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ABSTRACT A novel Flip-filter bank multicarrier (Flip-FBMC)-based transmultiplexer (TMUX) with offset
quadrature amplitude modulation is proposed to enhance the transmission performance compared to a
conventional Flip-OFDM system. Moreover, the possibility to reduce the TMUX response (latency) and
increase spectral efficiency is investigated for the first time through a tail shortening method. The proposed
design is based on a biorthogonal form for visible light communication (VLC) to increase the flexibility
of design requirements. However, spectral efficiency suffers from the ramp-up and the ramp-down at the
beginning and end, respectively, of a data burst. Hence, as a penalty, Flip-FBMC imposes 9 more symbols
than a Flip-OFDM packet and two factors compared to a DCO-FBMC burst. Hard truncation of the lowest
energy tail minimizes latency and limits the system penalty to 2.5 symbols, which is lower than that of
DCO-FBCM by 2 symbols. The results show that the prototype filter of the Heisenberg factor (≈1) is
highly effective in reducing the energy loss of truncated tails and reduces the symbol error rate (SER).
The Flip-FBMC gain over a direct line-of-sight VLC channel is analyzed, and the channel estimation of a
truncated burst, which is based on the interference approximation method (IAM) of IAM-C type, exhibits a
superior performance of 1.5 dB at 10−3 SER over the IAM-R method and 1 dB at 10−5 SNR over a cyclic
prefix of 1 point Flip-OFDM. On the other hand, the analysis reveals that IAM-C is slightly impacted by the
truncated burst compared to the nontruncated version.

INDEX TERMS Filter bank multicarrier (FBMC), hard truncation methods, Heisenberg factor, interference
approximation method, visible light communication (VLC), Flip-OFDM.

I. INTRODUCTION
In the recent years, visible light communication (VLC)
has attracted considerable attention due to its immunity to
electro-magnetic interference, its freedom from health haz-
ards, and its unlicensed spectrum. It is rapidly emerging
as a compelling technology for supplementing conventional
radiofrequency (RF) communications [1].

The most widespread modulation techniques in VLC
based on a unipolar real-time signal are DC-offset
orthogonal frequency division multiplexing (DCO-OFDM),
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asymmetric clipped optical OFDM (ACO-OFDM) and
Flip-OFDM [2], [3]. The DCO-OFDM scheme requires a
DC bias voltage to transform a bipolar-real optical signal
into unipolar form to be employed in intensity modu-
lation and direct detection (IM/DD) communication sys-
tems at the expense of a high peak-to-average power
ratio (PAPR), especially for large constellation signals.
The performance of DCO-OFDM depends on the bias
level that relays on the constellation sizes [4]. Further-
more, the excessive biasing leads to inefficient optical
power, whereas the use of a low DC bias value results
in significant spectral spreading and enormous inter-carrier
interference (ICI).
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Flip-OFDM has a superior performance over the well-
known DCO-OFDM scheme at the expense of a 50% band-
width penalty [5]. Moreover, Flip-OFDM shows an identical
error performance to the ACO-OFDM technique but with
50% less receiver hardware complexity [6]. As is well known,
OFDM subcarrier bands exhibit large sidelobes, which, under
interference, may lose their orthogonality, and the power
leakage of one sidelobe can be high enough to disable several
neighboring channels. Additionally, the insertion of cyclic
prefixes (CPs) into

OFDM to eliminate the intersymbol interference (ISI) of
rectangular pulses, which are very sensitive to synchroniza-
tion errors, drives reductions in both spectral and power
efficiency [7], [8].

OFDM with offset quadrature amplitude modulation
(OFDM/OQAM), also known as filter bank-based multicar-
rier (FBMC) modulation, has been considered an attractive
alternative to traditional OFDM because of its ability to
reduce the out-of-band power leakage, boost the gain in
spectral efficiency, and overcome the limitations arising from
synchronization errors.

Furthermore, OFDM/OQAM has been adopted and mod-
ified as DC offset FBMC (DCO-FBMC) for VLC in [9],
where the information rate was increased by 9% because
of the elimination of the 16-CP symbols overhead and the
guard bands. Despite the influence of intrinsic imaginary
interference (IMI), which is considered the major obstacle in
the FBMCmechanism, the error performancewas found to be
identical to that of DCO-OFDM by using an isotropic orthog-
onal transformation algorithm (IOTA) filter with a channel
estimation (CE) based on the interference approximation
method (IAM) of IAM-R type.

However, the CE-based IAM-C type was assessed as
the optimum choice for signal estimation (2 dB better
performance over OFDM in an RF field [10]) inasmuch
as its pseudo-pilots have a larger magnitude than IAM-R
and a lower PAPR compared to other CE-based preambles
(i.e., the extended IAM-C, IAM-R and other interference
cancellation methods) [11], [12]. From such a perspec-
tive, the preamble has been introduced in coherent optical
communications [13], [14].

