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Cross-Antenna Polyphase Interleaving and Inversion
scheme to reduce the PAPR of
MIMO-FBMC/OQAM system

Mounira Laabidi, and Ridha Boualleguee

Abstract—Filter Bank Multi-Carrier with Offset Quadrature
Amplitude symbol mapping called as FBMC/OQAM is presented
as a potential successor of Orthogonal Frequency Division
Multiplexing OFDM. Combined with Multiple-Input Multiple-
Output (MIMO), MIMO-FBMC/OQAM is a promising modula-
tion scheme for high performance broadband wireless communi-
cations. However, one major drawback of MIMO-FBMC/OQAM
is the high peak-to-average power ratio (PAPR) of the output
signals. Latinovic et al. Proposed a PAPR reduction method
called Polyphase Interleaving and Inversion (PII) for MIMO-
OFDM systems under the use of the space-frequency block coding
(SFBC) [1]. In this investigation, we suggest two schemes called
Cross Antenna Polyphase Interleaving and Inversion 1 and 2
(CAPII1/(CAPII2) PAPR reduction schemes for Space Frequency
Block Coding MIMO-FBMC systems which consequently utilizes
additional degrees of freedom by employing multiple antennas
and generating more patterns leading to more signal candidates
to transmit, while requiring a limited amount of side information.
The simulation results show that both the proposed CAPII
schemes experience remarkable gain in PAPR.

Keywords—Multiple-Input Multiple-Output (MIMO);
FBMC/OQAM; Peak-to-Average Power Ratio (PAPR); Space-
Frequency Block Coding (SFBC); CAPII

I. INTRODUCTION

IN the last decade, Orthogonal frequency division multiplex-
ing (OFDM) has been widely used in 4G communication

systems [2], [3], [4], [5] . This is because of its important
features such as (i) immunity to multipath fading, (ii)ease of
channel estimation also data recovery with a low complexity
single tap equalization, and (iii) appropriateness for multiple-
input multiple-output (MIMO) systems. Nevertheless, it re-
veals many drawbacks such as cyclic prefix over-head, consid-
erable out-of-band (OOB) radiation, and sensitivity to carrier
frequency offset (CFO) leading to inter carriers interference
(ICI). Because of the OFDM shortcomings [6], Filter Bank
Multicarrier with Offset Quadrature Amplitude Modulation
System (FBMC/OQAM) is one of many new waveforms
that are proposed for the next 5G wireless communication
applications due to its attractive properties and features re-
lated to spectral confinement [7], [8]. With a well localized
prototype filters in time and frequency domain for pulse
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shaping, FBMC/OQAM not only provides notably reduced
Out Of Band (OOB) emissions and robustness against Carrier
Frequency Offset (CFO), but also, better spectral efficiency
since there is no need to use the over-head of cyclic pre-
fix. To improve the performance of wireless communication
systems and increase its capacity, multiple antennas at both
the transmitter and receiver can be used (MIMO) [9]. MIMO
technology is used for wifi networks, forth generation (4G)
applications and (5G) technology in a wide range of markets.

When combined with FBMC/OQAM, this MIMO sys-
tem leads to robustness to multipath fading [10], [11],
high capacity, and upgraded spectral efficiency making from
FBMC/OQAM a high-data speed multicarrier transmission in
forthcoming wireless communication network systems [12],
[13], [14], [15].

However, a major drawback of MIMO technology combined
with the FBMC/OQAM system is that the transmitted signals
on different antennas might exhibit a prohibitively large peak-
to-average power ratio (PAPR) [16]due to the summation of
independent information carried on different subcarriers.

