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ABSTRACT Cyclic prefix orthogonal frequency division multiplexing (CP-OFDM) is the most widespread
multicarrier modulation scheme. However, the use of a rectangular filter in CP-OFDM causes poor out-
of-band (OoB) radiation. Moreover, the CP causes spectral efficiency loss. To overcome these limitations,
a filter bank multicarrier (FBMC) was proposed which uses prototype pulse shaping filters that can be
adapted to fulfil the system requirements. The choice of the filter is crucial for FBMC/offset quadrature
amplitude modulation (OQAM) due to its significant impact on the achieved performance. In this paper,
new prototype pulse shaping filters in FBMC/OQAM systems are proposed, aiming to improve the system
performance. A number of prototype pulse shaping filters, such as raised cosine pulse (RC), root raised
cosine pulse (RRC), better than raised cosine pulse (BTRC), modified Bartlett-Hanning (MBH), improved
sinc power pulse (ISP), phase modified sinc pulse (PMSP), parametric linear pulse (PLP), linear combination
pulse (LCP), PHYDYAS and Hermite, are considered. The performance of each pulse shaping filter in
FBMC/OQAM is evaluated and compared other in terms of the power spectral density (PSD), spectral
efficiency, signal-to-interference ratio (SIR), time offset (TO), carrier frequency offset (CFO) and bit error
rate (BER) performance over various channels. In addition, as multiple input multiple output (MIMO) is one
of the main challenges associated with FBMC, we propose the new approach that use the frequency/time
block spreading based on a Walsh-Hadamard (WH) code in MIMO FBMC/OQAM and investigate the
combination of the our proposed prototype pulse shaping filters with MIMO systems. The proposed filters
are shown to be suitable candidates for FBMC/OQAM systems.

INDEX TERMS FBMC/OQAM, CP-OFDM, prototype pulse shaping filter, RC, RRC, RRC, BTRC, MBH,

ISP, PMSP, PLP, LCP, PHYDYAS, Hermite, MIMO, Walsh-Hadamard.

I. INTRODUCTION

Next-generation mobile communication systems necessitate
the improvement of wireless systems to meet the new require-
ments in next network scenarios such as ultra-reliable and low
latency communications (URLLC), enhanced mobile broad-
band (eMBB) and massive machine-type communications
(mMTC) [1]. So that the multicarrier modulation (MCM) has
been widely used; with its appealing characteristics, MCM
represents the key element in wireless networks [2]. A com-
mon MCM technique is OFDM, which uses a rectangular
pulse shape, and this technique is popularly used in wireless
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broadband systems. OFDM has significant limitations, such
as high OoB emissions, which causes interfering between the
neighboring channels, CP overhead, which causes a reduction
in spectral efficiency, and orthogonality, which requires strin-
gent time and frequency synchronization to avoid frequency
and timing offsets, that make it not the most suitable wave-
form for all targeted application scenarios [3], [4].

Many works have shown that this problem can be over-
come by using new waveform designs. The waveform design
is very important because everything in wireless commu-
nications systems is related to the design; thus, it is con-
sidered the heart of the wireless communication networks
and is associated with the requirements of the systems and
channel environment. The waveform defines what, where
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and how to transmit. The devolvement in wireless systems
requires rethinking of waveforms with better characteristics,
such as lower latency, complexity, power, and asynchronous,
more bands, and higher security, to meet new requirements
[5], [6]. To overcome the drawbacks in OFDM, FBMC was
introduced [7]-[13] as one of the new waveforms. FBMC
exploits the PF for each subcarrier to separate between sub-
channels in the frequency domain, in which this PF dif-
fers from the rectangular pulse that is used in OFDM [13],
to reduce inter-carrier interference (ICI) and OoB radia-
tion [11]. As a result of its excellent characteristics, FBMC
has served a critical position in several current and future
global projects [14]-[19].

FBMC can be implemented using different schemes. In our
study, we use Saltzberg’s approach namely FBMC/OQAM
or OFDM/OQAM. In this scheme, the orthogonality is only
served in the real domain which leads to relaxing the orthog-
onality conditions, since this condition should be satisfied in
the complex domain in OFDM. Therefore, one of the features
of FBMC/OQAM seems to be that the demodulated trans-
mitted data symbols are followed by interference triggered
by the adjacent transmitted symbol in the time-frequency
field [20]. The existence of this interference is a concern for
some MIMO systems.

In FBMC/OQAM techniques, the transmultiplexer
(TMUX) structure is used as a main element of the system.
The synthesis filter bank (SFB) includes the transmitting
filters, while the analysis filter bank (AFB) comprises of the
corresponding receiving filters [20]. TMUX design focuses
primarily on the design of the PF, as all subchannel filters
are produced from this PF. The PF defines how the symbols
are correlated with the dispersive channel robustness of the
system. This problem leads to the design of PFs in time-
selective and frequency-selective channels that are appropri-
ate for communications. The PF has a significant impact on
the time and frequency interference between data symbols
(ICI and inter-symbol interference (ISI)). Hence, PF design
is the pivotal issue for FBMC [20]-[23].

Since FBMC is introduced to be the alternative wave-
form to OFDM, in [24], FBMC performance evaluation and
comparison with OFDM-based systems showed that MIMO
and channel estimation, two of the primary FBMC-related
problems, can be addressed. In [25], three main challenges,
which face FBMC, were identified, as the orthogonality in
time-variant channels, the packet overhead issue and the
implementation of transmitter and receiver.

Despite the benefits compared to OFDM, to make FBMC a
feasible candidate in next-generation mobile communication
systems, some open problems must be solved. Generally,
FBMC provides higher spectral properties than OFDM due
to PF and the elimination of the CP [2], [25].

The authors in [13] showed that FBMC could be a more
effective solution. A new FBMC approach to avoid interfer-
ence was suggested in [2]. This system was also studied in
[24], named FS-FBMC frequency spreading for multicarrier
transmission. In [26], fast convolution based on a highly
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tunable multi-rate filter bank scheme was proposed. Among
the many techniques introduced to implement the FBMC
system, the IFFT technique is the most effective. Therefore,
we investigate this technique in our paper.

As the main element of the FBMC/OQAM scheme, the PF
significantly impacts in two features that Influence on the
performance of the system [27]. First, the PF’s PSD deter-
mines the PSD of the FBMC/OQAM transmitted signal,
thereby affecting the system’s OoB emission efficiency [28],
[29]. Second, the PF determines the FBMC/OQAM system’s
intrinsic interference. Since the intrinsic interference affects
in the channel estimation, the PF impacts the system’s chan-
nel estimation efficiency [21], [30]. Since low OoB emis-
sions are effective in attaining a improving spectral properties
and precise channel estimation [31], the design of PFs is
essential to achieving the high performance required for the
FBMC/OQAM scheme [32].

Since the prototype pulse shaping filter has an important
effect on wireless communication system efficiency. Many
works in the literature studied the effects of different pulse
shaping filters on performance. In [33]-[35], the pulse shap-
ing for reducing the ICI in OFDM has been proposed using
pulses such as RC, BTRC, SP, and ISP. New pulse shapes,
namely, improved PMSP, were introduced to reduce ICI
OFDM in [36].

The PF design, that uses the frequency sampling method,
was introduced in [20], [37]. A benefit of the selected
technique is that a closed-form representation can express
near-perfect reconstruction characteristics. Then, in [38],
the PHYDYAS pulse shape was introduced in the EU
FP7 Project. In [39], raised cosine windowed OFDM
(RC-OFDM) in the CR context and PHYDYAS and the
isotropic orthogonal transform algorithm (IOTA) for OQAM
were evaluated for their performance. Furthermore, BTRC,
which is used to improve the ICI in OFDM, was proposed and
the OoB reduction and ICI power reduction were addressed
in [40]. In [41], different window functions were used to study
the BER performance due to each of the pulse shapes.

A comparative study of FBMC PFs was provided in [42].
Rectangular, extended rectangular, RRC, optimal finite dura-
tion pulse, Hermite, PHYDYAS, and IOTA filters were con-
sidered. The Hermite and IOTA filters eliminated CP use,
achieved a greater SIR for higher frequency dispersion, and
offered lower sidelobe. The PHYDYAS PF attained the best
SIR performance that enabled less complicated reception and
transmitter structures.