DCO-FBMC has also exhibited a superior bit error rate
over the traditional technique by using a Mirabbasi-Martin
filter and pilot-aided CE to combat IMI [15], while
DCO-OFDM requires a CP of one sample to combat ISI over
a 20 cm line-of-sight (LOS) free space distance using a laser
diode at 642 nm.

However, FBMC/OQAM signals exhibit a penalty in terms
of the number of symbols to transmit due to the transitions
of the redundancy tails at both sides of a data burst, which
leads to a reduction in their spectral efficiency and therefore
a significant throughput reduction, especially in short-packet
transmission. In the RF domain, several methods have been
proposed to increase spectral efficiency, such as a hard trun-
cation method [16], which degrades the system performance
using a PHYDYAS filter (a Martin filter with overlapping

factor K = 4). For a given application, the performance of
a prototype filter is evaluated through some of its figures of
merit, such as the Heisenberg parameter (ξ ), which is a
measure of howwell a localized pulse deals with such a harsh
environment [17], [18].

In this work, for the first time to the authors’ knowledge,
we propose a novel Flip-FBMC scheme-based transmulti-
plexer (TMUX) model in [19] as a good alternative to the
traditional Flip-OFDM technique in [3]. Our scheme is based
on a biorthogonal form to increase the flexibility of the
design requirements. Furthermore, amodifiedmethod of hard
redundancy tail truncation is investigated to be employed in
a VLC system for the first time to increase its information
rate and reduce its reconstructed delay (TMUX response) at
the AFB output. Moreover, the truncation impact is evaluated
according to the quality of the retrieved signal. An analy-
sis comparison between IOTA and Martin filters based on
their Heisenberg factor leads to the selection of the opti-
mum one over the proposed shortened tails and different
modulation orders. In Flip-FBMC, the two variants of the
IAM methods in [11] are employed to mitigate the influence
of IMI and enhance the accuracy of CE over the conven-
tional Flip-OFDM technique. In addition, the performance of
the truncated system with IAM-R and IAM-C preambles is
reported with respect to the nontruncated version.

The remainder of this paper is structured as follows.
In section II, we introduce a biorthogonal Flip-FBMC mod-
ulation format for an IM/DD LOS optical system. Section III
presents the performance results and a comparison with Flip-
OFDM. Section IV presents a tail shortening method to fur-
ther improve spectral efficiency and the TMUX-response.
SectionV presents the estimation of indoor LOS channel state
information by using a one-tap zero forcing equalizer (ZF)
with IAM-R and IAM-C channel estimation methods, both
based on truncated burst transmission. Finally, the concluding
remarks are provided in section VI.

II. FLIP FBMC-TMUX SYSTEM DESCRIPTION
FBMC-TMUX is considered a biorthogonal system with
sufficient flexibility in its design requirements since either
the inverse fast Fourier transform (IFFT) or the fast
Fourier transform (FFT) can be employed at the receiver
(RX) side [20], [21], where both designs share the same
performance results. The core of the FBMC system is
its TMUX configuration with the fundamental process-
ing blocks of OQAM pre-processing and a synthesis
filter bank (SFB) that combines sub-band signals into
one filtered signal. At the RX side, the analysis filter
bank (AFB) includes matching receiver filters, and OQAM
post-processing allows the retrieval of the complex input
signal [22]–[26]. A schematic diagram of Flip-FBMC based
on a biorthogonal form for a VLC system is depicted
in Fig. 1, which shows the flexibility at the RX side, where
either RX_1 or RX_2 is needed to retrieve the input sig-
nal. The bipolar-FBMC signal X(k) at the transmitter (TX)
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FIGURE 1. Polyphase implementation of the biorthogonal Flip-FBMC-based TMUX configuration in a VLC system to recover the input
QAM signal by using either (a) an IFFT-based RX_1 or (b) an FFT-based RX_2.

side can be expressed as follows [21]:

X (k) =
N−1∑
n=0

M−1∑
m=0

Am,nPm,n[k]

X (k) =
N−1∑
n=0

M−1∑
m=0

Am,nϕm,n e−j
2π
M m · (M∗K+1)−12︸ ︷︷ ︸

βm

∗ p
[
k − n

M
2

]
ej2π

mk
M (1)

with

ϕm,n = ej
π
2 (m+n) = j(m+n) (2)

where M denotes the total number of subchannels
(2∗(M/2-1)+2) in the filter bank due to the Hermitian sym-
metry provided in Table 1 and N is the total number of
employed symbols. Pm,n[k] describes the pulse shape of
the prototype filter, and Am,n denotes two staggered pulse
amplitude modulation (PAM) symbols. The phase shift term
between adjacent PAMs is indicated by ϕm,n. The OQAM
staggering block is calculated according to [24], [26] as:

Am, 2n =

{
Re
[
Cm, n

]
m even

Im
[
Cm, n

]
, m odd,

(3)

and

Am, 2n+1 =

{
Im
[
Cm, n

]
m even

Re
[
Cm, n

]
, m odd,

(4)

The complex-to-real conversion block (C2Rm,n) converts
the input symbol of a complex QAM (Cm,n) into real adjacent
symbols with a T/2 relative time offset to carry the quadrature
and in-phase information of the input-complex QAM. Hence,
the staggering process results in upsampling by a factor of 2.

The real successive symbols Am,n are π/2 phase-shifted
using ϕm,n to preserve their orthogonality. To obtain a
bipolar-real signal in the FBMC-TMUX transmitter side,
the orthogonal-complex symbols with their corresponding
phase-shift of βm must satisfy Hermitian symmetry condi-
tions, as presented in Table 1.

Assume that Hermitian symmetry is satisfied between the
incoming signal and its transpose-conjugate feeding the IFFT
processing block. Hence, a bipolar-real signal is processed
convolutionally by a bank of M uniform-shifted replicas
of a prototype filter, which are symmetric real-valued and
delayed by ((M∗K+1)-1)/2 samples to provide the required
causality. The (M∗K+1) term indicates a filter length with a
K overlapping factor that controls the number of symbols that
overlap in time domain. The biorthogonal system refers to the
possibility of retrieving the transmitted signal either with an
IFFT-based AFB at the first receiver (RX_1) by using type-1
polyphase decomposition (Po-De) as shown in Fig. 1(a) or
with an FFT-based AFB by employing type-2 polyphase
filters at the second receiver (RX_2) as shown in Fig. 1(b).
The synthesis filters gm(k) represent the mth shifted version
of prototype filter p[k] of Lp length at the transmitter side,
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TABLE 1. Hermitian symmetry of the input signal in a Flip- FBMC-based TMUX structure.

while fm(k) is the mth analysis filter at the receiver. Through
type-2 Po-De, fm(k) represents a complex-conjugated and
time-reversed model of a synthesis filter [18] as follows:

gm(k) = p[k]ej2π
mk
M

LP︷ ︸︸ ︷
(M ∗ K + 1)−1

2

fm(k) = g∗
[
Lp − 1− m

]
(5)

It is worth mentioning that an IFFT-based AFB is very
straightforward to implement, as no extra flipping is required
as in a type-2 Po-De, but to emphasize the link and provide
better backward compatibility to OFDM, the FBMC-TMUX
is practical if deployed with an FFT-based AFB [21], [22].

The bipolar FBMC signal X(k) is obtained by upsampling
in a ratio of M/2 to compensate for the rate loss due to the
T/2 relative time offset for OQAM mapping, followed by
combining sub-band signals into one real filtered signal; this
process is called parallel-to-serial conversion (p/s) [25]. The
X(k) signal mutates to a unipolar format as X+(k) and X−(k)
utilizing flip processing techniques that are juxtaposed in
consecutive FBMC subframes to be employed for IM of the
LED, and that can be calculated according to [3], [6]:

X+(k)Positive_part =

{
x (k) if k ≥ 0
0 otherwise

X−(k)Flipped_part =

{
x (k) if k < 0
0 otherwise

(6)

The successively received FBMC subframes Y+(k) and
Y−(k) are subtracted to regenerate the bipolar form as:

Y (k)FBMC_bipolar = X+(k)⊗ h+(l)+ Z +(k)︸ ︷︷ ︸
Y+(k)

− (X−(k)⊗−h−(l)+ Z −(k)︸ ︷︷ ︸
Y−(k)

) (7)

where ⊗ represents convolution, h(l) is an optical chan-
nel impulse response with l taps, and Z represents

noise samples of additive white Gaussian noise (AWGN).
The nth non-equalized received symbols of mth subcarriers
can be achieved by demodulating the received signal given in
Eq. (7) as [9], [27]:

Rm,n =
∞∑

k=−∞

Y (k)Pm,n[k]∗

Rm,n = Hm,nAm,n

+ j ∗
∑

m0,n0∈�

Hm0,n0Am0,n0
〈
Pm,n[k],Pm0,n0[k]∗

〉
︸ ︷︷ ︸

Intrinsic interference

+

∞∑
k=−∞

Z (k)Pm,n[k]∗︸ ︷︷ ︸
zm,n

Rm,n = HmAm,n + Hm j Aintrinsicm,n + Zm,n (8)

where Hm is the mth channel frequency response at the
frequency-time (FT) point (m,n), Zm,n denotes Gaussian
noise, and � indicates the set of FT points around (m,n).
Extra attention is required at the TMUX-receiver side: the
delay parameter 1δ arises to ensure causality, while the
reconstructed delay (TMUX-latency) 1ϒ is introduced at
the evaluated symbols and can be written as:

1ϒ =
2

IFFTSize

(
Lp − 1+1δ

)
(9)

These parameters depend on the filter length used, where
a longer prototype drives to higher latency at the TMUX
output [17], [22]. Interference can be generated as imaginary
intrinsic interference (IMI) j Aintrinsicm,n through the mth multi-
path channel, which is inherent in FBMC mechanisms and
cannot be prevented. On the other hand, real self-interference
can be avoided by using a well-designed prototype fil-
ter [27], [28]. From (8), the intrinsic interference term is
purely imaginary if the channel response is 1, and the received
signal can be derived as:

AReceivedm,n = Re
{
Rm,n

}
(10)
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Then, the input complex QAM symbol can be retrieved
using a real-to-complex conversion-block (R2Cm,n) as
expressed in [26].

CRetrieved
m,n =

{
AReceivedm,2n + jAReceivedm,2n+1 m even
AReceivedm,2n+1 + A

Received
m,2n m odd,

(11)

III. PERFORMANCE ANALYSIS OF A DIRECT LOS VLC
CHANNEL
The performances of the novel Flip-FBMC-based TMUX
and the conventional one in [6] are assessed in terms of
the symbol error rate (SER), the spectral efficiency and the
computational complexity over various overlapping factors
of different employed filters. Through the simulation experi-
mental setup of the LOS optical wireless link that is tabulated
in Table 2, the channel DC gain of an LOS optical wireless
link is considered and can be calculated as follows [29]:

hLos =


(Q+ 1)Ar
2πd2

cosQ(θ )TS (9)g(9) cos(9)

0 ≤ 9 ≤ 9C

0, 9 > 9C

(12)

where 9 is the incident angle, 2 is the irradiance angle,
Ar is the physical area of the photodiode (PD), and g(9) is
the gain of the optical concentrator with a half-angle FOV
(field of view) of 9C , TS (9) is the gain of the optical fil-
ter, and d represents the distance between the light-emitting
diode (LED) and PD. The Q parameter describes the order of
Lambertian emission with a semi-angle at half power φ(1/2)
and can calculated according to [29]–[31]:

Q = − ln(2)/ ln
(
cosφ 1 /2

)
(13)

TABLE 2. Simulation system parameters.

The system SER is evaluated as a function of the electrical
signal-to-noise ratio (SNR), as depicted in Fig. 2. In this
work, the parameters employed to estimate the LOS channel

FIGURE 2. Performance comparison between the Flip-FBMC schemes of
various overlapping factors and those over different M-QAM modulation
formats in the VLC LOS channel.

gain are based on [30], where a blue µLED having a peak
wavelength of 450 nm is used, and the influences of shot
and thermal noise are modeled as AWGN. The simulation
results in section III and IV are obtained assuming the optical
channel state information in (12) is known at the receiver.

The most common choices of filter lengths are IFFTSize∗K,
IFFTSize∗K-1, and IFFTSize∗K+1, where IFFTSize represents
one block of M subcarriers (one symbol = 1 block of M
samples). In addition, shorter or longer than those filter values
cause a degradation in system performance. The proposed
biorthogonal system is tested by using theMartin filter in [15]
which has a length of IFFTSize∗K+1 because it represents the
optimum length choice for the reconstruction quality [31].
To evaluate the performance comparison, each overlapping
factor (K = 3, K = 4 and K = 5) of the proposed system is
tested on a low to high constellation mapping.

It can be seen from Fig. 2 that the overlapping factor of
3 presents a higher SER performance than the conventional
technique with an increasing constellation order, while the
overlapping factor of 4 is shown to be the optimum choice due
to a slightly improved error performance over Flip-OFDM.
Even though K = 5 introduces an improvement almost iden-
tical to that of K = 4, the boost in computational complexity,
filter latency, and gain reduction in spectral efficiency are the
most significant drawbacks [22].

The information burst samples conveyed over the modula-
tion bandwidth of the LED can be given by:

Flip− FBMCburst = 2
(
IFFTSize∗(N + K + 0.5)

)
(14)

The length of the Flip-OFDM burst with no CPs or guard
bands is only 2∗ (N IFFTSize) samples. Thus, Flip-OFDM
exhibits a higher spectral efficiency than the proposed
scheme. However, a superior gain in the spectral efficiency
of an optical FBMC compared to an optical OFDM due to
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FIGURE 3. Spectral efficiency comparison at a flat-VLC channel.

the CPs and guard bands utilized in the OFDM structure to
combat ISI has been reported [9].

