna in time
domain. To ease notations, the received signal of all antennas
can be combined into a vector R,,(m) given as

R, (m) = [Rnm(1), ..., Rpnm(NR)]. (G))

Note that R,,(m) is a combination of all the signals coming
from different users consisting of several FBMC symbols.
Similarly to OFDM, MIMO equalization is performed directly
after FFT as X,,(m) = Cp(m) x Ry (m), where X,,(m) is
the equalized signal for all users, and C,,(m) € CU*Nr ig
the zero-forcing equalizer matrix at frequency bin m defined
in Section II-A.

Then, Ny stages of circular convolution by the frequency
shifted responses of the PF is performed on X, (m), where
Ny r is an integer number referred to as the up-sampling factor
used for the OS technique. Thus, the output of each filtering
stage vector is

A

Ym0 =Y Gg(p)Xn(f—i-(m— p)NUF), )
p=—A

where A = (Ng — 1) /2, Ng denotes the number of non-
truncated filter coefficients, and G is the frequency shifted
response of the PF that can be deduced from its impulse
response g as follows

M—-1

2me(k—M/2) . 27pk
E gk~ ¥ e 'Ta .

k=0

The analysis filter bank (AFB) output Y,,(m), is obtained by
summing each filtering stage vector outputs as follows

il

Gulp) = €' 757

(6)

Nyp—1
Yo(m)= > Yu(m,0), (7)
£=0
with m € [0, M — 1]. Finally, the transmitted data symbols
a,(m) of all users are recovered after extracting the real part
of the down-sampled (by K; K =1 for short filters) and linear
phase rotated ¢,, filtering stage outputs

G (m) = R( Y (Km)g; (m)). ®)

B. Overlap-Save-Block FBMC receiver with massive MIMO

The OSB-FBMC receiver can be seen as an OS-FBMC
receiver where the F'F'T is applied on a block of FBMC
symbols. Hence, only one F'F'T is required to process all
symbols in a given block. Furthermore, in the particular sce-
nario of low mobility, it can be sufficiently accurate to assume
that the channel response remains static over a given block,
which reduces the equalization complexity. This is particularly
interesting in mMIMO systems since the equalization step is
quite complex. Indeed, through similar demodulation steps to
OS-FBMC, at the output m of the size N FFT, the received
signal Ry, ., ,(j) at receiver antenna j, symbol index n in a
block b, is expressed as

= MY _jam
Rn,m,b(j) = Z Tb,j (k + 7’L2) e’ N /~ (9)
k=0
Similarly, the equalized signal for all users Xp ,,(m) is
Xb,n(m) = Cpn(m) X Rpn(m), (10)

where Cpn(m) € CUVXNr is Cp(m) for a block b, and
Ry n(m) = [Rymb(1), ..., Rpm,b(Nr)] is a combination of
all the signals stemming from different users and consisting
of several blocks of FBMC symbols.



Type of impairment

CFO TO

Steps to be applied FBMC-0S

FBMC-OSB FBMC-0OS FBMC-OSB

1) Shifted impulse response of the PF (g,(k))

Apply (20) using (6)

Apply (20) using (6) - -

2) Effect of transmit & receive PFs (I 5)

Apply (27) using (20)

Apply (27) using (20) Apply (51) using (50)

3) SIR expression

Apply (31) using (27)

Apply (33) using (27) 37.22 dB! | Apply (56) using (51)

TABLE I: Step-by-step guide for computing the analytical SIR expressions with CFO or TO.

Hence, if @, 5(m) is the recovered PAM symbol at block b
and at FBMC symbol n for all users, we have:

@, () = (Yo, (Km) oy (m) ). (1)
where Y, p(m) is the AFB output expressed as
Nuyrp—1 A
Yon(m)= > Y Gip)Xpn(Em—p,0), (12)
(=0 p=—-A

and NU r is chosen as the lowest possible integer value of
[1 + X ST ] considering that the F'F'T size must be superior
or equal to the block size Nj.

IV. THE PROPOSED ANALYTICAL STUDY

In this section, we derive analytical SIR expressions in the
presence of CFO and TO, as well as an analytical expression
for the SINR saturation level in an asymptotic regime (i.e.
as the number of antennas Ny at the BS tends to infinity) for
each of the proposed receivers in the context of MU-mMIMO.
Therefore, the relationship between the transmitted symbols
and the recovered symbols must be established in order to get
an explicit form of the analytical SIR expressions.

