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ABSTRACT

Filter bank multicarrier/offset quadrature amplitude modulation (FBMC/OQAM) is a
multicarrier modulation that is expected to replace orthogonal frequency division
multiplexing (OFDM) in future sixth-generation (6G) networks. FBMC/OQAM has high
spectrum efficiency, cyclic prefix (CP)-free transmission, decreased out-of-band
emission (OOBE), and asynchronous environment robustness. However, the
orthogonality criteria of FBMC/OQAM are only in the real field. Therefore, imaginary
components of complex-valued OQAM symbols cause imaginary interferences among
subcarriers, affecting channel estimation (CE) processing operations. Channel
estimation is a critical component of wireless communication systems. Channel
estimate allows the receiver to approximate channel impulse response (CIR) to
determine the impacts of the communication channel on the sent symbols. So, an
accurate channel estimate is critical in FBMC/OQAM. In this review, we focus on the
Preamble-based method, one of the basic methods for channel estimation in FBMC.
Three preamble-based approaches have been studied: the interference approximation
method (IAM), the interference cancellation method (ICM), and pairs of pilots (POP)
using a single antenna and multiple input multiple outputs (MIMO). Compare them
Channel estimation; FBMC/OQAM; regarding bit error rate (BER) and mean square error. Also, it compares different
imaginary interference; channelimpulse  jnterference approximation methods in terms of bit error rate (BER), magnitude, and
resp(')nse.(CIR); 6G; filter bank peak average power ratio (PAPR). The review found the superiority of M-IAM and NPS
multicarrier in spectrum efficiency and PAPR. Future work that can help the researcher in this field.

Keywords:

1. Introduction

Due to the expanding of applications in wireless communication, there is a strong demand for the
frequency spectrum and high data rates [1-3]. Therefore, since 2018, businesses and academics have
been concentrating on the 6G idea. With the help of widely utilised humanoid robots that are clever
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enough to make decisions with little to no human input, 6G vision has the potential to transform
cities into very intelligent metropolises with a wealth of innovative services. Expected to offer
wireless communications is the 6G network with more superior key performance indicators (KPls)
than the 5G network, ultra-high reliability, ultra-high connectivity, higher data rates of up to 1 Tbps,
and a latency of 1 ms. Moreover, 6G allows for high mobility up to 1000 km/h [4]. Consequently, 6G
wireless communications networks must implement a unique modulation strategy and an enhanced
multiaccess technology to boost data rates. A multicarrier modulation (MCM) is a crucial approach
that fulfils these needs by breaking down a wide-band frequency-selective fading channel into several
narrow-band frequency-non-selective fading subchannels [5]. Therefore, huge amounts of data may
be transmitted via a channel while guaranteeing that communication systems are resilient to channel
imperfections. The main key performance indicators (KPls) of MCM are high data rate, spectrum
efficiency, out-of-band law emissions, robustness against the multipath, frequency localization, free
of inter-symbol interference (ISI) and intercarrier interference (ICl), peak average power ratio (PAPR),
low complexity of implementation, and MIMO compatibility. Over the past ten years, many wireless
technologies, including WiMAX, DVB-T/DABT, WRAN 802.22, WiFi, LTE, and 5G, have been deployed
with orthogonal frequency division multiplexing (OFDM). Because OFDM successfully met most of
these KPIs [6]. CE is @ much less complex procedure in OFDM [7]. However, OFDM has limitations,
such as large out-of-band emission (OOBE) that affects nearby channels and decreases spectrum
efficiency and high PAPR [8]. And orthogonality, which demands precise synchronization of time and
frequency to avoid time and frequency offsets. This makes it a non-powerful candidate for 6G and
new applications [9]. Filter bank multicarrier/offset quadrature amplitude modulation
(FBMC/OQAM), also known as OFDM/OQAM, has been introduced as a substitute for OFDM. Because
it almost meets the majority of KPI. It is more spectrum-efficient than OFDM systems. Furthermore,
rectangular windows are replaced by pulse-shaping filters. As a result, FBMC systems have low
spectral sidelobes. FBMC systems resist multipath fading channels [10]. It implements a prototype
filter with efficient time and frequency domain localization characteristics to deal with ISI and ICl in
the FBMC/OQAM system brought on by the frequency selective fading channel. Additionally, it can
improve resistance to the channel frequency offset (CFO) and Doppler effect. FBMC/OQAM s
therefore being investigated as a viable candidate technology for the physical layer of future 6G
wireless communication networks [11].