The authors in [43], [44] investigated the IOTA filter in
OFDM, but the drawback of this method is the intrinsic inter-
ference. Based on a comparison of PHYDYAS with IOTA
in the FBMC system, PHYDYAS presented a better perfor-
mance [45]. Various schemes to reduce the peak-to-average
power ratio (PAPR) and ICI have been introduced in the
literature. These schemes consist of the improved modified
Bartlett—-Hanning pulse [46], [47] and the improved paramet-
ric linear combination pulse (IPLCP) [48], [49], to improve
the OFDM system error performance and reduce the ICIL
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The efficiency of IPLCP was analysed in multiplexing
schemes based on OFDM in [50], [S1]. Additionally, the sinc
parametric linear combination pulse (SPLCP) was proposed
in [52] and the PMSP was proposed in [53] which attempts
to reduce the amplitude of the sidelobes and leads to much
better BER performance than ISP. Many pulse shaping fil-
ters, such as the exponential linear pulse, were proposed
in [54], [55] to decrease the ISI impact in the OFDM scheme.
Furthermore, many of these Nyquist pulse shaping filters
were used to reduce the sensitivity to symbol timing error in
generalized frequency division multiplexing (GFDM) such as
in [56]-[58].

In FBMC systems, the prototype pulse shaping filter has
been suggested to reduce OoB emission. Many literature
works [2], [20], [23], [27], [59]-[61] focused on the design
of pulse shaping filters for FBMC with the aim of reduction
of OoB emission. In [59], OFDM and orthogonal Hermite
signals were compared by measuring their time-bandwidth
products (TBP). In [2], the PHYDYAS filter was employed in
FFT/IFFT-based convolution FBMC/OQAM. In [60], PHY-
DYAS and Hermite filters were considered to evaluate the
performance of FBMC/OQAM.

In this paper, we propose different pulse shaping filters,
such as BTRC, MBH, ISP, PMSP, PLP, and LCP, in the design
of a PF for the FBMC/OQAM system. The ability of these
proposed pulse shaping filters to improve MCM in OFDM
has been proven, as mentioned in the literature. Furthermore,
a comparison between the proposed pulses and some well-
known pulse shaping filters, such as RC, RRC, PHYDYAS,
and Hermite, is provided.

Another problem that comes when developing an FBMC
scheme is its compatibility with MIMO. Since MIMO
FBMC/OQAM is a really interesting possible technique for
the next generation of wireless communications systems.
Indeed, applying OFDM to MIMO channels is a simple state-
ment, but the direct deployment of FBMC to MIMO channels
is anon-trivial issue due to the intrinsic interference and omit-
ted CP [62]. While the PF is the key to the FBMC/OQAM
communication system, choosing well-localized filters in the
time and frequency domains is desirable to enhance MIMO
FBMC/OQAM [63]. Recently, the use of FBMC/OQAM
transmission has been extended to both MIMO and massive
MIMO systems [64].

Several studies on different FBMC schemes have recently
been carried out. The authors in [65], [66] investigated the
combination of OFDM/OQAM using the IOTA function and
MIMO over radio channels Pedestrian A and Vehicular A
and showed that spatial multiplexing (SM) MIMO could be
directly applied to OFDM/OQAM. The space-time block
coding (STBC) Alamouti code together with OFDM/OQAM
was not included in their work. Regarding the Alamouti
scheme, its straightforward application to FBMC generates
an intrinsic interference which cannot be simply overcome
[67], [68]. There have been several works on this subject, such
as [67], Whereby the authors found that Alamouti coding
may be executed only when it has come with code division
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multiple access (CDMA), considering the two different pulse
shapes IOTA and PHYDYAS. However, this method is very
sensitive to time variations of the channel and requires high
computational complexity. The pseudo-Alamouti system was
proposed in [69] at the cost of spectral efficiency as it needs
a CP to be inserted to the FBMC signal.

Blockwise Alamouti systems were provided for the FBMC
using the PHYDYAS PF [70], [71]. In these arrangements,
the transmitted symbols were coded in a time or frequency
inversion frame structure. Hence, traditional Alamouti decod-
ing could be used after FBMC demodulation to decod-
ing the received symbols. These systems are simple to
deploy and do not damage the FBMC data structure. How-
ever, serious degradation occurs in high-frequency selective
channels because the channel frequency response should
be flat on each subcarrier to maintain full diversity in the
receiver.

While FBMC/OQAM constructs the orthogonality in the
real field with imaginary interference which causes the intrin-
sic imaginary interference [72]. This increases the complexity
of the analytical description of detection in MIMO systems.
Recent work in [68] investigates symbol-error-rate (SER)
of the FBMC-OQAM based MIMO systems for the MMSE
detection. Also, the channel and CFO effects have been con-
sidered in [73]. In [74], a new technique is investigated for the
detection in MIMO-FBMC-OQAM systems called neighbor-
hood detection based ZF-successive interference cancellation
(ND-ZF-SIC).

The authors in [75], [76] introduced a very effective solu-
tion to recover complex orthogonality in FBMC by spreading
data symbols in frequency or time. These techniques enable
to apply of all MIMO methods that may be used in OFDM
to FBMC. The spreading technique itself has not added more
complexity since it depends on a fast Walsh-Hadamard (WH)
transformation which is considered the multiplication-free
scheme. The FBMC/OQAM system studied in these works
[75], [76] was evaluated based on the PHYDYAS PF in the
case of frequency spreading [75] and the Hermite PF in the
case of time spreading.

From the work performed by various researchers on the
FBMC in the literature, various observations can be drawn:
i) FFT-FBMC implementation is the most efficient technique.
ii) PF design is the primary issue affecting all parameters for
FBMC. iii) To our knowledge, no study has yet addressed
the employed of the FBMC PF design with the Nyquist pulse
shaping filters such as BTRC, MBH, ISP, PMSP, PLP, and
LCP. However, when used in GFDM and OFDM, as shown
in the literature, these pulse shaping filters achieve better
efficiency. iv) MIMO compatibility is one of the biggest
challenges for FBMC.

In this paper, we propose the new pulse shaping filters
that can be used in FBMC/OQAM systems and study their
characteristics. Furthermore, we analyse and compare the
performance of FBMC/OQAM over various channels using
the proposed pulse shaping filters in terms of the PSD, spec-
tral efficiency, SIR, TO, CFO and BER performance.
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FIGURE 1. The TMUX scheme for FBMC/OQAM transceiver [20].

Additionally, we employ WH spreading [75], [76] to pro-
pose a new MIMO FBMC/OQAM approach using the pro-
posed pulse shaping filters, evaluate the performance of these
approaches with well-known MIMO schemes and compare
them with PHYDYAS, Hermite in FBMC and CP-OFDM.

We summarize the main contributions of this paper as
follows:

1) New prototype pulse shape filters are proposed to
improve the performance of FBMC/OQAM systems.

2) The PLP and LCP filters may be considered promising
PFs for FBMC/OQAM.

3) The WH spreading approaches allow applying
the MIMO schemes that were used in OFDM,
to FBMC/OQAM.

The rest of this paper is organized as follows. In section II,
the standard FBMC/OQAM system model is reviewed, with
an illustration of the transmitter and receiver process, and
both MIMO SM and STBC Alamouti schemes combined
with FBMC/OQAM are introduced. Furthermore, the matrix
representation for FBMC/OQAM is described. The proposed
pulse shaping filters and block spreading for FBMC/OQAM
are given in section III. In section IV, the performance of the
proposed schemes under various practical channels is pro-
vided via simulation results. Finally, the paper is concluded
in section V.

iIl. FBMC/0OQAM SYSTEM MODEL

In FBMC/OQAM, let x,y , is the complex transmitted symbol
at m subcarrier and n time. Then, each subcarrier shape
using well-localization transmitted PF g, ,(¢) and, finally,
the transmitted signal s(t) can be expressed as [60].

N M

SO =Y gma(Xmnlt) ()

n=1m=1

gmn(t) = pu(t — NTo/2)e?mE N0 glmn—(2)

where p(¢) is the basic pulse shaping PF and g, ,(f) rep-
resent the shifted frequency and time version of the basic
PF with T indicate to the time spacing, F is the subcarrier
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spacing, N is the total number of symbols and M is the
total number of subcarriers. At the receiver side, the received
symbols can be obtained by projection of the r(¢) (receiving
signal) and received PF.

e ¢]

St = (1), Gun(D)) = / fOg O (3)

—00
where g, ,(t), is similarly defined as g, (), except that a
different PF might be used:

Qm,n(t) = prx(t - NT()/z)ejzﬂmF(tiNTO)ejem.n (4)

The received PF gy, ,(t) can be described as a transmitted
one. In case of an Additive White Gaussian Noise (AWGN)
channel, ¢, () = gm.n(t). However, g ,(t) may differ from
gm.n(t) in a selective fading channel.

FBMC was introduced in [27], is namely FBMC/OQAM
or staggered modulated multitoned (SMT), use the OQAM
instead of QAM which the real and imaginary components
are staggered by Tj/2. This scheme is promising techniques
which can relax the orthogonality condition for real symbol
only. Also, it has better spectral efficiency than OFDM while
it doesn’t need CP insertion [77].