A. Analytical SIR expression in the presence of CFO

a) OS Receiver: The expression of the received signal
by the j** BS antenna provided in (3) can be rewritten as

) N-1 M _;2mh(Ny pmet)
Rmm,g(]):];)rj ktng )TN ()

Equivalently, the complete Nr x 1 received signal which is a
combination of all the signals stemming from different users
consisting of several FBMC symbols can be expressed as

N—-1

M .2n m-+L
R, (m,?) = Z r (k + n2> 6*227k(N[1]vF -

(14)

!Indicates a constant SIR value, confirming the support of asynchronous
communication.

where p), = k + 2 (2s +n) and

Ry (m,0) = [Rumo(1), o, Ry o (NR),  (15)
r(k)=1[ri(k),....,rn, (k)] (16)
P = ¢ RoE it TR (17

After equalization, the frequency domain equalized signal can
be expressed as

Xn(ma l) = Cn(mvg) X Rn(mvg)
—_— Y= Y——
e cUxt € CUXNR € CNrX1
Nyp—1M—1 (13)
=Ca(m,0) x> Z r(p)
s=0 k=0

This is followed by a filtering stage as previously mentioned
in Section ITI-A, which is rearranged in the time domain. Then
the ¢*" AFB output is

NUF 1M-1

P
Y, (m, €) ), (19
\‘(/_/ ; Zgl by 7111\,2;7;[1” (19)
e(cUXl

where g¢(k) represents the /*" impulse response of the PF
defined as

2rkm
vl

ge(k) = (=1)fe e Z R (Ge(m))e

m=—A

(20)

Neglecting the effect of multipath (delay spread) and noise,
the complete Nr x 1 received signal is

r(k)

where H € CV=*U s the MIMO channel matrix, and s(k)
is the baseband signal defined in (1). Substituting (1) in (21),
we get

— H x s(k), @1

+oo
r(k) = H x Z g (k - n']\24> zn (k).  (22)

n/=—o00
By substituting (22) in (19), the £** AFB output number will
be

Nyg =1 M—1

=> > Z 9e(k)g(Pr—nr) @t (1) g I;M .

s=0 k=0 n'=—oo M

(23)




However, due to the time localization of the NPR1 PF,

interference is limited to only neighboring FBMC symbols.
Hence, by defining ¢ = (n — n'), € [-1, 1], (23) becomes
Nyrp—1 1 M-1 p

Z Z Z ge(k pq L — q(pn)w-

s=0 q——1 k=0 e NurM

(24)

In fact, the third sum in the previous equation is nothing but the
FFT of the inner term. Moreover, since the Fourier transform
of a product is the circular convolution of the corresponding
transforms, then (24) can be written as

NUF 1
Yo(m,l)= Y Z Fy . (m,q) ® Xp—q(m)
s=0 g¢g=-1
NUF 1 M71
M
IS X Fo (g ) Kacatn )
s=0 q—flpf M
(25)
where ® denotes a circular convolution, and
Xn—q(m—p) = an—q(m —p)pn_q(m —p), (26)

along with

27rs£ - 2mkp

Fy, . (p,q Zgg g(k+Ms+q))e "Nuore i Th
27
Substituting (26) in (25), we get
Nyrp—1
M
> % . (paly) anatm-p
5=0 (p,q)€N
X¢n—q(m - p)> (28)
where Q = [—%, % —1] x [=1,1]. Finally, by developing

(8), the estimated data symbols a,, (m) of all users will be

@(m)—%{aﬁ(m) ) mm,a]

£=0

2 2

|:(5 s)€Q (p,q)€Q

Qn—g(m — P):| ,

M
<7<12)X (29)

where Q; = [0, Nyr — 1] x [0, Nyp — 1]. Actually, in the
presence of CFO, the previous equation can be written as

) 2 > k)

(£,5)€Q (p,g)EQ

_j2mse  _;2mk(m4r)
Nur e Nur

an(m)=R|Ccpr(n

9(py)Tn—q(py,)e

L P>

M
1 —q— ngls (p—'—’f"q2> X
(1,8)€Q (p,q)EN

an—q(m - p)] y
(30)

where r is the CFO normalized to the subcarrier spacing A f,
and Ccpg(n) = €™ is the common phase error (CPE)
compensation term introduced by CFO.

Keeping in mind that a,,(m) are independent and identi-
cally distributed random variables with zero mean, then the
SIR expression arising from a CFO of r is

SIRos.cro (1) =

( Do (ts)em §)(e(Fge,s (r, 0)))

/ 27
Z(é,s)eﬂl Z(p,q)ego ?R(l =PFy, | (r, q%) )

where Qg is ©/(0,0).

€2y

b) OSB Receiver: Through similar development, equa-
tion (11) can be adapted to obtain the expression of the
recovered PAM symbols ay, ,, of all users in a block b when
a CFO r is applied, as follows

M
—T’qu . <p + 7, n2> X

i (m > X
(1,8)€Q (pn)EQS
(_1)n(m—P)ab,n(m _ p)] ,
(32)
where Q, = [-4 & —1] x [0, N, — 1]. Hence, the SIR

expression arising from a CFO of r for the OSB receiver
becomes:

SIRosB,cro(r) =

(Z(ls)eﬁl N: 1%( 91, ))
i

Z(l s)EN Z(p n)€NI §)EE( gz ( ) )

B. Analytical SIR expression in the presence of TO

a) OS Receiver: The robustness of the OSy,,.-FBMC
receiver to TO can be proved analytically by considering the
time domain equalizer in [27] with MU-mMIMO and dis-
regarding multipath. Hence, the frequency domain equalized
signal for all users is

(33)