The real and imaginary halves of each OQAM symbol are divided and transmitted as two pulse
amplitude-modulated signals. Unfortunately, with FBMC/OQAM, only the real field symbols have
orthogonality. Therefore, there is imaginary interference even on a no-distortion channel [12],
known as intrinsic or imaginary interference. The intrinsic interference will be between the pilot and
data symbols [13]. This imaginary-valued effect in the real-valued pilots increases the complexity of
channel estimation (CE). Therefore, this leads to an imperfect mean-squared error (MSE) and bit error
rate (BER) in CE [14]. Without enough null guard symbols between the training and the information
phase, Spectral efficiency will decrease due to the solution [15]. There are two types of channel
estimation methods: preamble-based and scatter-based. The current preamble estimation
approaches are examined in this review for single input, single output (SISO) scenarios, and multiple
input multiple outputs (MIMOQO).

This study thoroughly overviews the preamble CE methods, including the most current scenario,
examining them and addressing future research directions. We aim to present these approaches’ key
concepts and architectures and their advantages and limitations. The following are the contributions
of the paper:
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i.  The description of the FBMC system, deployment, and computation of associated
preamble-base procedures utilized in the FBMC are all included in this work.

ii. The fundamental channel estimation concepts for filter bank multicarrier waveforms,
which are seen to be prospects for the physical layer of future wireless networks, are
thoroughly in the current scenario in this paper, making it essential for wireless
communication systems.

iii.  Types of preamble channel estimation, advantages, and limitations

The rest of this review paper is organized as follows: Section 2 describes the FBMC/OQAM system.
Section 3 presents the concept and description of channel estimation methods and their advantages
and disadvantages. Section 4 presents the challenges and future work of channel estimation in FBMC.
This review is concluded in Section 5.

2. Filter Bank Multicarrier/Offset Quadrature Amplitude Modulation (FBMC/O0OQAM)

FBMC/OQAM is a digital modulation technique that has gained attention in wireless
communication. FBMC is designed to address some of the limitations and challenges of OFDM,
especially in scenarios with stringent requirements on spectral efficiency and low latency [16]. The
FBMC was initially introduced by Saltzberg and Chang in 1971 [17]. FBMC/OQAM, or OFDM-0OQAM,
staggered multi-tone (SMT). OQAM is a process of sending a real and imaginary sample in the
FBMC/OQAM system with a shift of half of the symbol time. The transmitter’s first block contains the
OQAM pre-processing modulation method. The three basic components of OQAM modulation are
initial QAM mapping of the input signal, up sampling of the mapping signal, and applying a delay to
either the real or imaginary component [18]. The filter bank comprises synthesis filters (SFB) at the
transmitter and analysis filters (AFB) at the receiver, as shown in Figure 1.

Synthesis Filter Bank Analysis Filter Bank
(tg2) (to)
0QAM 0QAM
pre- —> S/P > IFFT — PPN —> P/S SP — FFT — PPN —p| PIS —> post-
processing processing

Fig. 1. Block diagram of PPN-FBMC [4]

A prototype filter is an essential component of the filter bank, and it has been proposed for FBMC
systems to decrease OOB emissions. As a result, the prototype filter’s qualities greatly impact the
filter bank quality; therefore, prototype filters fulfil the Nyquist theory. The Nyquist theory states
that the pulse response of the filter must equal zero at the end of the period [19]. These Nyquist
pulse shaping filters were frequently used to reduce the sensitivity to symbol timing errors [9]. The
two most widely used FBMC filters are Phydyas and Hermite [20]. The number of filter coefficients,
or the number of times symbols overlap in time, is indicated by the Overlapping factor, K. Table 1
lists the coefficients H and k of the Phydyas prototype filter for a range of K values.
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Table 1

Frequency coefficient of Phydyas filter [21]
K Ho Hi H> Hs

2 1 2V2 - -

3 1 0.911438 0.411438 -

4 1 0.971960 2+/2 0.235147

Frequency Spreading (FS) and PolyPhase (PP) implementation are two strategies used for FBMC
signal modulation. However, FBMC is employed to improve the wireless networks’ performance. The
imaginary interference represents the main drawback for FBMC/OQAM, making channel estimation
difficult.

The discrete-time signal at the output of an FBMC synthesis filter bank (SFB) is denoted by:

s(D=Xm=o2n d.g (1) a
.2mm )
8n (l):g(|_n%)eJT (I-g-1) /2 ej@mn (2)
2mim(l-lg-1)
5(|)=an/|;% n dmn g(I-n%)e’ M eJ(Dmn (3)

*

% @ = (m+n)3) +mnm

d Real OQAM symbol.

mn Frequency time points, m: subscriber index of OQAM symbol, n: the time index.
gl - n%) a real symmetric prototype filter’s impulse response.