Fig. 1 shows the TMUX structure of the FBMC/OQAM
system [20]. In TMUX, the PF is the primary element in the
scheme since all filters are obtained from this PF. As shown
in Fig. 1, the transmitter includes two main processes which
are OQAM pre-processing, SFB since the receiver main pro-
cesses are AFB and OQAM post-processing. A delay z~P is
added to the output of SFB and input of AFB to adjust the
phase for the downsampling process. Where D relies on the
PF length L, [27].

L,=KM+1-D 5)
For filter length L, = KM — 1, the value of D will be 2 and
delay z—2. Where K is the overlapping factor.

A. FBMC/OQAM TRANSMITTER
The OQAM pre-processing convert the complex input sym-
bol ¢, to real symbol [2]. Then, the real and imaginary

55753



IEEE Access

H. M. Abdel-Atty et al.: Evaluation and Analysis of FBMC/OQAM Systems Based on Pulse Shaping Filters

components of ¢, , are upsampled by 2.

NR{c } n even

R m,n/2

cr = 6

. {0 elsewhere ©)
It Semny2} no even

c, = 7
. {0 elsewhere @

The transmitted symbol x;, , is the combination of real and
imaginary components.

R 1
Xmon = Xy + X n (3)

In the SFB, the x,, , is upsampled by factor M/2. The
filtration process is applied to each subcarrier using a shifted
version of the PF g,,[k] to obtain the transmitted signal. As
in (1), we can express the discrete transmitted signal s[k] as
[78], [79]:

+oo M-—1
skl= )" > Xmngmlk —nM/2], ©)

n=—o0 m=0

and,

gm[k] = &3 g k] (10)

B. FBMC/OQAM RECEIVER

In the AFB, the demodulated symbol y,, ,, can be obtained by
the projection of the received signal [k] on the corresponding
receive filter g,,[k] as (3)

+00
Ymn 2 Y rK1@gm lk —nM /2], (11)
k=—00
where
m k] = gl [k] = e T3 Mg k] (12)

Then, the received signal will be

Ym,n = Xm,n +jum,n (13)

where u,, , is the intrinsic interference, is the imaginary
interference and is described as [2].

Um,n = E

(m,m)#(m,n)

Xin,ii Gin [k — 1M /2] g [k — nM /2] (14)

)i
The TMUX response, (p)gjg, depend on the PF. Then,
the complex received symbol ¢, , cab be obtained from y,, ,
in the OQAM post-processing as in Fig. 1.

C. MATRIX-BASED SYSTEM MODEL
In this subsection, we represent the system model in Matrix

form for simplicity [60]. The transmitted PF can be defined
by G € CPMN matrix.

G=[g11 8u.1812  8unN) (15)

(CMle

and transmitted symbols x € , are described as:

T
x=[x1’1 X2 1 ... XM, 1 X1,2 ...xM,N] (16)
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We can rewrite transmitted signal s(t) that is given in (1)
s =Gx a7

Similar as in (15), the sampled receive basis pulses g, , €
CI*MN  can also be stacked in a matrix according to [60].

0=q11  9u 912 9u.N) (18)

If AWGN is assumed, that is, Q = G. In the fading chan-
nels, the 4 [m,, n] is the time-variant impulse response, and
m; is the channel delay [80]. The channel convolution matrix
can be expressed as:

Hlij =hli —j,i] 19)
As in (3), the received symbols can be reformulated by
y=0"r=0"HGx +n (20)

where r € CN*! represents the received signal and n ~
CN(0, P,0" Q) is the Gaussian distribution noise, with P,
the time white Gaussian noise power. We can neglect the
channel interference because, in the highly underspreading
channels, the interference is smaller than noise. Thereby, this
leads to neglect of all elements of O HG matrix except for
the diagonal elements. Then, equation (20) can be rewritten
as [60]:

y ~ diag {h} Q" Gx +n (1)

Since FBMC/OQAM keep only orthogonality in real, this
leads to M{QT G} =M {GH G} =I k. The imaginary inter-
ference can be eliminated by phase equalizing and take real
only. It will be described in more detail in MIMO.

D. FBMC/OQAM WITH MIMO SYSTEMS
MIMO allows the wireless system to use multiple antennas
which allows to increase data rate and /or more robustness.
This subsection aims to give the basics of FBMC/OQAM
with MIMO systems, both MIMO SM and STBC Alamuoti
schemes in combination with FBMC/OQAM are consid-
ered. Then, in section III, we describe the block spread
FBMC/OQAM system. Furthermore, we describe the optimal
spreading matrix and explain why WH spreading is a more
practical solution. Then, we discuss two possible spreading
approaches in FBMC/OQAM and evaluate its performance
in section IV. )

In case of a single antenna, if x’m,n is the transmitted sym-
bol, then the demodulated signal yﬁn,n is given by [67], [79]:

yin,n ~ hf’ll‘l,n('x‘%,n +ju£1’l,}’l) + n:’ﬂ,n (22)

where j is the index for transmitted antenna and i for the
received antenna. hyy, , presents the channel and 7/, , is the
noise part at the receiving antenna i. ufn,n is the intrinsic
interference as in (13).

Therefore, when using N; antennas to transmit N; data
symbols and using N, antennas to receive the transmitted
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signals in the MIMO system, the FBMC demodulated signal
at the receiving antenna i is described by [67]:

N,
ygt?,n = Zh%,n(x:ln,n +ju/m,n) + n/m,n (23)
i=1

Then, the received signal matrix can be described as:

1 11 1N, 1 .+ 1 1
Ym,n hm,n T hm,rtl xm,n+-]um,n Mm,n
S e : +
N, N, 1 NN, N, . N, Ny
ym’,n hmfn o hm’,nr xm,,n"i_.]umt,n nml,n
—_—— ——
Ym.n Hp.n Xm,ntjUm.n Nm,n
(24)
Ymn = Hm,n(xm,n"l‘jum,n) + Nm,n (25)

where H,, ,, represents the (N, x N;) channel matrix.

1) STBC ALAMOUTI SCHEMES
Applying Alamouti schemes to the FBMC/OQAM in a
straightforward way makes an intrinsic interference appear,
relying on the complex orthogonal system, unlike the FBMC
system only has real orthogonality. Using WH CDMA coding
allows holding complex orthogonality in FBMC/OQAM.
Let x; and x, be two symbols in the frequency-time grid,
simultaneously transmit from antenna 1 and 2, respectively.
Thereafter, in the following time slot, the X ; is transmitted
from antenna 1 and X T from antenna 2. where —x ; x T are the
reversed time of x», x1, respectively [71]. If the channels are
the time-invariant throughout the transmitting time of two-
time slots. The two receiving antennas collect the two signal
as the following:

yi =hTo®@x1+ hTo®x + n (26)
V2o =hTo®%, —hTo® Xy +n) 27)
% %k -
Vo = WTo®x1 — hi Ty ® x2 + 71
=Ty ® x| — hiTo @x2 + i, (28)

where ® is the convolution operator, and 7, is the noise.
The last level of equality is due to the reality that Ty is con-
*

jugate symmetrical along the time axis (%0 = Ty). Therefore,

we have to apply the decoding of Alamouti. We can write
it [67]:

<% P
hTy1 +hy, thl +hon,

N=—F—"-5=TQx + (29)
|1 |? + |ha | |12 + ||
By, Rsny — hyity
N=""">==TQx+—=—5—— (30)
|1 |? + |ha|? |12 + ||
To®x =x+u (31

The transmitted symbols can be obtained by taking real
part or imaginary part of x since the interference part u is
pure imaginary when a symbol is pure real and vice versa.
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2) SPATIAL MULTIPLEXING (SM) WITH ZERO

FORCING (ZF) DETECTION

In FBMC/OQAM, applying the linear equalizer, such as ZF
with SM schemes, can be implemented as in [65] since virtual
transmitted symbols ap,,. Linear equalizer as ZF in SM sys-
tem in FBMC/OQAM scheme can be performed as described
in [65] where a virtually transmitted vector ap, p is regarded
as well as the real symbols and described as:

Amn = Xmn + Jibmn (32)
The equalized virtual symbols a,, , can be expressed as:
amn = Gy plmm (33)

where ry, 5 is the received symbols and G, ,, is the matrix of
equalization based on ZF. The real part retrieval of ¢,, , then
produces the real equalized vector X, , [65].

3) SPATIAL MULTIPLEXING (SM) WITH MAXIMUM
LIKELIHOOD (ML) DETECTION

The ML detection is the best in that it minimizes the likeli-
hood of error [81]. Indeed, the existence of the interference
vector U,, , expression in (31) blocks the applying of ML
individually at each time-frequency grid (m,n) because the
interference has a large effect and depends on the neighbor
symbol.