In the existing literature, various methods have been in-
troduced to address the high Peak-to-Average Power Ratio
(PAPR) associated with Single-Input Single-Output (SISO)
FBMC/OQAM signals. These methods include clipping [17],
Partial Transmit Sequence (PTS) [18], Selective Mapping
(SLM) [19], Interleaving, Active Constellation Extension
(ACE) [20], Tone Reservation (TR) [21], Tone Injection (TI)
[22], companding techniques [23], and precoding techniques
[24]. However, when it comes to mitigating the high PAPR
specifically in Multiple-Input Multiple-Output (MIMO) Space-
Frequency Block Code (SFBC) FBMC/OQAM signals, there
is a notable scarcity of works addressing this particular issue..
In [25], authors proposed new schemes to reduce PAPR for
MIMO STBC FBMC system. The scheme is a combination
of Walsh-Hadamard Transform (WHT) precoding with the
companding technique based on the A-law and Mu-law tech-
nique. the proposed technique achieves PAPR reduction at the
expense of degrading BER performance

In [26] a scheme named Attenuating Quadrature Ampli-
tude Modulation Symbols (AQAMS) with MIMO system is
proposed to reduce the PAPR of the FBMC-OQAM signal.
Simulation findings following the AQAMS technique illustrate
concrete progress regarding PAPR reduction. However, as a
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limitation of this scheme the amount of side information that
need to be transmitted to the receiver in order to recover data.

In [27], authors advanced a new PAPR reduction method for
MIMO FBMC/OQAM system based on the iterative addition
and subtraction of FBMC/OQAM symbols which is known as
Successive Addition Subtraction (SAS) followed by the WHT
precoding. Simulation results show that the proposed schemes
can improve the performance of the transceiver.

In [28] authors suggested a Repeated Clipping Filtering
combined with several Nonlinear Companding techniques in-
cluding A-Law, Mu-Law, tangente rooting (tanhR), logarith-
mic rooting (logR), cos and rooting companding (RTC) for
PAPR Reduction in MIMO FBMC/OQAM System). Yet, these
methods may increase the Bit Error Rate (BER) of the system
given that clipping is a nonlinear process.

In [1] S. Latinović et al.proposed a PAPR reduction method
termed polyphase interleaving and inversion (PII) for MIMO-
OFDM systems under the use of SFBC.The suggested scheme
uses four patterns to present data over the two antenna. In
this investigation, we find more degrees of freedom can be
utilized among the multiple antennas for the SFBC MIMO
FBMC/OQAM systems. Hence, we suggest four additional
SFBC patterns, and based on these patterns, we propose two
new efficient PAPR reduction schemes for SFBC MIMO-
FBMC/OQAM systems.The Cross Antenna Polyphase Inter-
leaving and Inversionn (CAPII) method operates by adjusting
the phase of the data symbols and swaps data symbols between
two antennas to reduce the PAPR.

The organization of this paper is as follows: In section 2,
we survey the implementation structures of the FBMC/OQAM
and the MIMO SFBC Alamouti scheme. In section 3, at first
a brief reminder of the PII PAPR reduction scheme being
suggested for MIMO OFDM is done. Then, the proposed
two CAPII reduction schemes, to improve the PAPR of the
MIMO SFBC FBMC/OQAM is introduced. Section 4, reports
the simulation results with regard to the performances of the
proposed schemes. This section includes the discussion of
the obtained results. Finally, conclusions and perspectives are
stated in section 5.

II. THEORY

In this section, we survey the implementation structures of
the FBMC/OQAM and the MIMO SFBC Alamouti scheme.

A. FBMC/OQAM signal model

FBMC/OQAM is an alternative modulation scheme to re-
place the traditional OFDM (Orthogonal Frequency Division
Multiplexing). It uses a bank of filter to divide the available
frequency band into multiple subbands, each with its own
subcarrier. Symbols are OQAM modulated, and the offset
between the real and imaginary parts of the signal allows for
a more flexible and efficient use of the frequency spectrum
compared to traditional QAM.

FBMC/OQAM highlights the merits of the promising
modulation scheme for 5th generation (5G) communication
system. The basic idea of FBMC/OQAM system is to
transmit real symbols (Offset QAM) instead of conventional

complex (QAM) symbols like in OFDM system. Thus, on
each sub-channel the sequence of QAM symbols is divided
into real and imaginary parts, and upsampled by a factor
of two to obtain the real sequences. That is, the in-phase
and quadrature components of QAM symbols are times
staggered by half a symbol period T/2. We can refer to this
operation as OQAM pre-processing. Another specificity of
the FBMC/OQAM scheme is that when we consider two
consecutive sub-carriers, the time delay T/2 is introduced
into the imaginary part of the QAM symbols on the even
subcarrier, whereas it is introduced into the real part of the
symbols on the odd one as shown in Figure 1.
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Fig. 1. FBMC/OQAM Transmitter.