M Is an even number of subscribers

Ig the length of the filter (lg=KM), and K is the overlap factor.

The surrounding subcarrier functions g, (1) are only orthogonal since the pulse g is built in this
way. This results in some ISl at the AFB output being completely imaginary. The imaginary
interference width is given by:

X 8 (D8; () = i<g>h, (4)

j<g>h is the interference width in frequency-time (FT) between (p,q) and (m,n) FT points.
Subcarrier index p and OQAM symbol time index q is both used. Assuming that the channel goes
through the prototype filter with all spectral components passing through with roughly equal power,
linear phase (coherence bandwidth) at each subcarrier, and time-invariant (coherence time), the
following results are obtained for the pt subcarrier and gt FBMC symbol of the AFB output.

Yp.q = Hoatpq T 2m=0 ZnHmnlma<8>hn *+ Mg (5)
where

* =i 2o 2 Hmnlmn<g>mn

Y g “Hpaldpq 7 Zd Zn dm <8+ N, (6)
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where FT point H, 4 is the CFR (channel frequency response), 1, , is a Gaussian noise component
with zero mean and variance o?, and l,q is associated interference. With an accurately timed,
localized pulse, the most common assumption is that the Ip,q originates just from the neighbourhood
of (p,q) first order called Q, 4, Q, 4, = (p,q%1), (p£1,g%1) or (pxl,q). Interference coming from FT
points outside of a neighbourhood is insignificant.

Yo,q = HpaCpatN, 4 (7)
where,
Cpq =dpq T/ Mob 2n dm,n<g>ﬁ;,gn (8)

Up,qis the virtual transmitted symbol at (p, q),
Upgq = Z(m,n)e Qp g dmn<g>rprfn (9)

The imaginary component of the interference from nearby FT points. We can compute the CFR
by the following equations at the corresponding FT point.

P (10)

Finding a preamble structure that enhances the power of (d,,+jd_ ) while maintaining a

constant preamble power at the transmitter. As a result, the estimation becomes more accurate [26].
The MIMO technique employs several antennas at the transmitter and receiver to service several UE
simultaneously and often on a single resource [36]. The equation above may be easily modified for
the MIMO scenario. Consider a N; xN,- MIMO setup where each broadcast and receive antenna has
a set of identical SFBs and AFBs. Each receive antenna in the equation may be expressed as j=1, 2,.
N,.

. N .
yjp,q ~ i ijiqclp,q"'nlp,q (11)

where H{;i’q M-point of the channel CFR for ith transmit to jth receive antennas.r]:O a is the noise CL'q
is the complex value,

Cip,q=dip,q+jdip,q<g>frfn=dip,q+juip,q (12)

For all receive antennas for each FT point

1,1 1,2 1,N
Hog  Hgg - Hpq !
H,, = : : : (13)
p.q
Nyl N.,2 NN
Hp,q Hp,q Hp»q t
_ 1 i2 N¢qT
dpq = [, dZq.....dbs] (14)
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3. Channel Estimation (CE)

CE is critical in FBMC, where the channel conditions can vary rapidly due to mobility, multipath
propagation, and fading. Before rebuilding symbols, the channel estimate is used to adjust for the
channel effect. The goal of channel estimation is to acquire information about how the channel
affects the transmitted signal, encompassing factors such as amplitude, phase, delay, and channel
frequency response [24] so that the information can be utilized to equalize the received signal and
correct for channel effects [25]. Accurate channel estimation is crucial for signal processing to
mitigate the impact of challenging channels on the received signal [26]. Channel state information
(CSI) is knowledge or information about the communication channel parameters, which generally
defines how the signal is impacted by the communication channel effects, such as fading [27].
Unfortunately, in FBMC/OQAM, the orthogonality is just in the real symbols. Therefore, the receiver
will be even on a free distortion channel with well time, and frequency localization suffers from
imaginary interferences, which can affect channel estimation [28-30]. The interference significantly
impacts the pilot design, which often complicates pilot symbol design, causes extra resource
overhead [31], and decreases the spectrum efficiency and channel estimation effectiveness [25,31].
In order to attain optimal system performance, imaginary interference must be removed [12]. For
FBMC systems, some schemes demand 1.5 complex-valued symbols as the preamble sequence
symbols be transmitted [23]. On the other hand, only systems using CP-OFDM require two real-
valued symbol durations equal to one complex-valued symbol duration [32]. Various aspects,
including system requirements, channel conditions, computing complexity, and accessible prior
knowledge, influence the technique chosen. FBMC CE methods include preamble-based and
scattered pilot-based techniques, as shown in Figure 2.