Fig. 3 shows the spectral efficiency of Flip-OFDM with
no CP and a Flip-FBMC using a Martin filter with different
overlapping factors. It is observed that the spectral efficiency
of the proposed approach is boosted with reduced K and
increased frame duration, where a limited packet shows a
significant drop in the information rate from the influence of
redundancy tails at both sides of packet data transmission.
Thus, a tail shortening process is an essential procedure to
enhance the spectral efficiency, especially for short-packet
transmission [32], as detailed in section IV.

FIGURE 4. Power spectral density of Flip-FBMC vs Flip-OFDM.

The power spectral density (PSD) of the proposed scheme
is examined through an evaluation of the out-of-band emis-
sion (OOBE) with respect to the classic system. The major
feature of the FBMC is its low OOB radiation, which
allows more efficient spectrum sharing between users [33].
Fig. 4 illustrates the capability of the considered Flip-FBMC

technique to reject the Flip-OFDM energy leakage of up to
50 dB, which also contributes to minimizing synchronization
errors.

The most significant drawback in the FBMCmechanism is
its computational complexity [34]. However, regarding [35],
FBMC-TMUX-based polyphase systems present less com-
plexity than the one proposed in [15] due to the avoidance of
unnecessary operations in frequency spreading. For the sake
of comparison, the complexity of the multiplication (Mcom)
and addition (Acom) terms required to transmit one block
of symbols for both techniques using an FFT Split-Radix
algorithm is in [22], [35] and can be calculated as:

McomFlip-FBMC

= 2︸︷︷︸
OQAM

∗(2IFFTSize︸ ︷︷ ︸
β

+ (IFFTSize
(
log2 (IFFTSize)− 3)+ 4

)︸ ︷︷ ︸
IFFT

+ 2LP︸︷︷︸
SFB

)

(15)

AcomFlip-FBMC

= 2
(
3IFFTSize

(
log2 IFFTSize − 1

)
+ 4

)
+ 2IFFTSize + 4 (LP − IFFTSize) (16)

McomFlip-OFDM

= IFFTSize
(
log2 (IFFTSize − 3)+ 4

)︸ ︷︷ ︸
IFFT

(17)

AcomFlip-OFDM

= 3IFFTSize
(
log2 IFFTSize

)
− 3IFFTSize + 4 (18)

As presented in the equations above, Flip-OFDMhasmuch
less hardware complexity than the proposed one because of an
extra β term andM branch for each AFB and SFB for a given
filter length. It can also be seen that the hardware complexity
of Flip-FBMC is slightly reduced by using lower overlap
factors. In addition, the short filter length of (IFFTSize∗K-1)
is preferable in terms of complexity since the influence of β
can be neglected [22].

IV. TAIL SHORTENING THROUGH A HARD TRUNCATION
TECHNIQUE
Further spectral analysis is required to optimize the band-
width efficiency of the proposed system, and consequently,
a short packet transmission is considered only to gain bet-
ter insight into the impact of redundancy tails at both ends
of the bipolar packet and the proposed shortening method,
as depicted in Figs. 5, 7 and 8. By employing the Flip-FBMC
scheme, the information burst samples expressed in (14)
are bandwidth-limited because of the long filter impulse
response, which imposes a ramp-up (initial transition) of
1.5 symbols, and a ramp-down (final transition) of 2.5 sym-
bols at the beginning and end of the bipolar FBMC burst
in addition to a required half-symbol of data packet trans-
mission, which is required in the Flip-FBMC mechanism.
These overhead blocks, which are doubled due to the flipping
process, lead to a gain reduction penalty in spectral efficiency.
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FIGURE 5. Bipolar FBMC burst of a short packet (1 conveyed symbol).

Thus, the mechanism of Flip-FBMC with a filter length of
IFFTSize∗K+1 and K=4 imposes a penalty of 2∗(K+0.5)
extra symbols to transmit a Flip-OFDM burst with no CP.

The most significant parts of the transitions can be safely
truncated since the average energy of these symbols is very
small compared to other higher energy of (N+1/2) bipolar
FBMC blocks [30]. Therefore, a hard truncation of the lowest
energy tails (1.5 and 2.5 IFFT blocks) over a long burst of data
is considered to improve spectral efficiency. It is worth men-
tioning that with such shortening values, there is a penalty
of at least an extra half-symbol, which is doubled to one
IFFT block more than the Flip-OFDM burst. However, most
redundancy tails can be cut with minor consequences [16].
Hence, the resulting truncation shows a noteworthy influence
on the quality of the retrieved signal, as shown in Fig. 6.