The integral components of the FBMC/OQAM Transmul-
tiplexer (TMUX) include the Synthesis filter bank (SFB) on
the transmitter side and the Analysis filter bank (AFB) on
the receiver side. The SFB plays a crucial role in ensuring
that OQAM sequences undergo both spreading and filtering
processes.

Pulse shaping in FBMC/OQAM is accomplished by the
prototype filter, which comes in two main types: the Isotropic
Orthogonal Transform Algorithm-based pulse (IOTA) [29] and
the pulse utilized in the PHYDYAS project [30]. This study
focuses specifically on the PHYDYAS prototype filter.

The SFB is constructed by combining the PHYDYAS pro-
totype filter with an extended Inverse Fast Fourier Transform
(IFFT). This configuration not only achieves orthogonality
without relying on Cyclic Prefixes (CPs) but also demonstrates
enhanced spectral efficiency, high bandwidth efficiency, and
increased channel capacity [31].

Consequently, the following equation defines the baseband
continuous-time model of the FBMC/OQAM transmitted sig-
nal:

s(t) =

N−1∑
m=0

∞∑
n=−∞

am,nh

(
t− n

T

2

)
ej

2π
T mtejφm,n (1)

where:
• am,n is a real symbol transmitted on the mth sub-carrier

and at the instant nT ,
• h(t) is the prototype filter impulse response, and
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• φm,n is the phase term which is given by the following
equation:

φm,n =
π

2
(m+ n)− π(mn) (2)

If we denote ⋎m,n(t) as the prototype’s filterh(t) shifted ver-
sion in time and frequency, therefore the baseband continuous-
time model of the FBMC/OQAM transmitted signal can be
rewritten as follows:

s(t) =

N−1∑
m=0

∞∑
n=−∞

am,n ⋎m,n (t) (3)

where

⋎m,n(t) = h

(
t− n

T

2

)
ej

2π
T mtejφm,n (4)

In this investigation, we have opted for the PHYsical layer
for DYnamic AccesS and cognitive radio prototype Filter
(PHYDYAS), an advanced filter proposed by Bellanger in
[32]. This selection is motivated by several factors. Pri-
marily, the outstanding frequency localization characteristic
of FBMC/OQAM systems is effectively addressed by the
PHYDYAS prototype filter, aligning well with the system’s
requirements. Additionally, in comparison to the Isotropic
Orthogonal Transform Algorithm (IOTA) filter, the PHYDYAS
prototype filter exhibits superior spectral efficiency, attributed
to its design grounded in the frequency sampling technique,
as highlighted in [30] The PHYDYAS European project has
designated the PHYDYAS prototype filter as the benchmark
prototype filter. Key parameters governing the design of the
filter bank include the number of sub-channels denoted as N
and the prototype filter length, designated as L. The prototype
filter length is consistently determined through a multiplica-
tion operation involving both N and the overlapping factor
K. Specifically, for the PHYDYAS filter, the relationship is
expressed as L = K ∗N .

Despite the big number of benefits that it offers being an
MCM scheme, FBMC/OQAM signal suffers from the high
PAPR which is noticeable when there is a non-linear HPA. In
the following part, the PAPR definition for the FBMC/OQAM
signal is advanced.

B. PAPR definition for FBMC/OQAM signal

The Peak-to-Average Power Ratio (PAPR) serves as a
crucial metric for assessing the susceptibility of the transmitted
signal, particularly in the presence of a fluctuating envelope
due to High Power Amplifier (HPA) non-linearity. In the realm
of Multi-Carrier Modulation (MCM) systems, the inherent
high PAPR poses a significant challenge in designing HPAs
that need to operate within their linear regions. Additionally,
the PAPR acts as a pivotal parameter when comparing the ef-
fectiveness of various PAPR reduction schemes, playing a key
role in evaluating their capability to reduce signal peaks. Small
PAPR values signify that the transmitted signal consistently
hovers around its mean power, whereas large PAPR values
indicate that the instantaneous power can markedly surpass
the average power. The PAPR of the continuous-time baseband

signal s(t) transmitted within a symbol period T is formally
defined as equation(5):