3 2m km

N-1
Cp(m) x Zr k—l—n—

Xn(m) = (34)
e cUxt c CUXNR k:oﬁf_’

c CNRxl

Adapting the previous equation in the presence of TO of [;
samples, we have

N-1 M .
X'IL(m) == Cn(m)CTO(m) r <k + ld + n2> 671%



where Cro(m) = e~ % and N’ = NyrM. By applying
the following change of variable & = k + [, we have

N+lg—1 M
- 2nkm
X, (m) = C,(m) x Z r (k +n2) e'TN . (36)
k=l4
Suppose that {5 > 0, then (36) becomes
N—1
M s2nkm
X, (m) = Cp(m) x [ dor <k + n2> eI W
k=0
‘= M M
- 2nkm
+kz_0 (7’ <k+N—|—n2> -r (k+n2>> Xe "N ]
(37)

At the output of the OS time-domain equalizer, we have

ZX

:cn( ) x A,

2m7r(k+10)

Tn (k)

(38)

where k € [0, M — 1], lp = M

A:

M
r <k+lo +n2> + 10, (k + 1) x

(r <k+N+zo+J‘jn) —r(k+lo+ﬂjn)>], (39)

and
k, k<zandz >0
I, (k) = . (40)
0, k>zxzorz<0
By making another change of variable £ = k + [y, (39)
becomes
M
(k) = cn(k) x |r (k: + n) + I(k) , (@41
2 ~—~

Interfering signal

where k € [l(),l() + M — ].}, and

r(k+N+J\2/[n>r <k+ﬂjn>] (42)

The lowest possible value of [j is % for Ny = 2. Moreover,
when l4 < g, then IT;, (k) = 0. When —ly < l4 < 0, the same
conclusion can be obtained through a similar development.
Hence, this confirms that the OSy,,.-FBMC receiver is
insensitive to a TO lower than 50% of the symbol duration
for all Nyp > 2.

I(k) =10, (k)

b) OSB Receiver: Let’s also consider the OS time do-
main equalizer in [27] but applied to a block of FBMC
symbols with mMIMO. Adapting (34) but with a block b,
the frequency domain equalized signal for a block b and all
users will be

N-1
Xp,n(m) = Cpn(m) x rp(k) et IR (43)
—_—— —— T =
eCle CUXNR CNRxl

Actually, in the presence of TO for an OSB receiver, only the

first or last FBMC symbol is affected by interference. Hence,

adapting the previous equation in the presence of TO and by

considering only the first FBMC symbol (n = 0), we have
N-1

) = Cho(m) x Cro(m) > o (k+1a)e

- 2mkm
TN

Xbp(m
27 (k+lg)m
v ~

(44)
By neglecting the effect of multipath and noise, substituting
the value of r(k) in (44), and by applying the change of
variable k = k + 4, we have

N+lg—1
_7;27rlcm,
Xpo(m)=Cpo(m)x Y H xspk)e "~
k=lq4 NRpxU
ecUxt c CUXNR eC e cUxt
(45)
Similarly as before, if {5 > 0, then (45) becomes
N-1 NA+lg—1
_j2mkm _j2mkm
Xp,0(m) = [Z sp(k)e™ "~ + Z sp(k)e™ "W
k=0 k=N
ld 1
27rk7n
- Z sp(k 1 . (46)

At the output of the OS time domain equalizer applied to a
block b we have

ot = | sl

Transmitted signal

(47)

+ 1L, (K)sp(k + N) — Hld(k)sb(/f)l :
Interfering signal I (k)

where II;, (k) is defined in (40).The interfering term can be
expressed as
Iv(k)

=10, (k (48)

27rkm,
Z ¢0 )
where A, = ap4+1,0 (m)fab,o(m), ap+1,0(m) and ap,o(m)
are the transmitted data symbols of distinct users at the first
FBMC symbol of blocks b + 1 and b respectively. Hence, at
the output of AFB we have

M1
Iy(m)= Y F, (p)po(m—p)A,,_,, (49
p=—%
where
Fy,(p Z I, (k i (50)

Then, after OQAM demodulatlon, the interference term at the
output of the FBMC receiver {Dp(m) = R (¢p§(m)Ip(m))}
can be expressed as

M
Z -1

>

p_,M

Dy(m) = SR( iPFy, (p)Ainp) 1)



Recall that interference is only introduced at the first FBMC
symbol in a block b, then

apn(m) = apn(m) + Do(m) +Tpn(m),
——
Only for n=0

(52)

where Tp ,, (m) represents the interference induced by trunca-
tion.

Finally, the SIR expression arising from a TO of [; samples
for the OSB-FBMC receiver can be expressed as

B (a ,(m))

SIROSB ld ~ . (53)
U0 LB Do) + E Toam?)
where the expected value of Tp ,,(m) can be written as
: M\1?
E (Tp,n(m Z R {zp+ng7§ <p,q2>} .
(p,g)€QO
M—1 ,
Fys(pq) =Y glk+q)g(k)e " (54)
k=0
with g(k) = S22\ G(1)e2m4r

Since the data ap n, (m) of the users are independent and iden-
tically distributed random variables of mean 0 and variance o3
then

%_1 2
E (Dy(m)?) = 202 R ( )) (55)
p=—M
Hence, (53) becomes
SIR 10,038 (la) =
2
%d (56)

M _ 2 '
2203 Ty R (17 Fy, (9)) + B (Tom(m)?)