To keep the performance of the proposed system identical
to that of a Flip-OFDM and by using a Monte Carlo algo-
rithm, different truncations of the redundancy tail have been
tested to obtain the optimum shortening values at both ends
of the burst.

As observed in Fig. 7, novel truncation values are obtained
by leaving part of the redundancy tail at the beginning and
end of a bipolar-FBMC packet, which significantly limits the
interference level [30]. Thus, 1.5∗IFFTSize (1.5 symbols) at
the initial transition and 1.75∗IFFTSize (1.75 symbols) at the
end of the data burst are discarded. Moreover, Fig. 7 depicts
the distributed energy for the truncated tail at both ends of a
data packet, where the burst with a Martin filter reduces the
energy of a data block further than the IOTA. Note that the
assumed truncated values are only valid with an even over-
lapping factor (K=4) and a filter length of IFFTSize∗K+1.
Therefore, the resulting length of a FLIP-FBMC burst in
samples can be determined as follows:

Truncated burst(evenK ) = 2∗
(
IFFTSize∗ (N + K − 2.75)

)
(19)

The subframes (X+(k) and X−(k)) of the Flip-FBMC sig-
nal, as depicted in Fig. 8(a), impose a penalty of 2∗ (4) extra
IFFT blocks and 2∗ (0.5) blocks of an inherent tail. These
9 blocks of symbols (penalty) are minimized as in (19) to only
2.5 extra symbols more than the Flip-OFDM, as observed
in Fig. 8(b).

The truncation burst using a Martin filter causes a remark-
able degradation in system performance over a long data burst
(100 symbols) and high modulation orders (≥64-QAM),
while it exhibits an SER performance identical to that of
the Flip-OFDM technique over lower mapping, as depicted
in Fig. 9. To analyze the performance degradation of the
proposed design, the characteristics of the Martin filter have
been evaluated in terms of their figures of merit, which are
presented in [17]. TheMartin filter shows a solid performance
for various figures of merit, such as a high quality of the
reconstructed signal, reliable signal-to-interference ratio and
low OOBE, as presented in Fig. 10. To a certain extent,
a low ξ factor is remarkable in the performance of the Martin
filter. Furthermore, it is also observed that this factor is
improved by deploying a filter with low time and frequency
spreading [17], [18]. From that perspective, the IOTA filter
in [17] with a near-optimum value of ξ is considered for
sake of comparison. The exact ξ of the corresponding work
usingMartin and IOTA filters of length IFFTSize∗K+1 can be
measured as follows [17], [18], [36]:

ξ = 1/4π 1W1T (20)

where

0 ≤ ξ ≤ 1 (21)

The localization factor ξ is determined by the dispersion
product of 1W and 1T , where the synthesis filters gm(k)
have the same frequency dispersion (1W ) and time disper-
sion (1T ). The dispersion values can be calculated as:

1W =

√∫
∞

−∞

f 2|P(f )|2df (22)

and

1T =

√∫
∞

−∞

t2|p(t)|2dt (23)

where the p(t) term is the prototype pulse function and p(f)
is its Fourier transform. Note that employing a filter with ξ
close to 1 results in optimum time-frequency pulse localiza-
tion [18], [36]. As illustrated in Fig. 7, an IOTA filter having a
0.977 localization factor (close to 1) results in concentrating
the signal energy according to an envelope function around its
center, which leads to lower energy loss than that of a Martin
filter having ξ = 0.8839 due to hard truncation of the redun-
dancy tails. Consequently, a truncated packet using an IOTA
filter exhibits an identical SER performance to that of the
Flip-OFDM technique and a superior performance over the
shortening burst using a Martin filter with high constellation
mapping in a flat VLC channel, as observed in Fig. 9.
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FIGURE 6. Constellations of 4-QAM retrieved signals over a long data burst (100 transmitted symbols) to show (a)
the degradation of the Flip-FBMC performance through a hard truncation of the lowest energy parts (1.5 symbols
at the beginning of the packet and 2.5 symbols at the end of the data burst) of the tail compared with the classic
Flip-OFDM in (b).

FIGURE 7. Optimal shortening values for the hard truncation method
of 1.5 and 1.75 symbols at both ends of a short bipolar burst.