PAPR[s] =
maxn∈[0,N−1[|s(n)|2

E[|s(n)|]2
(5)

Where E[.] is the expectation operator and s(n) is the MCM
symbol. In OFDM, symbols are isolated in the time domain,
i.e., they do not overlap. Subsequently the PAPR calculation
is achieved for every symbol exactly in its symbol period.
Whereas, due to it’s overlapping signal structure, the PAPR
calculation of an FBMC/OQAM signal should be calculated
on a period rather than in its own designated interval. As
concluded in [33] the illustration reveals that, for a given
FBMC/OQAM symbol, a significant portion of its energy is
concentrated in the 2nd and 3rd time intervals, rather than in
its own designated interval

C. Alamouti SFBC principle
To achieve diversity and upgrade the reliability of the

communication link in wireless communications, Alamouti
Space-Time Block Coding (STBC) transmission technique
is used. STBC is specifically convenient in Multiple Input
Multiple Output (MIMO) systems. Alamouti STBC was ad-
vanced by Professor Siavash Alamouti in 1998 [34] and is
definitely designed for two transmit antennas. MIMO systems
use multiple antennas at both the transmitter and receiver
to improve the data throughput and reliability of wireless
communication. The central idea behind Alamouti STBC is
to transmit two symbols over two consecutive time intervals
using two antennas, and then apply a simple coding scheme
to these symbols before transmission. The encoding is done
in such a way that the information from both symbols is
spread through both antennas. The encoded symbols are then
transmitted from the two antennas At the receiver side, the
combination of the received signals from the two antennas
is accomplished to take advantage of the diversity provided
by the two spatially separated antennas. The Alamouti code
matrix for the two symbols X1 and X2 is as follows:

At the first time slot, the symbols X1and X2 are transmitted
respectively on the antennas 1 and 2 then at the second time
slot, the symbols −X∗

2 X∗
1 are transmitted on the antennas 1

and 2 and so on...
Where X∗

1 is the complex conjugate of X1 and X∗
2 is the

complex conjugate of X2.
Applied to the frequency domain instead of the time domain,

the resulting Alamouti block coding is called Space-Frequency
Block Code (SFBC) where two consecutive and neighboring
subcarriers within the same symbol are considered instead of
two consecutive time slots. In this investigation, we are inter-
ested in SFBC Alamouti scheme since the STBC Alamouti
requires complex orthogonality and the FBMC/OQAM signal
is only real-orthogonal.

III. CAPII METHOD TO REDUCE THE PAPR OF THE
MIMO FBMC/OQAM

A. Conventional PII scheme
Polyphase Interleaving and Inversion (PII) scheme [1] is

an efficient PAPR reduction approach being suggested for
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TABLE I
SPACE FREQUENCY BLOCK ENCODING

Antenna 1 Antenna 2
f1 X1 X2

f2 −X∗
2 X∗

1

SFBC MIMO-OFDM systems. This method reduces PAPR of
the transmit signal while keeping the space-frequency coded
structure. Polyphase interleaving involves distributing symbols
intended for transmission across various subcarriers in a spe-
cific interleaved pattern. This process serves to disperse the
energy of the transmitted signal across the entire bandwidth,
thereby diminishing the probability of simultaneous high peaks
occurring across all subcarriers. The application of polyphase
interleaving contributes to the even distribution of energy
among subcarriers, and inversion is selectively employed to
mitigate peaks in specific regions.

The principle of PII is as follows: the OFDM data block
is firstly partitioned into M disjoint subblocks X(m),m =
1, 2, . . . ,M . In each subblock, the data are interleaved and
inverted across the antennas to produce four different SFBC
signal models to transmit across antenna 1 and 2. Where
bmX

(rm)
1 andbmX

(rm)
2 respectively represent the mth sub-

blocks of the candidate transmit signals for antenna 1 and
antenna 2.The values of bm and rm specify one SFBC pattern
from four possible patterns ( bm = [+1,−1], rm = [0, 1] ).

The conventional space-frequency Alamouti scheme is de-
scribed when the values of (bm = 1) and (rm = 0). Table II
shows an example of these models.