Channel
Estimation

[ 1

Preamble-based Scatter-based
schemes schemes

1
Interference Interference Auxilia
- - . ’ ry Coded
approximation cancelation Pairs of pilots . i r
e method pilots auxiliary pilots

Fig. 2. Channel estimation methods

The preamble is used for channel estimate in preamble-based algorithms. The preamble is a
known training (sequences) inserted at the beginning of the transmitted signal. The preamble is a
reference for estimating the channel response between the transmitter and the receiver [33].
Overall, preamble-based channel estimation is a widely used technique in FBMC systems, offering a
reliable and effective way to estimate the channel response and enhance system performance in
challenging wireless environments. Three alternative methods for preamble-based channel
estimates exist: interference approximation method (IAM), interference cancellation method (ICM),
and pairs of pilots (POP) [16,33].
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3.1 Interference Approximation Method (IAM)

The IAM is one of the popular methods of channel estimate for FBMC preamble-based channel
estimation [34]. To estimate and utilize this interference for simplifying CE and improving its
effectiveness, known neighbourhood pilots are necessary [35]. The IAM was developed by enclosing
pilot symbols in zeros or other well-known symbols to remove interference to pilot symbols for
channel estimate [25]. The goal is to perform CE as in CP-OFDM while merging the real-valued to
complex-valued pseudo-pilots [14,23]. The pilot power magnitude should be as large as feasible for
better estimation [36]. Since the IAMs preamble comprises three filled columns of symbols, FBMC
has a higher pilot overhead than OFDM systems. Several different IAM systems are available, and
some |IAMs enhance channel estimation performance by maximizing the power of the pseudo pilot
[14]. As a result, the IAM technique experiences a significant decrease in spectrum efficiency,
particularly for big numbers of antennas. Additionally, compensating pilot and additional data
symbols were produced to substitute zero-valued symbols, which greatly increases the complexity of
the demodulation process [25]. The weights of interference < g>2?n For the neighbours (m, n) € Q
p,q of each FT point (p, g) of interest using the prototype filter g as a basis, it is possible to determine
the interference weights a priori. If the interference u, , is only due to the closest neighbours of
(p,q), and these FT points have training symbols, then an estimate of this interference can be
computed, as mentioned above. This may then be used to build the complex pseudo-pilots ¢, ;, and
they can be used to estimate the channel. The below quantities §, €,y and  can be shown to be given
in Table 2.

(-DPe 0 —(-1)P, €
(1P6 B (1)
1Py dyg 1)y (15)
(16 B (1)
(-1’ 0 -(-1)Pe
Table 2

Interference weights of pattern quantities [37]
Interference weight pattern quantities M=512 & K=3 ~ M=512 & K=4
gL 0.25 0.2393
2m Lg-1 21
B:e'JM 2 Zgz ejﬁl

1=0

gl M 0.553 0.5644
= Ng(l-—
y Z_O:g( )g( 2)
- Lg—1
o g g M, 0.2172 0.2058
b=-je’™ 2 g(l)g(l-?)eJM
l=7
! ~ 0.0004 0
o M 2
e=e M ) gllg(l-—) €W

Lg>
=M

2

Pseudo-pilot magnitude is equivalent to the power of d, , +ju, 4 may be written as

2
_ : p,1 p,1 p,1 p,1
Mag_E{| dp,1t J( dprg,1<8>00 4+ dp_1,1<g>p_1’1+d1}g+1<g>1’q+1+d1,q_1<g>1’q_1| } (16)
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Several IAM variants have been proposed to decrease imaginary interference and enable the
transmission of complex OQAM symbols to simplify receiver signal processing [14]. The preamble
structure varies for each IAM, as shown in Figure 2 [36]. It was suggested that IAM-R (IAM-Real) add
nulls into the first and third symbols of the preamble to create a pilot with a substantial magnitude
dp,0 = dp,2 =0 for P = 0,1, 2,..., M-1. The IAM-R signifies the authenticity of its pilot symbols,
producing robust pseudo-pilots exclusively [23]. IAM-C (Complex), which, at all subcarriers p,
combines real and imaginary. In the first and third symbol positions, nulls are trained d,,0 =d,,2 = 0.
It is intended to set the centre symbols to equal that in IAM-R but with the pilots at the odd
subcarriers multiplied by j [37].