C. Analysis of the asymptotic behavior

When the number of antennas at the BS tends to infinity,
the channel distortions tend to average out. As a result, the
SINR saturates at a predetermined level depending on system
parameters. This establishes an upper limit for the SINR
performance of the system. We will determine its analytical
expression. For that, we neglect the effect of noise, because
the noise contribution fades away in an asymptotic regime. By
adapting equations (1) and (2), in the presence of multipath
and absence of noise the received signal at the j** BS antenna
can be expressed as

L-1U-1 +o0o M-1

rj(k)zzz Z Z An/ m Gme (K —n%—l)
—0 u=0 n'=—ocom’=
X %/(m) hjull)
U-1 +oo M-1 M
:Z Z Zanmgm’ _n?)
u=0 n'=—com’=
X ¢n/(m)*hj7u(k),

(57
where (x) denotes a linear convolution, hjm(ll) is the chan-
nel impulse response between a user v and the j* BS

with ' € [0,L — 1], L is the total number of paths, and
gm (k) = g(k)ed 5 is the PF modulated to center frequency
of subcarrier m. Equivalently, for N antennas the previous
equation can be written as

i Zq&n (m) X P'' X @yt

(58)
n’'=—ocom’=0
where
P (k) Py (k)
P = : , 59)
Pry.1(k) Py v (k)

Pj (k) = g (k —n'2L) 5 by (), and @y, ,,r € CV*1 is a
vector containing all transmitted data symbols of the users at
subcarrier m’ and at time index n'. Adapting (19) we have

Nyp—1 o M-1
Yn(m,f) = Cn(m) X Z < Z Z Hmm’,nn’
s=0 n’=—ocom’/=0

(60)
X Qnryms Pt (m/)> s

where H, .7y’ is an Ng X U matrix that can be expressed
as

Hopt ",
ot mnt = : : . @D
Hﬁi’ o v
along with
H s s = G (Pr—r) % 1y (Dly) * G, (),
) = (e FE Y e

k=0

Similarly, interference is limited to only neighboring FBMC
symbols. Hence, (60) becomes

Y, (m,¢) = Cp(m)x

s=0 g,m’)EQs

Hmm’,n(nfq) 63)

X an—q,m’(bn—q(m/)) )

where Q3 = [—1, 1][0, M —1]. Adapting equations (7) and (8),
the estimated data symbols of the users will be

an,m = |: Z Cn(m) X Z }Imm’,n(nfq)><
(£,5)€Q

(g,m’)€Qg
an—q,m/¢nfq(m/)¢);(m)
(64)
Z Z Gmm n(n— q)a’ﬂ q,ms X
(£,5)€9 (¢,m')EQ3

¢n—q(m’)¢2(m)} ;



where G/ nn(n—q) 18 an U x U matrix defined as
C’n(m)Hmm',n(n—q)‘

In order to compute the elements of G,,,p,7 pn(n—q) i the
asymptotic regime, let us recall the law of large numbers in
probability theory. Let a and b be two random vectors each
with n identically independent elements. As a result of the
law of large numbers (i.e. as n tends to infinity), the random
variable 2af’b will almost converge to Cab = E[a}b;], with
1=1,..,n.

Similarly, in our case when the number of antennas at the BS
Np, tends to infinity, the law of large numbers can be used to
compute the elements of G’ n(n—q)-

. . -1
The ZF equalizer matrix is defined as (HXH,,) H,
where Hy, is the matrix of channel coefficients at the center

of the m" subcarrier (i.e. {{,7”“ = lL/;(l) hju(l)e™7%5),
Note that NLRHﬂHm) tends to Iy as Ny tends to
infinity. Then according to the previously introduced law of
large numbers, the elements in Gy, 1 (n—q) Will converge
to
u,u’ G\ * ppiu’
Gt g — E{ () H }

mm/ ,n(n—q)

(65)

Substituting the value of H”"

mm/ ,n(n—q)’

then (65) will be

G;Jn’.um’,n(nfq) - gm/ (p;) * B { (HTJn’.u)* hjvul (p/n)} * g?n,f(k)a
(66)
where

L—-1
E{(Hﬁa“)* hj,u(p;>} = ST E (RS () (p),)} €557

I'=0

. 27rp;L m

= pu(pp)e’ ™
= pum,u(p),)8",

6'll/LLl

(67)
where pu(l') = pu(l')e? 2™ s the channel power delay
profile (PDP) of the u** user modulated to the m'" subcarrier.

