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Abstract

FBMC/OQAM is Filter Bank Multicarrier with Offset Quadrature Amplitude Modulation system characterized by bandwidth efficiency,
high data rate and more immunity to fading channels However, the combination of FBMC/OQAM system with Multiple Input and Mul-
tiple Output (MIMO) technology will increase the capacity of the system which may be used as the best scheme for next wireless com-
munication system 5G . Unfortunately, one of the major drawbacks of MIMO FBMC/OQAM system is its high peak to average power
ratio (PAPR) of the transmitted signals, resulting in signal distortion and reduced system performance. This paper proposes 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.

Keywords: FBMC/OQAM; MIMO; PAPR; 5G; STBC; Precoding.

1. Introduction

In order to improve the diversity gain and increase the capacity of
Orthogonal Frequency Division Multiplexing (OFDM) system, the
OFDM system is combined with multiple-input-multiple-output
(MIMO over the time variant frequency-selective channels[1].
Moreover, the OFDM is a multi-carrier modulation (MCM)
scheme technique used for 4th Generation (4G) wireless commu-
nication[2], but in case of next wireless communication system
(5G) [3], therefore many researchers has been suggested new
modulation technique, one of them is known as Filter bank multi-
carrier with offset quadrature modulation scheme (FBMC/QOAM)
system which has many advantages such as High spectral efficien-
¢y, immunity to intersymbol interference and capability of han-
dling very strong multipath fading[4].

Multiple-Input Multiple-Output (MIMO) system is the use of mul-
tiple antennas at both the transmitter and receiver to improve wire-
less communication performance[5]. FBMC/OQAM system com-
bined with MIMO technology with the use of the space-time cod-
ing (STBC) to support high capacity, improve spectral efficiency
and robustness to multipath fading [6]. Therefore, it may be used
as the high-speed data multicarrier transmission in future wireless
communication network systems [7-10]

However, a major drawback of MIMO technology combined with
the FBMC/OQAM system is that the transmitted signals on differ-
ent antennas might exhibit a high peak-to-average power ratio
(PAPR) [11].

Many methods have been proposed to mitigate the MIMO tech-
nology with FBMC/OQAM system PAPR by acting on the signal
itself. The simplest ones use clipping and filtering techniques.

However, these methods may increase the BER of the system
since clipping is a nonlinear process, tone reservation, nonlinear
transformations, coding, Moreover, some method is already done
for OFDM system like selecting mapping (SLM) and partial
transmit sequence (PTS)[12]. However, the computational com-
plexity is still remaining unsolved totally.

The main concept of the PAPR reduction in MIMO
FBMC/OQAM system can be recognized as reallocation of the
peak power of the signal over all the antennas [13-15].

In this paper, we propose to use a combination of STBC coding
techniques (Alamonti) in MIMO FBMC/OQAM system, with
reduction techniques to better discriminate the PAPR reduction
based on iterative addition and subtraction of FBMC/OQAM
symbols which known as Successive Addition Subtraction (SAS)
followed by WHT Precoding operation. However, in the MIMO
scheme, we used two scenarios, the first one with used two
antennae for the transmitter and the second scenario we used three
antennas for the transmitter.

The organization of this paper is as follows: in section 2, we intro-
duced the FBMC/OQAM Transceiver system, in section 3, intro-
duced the FBMC/OQAM system with MIMO technology, then in
section 4, we introduced the concept of the PAPR Theory in
MIMO Technology, in section 5, we explain in details the Pro-
posed method based on the combination of the Preprocessing SAS
followed by the Walsh-Hadamard Transform Precoding tech-
niques to reduce the PAPR. The computational complexity is ana-
lyzed in section 6. In section 7, the simulation results are present-
ed. Last section 8 concludes the paper.

Copyright © 2018 Imad A. Shaheen et. al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1: List of Symbols

s(t) Baseband continuous time FBMC/OQAM signal
a_ . transmitted symbol

F, Frequency

7, Time offset

g,.@) pulse shape prototype filter

/. The phase term

M the number of subcarriers

m sub-carrier index

n symbol index

Re (\) real part of a complex number
(mo,no) first order neighboring points

Ana demodulated symbol at receiver side
N, transmit antennas

N, receive antennas

H channel matrix

* complex conjugate operation

X transmitted signal vector
y received signal vectored
w noise vector

f, (2 Probability Density Function (PDF)
AN the crest factor (CF),

lfzm () complementary cumulative distribution function (CCDF)
WH, Walsh Hadamard matrix

u matrix order
T transpose operation

2. FBMC/OQAM transceiver system

Figure 1 shows the FBMC/OQAM Transmitter using nonlinear
companding the transmitter consists of the OQAM preprocessing,
IFFT follows by PolyPhase filter bank and companding technique.
Consequently, the FBMC/OQAM system used to transmit the
OQAM instead of transmitting QAM data[16]. Tabe I illustrated
the List of symbols .