E-IAM-C (Extended IAM-C) is another strategy that results in pilots. Compared to IAM-R and IAM-
C, the pilots are powerful and have a higher magnitude [13]. With the pilot £jd in the centre of an
odd-indexed subcarrier p, +d is positioned to the right, which is negative, while +d, is positioned to
the left [23]. Compared to the other IAM schemes, E-IAM-C provides the best CE performance.
However, since the three pilots of the E-IAM preamble are nonzero, more power must be sent, in
addition to probable interference from the frames data [33,36].

N-IAM (New-IAM) is the new preamble structure that is based on transmitting pseudo pilots at
the places of y and B because they have the biggest weights in comparison to the values of e and 6 is
the basis for the new preamble structure, known as N-IAM. The N-IAM schemes pseudo-pilot
magnitude at odd indexed subcarriers is higher than IAM-C, IAM-R, and NPS, and it is equal to IAM-R
and at even subcarriers, higher than NPS. N-IAM has a lower magnitude at odd and even-indexed
subcarriers than E-IAM-C [33]. The NPS and N-IAM perform nearly equally well in terms of improved
BER performance and are significantly better than the above IAM [37].

The M-IAM (Modified IAM) method differs from conventional IAMs because it requires less
transmitted power and has a larger pilot magnitude. The highest interference weight values are for
1,B,9, and ¢ respectively. Consequently, we transmit the pilots in the location of y and B. Since nulls
are positioned at 0 and g, the transmitted power is decreased. Three preamble pilots in M-IAM are
nulls located at the corners of the negative odd and even indexed pilots, focusing only on positive
odd-indexed subcarriers. The M-IAM uses real values for all its pilots, making it simpler [23]. Figure 3
shows all IAM preamble structures.

fa
o 1 0 (1] 1 0 j 1 {] 0 1 0 0 1 0 1 1 1
0 1 0 1} - 0 al j 1 1 1 1 1 1 1 1 1 1
0 1 0 1} 1 0 j 1 j 0 1 o 0 1 0o 1 1 1
o 1 0 o i 0 1 j 1 0 1 0 0 1 0 1 1 1
0 1 0 1} 1 0 j 1 j 0 il o 0 1 0 1 1 1
0 1 1] 1] - o 1 j 1 1 1 1 1 1 1 1 1 1
1] 1 o o 1 [} j 1 1) 0 1 o (1] 1 0 1 1 1
0 1 0 1} j 0 1 i 1 (1] 1 o (1] 1 1] 1 1 1

(a) (b) (c) (d) (e) (f)
Fig. 3. Preamble design for (a) IAM-R, (b) IAM-C, (c) E-IAM-C, (d) N-IAM, (e) M-IAM, (f) NPSM =8

A novel preamble scheme (NPS) combines ICM and the IAM preamble. NPS pseudo pilots have a
bigger magnitude than other ICM schemes and a lesser than IAM-C and E-IAM-C schemes [38]. NPS
is much better in BER performance when compared to IAMs, and it is nearly the same as N-IAM. NPS
has pseudo-pilots with magnitudes smaller than conventional IAM schemes and greater than other
ICM systems [23]. Table 3 shows the comparison between the IAMs scheme.
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Table 3
Comparison between the IAM preamble based
IAM-C E-IAM-C M-IAM IAM-R N-IAM NPS Ref
Pilot one All nonzero Nulls at the corners of One The corners of All column [23,33,37]
column the negative odd- column the even- nonzero
nonzero indexed and even- nonzero indexed pilots
indexed pilots and have null
nonzero only at values.
positive odd-indexed
subcarriers
Magnitude  d|1+2B]  d|1+2(B+y)| - 2 1+42 [33,37]
Value ¢ Odd=dy1+4(B+) dy1+p Odd=d 1+4[32 Odd=d 1+4(l3+<3)2
Even=d 1+B2 Even =
Even=d /1+4([3—\()2
d_|1+4p?
BER Worst Good Better than NPS Better Best Better [23,33,37]
Improve Lower Good Good Lower Lower Good [23,35,37]
channel
estimation
PAPR Smallest Large Smaller (smaller than Small Smaller Smaller than E- [33,37]
NPS) IAM
NMSE lower Lowest low Low Low Low [36]