TABLE II
THE FOUR TYPES OF SFBC PATTERNS USED IN PII METHOD

Pattern 1 Pattern 2

X0
1 (m) = [X0 −X∗

1 ] −X0
1 (m) = [−X0X∗

1 ]

X0
2 (m) = [X1X∗

0 ] −X0
2 (m) = [−X1 −X∗

0 ]

Pattern 3 Pattern 4

X1
1 (m) = [X1 −X∗

0 ] −X1
1 (m) = [−X1X∗

0 ]

X1
2 (m) = [X0X∗

1 ] −X1
2 (m) = [−X0 −X∗

1 ]

B. Proposed CAPII schemes for SFBC MIMO-FBMC/OQAM

Examining the PII PAPR reduction scheme and reviewing
the four SFBC patterns outlined in Table 1, it becomes appar-
ent that these patterns result from interleaving across antennas
and the inversion of element signs. Notably, these patterns
maintain the space-frequency coded structure characteristic of
Alamouti, ensuring the preservation of diversity gains from
multiple antennas.

The fundamental concept behind the CAPII scheme lies in
generating additional sets of candidate patterns for selection.
This approach aims to enhance PAPR reduction performance
by providing a broader range of choices for pattern selection.
Table III describes the additional four models.

Concerning the CAPII1 PAPR reduction scheme, We select
patterns 1,6, 7 and 8. We can recognize that for each antenna

TABLE III
THE FOUR ADDITIONAL TYPES OF SFBC PATTERNS

Pattern 5 Pattern 6

[−X∗
1X0] [−X∗

1 −X0]

[X∗
0X1] [X∗

0 −X1]

Pattern 7 Pattern 8

[−X0 −X∗
1 ] [X0X∗

1 ]

[X1 −X∗
0 ] [−X1X∗

0 ]

and based on the PII principle, a symbol is partitioned into
two subblocks, and each subblock has four space-frequency
(SF) coding patterns. Hence, the CAPII1 method in this case
generates 16 sets of candidate signals for antenna 1 and 2, and
it selects the best set (the best PAPR reduction performance)
for transmission.

Based on the same principle, CAPII2 PAPR reduction
scheme reduces the high PAPR of the SFBC MIMO
FBMC/OQAM signal by generating more and more signal
candidate for transmission since it utilises all the 8 patterns.
Thereby, it can produce sixty four signal candidates and
ensure remarkable gain of PAPR when compared to the PII
scheme or even to the CAPII1 technique. Fig.??illustrates the
position and principle of the CAPII2 scheme on the MIMO
FBMC/OQAM transmission chain. 
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Fig. 2. The graphical illustration of the CAPII2 PAPR reduction scheme for
SFBC MIMO FBMC/OQAM system

IV. EXPERIMENT

In this section we examine the performance of both MIMO
FBMC/OQAM and MIMO OFDM systems. To do so, we
developed a simulation model using MATAB. Simulation
parameters are shown in Table IV.

The PAPR reduction capabilities of the above-mentioned
two CAPII method (i.e. CAPII1 and CAPII2) being suggested
for MIMO FBMC/OQAM are verified through simulations. To
understand the effectiveness of the scheme under various con-
ditions, the complementary cumulative distribution function
(CCDF)diagrams of the CAPII techniques, and the complexity
all being used to compare both MIMO FBMC/OQAM and
MIMO OFDM systems..
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TABLE IV
SIMULATION PARAMETERS

Parameter Value

FFT size, N 64

Modulation order, M 2

Cyclic Prefix, Cp N/8

Number of PII patterns 4

Number of CAPII1 patterns 4

Number of CAPII2 patterns 8

Modulation scheme QAM

Filter PHYDYAS

Overlapping factor K 4

Filter Length, L 43

A. CCDFs comparisons

In this sub-section we evaluate the performance of both
CAPII PAPR reduction schemes being suggested for SFBC
MIMO FBMC/OQAM in terms of CCDFs. We also, compare
their PAPR reduction gain with the advanced PII scheme.