The left-hand side term of (67) tends to zero when u # u’.
This is due to the fact that the effect of multi-user interference
vanishes as the number of antennas at the BS tends to infinity.
However, residual self-interference is experienced by the user
when u = u’. Therefore, for a given user u and starting from
(66), the equivalent channel impulse response (CIR) between
the transmitted data symbols at subcarrier m’ and the received
ones at subcarrier m tends to

gm’ (p;) * Pmu (P;«L) * gm,f(k)' (68)

As a result, the SINR for a user « saturates to

5 §R2 Gmm.nn
SINRY, , — 20, AGmmnn)

Z(z,s)eszl Z(m’,q)GQ;é(m,O) R2 {Gmm’yn(n*Q)}
(69)

D. Summary and direct application

Depending on the used OS-based receivers, a step-by-step
guide for the direct application of the derived SIR expressions
in the presence of CFO and TO is provided in Table I.

Parameters Value
Carrier frequency 3.5 GHz
Cyclic prefix 36 samples

Channel model ’3GPP_3D_Uma-NLOS’
’3GPP-38.901-Rma’
512 subcarriers

300 subcarriers

Total number of subcarriers
Sub-band size N,

Number of UE 4

BS height 25 m
Number of BS antennas 64
Number of vertical/horizontal panels 2/1

Vertical and horizontal antennas spacing | 42.85 mm

TABLE II: Simulation Parameters

V. SIMULATION SETUP

In this section, we describe the used filtered discrete channel
model, as well as the simulation tool and the antenna array
structure.

A. Channel model

A discrete multipath channel model in rapidly changing
environments features a variable number of paths as well
as variable path gains. However, for reference channels, the
number of discrete components can be considered to be
constant. Consider a channel model with L paths; then the
channel impulse response h,(k,t) for antenna k and user u
is given by

L
hu(k,t) = Y bra(k)5(t =7y, (K),

I'=1

(70)

where k is the antenna index, " is the path index, u is the
user index, 7 , (k) is the path delay, and b, , (k) is the path
complex amplitude. '

According to [28], it is advantageous to band limit the
channel by design to achieve better simulation properties when
the differential delays are small relative to the simulation
sampling time 7 or are not integer multiples of 7. Hence,
the channel impulse response is band-limited using an ideal
rectangular filter. Thus, the filtered discrete channel impulse
response is given by

h(k,n) = i blzyu(k)sinc(n/%g(k) - n),

I'=1

(71

where —N; < n < Ny, Ny and N, are the tap indices chosen
such that iz(k,n) is small when n is less than N; or larger
than No, and sinc(x) = sin(x)/x [28]. In our simulations,
the tap indices are chosen such that the value of fz(k, n) at the
relevant tap indices is larger by at least 1% of its maximum.

According to [29], the delay value may be considered to be

. independent of the antenna index k, i.e. 7, (k) = Ty, if the

maximum distance between antenna elements divided by the
speed of light (dmax/c) is much smaller than + value, where
B is the transmission bandwidth.

B. Simulation tool

QuaDRiGa (QUAsi Deterministic Radlo channel GenerA-
tor) [30] was developed to enable the modeling of MIMO
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Fig. 2: SIR evaluation for the OS-based receivers in the
presence of TOs with 4 users and 64 receiving antennas.

radio channels for specific network configurations. QuaDRiGa
incorporates a set of characteristics developed in the Spatial
Channel Model (SCM) [31] and WINNER channel models
[32], as well as modeling methodologies to enable quasi-
deterministic multi-link tracking of the movements of users
in changing environments. For our simulations, QuaDRiGa is
used to generate realistic radio channels. Chosen parameters
follow the 5G standard [10] with cross-polarized 64 antennas
at the BS.

C. Antenna array structure

For the 3D-Uma-NLOS and 3GPP-38.901-Rma models of
the 5G QuaDRiGa channel, the antenna array at the BS is
25 meters high and consists of two co-located rectangular
sub-arrays, each with 32 antennas as in [33]. Each sub-array
is designated by (Ny, Ng, Np), where Ny = 2 represents
the number of columns, Ny = 8 represents the number of
antenna elements with the same polarization in each column,
and Np = 2 represents the number of polarization as proposed
in [34]. Therefore, with N,y = 2 vertical antenna panels, the
number of antennas is calculated as { Np = NyvNyNpgNp =
64}. With X\ being the carrier wavelength, the 2 antenna
panels are spaced in the vertical direction with a spacing of
dgv = A, and the antenna units placed inside each panel are
uniformly spaced in the horizontal and vertical directions with
a spacing of dg = 0.5X and dy = 0.5\ respectively, where
A = 85.7 mm. Specific simulation parameters, aligned with
the typical 3GPP 5G standard [10], are summarized in Table
1L

D. Simulation parameters

The number of non-truncated filter coefficients is set to
Ng = 7 for an SIR of 55 dB [17]. For the OS-FBMC based
receivers, the up-sampling factor used for the OS technique
is set to Nyp = 4 which is a good compromise between
system performance and complexity. The number of FBMC
symbols in a block Ny for the OSB-FBMC receiver is set

—h
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Fig. 3: Comparison of BER performance for asynchronous
transmissions over the 5G QuaDRiGa channel under the
3GPP-38.901-Rma scenario with 4 users, 64 and 256 receiving
antennas.

to 7. This is reflected by the OS4-FBMC and OSB7-FBMC
receiver notations. Considered conStellations are 4 and 16-
QAM. Furthermore, the channel state information (CSI) is
assumed to be perfectly estimated at the receiver side.