Because MIMO uses a large number of antenna arrays, channel estimation in a MIMO system is
a significant difficulty [39]. IAM preambles from its SISO counterparts to MIMO could be built easily.
For MIMO IAM, the baseband signal broadcast across the pt™ branch is represented in general form
as follows: Assuming a multiple antenna setup with N; is transmit antennas, N, is receive antennas
and M subcarriers, the received signal will be

t . f
Yo =Yl Hpgdpot le,q+ Nt (17)
) 1t ,
Jlhq = TioI™ "My o dr, n<e>n, (18)
<ghh = Zgn(Dg, (19)
. r
Voa = Zio Hialdpqt iu J+ng, (20)
The MIMO model can be as follows:
1 1,1 1,t 1 1
Yo,q Hola Hoa\ [ Co.a Noq
=l o : S I (21)
1 t
y:),q Hog Hpa/ \Cha nrp,q

The preambles symbols for the IAM approach’s N, xN,. the system needs 2N, +1 OFDM/OQAM
symbols. In other words, the length of the preamble grows linearly as N;. In a two-by-two antenna
scenario. Each transmit antenna comprises five pilot columns if the IAM method’s preamble is used.
As seen in Figure 4, the second nonzero symbol on the other antenna uses a similar preamble but
with the opposite signs.
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0 1 0 1 0 0 1 0 1 0
0 - 0 - 0 0 - 0 - 0
0o -1 0 -1 o0 0o -1 0 -1 0
0 0 0 0 j 0 j 0
0 1 0 1 0 0 1 0 1 0
0 4 0 4 0 0 4 0 4 0
0o -1 0 -1 o0 0 -1 0 -1 0
0 0 0 0 0 j 0
(a) (b)

Fig. 4. MIMO preamble structure IAM-C for two antennas [34]

1 1
Co1 Cp3

Vo1 Yesl=Hp1| , S [Mer Mps ] (22)
Co1 Ch3

Where c,ﬁ,q is the pilot symbols, considering the nature of this preamble and noting the premise

that first-order FT neighbours largely cause the interference can simplify that cj,=cp 3=c1=C5 3 =

cp hence

) Cp  Cp

Ye1 VYe3]=Hp, [CP 'CP] + M1 N3] (23)
1 1

Yo =Hp 1Ay + [Mp1 Moz WA, = (1 _1) (24)

Where A, is an orthogonal matrix, and the pseudo-pilot cp the gain has already been determined,
similar to the SISO example. Then, it is possible to calculate an estimate as

N 1 .
Hp,lz[yP,1 Yp 3] ;Azl (26)

N 1
Hp 1= HP,1+2_CP[np,1 Np3]A, (27)

IAM has a low degree of complexity; for two pilots, the preamble length is 2N, +1. Therefore, due
to its periodic nature, this method generates a high overhead pilot, reducing spectrum efficiency and
generating a significant PAPR at the output of the synthesis filter.

3.2 Interference Cancellation Method (ICM)

The ICM is an alternative method or strategy to cancel or avoid imaginary (intrinsic) interference
[40]. Contrarily, the IAM strategy described above uses interference to enhance the channel
estimation accuracy [32]. To do this, choose the entries dp,o of the FBMC pilot symbol wisely in order
to prevent or remove interference between them, and rely on the null guards to prevent it from the
unknown frame region. Changing the pilot’s surrounding data to zero or using the interference
coefficient’s symmetry to balance each other [41]. ICM’s preamble structure is similar to IAM’s, with
three symbols columns and zero-based adjustable with no additional power overhead and zero
around the pilot symbol [24]. The disadvantage is that the intrinsic interferences cannot be entirely
removed if the number of symbols is insufficient. It used a similar IAM channel estimation equation.
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Figures 4(a), 4(b) and 4(c) demonstrate the three standard preambles for ICM, respectively. The
preamble in Figure 4(b) and 4(c) must meet the requirement is Hy1=H,,; to ensure the correctness
of the channel estimation [42]. It would result in an increased PAPR. A high PAPR transmitted signal
requires a high-power amplifier [42].