In the ML system, all transmitted symbols in the frame
take into consideration. Let’s consider a multicarrier symbol
data x. Then, x contains (M x N) components and each
Xm,n component is a real vector of (V; x 1). On the receiver
side, we also get a (M x N) frame r whose r;, , elements
are complex vectors (N, x 1). The ML technique involves
detecting the frame x between all possible frames which
make the receiving probability of the frame r is maximum
when x frame is transmitted [80], the detected signal can be
written as:

y = argmax {P(r /x)} (34

Ill. PROPOSED APPROACHES

In this section, we propose two approaches which are two
significant issues in FBMC/OQAM. Firstly, we propose some
pulse shaping filters such as BTRC, MBH, ISP, PMSP, PLP,
and LCP to improve the performance of the FBMC wave-
form. Furthermore, we investigate some PFs, which have
been mentioned in the literature, such as RC, RRC, PHY-
DYAS, and Hermite in our work to compare with proposed
filters. Also, we provide the description of their mathematical
representation and main parameters that affect the impulse
and frequency response of these pulses which is reflected
on the whole FBMC properties. As we described that a
prototype pulse shaping filters have a great impact on the
FBMC spectral properties. Secondly, we propose an effective
promising scheme that can restore complex orthogonality in
FBMC/OQAM which enables to combine the MIMO with
FBMC with low complexity.
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FIGURE 2. (a) Impulse and (b) frequency response of RC.

A. PROTOTYPE PULSE SHAPING FILTERS

1) RAISED COSINE (RC) FILTER

The RC filter is the pulse shaping filter used to minimize the
ISI. The impulse response of this filter as given in [82] is
given by:

o t cos(Qrat)
o= () om0

In this pulse shaping filter, « is the roll-off factor. The
asymptotic decay rate of this pulse shaping filter is 3. The
RC impulse and frequency response for « equal to 0.1, 0.5,
0.7 and 0.9 are shown in Fig. 2.

2) ROOT RAISED COSINE (RRC) FILTER

In digital communication, RRC is mostly used as a trans-
mitting and receiving filter. The impulse response of RRC is
given in [83].

sin [’;—;(1 - oz)] + (%t) cos [’;—é(l + a)]
-]
To To
The impulse response of this filter is not zero at intervals
+T. Butat o = 0, the zeros of this filter is at £T. Fig. 3 shows

the RRC filter impulse and frequency response for o equal to
0.1, 0.5,0.7 and 0.9.

PRRC(t) = (36)
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FIGURE 3. (a) Impulse and (b) frequency response of RRC.

3) BETTER THAN RAISED COSINE (BTRC) FILTER
This pulse shaping filter is given in [40], [84] and the impulse
response of this filter is described as:

p ZT—’? sin (”T—‘;’>+200s (”T—"(;’> —1
PBrRC (1) =8inc <—> PRt
t
1+(T—0)

To
where 8 = In(2) /aB is the bandwidth. The asymptotic
decay rate of this filter is 2. Fig. 4 shows the BTRC filter
impulse and frequency response of for « equal to 0.1, 0.5,
0.7 and 0.9.

(37)

4) MODIFIED BARTLETT HANNING (MBH) FILTER
This pulse shape is given in [85] and the impulse response of
this pulse shape is given by:

. t
H= —
pmBH (1) =sinc <T0>
2(1—B) cos (”T—?) (1-28) sin (”T—Oéf)
Gy )
To Ty

In this pulse shape, 8 is the window factor which can take
values between 0.5 and 1.88 [85]. Fig. 5 shows the MBH

filter impulse and frequency response for « equal to 0.1, 0.5,
0.7 and 0.9 and B equal 0.5, 1.2 and 1.8.

(38)
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Impulse Response of BETTER THAN RAISED COSINE
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FIGURE 4. (a) Impulse and (b) frequency response of BTRC.

5) IMPROVED SINC POWER (ISP) SHAPING FILTER
This improved pulse is proposed in [33]. The impulse
response of this improved pulse is expressed by:

t\? t
pisp(t) = exp (—a <Fo> ) .sinc” (%) (39)

where a is the designed parameter and n is the power of the
sinc. Fig. 6 shows the impulse response of ISP pulse shaping
filter at different values of ¢ andn. Ata = 0.5, 1, 5and 10 and
n = 1 and 2, the ISP pulse has wider main lobe width and
sidelobe width. The impulse response of this pulse shape does
not depend on the roll-off factor.

6) PHASE MODIFIED SINC PULSE (PMSP)
This pulse shape is proposed in [36] and the time representa-
tion of this pulse shape is given by:

) —exp [ <L> 2 (sin ((rt—b sin(cnt))/T0)>
prmsp(t) =exp To (mt—bsin(cmt))/To)

(40)

where a is used for amplitude control, b and ¢ are phase
control parameters and 7 is the degree of sinc function.

Fig. 7 and 8 show the impulse and frequency response of
PMSP at different values of a, b and n. The value of ¢ is taken
as 2. Ata=0.5 and n=1, the SM pulse has a wider main lobe
width and sidelobe width. The impulse response of this pulse
shape does not depend on the roll-off factor.
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FIGURE 5. (a) Impulse and (b) frequency response of MBH.

7) PARAMETRIC LINEAR PULSES (PLP)
A Parametric Construction of Nyquist ISI-Free Pulses fam-
ily are introduced in [86], whereas the PLP filter is

given by
) = sinc [ 25 ) sine” (2L @41)
pprLp(l) = To nTo

The asymptotic decay rate of the PLP proportional to 1/¢"
which has lower time jitter sensitivity than the RC pulse.
Fig. 9 shows the PLP impulse and frequency response for n
equals 1 and 2. According to [87], [88], the amplitude of the
first two sidelobes have the greatest effect on PAPR and error
probability. Thus, choosing the appropriate filters based on
their rate of decay is a necessity when attempting to reduce
transmission errors. An important remark from the findings
of [89] shows that the pulse shaping filter reducing PAPR has
very low sidelobes in its time response. Hence, by selecting
the proper decay rate of the filter, we are minimizing the
energy contained in the tails; hence, reducing the PAPR of
the system.

8) LINEAR COMBINATION PULSES (LCP)

The new Nyquist pulses can be produced by linearly com-
bining of different decay rate ISI-free pulses. These pulses
contain a new design parameter, defined as the linear combi-
nation constant, offering an extra degree of freedom to reduce
the error throughout the case of time errors.
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FIGURE 6. (a) Impulse and (b) frequency response of ISP.

The proposed LCP pulses have more factors, y or u,
giving an additional degree of freedom to design a pulse
with better performance. Furthermore, the bandwidth of the
pulse which generating by linearly combining of two pulses
that completely overlap in spectral-domain is the same as
the bandwidth of the constituent pulses. Also, if the combing
pulses are ISI-free, then, the combining pulse will achieve the
Nyquist-I criterion [89].

Linear Combination Pulse (LCP): The LCP is resulting
from the linearly combining of the RC pulse with the PLP
pulse (n = 1), and the time-representation of this pulse can
be defined by

prep(t) = ypprp,_, (t) + (1 — y)prc(t) 42)

Then, by applying (35) and (41) in (42), the LCP can be
given by

. mt
prep(t) = sinc | —
Ty
Tot (I —y)cos (%)
x | ysinc <—) + 3 43)
W)
Ty
The parameter y represents the combination constant

which is chosen to reduce the corresponding amplitude of the
biggest sidelobes and decrease the OoB emissions [86].
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FIGURE 7. (a) Impulse and (b) frequency response of PMSP forn = 1.

As shown in Fig. 10, the LCP achieve the Nyquist-I crite-
rion, where the zero inter-symbol situation maintains

Parametric Linear combination pulses (PLCP): The PLCP
is the second linear combination pulse that is resulting
from combining the two PLP pulse with a different degree.
As the LCP, the combining parameter, u, add an addi-
tional degree of freedom which can reduce the errors due
to the symbol time error. Since the two PLP pulse are
the ISI-free pulses, the PLCP will be ISI-free and can be
given by

percp(t) = upprp,_ () + (1 — wpprp,_, ()  (44)

The impulse responses of PLP,—; and PLP,_, were given
in (41), respectively. The impulse response of the PLP;—;
pulse decays as 1/t%, while the PLP,— pulse decays as 1/t
[86]. Thereby, the PLCP is defined as

. mwt
ppLcp(f) = sinc (—)
Ty
41— wysin® (58 ) + T sin (521
; (45)
nat
()

and the PLCP impulse and frequency response are shown
in Fig. 11.

X
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Impulse Response of PHASE MODIFIED SINC PULSE
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FIGURE 8. (a) Impulse and (b) frequency response of PMSP for n = 2.