Moreover, it contributes to reduce the TMUX-latency that
presented in (9) as:

1ϒnew =
2

IFFTSize

(
Lp − 1− 1.5 IFFTSize +1δ

)
(24)

where the 1.5∗IFFTSize term is derived and added to sat-
isfy the shortening of the data packet transmission. Thus,
the reconstructed delay is reduced from 2K to 2K-3 at the
AFB output. The truncation effect on the information rate can
be observed in Fig. 10, where the throughputs of Flip-FBMC
are highly dependent on the packet size (data blocks), and the
gain in spectral efficiency is significantly improved at low
numbers of IFFT blocks.

V. ANALYSIS PERFORMANCE OF CHANNEL ESTIMATION
As described above, the optical FBMC has drawn wide atten-
tion because of its low out-of-band radiation arising from
the time-frequency localization of filter banks and the high
information rate that results from eliminating CPs and guard
bands [37]. The performances of nontruncated and truncated
Flip FBMC are evaluated with respect to the traditional one
at the LOS channel gain that obtained in section III. In Flip-
OFDM, a CP of 1 point length is added to combat ISI, and

FIGURE 8. Consecutive subframes of a Flip-FBMC burst for (a), and
(b) the truncated version of a Flip-FBMC packet.

a one-tap zero forcing (ZF) equalizer-based training block of
complex signal duration is used for CE, as detailed in Table 3.

It can be seen from Fig. 11 that the CE of a Flip-FBMC
deploys the two variants of IAM (IAM-R and IAM-C) and
inserts them in the preamble to suppress the IMI effect. The
length of three known sequential pilots is equal to 1.5 training
blocks (0.5 blocksmore overhead than Flip-OFDM) designed
by inserting 2 blocks of zeros in the neighborhood of the
maximum pilot power.

The 1st zero-block Pm0,n0-1 is employed to prevent inter-
ference from the previous frame and the two successive
subframes at the flipping stage. The nonzero part of the
transmitted pilots Pm0,n0 is set to the maximum value as
presented in Fig. 11, while the 3rd block Pm0,n0+1 avoids
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FIGURE 9. Symbol error rate vs SNR over a long data burst for Flip-OFDM
and Flip-FBMC employing IOTA and Martin filters of the proposed
truncation values of 1.5, and 1.75 symbols at both ends of a bipolar burst
in a flat VLC channel.

FIGURE 10. Hard truncation impact on spectral efficiency.

interference from the payload data. The received preamble
pilots (PLTm0,n0) can be calculated as in [11], [27]:

PLT received
m0,n0 =Hm

(
Pm0 ,n0+jP

imaginary interference
m0,n0

)
+Zm0, n0

(25)

We have considered N=80 assuming a subframe of a VLC
system. This assumption drives to an overhead of 1.55%
residual tail and almost identical throughput to CP of
one sample for Flip-OFDM, whereas it creates approxi-
mately 5.7% blocks of overhead for a nontruncated packet,
as observed in Fig. 10. Further attention is required to obtain
a high data bit rate in real-time transmission, as the 3 dBmod-
ulation bandwidth of commercially available LEDs is only

TABLE 3. The system parameters for channel estimation.

several MHz [38]. The limited modulation bandwidth can be
extended by using pre- and postequalization techniques [39].

The CE-based IAM for a Flip-FBMC VLC system can be
computed as:

H∧m,n =
PLTm0,n0

Pm0,n0 + jP
imaginary interference
m0,n0

(26)

The jPm0,n0 term represents the interference weight, which
can be calculated in advance and saved at the receiver with
the aid of the interference coefficients FBMC law in [11].
In addition, by using a Monte Carlo algorithm with respect to
a traditional Flip-OFDM, the error performance of each non-
truncated and truncated Flip-FBMC technique has been eval-
uated by using CE based on IAM-R and IAM-C. A one-tap
ZF equalizer is employed to nullify the LOS channel effect at
the output of the

AFB, which can be calculated according to [9], [31].

Aestimated
m,n =Re


〈Y (k), fm,n(k)〉 ↓M

2︸ ︷︷ ︸
AFB_output

H∧−1m,n

 e−j
π
2 (m+n)︸ ︷︷ ︸
ϕm,n∗


(27)

Fig. 12 shows the nonshortened/truncated proposed
designs’ SER with IOTA filters of K=4, which are shown
for comparison with Flip-OFDM signals using 4-QAMmod-
ulation. The truncated Flip-FBMC-based IAM-C exhibits a
superior error performance of 1.5 dB at SER= 10−3, which
decreases with increasing SNR values to reach 1 dB at
10−3 SER compared with the traditional technique. How-
ever, the difference between the IAM-R performance and
that of IAM-C is due to the required pseudo-pilots in the
IAM-C method, which have a larger magnitude than those
in IAM-R and hence effectively mitigate the impact of the
added Gaussian noise and IMI. Thus, the CE accuracy is
further improved. On the other hand, the analysis exposes
that the preamble pilots-based IAM-C is slightly impacted by
the hard truncation of a transmitted burst in contrast to the

100566 VOLUME 9, 2021



M. S. Bahaaelden et al.: Efficiency Analysis of Truncated Flip-FBMC in Burst Optical Transmission

FIGURE 11. Preamble structures for the (a) IAM-C and (b) IAM-R methods and (c) the frame configuration for an FBMC-TMUX VLC
system.