E. Applying Analytical derivations: A Practical Example

In this section, we provide an application example for using
the analytical derivations by applying the step-by-step guide
outlined in Table I. For instance, consider a TO value [g4,
corresponding to 44% of the symbol duration. Using the
simulation parameters presented in the previous section, we
evaluate equation (56) using equation (51). Consequently,
using equation (50), the expected value of equation (51)
yields approximately 0.35. The truncation-related interference
is computed using equation (54), yielding an approximate
value of 3.55 x 1076, Therefore, the SIR value corresponding
to this /4 is approximately 10 dB. This same methodology
can be applied systematically to compute other expressions of
SIR.

VI. PERFORMANCE OVER STATIC CHANNELS

In this section the bit-error rate (BER) and SIR performance
of the OS-based FBMC receivers is compared to OFDM on
the 5G QuaDRiGa static channel under the effect of TO
impairments and in an asynchronous transmission scenario.

A. Timing offsets

TO impairments occur when the processing windows at the
transmitter and receiver are not aligned in time, yielding resid-
ual interference. Therefore, timing synchronization algorithms
must be employed. However, in order to save power in the
future beyond 5G systems, it is desirable to consider relaxed
synchronization and asynchronous communications. As a re-
sult, each subcarrier will experience a linear phase rotation
(LPR). In fact, the latter can be completely compensated for
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Fig. 4: SIR evaluation for the OS-based receivers in the
presence of CFO.

by FBMC associated with the proposed receivers directly after
channel estimation and equalization. Therefore, if [, is the TO
in samples, then the frequeng;/mglomain compensation term is
expressed as Cro(m) = e '~ 57 where N’ = M for OFDM,
and N’ = NyrM for the OS-based FBMC receivers. For our
simulations, the receiver is considered perfectly time-aligned
when the first sample processed by the FFT is the sample
located at the middle of the CP length, allowing for both
positive and negative TO values.

In order to validate the robustness of the OS receivers
to TO impairments, we plot in Figure 2 the SIR obtained
by simulation for the OS4;-FBMC, and the OSB7-FBMC
receivers, as well as the SIR determined by evaluating (56). As
depicted in the figure, the SIR of the OS4-FBMC receiver is
unaffected by TO, supporting the analytical study performed
in Section IV-B. Unlike the OS4-FBMC receiver, the OSB~-
FBMC receiver, cannot support any TO less than half the
symbol duration, as illustrated and validated analytically in
the same figure. In fact, according to Figure 2, the SIR of the
OSB7-FBMC receiver achieves a constant value up to a TO
of 12% of the symbol duration, showing that the introduced
interference is limited. The SIR gradually decreases as the TO
value increases showing that the introduced interference is no
longer limited. Finally, OFDM is free from any interference
when I; < L<2_ but it is clearly outperformed by FBMC

2
associated to the OS-based receiver for larger TO values.

B. Asynchronous communication

The 5G network is designed to accommodate new and
highly demanding scenarios such as massive machine com-
munications, which require asynchronous communication. The
latter is considered a cornerstone for grant-free spectrum and
massive access since it allows each user to transmit at an
independent time reference without the need for time synchro-
nization among all scheduled users. However, this can lead to
time misalignment between users, which may vary within the
same subband. To investigate the performance of the FBMC-
0S4 receiver for asynchronous communications compared to

Equation (69)
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Fig. 5: SINR saturation level comparison for different FBMC
receivers considering different channels with 4 users and 64
receiving antennas.

OFDM, we consider 4 users transmitting asynchronously in
time and then evaluate the BER over the 5G QuaDRiGa chan-
nel under the 3GPP-38.901-Rma scenario with a cell radius
of 10 km, as shown in Figure 3. Starting with 64 receiving
antennas, both receivers show similar BER performance when
the users are perfectly synchronized, but when users send
signals at independent time references within the same band,
OFDM suffers from an irreducible error floor, while the BER
performance for the FBMC-0OS, receiver remains unaffected,
showing the same performance as perfectly synchronized
users. Similar conclusions can be drawn when the number of
receiving antennas is increased to 256. Despite this increase,
the OFDM receiver still suffers from an irreducible error floor
as depicted in the same figure. This confirms the support of
the FBMC-OS receiver for asynchronous communications.

VII. PERFORMANCE OVER NON-STATIC CHANNELS

OFDM is well-known for being extremely sensitive to CFOs
induced by Doppler spread/shift [7]. In fact, the effect of
Doppler spread/shift on system performance is worse in MU-
mMIMO systems since the potential gains of mMIMO are
heavily reliant on the accuracy of frequency synchronization.
Hence, in this section the SIR performance of the OS-based
FBMC receivers is compared to OFDM in the presence
of CFOs.

A. Carrier frequency offset

CFOs arises when the local oscillators of the transmitter
and receiver are out of phase, which can happen more fre-
quently when employing low-cost equipment. This translates
mathematically to an LPR of the received baseband samples.
In fact, CFO creates two sorts of receiver impairments. The
first is the CPE, which, may be easily adjusted in the frequency
domain. The second is ICI, which is induced by the frequency
domain mismatch of the PF of the transmitter and receiver.