9) PHYDYAS FILTER

This PF was first developed in [90] and investigated in [37].
Then it was employed as the PF in the European PHYDYAS
project on FBMC [38].

This filter contains 2K-1 filter frequency taps, K represents
the overlapping factor with the adjacent subchannel [91].
The continuous frequency response of the PHYDYAS filter
is given as follows

P sin(r (f — X )MK)
P(f) = —ME (46)
k:%(:l) kMK sin(m (f — A%))

where f is the continuous frequency domain. Hy coefficients
are the values of P(f) at certain frequencies which are opti-
mized and extracted in the design process [38]. The impulse
response obtained as

K—1
kt

=142 H, 27— 47

PPHYDYAS + ];) & cos(2m KTO) 47

Fig. 12 shows the impulse and frequency response of PHY-
DYAS for overlapping factors K= 4, 6 and 8.

10) HERMITE FILTER

The Hermite pulse shaping filter is given form the linearly
combining of the function of the Hermite Gaussian which
achieves the Nyquist-I criterion [92]. Thereby, the Hermite
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FIGURE 9. (a) Impulse and (b) frequency response of PLP forn =1, 2.

PF coefficients are given by Hermite polynomials in [92].
The Hermite filter impulse response can be described by

mor (o ()
Dhermite = ——=6€Xp | =27 | =
ermite m TO

t
x Z aiH; <2ﬁT—0) (48)
i=1{0,4,8,
12, 16, 20}

The Hermite filter impulse and frequency response are
shown in Fig. 13.

B. BLOCK SPREAD FBMC/OQAM

Compared to OFDM, FBMC provides superior spectral prop-
erties at the cost of imaginary interference, making MIMO
implementation more difficult. By time or frequency spread
of the symbols, the imaginary interference can be completely
removed, so, all OFDM MIMO methods can be implemented
directly in FBMC [67].

Our model is based on the idea of literature [75], [76] which
uses Hadamard matrices in the spreading process for enabling
low complexity. As in [75], the Balian-Low theorem has been
satisfied by applying the orthogonality for real symbols only
Xm.n € R, instead of the complex orthogonality, which leads
to relax the orthogonality situation [93]. If both time and
frequency spacing reduced by 2, ToF=1/2 for real-valued
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Impulse Response of LINEAR COMBINATION PULSE

1

Normalized Time, t/TO
(a)

Frequency Response of LINEAR COMBINATION PULSE

-2 -1.5 -1 -0.5 0 0.5 1 15 2
Normalized Frequency, f TO
(b)

FIGURE 10. (a) Impulse and (b) frequency response of LCP for y= 0.5, 1.5
and 2.5 and «= 0.1, 0.5, 0.7 and 0.9.

symbols, then complex symbols ToF=1. This frequency-time
squeezing causes interference, but this is shifted by the phase
shift 6,,, = 7% (m+n) to the purely imaginary domain.
Then, by taking only the real part, the imaginary interference
is completely removed.

Fig. 14 illustrates the conventional FBMC transmission
idea. Real-symbols can be transferred over a time-frequency
rectangular position. The primary issue with FBMC is imagi-
nary interference. This issue can be avoided by spreading data
symbols over multiple time gird or several subcarriers, see
Fig. 15 and 16, which enables the transmission of complex
symbols with blocking of the imaginary interference.

For the AWGN channel, the received PF matrix can be
written as QH =GH ,and, H = Iy, then, (20) transforms to

y=G"Gr=Dx+n (49)

where D=GH G is the transmission matrix and n ~ CN(O,
P,,D) is random noise.

Note that (49) shows a block of M subcarriers and N
symbols transmission.

In order to attain a required bandwidth and transmission
time, some of these blocks should be concatenated in fre-
quency and time. For block spreading, the spreading/coding
matrix C € CMVX'% , is used to precode the complex sym-
bols ¥ € C'7 ! , so the transmitted data symbols x € CMN*1
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FIGURE 11. (a) Impulse and (b) frequency response of PLCP for
n=1.2,1.6 and 2.5 and «= 0.1, 0.5,0.7 and 0.9.

are obtained by
x =Cx (50)

and the received data symbols y are produced by decoding the
received symbols

y=CHy (51)

To maintain the complex orthogonality, the spreading
matrix C must satisfy the following situation.

cipc =1 (52)

Off-diagonal elements will represent imaginary interfer-
ence, the identity matrix will be SR {D} = Iyy only by
taking the real part [75]. By taking an eigendecomposition of
the transmission matrix D=G¥ G=U AU with the unitary
matrix U, we avoid losing any information that may cause by
taking only the real part. For M — oo and N — oo, D has
just MN /2 eigen-values with value equal 2. Therefore, only
MN /2 complex data symbols are transmitted, that is equal to
transmit MN real data symbols.

This condition (52) can be satisfied by applying an eigen-
value decomposition, but this approach will be a high number
of computational and complexity. To enable low complexity,
we use M xM Hadamard matrix and data symbols spreading
over M /2 column vectors of a matrix in time. A spreading
matrix C € RYV X@, that satisfies the condition in (52),
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FIGURE 12. (a) Impulse response and (b) frequency response of PHYDYAS
for overlapping factors K = 4, 6 and 8.

can be found in [76]. While the big advantage of Hadamard
spreading is no multiplications required but only additions,
so that the complexity is increased slightly, a drawback is the
length of the coding must be a power of two. This makes it
hard to integrate within systems, but when a system is built
from scratch, it has almost no effect [67].

1) WALSH-HADAMARD SPREADING IN FREQUENCY

The flat frequency channel for a length of spreading and flat
time within one symbol is assumed to enable low complexity
equalizer. We apply a guard subcarrier to separate between
frequency blocks as in [75]. We can rewrite the coding matrix
C to satisfy the condition as (52) (as a spread over frequency
only) [75]:

C=Iy®Co (53)
The frequency spreading matrix for a one-time slot is
N
described by Cy € R¥*7. By taking every second column

out of a sequency order WH matrix H &€ RV XN [94], we can
get the coding matrix Cp:

N
[Colu,r = [Hlpor forn=1.. N;r= 15 (54)

In [75], an example of the coding matrix is provided.
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FIGURE 13. (a) Impulse response and (b) frequency response of Hermite
for overlapping factors K = 4, 6 and 8.
Code

o
Frequency

Time

FIGURE 14. Conventional FBMC/OQAM transmission where only real
symbols can be positioned [76].

Code

[

/,, —n - /" —< - /'1 —<

I
Frequency

FIGURE 15. Coded FBMC/OQAM transmission where complex symbols
are spread over multiple time slots [76].

2) WALSH-HADAMARD SPREADING IN TIME

The coding matrix for spreading in time can be provided by
C, € RY x5 and G, € RY <5 where one has to switch
between C; and C, for neighboring subcarrier. Each second
column from WH sequency H € RV*N is taken to get
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see Section IV

FIGURE 16. Coded FBMC/OQAM transmission where complex symbols
are spread over multiple frequency subcarriers. Different frequency
blocks are separated by a guard subcarrier [75].

TABLE 1. The optimum parameters for each filter.

Pulse S haping Parameters
Filter
RC 0=0.9
RRC 0=0.9
BTRC 0=0.9
MBH 0=0.9, p=1.2
ISP a=5, n=1
PMSP a=5, b=1, n=1
PLP 0=0.9, n=2
LCP 0=0.9, y=1.5
PLCP 0=0.9, p=1.6
PHYDYAS K=4
Hermite -

Impulse Response
T T T
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RC a=0.9
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FIGURE 17. Comparison of the impulse response of the

proposed PFs.

Frequency Response
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N = = == PMSP a=5 b=1 n=1
N PLP =0.9 n=2
A - == LCPa=09+=15
\ s PLCP 0=0.9 pu=1.6
o | PHYDYAS K=4
Hermite

coding matrix in time [76], [94].

[Cl]n,r = [j{]n,2r71 and [CZ]n,r = [j{]n,Zr
N
for n:l...N;r:l...E (55)

. . MN
We can get the coding matrix C € RMV*7

tion.

by vectoriza-

1 0 0 O
C=C1®IM/2®|:O 0]+C2®IM/2®|:0 1](56)

The orthogonality condition in (52) can be satisfied
by (56).

IV. RESULTS AND DISCUSSIONS

In this section, the performance of the proposed prototype
pulse shaping filters in FBMC/OQAM systems is evaluated
via simulation results obtained using MATLAB 2018a soft-
ware. Furthermore, the validity of our proposed filters with
proposed approaches in MIMO systems is verified.