The CCDFs plot of both SISO and MIMO FBMC/OQAM
systems without PAPR reduction are illustrated in Fig.3. We
can recognize that the MIMO FBMC/OQAM CCDF curve
ensures a reduction of approximately 1.1 [dB] at a probability
level of 10−3 with respect to SISO FBMC/OQAM. This result
can be explained as the diversity gain.
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Fig. 3. CCDF comparaison between SISO FBMC/OQAM and MIMO
FBMC/OQAM

To demonstrate the effectiveness of the being suggested
CAPII PAPR reduction schemes (CAPII1 and CPII2), a sim-
ulation based on the PII scheme is useful. Hence, Fig.4
illustrates the CCDFs of MIMO FBMC/OQAM signal with
and without applying the PII PAPR reduction method. As it
is clear from the figure below, at a probability level of 10−3

the PII PAPR reduction gain is approximately 2.6 [dB] with
respect to the MIMO FBMC/OQAM signal without PAPR
reduction.
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Fig. 4. PAPR performance of the PII scheme when applied to SFBC MIMO-
FBMC/OQAM

Fig.5 Illustrates the CCDFs of MIMO FBMC/OQAM signal
when applying the CAPII PAPR reduction methods. It also,
provides a comparaison with the PII scheme.

At a CCDF level of 10−3 [dB], the PAPR reduction gain
is detailed in Table V. Examination of the table reveals that
the PAPR reduction performance of both PII and CAPII1 is
very similar, attributable to their utilization of four SFBC
patterns. Looking at the CAPII2 PAPR reduction scheme, it
outperforms both CAPII1 and PII schemes. In comparison
to the original MIMO FBMC/OQAM signal without a PAPR
reduction scheme, the CAPII2 method achieves a PAPR gain
of approximately 4 dB. This outcome can be attributed to
the substantial number of SFBC MIMO FBMC/OQAM signal
candidates, as the scheme incorporates all eight SFBC patterns.
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Fig. 5. PAPR reduction capability of both CAPII1 and CAPII2 when applied
to SFBC MIMO-FBMC/OQAM signal
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TABLE V
RESULTS OF SIMULATION

PAPR reduction scheme PII CAPII1 CAPII2

CCDF at 10−3 in [dB] 6.6 6.4 5.7

To validate the proposition that FBMC/OQAM stands out
as a viable alternative to the OFDM which is the most
widespread modulation among all the multicarrier modula-
tions, we conducted simulations incorporating the CAPII1
PAPR reduction scheme within the OFDM system.CCDF plots
with both MIMO FBMC/OQAM and MIMO OFDM been
shown as depicted in Fig.6.
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Fig. 6. PAPR reduction capability of CAPII1 when applied to both MIMO-
FBMC/OQAM and MIMO-OFDM signals

B. Computational Complexity:

Computational Complexity consider the computational re-
quirements of the PAPR reduction scheme. Lower complexity
is often preferred for practical implementation, as it reduces
processing overhead. The being suggested CAPII PAPR re-
duction shcemes for MIMO FBMC/OQAM signal present two
different degree of complexity.

When compared to the PII method, the CAPII1 scheme,
employing four SFBC patterns, exhibits equivalent complexity.
In the case of the CAPII2 scheme, despite its remarkable PAPR
reduction, it is characterized by high complexity due to the
utilization of eight SFBC patterns.

V. CONCLUSIONS

This investigation focused on addressing the Peak-to-
Average Power Ratio (PAPR) issue in the SFBC MIMO-
FBMC/OQAM signal. Consequently, we introduced two novel
PAPR reduction schemes, denoted as CAPII1 and CAPII2.
Leveraging the additional degrees of freedom provided by
multiple antennas, we created four extra cross-antenna SFBC
patterns. These patterns formed the basis for designing two

different schemes (CAPII1 and CAPII2). CAPII1 employed
only four SFBC patterns for generating candidate signal sets,
maintaining the computational complexity equivalent to that
of the PII method at both the transmitter and receiver. On the
other hand CAPII2 utilized a total of eight SFBC patterns to
generate sets of candidate signals for transmission, offering
superior PAPR reduction performance albeit with a slightly
higher computational complexity. Remarkably, simulation re-
sults demonstrated that CAPII1 outperformed the PII method
in PAPR reduction despite its comparable computational com-
plexity.
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