3.3 Pairs of Pilots (POP) Method

The POP approach employs two columns of real-valued pilots for channel estimation and tracking
[43], as shown in Figure 5. Pilot pairs are used to accomplish channel estimates across time or
frequency. These pairings are intended to be orthogonal to one another, which means there will be
less interference between them, enabling precise channel estimates. CFR’s real and imaginary parts
can be computed by solving pairwise equations of the demodulated pilots [31]. The pop technique
uses Eq. (7) at two distinct (in practice successive) time instants q,, qg,to create an equation of the
system for its real and imaginary portions of the H, . With the neglecting noise is presented by
Hpq = 1/ w, 4 the equivalent Zero Forcing (ZF) equalizer coefficients allow us to write

Yo,a1 Woay, =dp,a, HiUp g, (28a)
Vo2 Woa, = dpa, +Uq, (28b)
f ~
(a) ICM-1 (b) ICM-2 (c) ICM-3 (d) POP t
Fig. 5. Preamble structures of interference cancellation method pair of pilots
[12,42]
R I
y a, Woa,” yp qIWp a,=9p,q, 5 yp qZWp 0 V a, Vo, =dyq, (29)
Notice that Woa,, *Wpa, due to time invariance
R
Y -y
[ zlql p'q:[] 'qll I plqll (30)
yp,qz p a, p,ql p,qz
dp,a y;,qz_ d,a, y;,ql
w =WR + W o =) ; 31
P4y J P4y '] |m(yplq1yp,q2 ) ( )
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In actuality, the preamble would consist of the first two q,=0 and g,=1 symbol used in
OFDM/OQAM shown in Figure 5(d). If so, along with the preamble, where d; o = (-1)P, all zeros in
the second symbol, the equation will be simplified to

*
('1)pyp,o

— o0
Im(Yy, 0¥p,1)

Wp,0= (32)

Then, the CFR could be calculated as H,, = 1/W), .Take into account the following to simply adapt
it to the MIMO situation. Assume noise is not considered and that H,  is left invertible for every p,q
(hence N, = N¢) known by the W (per-sub-carrier) ZF equalisation matrix, that is, w, 4= Hg,q ], where
H;,rlq is the left inverse of H, ;. Write Eq. (10) in the form W, , Y= Co.q
0,1,...,2N, — 1, suppose that W can be considered as time-invariant. Then

for 2 N, time instants, say q=

R R Lo
Wp,O yp,o - Wp,O yp,q - dp,q (33)
R R R
Yoo Yp1 o Ypon,.
[WS,O Wlp,o] = 'T 'T Ip Y1 =[doo dp1 eeeer dpon ] (34)
Yoo Vo1 o Vpoang
| ]\ J
| |
Or Yo D,
Wy WpolY, = Dy (35)

The zero-force equalizer is computed as
[W;Fj,o Wpol=D,Yy (36)
The channel matrix can be found as
1
_w/R anl -1
Woo W2 +iW, o = 0,3 (] ®In,) (37)

In addition to being simple, the POP approach has the advantage of not relying on the used
prototype filter. It has to be highlighted. Nonetheless, the derivation above only applies when there
is minimal noise [7]. Table 4 summarizes the advantages and drawbacks of channel estimation
methods.
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Table 4
The advantages and drawbacks of channel estimation methods
Channel estimation Advantages Drawbacks Ref
technics
IAM Simple High pilot overhead, especially for the MIMO [4,12,24]
Efficient channel estimation system.
Minimize spectrum efficiency
More power to be transmitted.
ICM More spectrally efficient Pilot overhead [6]
POP Simple Its performance can be unexpected when there  [7,13]

Is independent of the is noise.
prototype filter used

The experiments used a prototype filter with M = 512 and K = 3. Two situations, one with low-
frequency selectivity and the other with high-frequency selectivity, are plotted against the received
) (1h)”

H

SNR using the normalised mean-squared error (NMSE . No data are sent before or after the

preamble in order to more clearly demonstrate the impact of the modelling assumptions on the
accuracy of the estimation. The CP-OFDM curve is also provided for reference; the LS estimator was
applied with an all-equal pilot preamble. Figure 6 compares preamble methods according to the
channel estimation metric. We observe that the NMSE values for IAMs are lowest compared with
POP and ICM. These findings support the optimality of IAM-C and show that IAM-R performs almost
optimally across the board for all SNR values examined. However, POP has good spectrum efficiency
as it just uses two pilot columns. The literature shows that IAM has better BER performance than ICM
and POP. We observe that all schemes' NMSE performance increases as the SNR value increases.