A. PROTOTYPE PULSE SHAPING FILTER ANALYSIS

In this subsection, we compare all pulse shaping filters anal-
ysed in section III in terms of their impulse response and
frequency response. The results can allow the selection of
a well-localized pulse in the time and frequency domains.
Through extensive computer simulations, the optimum con-
stants and parameters for each filter can be found, as shown
in Table 1.
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FIGURE 18. Comparison of the frequency response of the
proposed PFs.

Figs. 17 and 18 show a comparison of the impulse and
frequency responses of all proposed pulse shaping filters.
As illustrated in Fig. 17, all pulse shaping filters have almost
equal main lobe width; however, the Hermite and PMSP
pulse shaping filters have narrower and lower sidelobe lev-
els, whereas the remaining pulse shaping filters have almost
equal sidelobe levels. The impulse response of Hermite and
PMSP decays rapidly. The prior observation is very important
because a pulse with smaller sidelobes is desired to minimize
errors due to ISI, obtain a larger eye opening, minimize the
maximum distortion due to ISI, and minimize the PAPR of
the system.

Fig. 18 shows the frequency responses of the pulse shaping
filters. All pulses retain the same bandwidth, excluding the
Hermite and PMSP. The sidelobe is maximum for the Hermite
pulse and minimum for PLP, as the sidelobe contains the ICI
power. This property of the PLP will reduce ICI compared
with the other filters. Overall, a trade-off exists between
an impulse response with smaller sidelobes and its spectral
magnitude.
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B. POWER SPECTRAL DENSITY ANALYSIS
The good localization of the spectrum of the transmitted
signal is the primary benefit of the FBMC technique, which
causes a reduction in the OoB emissions and improves spec-
tral characteristics. The PSD is defined as the content of
power in the signal versus the frequency range. The FBMC
signal has a coefficient of the PFs as one of its components.
Therefore, OoB emissions can be reduced by selecting the
appropriate PF.

The expected transmit power in time can be calculated
using matrix representation, Pg € RV*1160]:

Ps = diag{GR,G"} (57)

where R, = E{xxf} describes the correlation matrix of the
transmitted symbols.
The PSD, PSD € RV*! can also be calculated by

MN—1

[PSD]; = Z

i=0

[WGUx/K] (58)

2
j,i‘

where W is a DFT matrix while U and A are obtained an
Eigen decompositionof R, = UAU Hand UVA = Iy, that
is, in many cases R, is an identity matrix. It can also calculate
the average transmit power to get normalize PSD,

.l
Pg tr{GR,G" } - (59)

- MTy fs

tr{.} is a trace operator, and f; = FNffr is the sampling
rate, where Nppr > M represents FFT size.

For FBMC/OQAM and CP OFDM, the SNR can be
expressed by [60]:

Py
MFNy

where Ny = P, /f; is the noise power spectral density.
Simulations are performed to check the PSDs and make
comparisons of the PSD efficiency of the proposed PFs. Let
just one subcarrier m is assumed to be active. In this simula-
tion, we set the parameters as follows: i) subcarrier spacing
F (15 kHz, same as LTE); ii) number of subcarriers M=24;
iii) number of FBMC symbols N=105; iv) modulation order
of 16 QAM,; v) filters parameters as shown in Table 1; and vi)
OFDM as in [60]. We only consider the transmitted date on
the first subcarrier because the PSD is calculated from the
summation of all subcarrier that represents the frequency-
shifted version of the first one. The simulated PSDs are
acquired by inserting arbitrary symbols to FBMC/OQAM
and then evaluating the transmitted signal PSDs for each PF.
Fig. 19 shows the transmitted power of FBMC/OQAM
considering the PFs, which is calculated according to (59).
Fig. 20 illustrates the PSDs of the OFDM and FBMC/OQAM
systems with the proposed PFs. The estimation is based on
computing the FFT of 200 blocks of the transmitted signal.
Clearly, FBMC/OQAM achieve good spectral character-
istics relative to CP-OFDM, in which the rectangular pulse
that is used in OFDM, causing high OoB radiations, and we

SNR =

(60)
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using proposed PFs.
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FIGURE 20. Comparison of PSD of the FBMC/OQAM using proposed PFs.

observe that the power of FBMC-OQAM in the OoB region
is lower than that of CP-OFDM. Additionally, PLP and LCP
achieve the best spectral properties and lower OoB emissions
than all the other PFs, and this result verifies the best spectral
properties of PLP and LCP shown in Fig. 18. PHYDYAS has
the sharpest edges but has more sidelobes than PLP and LCP.

The Hermite and RRC pulses have greater OoB emissions
compared to the other pulse shaping filters, but these emis-
sions are still better than those of OFDM.

C. POSSIBLE USE SCENERIES FOR FBMC

In this subsection, we discuss how FBMC can be utilized to
efficiently support different use cases, envisioned for future
wireless systems. We start with a definition of the time fre-
quency efficiency. Then, we assume that two users with two
different subcarrier spacing share the same band and calculate
the SIR. The time frequency efficiency helps to answer the
question of which modulation format utilizes available time-
frequency resources best.

1) SPECTRAL EFFICIENCY
Here, the PFs will be investigated in FBMC and their perfor-
mances discussed in terms of the time-frequency efficiency,
which is defined as:
NM

"~ (NTo + TG)(FM + Fg)
where Tg is the guard interval and Fg is the guard band.

Fig. 21 shows the time-frequency efficiency over the num-
ber of subcarriers M for the proposed PFs with N=2, N= 10

o (61)
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FIGURE 22. Time-frequency efficiency for M=4 and M=32.

and N — oo. The time interval NTy + T depends on the
guard time7g, which is chosen so that 99% of the energy
is transmitted. As FBMC requires a large guard time due to
the filter length, choosing a PF that improves this issue is
significant.

As illustrated in Fig. 21, the comparison reveals that for
N=2, PMSP and ISP show better performance than all the
other types, and as N increases, the time-frequency efficiency
increases because of the decreasing guard time relative to the
PF length, while this phenomenon relies on the subcarrier
number.

Additionally, in the case of a large number of symbols
N— oo, all types of PFs achieve nearly the same perfor-
mance. Fig. 22 shows the time-frequency efficiency over
the number of time symbols N for the proposed PFs with
M=4 and M=32. PLP and LCP can achieve better efficiency
for M=4. Similar to Fig. 21, increasing M leads to increasing
time-frequency efficiency due to decreasing guard frequency.

2) SIGNAL-TO-INTERFERENCE RATIO (SIR)

The SIR may be used to evaluate the point where interference
starts to overtake noise. In this section, two adjacent users
and no channel are assumed for simplicity. The first user has
M = 96 subcarriers with a subcarrier spacing F; = 15 kHz,
the second user has My = 12 subcarriers and a subcarrier
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and F 5 = 480 KHz) share the same band.

spacing F» = 120 kHz or F, = 480 kHz, and for both users,
Fg = 0.25F;M;. As a result, the bandwidth for both users
is 1.44 MHz. Figs. 23 and 24 show the PSD for the two
users with the proposed subcarrier spacings F; = 15 kHz
and F, = 120kHz and F; = 15 kHz and F, = 480 kHz,
respectively. Our results show that interference increases
with increasing subcarrier spacing, as seen by comparing
Fig. 23 with Fig. 24. The results demonstrate two things. First,
the interference insertion from the first user to the second
user is lower than the second user interference inserting to the
first user because of the filter length of user 2 (M, = 12) is
shorter than that of the first user (M; = 96). Second, a larger
subcarrier spacing (F, = 480 kHz) causes larger interference.
From the results in Fig. 24, the OoB emissions for PLP and
LCP are lower than those for the other filters, which leads
to small interference between users. This result confirms the
findings obtained with the PSD results in Fig. 20. SIR is
calculated as [60]:

M{N| + M>N»
|9 {Qi G} [ + [ {04 G}

where||.|| g is the Frobenius norm [44].

SIRtwo user =

(62)
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FIGURE 25. Comparison of SIR evaluation for different types of filters
in the case of two users with a subcarrier spacing (F ; = 15 KHz and
F = 120 kHz).
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FIGURE 26. Comparison of SIR evaluation for different types of filters
in the case of two users with a subcarrier spacing (F ; = 15 KHz and
F , = 480 kHz).

Figs. 25 and 26 show the effect of the guard band on the
SIR, where the guard time is ignored, as a lower inference is
observed with a higher guard band.

In the case of F, = 120 kHz (Fig. 25), assuming
that SIR=60 dB is required, for PLP, the guard band
Fg = 0.03FM is required to achieve the target SIR, with
p=1/1.03 =97%, and for LCP, Fg = 0.045FM, with
p=95.7%. In the same manner, we can obtain p= 91% for
PMSP and p= 85.47% for Hermite. For the RRC filter, The
SIR is below 60 dB. In the case of F, = 480 kHz (see
Fig. 26), increasing the subcarrier spacing causes additional
interference. In the same manner, PLP can improve the SIR
by approximately 40 dB over Hermite at Fg = 0.25FM,
this decreases the needed guard bands compared to other
filters.