FIGURE 12. SER comparison between the truncated Flip-FBMC scheme
and Flip-FBMC using CE-based IAM-R/IAM-C compared with Flip-OFDM
of 1-CP in LOS VLC-channel.

nontruncated version [15], while a shortened version using
CE-based IAM-R exhibits an almost-identical SER perfor-
mance to a nontruncated version using IAM-R because the
lower magnitude of pseudo-pilots is related to the magnitude
of IAM-C reference symbols. It is worth mentioning that the
Heisenberg factor application to shortening tails has not been
demonstrated before.

In future work, we will study the non-LOS propa-
gation of different multipath scenarios to analyze the
expected degradation of a one-tap equalizer, and an effi-
cient multitap equalizer will be investigated to improve
the system robustness over a larger delay spread. Addi-
tionally, the complex-valued symbol-based FBMC/OQAM
(C-FBMC/OQAM) model in [40] is planned to be proposed
in IM/DD communication systems since C-FBMC/OQAM

represents a key solution to imaginary interference cancella-
tion, having demonstrated better performance than conven-
tional FBMC/OQAM systems through frequency-selective
fading channels in an RF field.

To support fifth-generation (5G) application requirements
based on optical FBMC, the proposed system can be effi-
ciently deployed to indoor VLC, free space link-based
LD and IM/DD passive optical network (PON) systems to
enhance system performance [27], [41]. It is worth mention-
ing that such a low latency is a crucial feature in the Tactile
Internet (the next evolution of the Internet of Things) [42].

Although Flip-FBMC has a lower PAPR than DCO-FBMC
in [9] due to the DC bias voltage required to obtain the
unipolar form, it is worth mentioning that the proposed
scheme has a higher PAPR than Flip-OFDM due to the deter-
ministic sequences of IAM preambles [43]. However, this
design model can be updated to efficiently reduce the PAPR,
as presented in [44].

VI. CONCLUSION
In this work, for the first time to the best of the authors’
knowledge, we introduce a Flip-FBMC scheme as a good
alternative technique to traditional Flip-OFDM in VLC sys-
tems. The proposed scheme is based on a biorthogonal form
to provide sufficient flexibility for system design require-
ments. Moreover, the spectral efficiency is increased by
employing a hard truncation method for the redundancy tail
with 1.5 symbols of the initial transition and 1.75 symbols
of the final transition at both ends of a data burst by using
an optimum overlapping factor of 4 and a filter length of
IFFTSize ∗K+1. Hence, the penalty for the proposed design
is reduced from 2∗(K+5) to 2∗(K-2.75) symbols, and the
resulting penalty is lower than the DCO-FBMC penalty by
2 IFFT blocks. The impact of tail shortening is evaluated over
a long data burst by using IOTA and Martin filters, and as
expected from the low time and frequency spreading of the
IOTA filter compared to the Martin filter, the results show
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concentrated signal energy in an envelope function around its
center, which leads to lower energy loss due to the redundancy
of a truncated tail. Thus, employing a filter with a Heisenberg
factor close to one is considered one of the essential require-
ments in a tail shortening application. Hence, an identical
SER performance is obtained for Flip-FBMC by using an
IOTA filter in the traditional Flip-OFDM, while significant
degradation is reported for high-modulation mapping with
a Martin filter when the optical channel state information
is known at the receiver. Moreover, the truncated scheme
contributes a reduction of the TMUX latency from 2K to
2K-3 at the AFB output. The simulation results for LOS
channel gain show that a truncated Flip-FBMC-based IAM-C
CE displays a superior performance of approximately 1.5 dB
at a 10−3 SER, which decreases with increasing SNR values
to reach 1 dB at 10−5 SER over the traditional Flip-OFDM
of 1 CP. The degradation in the accuracy of the retrieved
signal using an IAM-R preamble is addressed since the mag-
nitudes of the pseudo-pilots are lower than those in IAM-R.
On the other hand, the analysis reveals that a preamble pilots-
based IAM-C is slightly impacted by hard truncation in
contrast to a nontruncated model, while a shortened version
using the CE-based IAM-R exhibits almost-identical SER
performance to a nontruncated version using IAM-R due to
the lower magnitude of IAM-R pseudo-pilots relative to the
magnitude of IAM-C reference symbols.
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