Because of its low-frequency localization, the second draw-
back is a severe problem for OFDM. On the other hand,
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64 Rx antennas.

the frequency domain compensation (FDC) technique, can be
used to compensate the CFO for FBMC [17], resulting in a
significant reduction in the ICI induced by the CFO. This
is a key benefit for FBMC since it relaxes the frequency
synchronization requirement, allowing for higher speeds and
the use of low-cost oscillators.

In this regard, we study the robustness of each receiver
to CFO resulting from the frequency misalignment of local
oscillators in terms of SIR. In this case, the CPE term to
compensate is €™ where r is the CFO relative to A f, which
is assumed to be perfectly known at the receiver side.

In order to validate the accuracy of our analytical study for
the OS-based receivers in the presence of CFO impairments,
we plot in Figure 4 the SIR obtained by simulation for the
0OS4-FBMC and the OSB7-FBMC receivers, as well as the SIR
determined by evaluating equations (31) and (33). The results
are then compared to the OFDM receiver. As depicted in the
figure, the OS receiver is more robust than the OSB-FBMC
receiver against CFOs. The simulation results are confirmed
analytically as depicted in the same figure. Concerning OFDM,
the SIR simulation results also confirm its high sensitivity to
CFOs compared to the OS-based FBMC receivers.

VIII. PERFORMANCE IN AN ASYMPTOTIC REGIME

In this section, we perform the analysis carried out in
Section IV-C as well as the efficiency of our proposed receivers
in an asymptotic regime. The noise level is chosen so that
the signal-to-noise ratio (SNR) at the input of the BS antennas
is equal to 10 dB. Note that, the noise contribution fades
away as the number of antennas at the BS tends to infinity.
The NPR1 PF is used unless explicitly mentioned otherwise.
Figure 5 compares the SINR performance for different FBMC
receivers over different channels and OFDM is chosen as a
benchmark. First, we compared the saturation level for the
OS receiver achieved in (69) to that obtained in [25]. For that,
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Fig. 7: Comparison of BER performance versus GB size for
all receivers over the 5G QuaDRiGa fading channel under the
’3GPP-3D-Uma-NLOS’ scenario’ considering P; = 0 dBW,
3 users, 64 Rx antennas and different E}, /N, values.

the same channel (delay spread = 40 samples) and parameters
are used for a fair comparison.

As depicted in the figure, the saturation level obtained
for the OS4-FBMC receiver is 16.2 dB larger than the one
obtained in [25]. This confirms the superiority of the OS-
FBMC receiver since it was also confirmed analytically using
(69) and equation (17) in [25]. It is worth noting that the delay
spread (40 samples) of the channel is slightly larger than the
CP duration of OFDM (36 samples). Although this represents
only a difference of 10%, OFDM fails to outperform the OS,-
FBMC receiver.

It is worth noting that the channel used in [25] is non-
realistic and a lower saturation level might be obtained over
a realistic one. For that, we compare the SIR saturation level
of the OS4-FBMC receiver to that of a PPN receiver over the
5G channel in the 3D-Uma-NLOS scenario. As depicted in
the same figure, the SIR saturation level decreased by around
2.2 dB with the PPN receiver and by 2.1 dB for the OS4-
FBMC receiver. Using a different up-sampling factor for the
OS receiver will decrease the SIR saturation level by around
1.1 dB as was confirmed also by simulation.

IX. BER PERFORMANCE IN THE PRESENCE OF TWO
INTERFERERS

It is well known that the multi-user interference vanishes
in mMIMO systems. Therefore, in this section, we consider
a communication in which several users transmit data on
adjacent frequency bands. However, the communication is
done asynchronously in time. As a result, signals arrive with
random delays. In this scenario, we examine 3 transmission
channels operating in parallel on 1.5 MHz bands (i.e. 4.5
MHz). The transmission located in the middle will be consid-
ered as the “main” transmission which will be demodulated
by the receiver. The other 2 transmissions will be treated as
interferers with the main transmission. The transmit powers of



all transmissions are assumed to be equal and normalized to
P, =0 dBW.

Figure 6 compares the BER performance of all receivers in
the context of mMIMO. Several guard band (GB) lengths (in
number of subcarriers) are considered. With no guard band
(GB = 0), the performance of all receivers is highly degraded
due to the high level of interference resulting from adjacent
transmissions. Therefore, it is essential to introduce GBs to
limit interference at the cost of a reduction in the transmission
rate. A compromise between system performance and achieved
throughput is hence applied.

When GB = 4, OFDM shows the worst performance due
to its low frequency localization. It is highly affected by the
adjacent interferers leading to the highest error floor when
compared to FBMC. However, FBMC augmented by the OS-
based receivers is more robust against adjacent interferers
thanks to the frequency localization of the NPR1 PF.