The results lead to a similar conclusion that the proposed
PLP introduces less SIR than Hermite. As shown in Fig. 26,
increasing the subcarrier spacing requires a higher guard
band. The higher subcarrier spacing, which is assigned for
the second user, is to allow low latency transmissions. Thus,
in particular, the comment that low latency in FBMC cannot
be adequate is not accurate. The subcarrier spacing only
should be increased to improve this issue. Indeed, the effects
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FIGURE 27. SIR in presence of time-offset for proposed PFs.

of the TOs and the channel delay spread will be increased but
the sensitivity to CFOs and channel Doppler spreads will be
reduced.

D. TIME OFFSETs (TOs) AND CARRIER FREQUENCY
OFFSETs (CFOs)

Multicarrier techniques are sensitive to synchronization off-
set. A TO and a CFO can destroy the orthogonality between
subcarriers and cause ISI. A TO is caused by the non-perfect
alignment of baseband samples in time, which occurs due
to channel propagation delay. Of course, the system needs
time synchronization methods. However, the mMTC sys-
tem should avoid time advanced mechanisms, such as LTE
[28], to decrease power consumption and enhance spectral
properties.

Here, we will evaluate the SIR in the presence of a TO/CFO
in FBMC/OQAM using the proposed filters, with the fol-
lowing parameters: i) M=48; ii) N=8; iii) F=15 kHz; and
iv) BW=M*F=0.72 MHz. Fig. 27 shows SIR values for
normalized TOs t} .F. A gain of 7 dB is noticed with PHY-
DYAS relative to PLP or RC for a normalized TO of 0.05,
and an approximately 4 dB difference between Hermite,
PHYDYAS or RRC and the other PFs is found. Clearly,
PHYDYAS attains a greater SIR than the other PFs because
in the frequency domain the PHYDYAS PF has very sharp
edges. The sensitivity of communication systems to a CFO
is an important issue because it can result in ICI. The SIR
in the presence of a CFO is shown in Fig. 28, which shows
that Hermite is slightly better than the other filters that have
symmetrical frequency and time shape.

E. BIT-ERROR-RATE PERFORMANCE OVER VARIOUS
CHANNELS

In this subsection, the BER performance of the FBMC wave-
form with the proposed PFs compared to OFDM is provided
through simulations. The simulation parameters are summa-
rized in Table 2. We assume perfect synchronization and
no TO or CFO; three channels are used for the simulation:
(a) AWGN; (b) extended Pedestrian A channel model (EPA);
and (c) extended Vehicular A channel model (EVA) [95].
We use these channels models because the EPA and EVA
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FIGURE 28. SIR in presence of carrier frequency offset (CFO) for
different PFs.

TABLE 2. Simulation parameters.

Simulation Parameters Value
Modulation Order 16 and 256 QAM
Number of Symbols (N) 30
Number of Subcarriers (M) 24
Subcarrier Spacing (F) 15 KHz
Overlapping factor (K) 4
Carrier Frequency (fc) 2.5 GHz
Channels model AWGN, EPA, and EVA

. SHz for EPA
Doppler frequency shift (fp) 300Hz for EVA

channel models describe the practice of present and future
channel model in mobile systems [96].

The BER is calculated for OFDM as in [97], [98] and for
FBMC according to [67] based on one tap ZF equalization,
which eliminates self-interference but introduces noise that
depends on the choice of PF. The theoretical BER for OFDM
has been plotted as a benchmark to prove the validity of the
BER curves[97], [98].

Since the FBMC uses PF to filter each subcarrier, the tail
of the filter is much longer than OFDM which causes FBMC
not suitable for small packet transmission and low latency
sceneries. In FBMC, the duration of the symbol is greater
than the maximum delay spread, even, the ISI can be caused
by interference between the low magnitude of the signal
and the next symbol which will yield very small ISI. Thus,
there is no ISI-mitigation scheme is adopted for FBMC. The
efficiency reduction due to ISI is therefore low and can be
neglected [99].

Figs. 29-31 depict the BER performance over the SNR for
two different modulation orders (16 and 256 QAM) through
the AWGN, EPA, and EVA channels. As expected, a lower
modulation order achieves better performance than a higher
order. However, performance degradation can be observed
for high-order modulation because the dense constellation
makes it more sensitive to the ISI. Despite the ISI, perfor-
mance degradation is very tiny because the ISI power is
very small.

FBMC for all PFs and OFDM for AWGN have nearly
the same BER for 16 QAM, as shown in Fig. 29. Similar
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FIGURE 31. BER performance of FBMC with proposed PFs relative to
OFDM over EVA channel with fp = 300Hz for modulation order 16 and
256 QAM.

conclusions can be seen for the EPA and EVA channels,
as shown in Figs. 30 and 31. However, for 256 QAM, OFDM
and FBMC using PMSP, PHYDYAS, Hermite and RRC
outperform the other PFs for a high SNR in the AWGN
channel, as shown in Fig. 29.
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FIGURE 32. PSD of Coded FBMC vs. Normalized frequency f/F (applying
the WH frequency spreading), the unique spectral properties of FBMC are
still maintained.

As the EPA channel model has a moderate delay spread,
we provide the performance results in Fig. 30. We note that
we get much the same results as CP-OFDM for all PFs in
FBMC. In the case of the EVA channel (Fig. 31), the Doppler
spread drives the interference, so FBMC (all filters except
BTRC) performs better than OFDM. Due to the relatively
high delay spread in the EVA channel, FBMC deviates at
high SNR values. However, for SNR ranges below 20 dB,
this issue does not arise. The simulations validate that the
proposed PFs in the FBMC/OQAM transmission system has
nearly the same BER compared with the traditional PFs and
as OFDM for 16 QAM and perform better than OFDM for
256 QAM in the high SNR region. Moreover, FBMC has
the added advantage of greater spectral properties due to the
reduction in OoB emissions.

F. MIMO SIMULATIONS

We exploit the WH spreading in time or frequency,
as explained earlier, to restore the complex orthogonality of
the FBMC/OQAM system, as the Alamouti coding scheme
requires the complex orthogonality property. Our MIMO
FBMC/OQAM scheme applies not only to the Alamouti
scheme but also to well-known MIMO methods that can be
combined with our model such as the SM scheme.

In this subsection, we verify the validity of our proposed
prototype pulse shaping filters in terms of the BER with
the MIMO system for the Alamouti scheme, SM with ZF
detection and SM with ML detection using the WH spreading
method in different channel models. Furthermore, we com-
pare our results with other prototype pulse shaping filters and
with CP-OFDM as a benchmark to prove the validity of our
models in MIMO.

A fast WH transform transformation can decrease compu-
tational complexity [100]. Hence, log, (V) —1 extra additions
or subtractions are needed at the transmitter for each complex
symbol, and log, (V) extra additions or subtractions are also
needed at the receiver. The WH approach’s only minor draw-
back is that the length of spreading should be a power of two.
Furthermore, apart from a few tiny ripples, WH spreading
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FIGURE 33. SIR performance for FBMC proposed PFs using with different
spreading length under three different channel delay spread (10 ns, 46 ns
Pedestrian A channel and 370 ns Vehicular A).

TABLE 3. Simulation parameters.

Parameter Value
Modulation Order 16
Number of Symbols (N) 32
Number of Subcarriers (M) 2to 128
Subcarrier Spacing (F) 15 KHz
Carrier Frequency (fc) 2.5 GHz

Number of guard -
subcarriers 1 (spreading in frequency)
Number of guard symbols 3 (spreading in time)

Short delay spread of 10 ns.
Pedestrian A (delay spread

Channel models [101] of 46 ns).
Vehicular A (delay spread
of 370 ns).
Jakes Doppler spectral
Doppler spread density

has almost no impact on the PSD (see Fig. 32), so FBMC’s
superior spectral properties are maintained. As we can notice
that PSD in fig. 32 is the same as the PSD in Fig. 20 with a
few ripples.