0 — . ‘ ‘ . . . ‘ 0
-10 4
o N S 2 e e e
° T 20
w w
w w 30
; g CP-OFDM
= = POP
b= |CM
40} e | AM-R
=P |AM-|
== |AM-C
-50L— ;

5 10 1|5 éo 25 3|0 3|5 4|0 45
SNR (dB) SNR (dB)

Fig. 6. Performance comparison of preamble-based channel estimation methods Phdyas K=4 (a) ITU Ped-A (b)

ITU Veh-B [44]

Due to complexity and power efficiency, traditional channel estimation techniques in
communication systems face limitations. Research focuses on developing innovative algorithms and
training schemes to improve CE [45]. Nissel et al., [45] increased the feasible capacity for small to
medium SNR and the PAPR by employing two auxiliary symbols per pilot instead of one. They present
a technigue to obtain the necessary coding matrix for interference cancellation based on linear
precoding, which can further boost the possible capacity. [28] employed complex symbols as the POP
technique; nonetheless, the solutions led to increased complexity. A novel compressive sensing (CS)
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approach was put out by Chen et al., [25], who also enhanced the pilot by utilising intrinsic
interference. They examined and used the distributional features of the demodulated OQAM
symbols to propose a line-fitting-based CE technique. The simulation results demonstrated that the
recommended method outperformed the traditional IAM with the best possible pilot structure.
Despite performing worse than the E-IAM-C, the FDM technique fared better in the CE when
compared to the IAM-R and IAM-C methods. Sun et al., [12] proposed using two-column symbols in
the preamble pilot to reduce the pilot overhead of CE. Nonetheless, it was discovered that the
recommended approach significantly decreased the pilot overhead without requiring more energy
from the pilot. A new approach was presented by Li et al., [13] in contrast to the traditional coded
auxiliary pilot technique. The results showed that the recommended strategy had a higher spectrum
and equivalent power efficiency without appreciably reducing BER performance. They recommended
a preamble arrangement to improve spectrum efficiency that only included one-value guard symbols.
In Huang et al., method [61], all overheads were removed except from the pilot, and the experimental
results showed that the proposed method surpassed the AP method in terms of BER performance
and MSE without any extra overhead by using an interference cancellation method at the receiver.
Huang et al., method eliminated intrinsic interference without compromising any data symbols.
Wang et al., [46] introduced a pilot indices optimisation approach and a sparse adaptive orthogonal
subspace pursuit (SAOSP) algorithm based on the 2-D channel modelling technique. The guard pilots
are first placed to lessen the impact of ICI. Next, the index optimisation and SAOSP approaches are
applied to generate a high-accuracy estimate of sparse channel coefficients. Simulation results show
an improvement of 3-5 dB in channel estimation accuracy. In order to prevent interference and the
need for guard symbols, Chen et al., [47] proposed an interference avoidance direct symbol decision
(IAD) approach that makes use of dual pilot symbols. We provide a line fitting based IAD (LF-IAD)
strategy that improves the symbol reconstruction performance in addition to the minimal symbol
distortion-based IAD (MIAD) method, using multiple identical pilot symbols. The investigation shows
that recommended methods are less difficult than the traditional interference approximation (IAM).
The results of the simulation also demonstrate the effectiveness of the proposed LF-IAD and LF-MIAD
approaches.

4. Challenges and Future Work
From this study, we can summarise the challenges as follows:

i.  Channel Estimation Overhead: Minimizing overhead while maintaining accuracy is crucial
for spectral efficiency and throughput in MIMO-IAM methods [12].
ii.  Channel Estimation in Massive MIMO Systems with multiple antennas is a complex task
that requires a method that can handle the increasing complexity [49].
iii. Significant increase in transmit power E-IAM-C [30].

Future work aims to improve FBMC channel estimation by addressing challenges and utilizing Al
and ML techniques [51]. Al systems offer high accuracy and improved communication system
performance, overcoming the limitations of conventional methodologies [52]. Also, the positioning
and design of pilots can be improved to increase CE accuracy. Examine the best pilot spacing,
patterns, and power-saving methods to estimate the channel response effectively and precisely. It is
necessary to use efficient pilot designs and interference mitigation strategies.
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5. Conclusions

FBMC is predicted to play an essential role in developing future cellular networks. However, it
suffers from imaginary interference, which makes channel estimation difficult, so accurate channel
estimation is required to provide information for additional signal processing. This paper focuses on
the benefits and challenges of the preamble-based and preamble designs to improve channel
estimation performance. A comparison of various IAMs, including IAM-R, IAM-C, E-IAM-C, NPS, N-
IAM, and M-IAM, has been provided. Results from PAPR demonstrate the advantages of M-IAM, N-
IAM, and IAM-C, enabling them to reduce the transmitted power of FBMC/OQAM. And the
superiority of NPS, M-IAM and IAM-E in channel estimation performance. Despite good performance,
Pilots-based CE methods suffer from increased pilot overhead, especially with the MIMO system and
transmitted power.
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