Similar conclusions can be made with GB = 6. Actually, it
is worth noting that the BER performance of the OS4-FBMC
and the OSB~7-FBMC receivers is unaffected. This is because
there is no interference stemming from adjacent transmissions.
In fact, in order to know how many GBs are necessary to avoid
any adjacent interference for the OS-based FBMC receivers,
we plot in Figure 7 the BER performance of all considered
receivers versus the GB size at E,/Ny = 35 dB and 39
dB.The BER performance of the OS-based FBMC receivers
remains constant after 4 GBs, implying that all the adjacent
interference is avoided. In contrast, even a GB size of 6 is
insufficient to avoid adjacent interference for OFDM.

Similar conclusions can be made with E}, /Ny = 39 dB. Fur-
thermore, despite the increase in the value of Ej/Ny, OFDM
does not improve its results compared to the E,/Ny = 35 dB
case. Therefore, we can deduce that FBMC augmented by
the OS-based receivers requires less GBs than OFDM. Hence,
FBMC is more bandwidth-efficient under such a scenario.

X. COMPLEXITY ANALYSIS

In this section, we compare the computational complexity
of the proposed OS-based FBMC receivers in the context of
MU-mMIMO systems with the conventional OFDM receiver
in terms of the required number of real-valued multiplications
(RMs) for demodulating a single FBMC/OFDM symbol. We
represent the required number of RMs for a specific operation
x as CRM(x). It is assumed that a single complex multiplier
(CM) entails CRM(CM) = 3 RMs.

According to [35], the number of required RMs
CRM(FFTy) of a Fourier transform of size N is given by:

Crym (FFTy) = Nlogy(N) — 3N + 4. (72)

The analytical expressions detailing the complexity of the
examined receivers can be found in Table IIl. To ensure a
fair comparison, the complexity computation accounts for the
difference in QAM processing between FBMC (OQAM) and
OFDM (classical QAM).

In the case of the OSB receiver, the number of necessary
RMs for the FFT of size N is divided by N,. This accounts for
the fact that only one FFT of size N is required to demodulate
N FBMC symbols within a block.

A notable distinction among the considered receivers lies in
the filtering stage. Specifically, the OFDM receiver omits any
filtering operation, resulting in CRM(filtering) = 0. In contrast,
the OS-based receivers require a filtering operation, and its
complexity is contingent on the parameters Ng, U, and A.

Therefore, when assuming M = 512, N. = 300 U = 4,
Nrp =64, A =3, N, = 7 and NyF = 4, we see that the
proposed FBMC-OSBy receiver is 55% less complex than the
FBMC-0S, receiver. Conversely, the OFDM receiver is 58%
less complex than the FBMC-0OS, receiver.

XI. CONCLUSION

This article extends the use of OS-based FBMC receivers
with short filters to the context of MU-mMIMO and in-
vestigates their advantages in comparison to OFDM under
different channel impairments. The first appealing benefit
of the FBMC waveform with OS-based receivers resides
in its robustness against timing offsets when compared to
OFDM, even enabling asynchronous communications, and
relaxed synchronization, as validated in both analytical and
simulation studies. Moreover, the robustness of the OS-based
FBMC receivers to carrier frequency offsets was confirmed
analytically. Furthermore, in the context of mMIMO systems,
we performed an asymptotic study on the performance of
FBMC augmented with the proposed receivers, and we showed
that increasing the number of BS antennas does not allow the
SINR to increase unbounded while still outperforming OFDM.
In fact, the conducted validation shows that results obtained
through the proposed analytical study are in conformity with
those obtained through simulations. This provides a significant
advantage in terms of predicting system parameters for target
impairment/robustness levels, as the time required to obtain
results analytically is much shorter. Furthermore, simulation
results confirm the superiority of the OS-based FBMC re-
ceivers compared to OFDM in the presence of adjacent inter-
ferers. Consequently, augmented by the OS-based receivers,
the FBMC-OQAM waveform becomes a viable competitor to
OFDM in the context of MU-mMIMO.
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APPENDIX

Table IV presents a list of the main notations used in this
paper.
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Receiver FFT Equalization Filtering

OFDM Ngr (Crym (FFT ) /2) 3 NgUN./2 0
FBMC-OS Ny, 1 Nr (Cra (FFT ) 3 NRU(N,_ +2A) | UNypN(A+1)
FBMC-OSBy, | Nr(Cram (FFTp) /Ns) | 3NRU(N, +2A) | UNypNe(A+1)

TABLE III: Number of real multiplications required for each considered receiver.

Notations Description

lq TO value

T CFO value

n Time index

Gn(m) Transmitted PAM symbols
m Frequency index

Gn(m) Estimated PAM symbols
dn(m) Phase rotation

h Channel impulse response
Number of BS antennas
Equalized signal
Upsampling factor

Total number of users
User’s index

Carrier wavelength

power delay profile (PDP)
Channel frequency response
Impulse response of the PF
Total number of subcarriers
FFT size

Total number of channel paths
CPE compensation term
TO compensation term
Transmitted signal

Block in a frame
Rectangular function
Equalizer matrix

Number of non-truncated filter coefficients
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TABLE IV: Table of notations
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