1) WALSH-HADAMARD SPREADING IN FREQUENCY

First, the impact of a Rayleigh fading channel is investi-
gated, we neglect the noise in frequency spreading scheme,
so that (49) transforms to:

3 =CHG"HGCx (63)

where HECN XV is a time-variant channel matrix.
In [75], an analytical SIR expression is derived in a doubly-
flat Rayleigh channel:

[T];;

Smn = 20y — 71, )

where

M

i = ?(n— H+r, (65)
r= ((GC)T ® (cf{nG”)) Ryeetin) ((GC)T ® (c’;{nG”))H
(66)
55767



IEEE Access

H. M. Abdel-Atty et al.: Evaluation and Analysis of FBMC/OQAM Systems Based on Pulse Shaping Filters

2x 1 MIMO Alamouti’s STBC

—6— OFDM ---#3--- BTRC ---%--- PMSP --~<-— PLCP
---©---RC MBH A PLP PHYDYAS
---+---RRC ISP —p—LCP Hermite
10-5 1 1 1 1 L L
5 0 5 10 15 20 25 30
SNR(dB)

FIGURE 34. BER performance comparison between CP-OFDM and WH
block frequency spreading FBMC using different PFs in 2 x 1 Alamouti’s
STBC scheme over the Pedestrian A and Vehicular A channel model.
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FIGURE 35. BER performance comparison between CP-OFDM and WH
block frequency spreading FBMC using proposed PFs in 2 x 2 MIMO
scheme using ZF detection over the Pedestrian A and Vehicular A channel
model.
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FIGURE 36. BER performance comparison between CP-OFDM and WH
block frequency spreading FBMC using proposed PFs in 2 x 2 MIMO
scheme using ML detection over the Pedestrian A and Vehicular A
channel model.

55768

2x 1 MIMO Alamouti’s STBC

10°
@
107k Vehicular A
10-2 L
o
W 103 L
10
10—4 L
10°F —6— OFDM -3 BTRC -~-%--- PMSP <~ 1
--©---RC MBH & PLP PHYDYAS
~-+--RRC ISP - LCP Hermite
10-6 L 1 L L L L
5 0 5 10 15 20 25 30
SNR(dB)

FIGURE 37. BER performance comparison between CP-OFDM and WH
time spreading FBMC using proposed PFs in 2 x 1 Alamouti's STBC
scheme over the Pedestrian A and Vehicular A channel model.
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FIGURE 38. BER performance comparison between CP-OFDM and WH
time spreading FBMC using proposed PFs in 2 x 2 MIMO scheme using
ZF detection over the Pedestrian A and Vehicular A channel model.
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FIGURE 39. BER performance comparison between CP-OFDM and WH
time spreading FBMC using proposed PFs in 2 x 2 MIMO scheme using
ML detection over the Pedestrian A and Vehicular A channel model.
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where ¢, ,, € RM*! is the i" column of C for i =
M /2(n—1)+r and Ryeciry = E {vec {H} vec {H}H} is the
correlation matrix that contains the statistical properties of
the channel delay profile and Doppler spread.

Simulation results for the SIR values with different spread-
ing lengths for each considered PF can be found in Fig. 33.
While the parameters of the simulation are summarized
in Table 3.

Fig. 33 shows how the SIR depends on the spreading
length. We can observe that the interference increases with
increasing the length of spreading. However, the spectral
efficiency increases with increasing spreading length. For the
10ns delay case, spreading can be easy with a high spreading
length of 128. For the Pedestrian A case, to achieve the target
SIR, the spreading length should be no more than 64.

For Vehicular A, the frequency spreading technique suffers
from high interference that leads to low SIR. In addition, only
for a high delay spread (Vehicular A), the higher the spreading
length, the higher the spectral efficiency. However, a high
spreading length also leads to high interference caused by the
channel. Due to the high overhead needed for enough SIR,
our approach is inadequate. Instead, it could be employed the
multi-tap equalization at the cost of complexity.

Second, we check the validity of the described block
frequency spreading approach with the benefit of restoring
complex orthogonality, which is expected to enable usage
of all MIMO schemes used in OFDM, for different MIMO
schemes (mentioned in section II) by simulation.

The simulation parameters are the same as those in Table 3,
but we take the value of the spreading length as 32 under two-
channel models (Pedestrian A and Vehicular A) at 2.5 GHz.
For OFDM, we use 512 subcarriers. The simulation is run
with 1024 Monte Carlo repetitions. A 2 x 1 Alamouti STBC
scheme, which achieves full diversity at rate one [67], is con-
sidered in Fig. 34. Figs. 35 and 36 show the performance
of the FBMC 2 x 2 SM MIMO for ZF detection and ML
detection, respectively. In 2 x 2 SM, independent bitstreams
at both antennas are simultaneously transmitted. The trans-
mitted symbols are detected at the receiver either by ZF
equalization, which enhances the noise, or by ML detection
[67], which may increase the complexity. We assume the
Gaussian noise distribution and perfect knowledge of the
channel. Note that ML detection in conventional FBMC is not
viable because, owing to imaginary interference, too many
variables have to be calculated. These figures also give a
comparison of OFDM and FBMC using the proposed PFs
based on WH block frequency spreading.

Figs. 34, 35 and 36 show that the frequency spreading
FBMC achieves approximately the same performance as
CP-OFDM for only Pedestrian A channel, but, the added
benefit of higher spectral characteristics. Under Vehicular
A, we observe degradation in error performance. This is
because the channel induced interference which leads to
an SIR of approximately 9 dB, see Fig. 33. In order to
gain robustness, we might need to reduce the spreading
length.
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In addition, we can observe high deviations between
CP-OFDM and FBMC. Due to the lack of a CP, FBMC
tends to be more susceptible to long delay spread channels.
CP-OFDM outperforms FBMC in the Vehicular channel.
Finally, the results show that all PFs verify the validity of
the WH block frequency spreading approach in FBMC with
different MIMO schemes.

2) WALSH-HADAMARD SPREADING IN TIME

As previously explained, a coding matrix has been described
that satisfies the orthogonality condition in (52) and that is
based on fast WH transforms, so the additional complexity
becomes very low. The main reason for spreading symbols
over several time slots, as discussed in Section III, is to
enable MIMO transmissions in FBMC with approximately
the same MIMO complexity as in OFDM. Here, we spread in
time instead of frequency. Also, we apply the same MIMO
schemes described in frequency spreading and verify the
validity of the block time spreading approach.

The simulation parameters are chosen as shown in Table 3,
and the Pedestrian A and Vehicular A channel model is
assumed. Figs. 37, 38 and 39 show that FBMC achieves
approximately the same performance as CP-OFDM. How-
ever, we can observe that the higher delay spread channel
(Vehicular A) cause degradation in error performance, for
both CP-OFDM and FBMC, than lower delay spread channel
(Pedestrian A). Additionally, all PFs verify the validity of the
WH time spreading approach in FBMC with different MIMO
schemes.

Compared the frequency spreading approach to the time-
spreading approach, see Fig. 34 to 39, the two approaches
provide approximately the same performance in time-variant
channels. However, it can be seen that the CP-OFDM is
more robust to long delay spread channels in the frequency
spreading approach due to the presence of the CP. So far,
we have presented a detailed description of how spreading
can be used to restore complex orthogonality. This allows the
straightforward usage of all MIMO techniques.

V. CONCLUSION

In this work, new prototype pulse shape filters are proposed
to improve the performance of FBMC/OQAM systems. The
simulation results show that FBMC/OQAM provides supe-
rior spectral properties to OFDM.

The simulation results for the BER performance, under
practical channel models, indicate that all proposed and con-
ventional filters in FBMC systems achieve almost the same
performance as CP-OFDM for moderate delay spread (EPA
channel model). However, FBMC has better performance
than CP-OFDM for high delay spread (EVA channel model).
Generally, the validity of our PFs in the FBMC/OQAM sys-
tem has been verified by the results in terms of the BER.

Additionally, we have studied the effects of a TO and a
CFO on the SIR. Accordingly, we find that the PHYDYAS
filter offers higher immunity to TO effects than the other
filters, whereas Hermite is slightly better than the other filters
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in the presence of a CFO. However, the simulation results
for PLP (with « = 0.9 and n=2) and LCP (with « = 0.9
and y = 1.5), which satisfy the Nyquist-I criterion, show an
important improvement in OoB emissions reduction and thus
in the time-frequency spectral efficiency with a small number
of subcarriers and a small SIR between two users compared
to the other proposed filters and conventional filters. Further-
more, PLP and LCP may be considered promising aspects of
a new PF that can be exploited in the FBMC/OQAM system.

Additionally, we propose a new approach for MIMO
FBMC/OQAM using WH spreading, which has a big advan-
tage of low complexity. We have shown that WH spreading
has almost no impact on the PSD. Additionally, we have
tested the proposed spreading scheme in time and frequency
with three MIMO techniques, 2 x 1 Alamouti STBC, 2 x 2
SM with ZF detection and 2 x 2 SM with ML detection, and
compared it with CP-OFDM. The simulation results show
that FBMC can obtain almost the same performance in terms
of the SIR and BER as CP-OFDM. However, FBMC still
outperforms OFDM because of the much better spectral prop-
erties. Furthermore, we have shown that all PFs verify the
validity of the WH time and frequency spreading approach
with different MIMO schemes.
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