The signal in a multicarrier transmission system with M subcarri-

ers is composed of real-valued symbols & transmitted shifted in
time by T“, which is the duration of one real symbol, and in fre-

quency by F°, which is the spacing between two successive carri-
ers [6]. The baseband continuous time FBMC/OQAM signal can
be written as:

sO=%%a,0,,0 0

Where 9ne © is design pulse shape prototype filter signal used for
pulse shaping which can be written as [18]

_ _ j 2Rt idh o
gm,n(t)—g(t nz,)e € (2)

¢

The phase term "™~ can be written as

4, = +=(m+n)
2 3)

Where M is means sub-carrier index, N is means symbol index

and % is an additional phase[19]. With given rate Ty on each sub-
carrier, the real (Re) and imaginary (I'm) are transmitted separate-

- F=-
ly at a rate *° =T./2 , with a time-offset of © . ° K. Ko, ,
which means either the real or the imaginary part is delayed by
one half-symbol duration. The constraint is to keep a phase differ-

ence of /2 between adjacent symbols in time and frequency
which are known as a staggering rule[20].
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Fig. 1: The FBMC/OQAM Transmitter.

We assume a distortion-free channel to transmit signals, then the
perfect reconstruction of real symbols can be obtained from the
following real orthogonality condition

Re{T9;,©)g.,. Ot =34, "

Where * denotes the complex conjugation, Re (.) denotes the real
part of a complex number and (mO,n0) denote the first order
neighboring points.

In the absence of fading and noise, the demodulated symbol
corresponding to the m-th subcarrier and n-th symbol can be
expressed as[21]

ann =[s(t)g,,t)dt +A ()

Where

A= 3 4,00, 00,0

6)
3. FBMC/OQAM system with MIMO system

To enhance the channel capacity of the wireless communication
system, the concept of the Multiple Input and Multiple Output
(MIMO) system has been established using multiple transmitter
and receiver antennas exploiting multipath propagation with used
multipath propagation[22]. Moreover, the spatial multiplexing
(SM) is used to for diversity gain where the high rate signal is
divided into multiple rate stream, then each stream is transmitted
using different antenna by using same frequency channel, then in
the receiver side, the received stream will be separated into the
parallel channel. however, the SM diversity provides higher
channel capacity at the higher signal to noise ratios (SNR). Figure
2 shows the MIMO channel model with a different transmitter and
receiver antenna [23].

[ransmitter Receiver

Fig. 2: The MIMO Channel Model.
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The maximum number of spatial streams is limited by the number
of transmitter and receiver antennas used If the N _and N, are the

number of transmitting and receiving antennas, then we can de-
note the number of spatial streams will be min(N,,N ).

Spatial multiplexing can be used without Channel State Infor-
mation (CSI) at the transmitter, but can be combined with precod-
ing if CSI is available. Spatial multiplexing can also be used for
simultaneous transmission to multiple receivers, known as space-
division multiple access or multi-user MIMO, in which case CSI
is required by the transmitter [4]

3.1. MIMO channel model

In MIMO systems, a transmitter sends multiple streams by multi-
ple transmit antennas. The transmit streams go through a channel

which consists of all NN paths between the N transmit antennas

N - . . .
and " receive antennas. The receiver gets the received signal
vector by the multiple receive antennas and decodes the received
signal vectors into the original information[4]. A MIMO commu-
nication system can be simplified by the following equation:

y=Hs+w (7)

Where S is the transmitted signal vector with the dimension of
Nt*1, y is received signal vectored with a dimension of Nr*1, H
means the channel matrix and w means noise vector. In our paper,
we have used the Alamouti space-time coding to achieve spatial
diversity in MIMO systems[1]. In Alamouti space-time block
coding (STBC), every two continuous transmit symbols, s1 and s2,
are coded into a transmit symbol matrix as follows:

5
2 1 (8)
Where (*) indicates the complex conjugate operation, and s is the
space-time code with its columns representing space dimension
while the rows representing the time dimension[24]. It takes two
time slots for transmitting two symbols; where in the first time

slots, the two symbols S:and S s transmitted from the two anten-

nas simultaneously, and during the second time slot, “S:and %t is
transmitted from the two antennas. Figure 3 shows the Alamouti
encoder system for two transmitters and receiver antenna

The signals of the space dimension are orthogonal [25] by the
validity of the following relation:

[sl —s;].[sz SI:IH =0

©)

Fig. 3: Alamouti STBC with 2x2 System.

For the STBC with half rate complex transmission matrices
achieving full diversity for 3 transmitted antennas scenario are
given as

_Sl SZ SB ]
—s, s, —s,
—s, s, s, (10)
—s, —s, s,
R sisg
—s. sl s
—s; s’ s;
| —s. -s; s, |

E{lsf |
_ N B}
S, S, 2
=S, S S,
|5 os. W2
Tz JZ (sosis, o)
N S, 2
NN R )
L 2 . (11)

Where the code can achieve a rate of % and % respectively

4. PAPR theory in MIMO technology

The PAPR is defined as the ratio of maximum power to the aver-
age power of the complex signal[26]. Mathematically it can be
presented as

Max{\s(t)\z}

PAPR(s(t)) :W

(12)

In the FBMC/OQAM system, the maximum amplitude will appear
when all subcarrier become in the same phase then PAPR=M. For
instance, let us consider an FBMC/OQAM system which is the
sum of the multiplied sinusoidal having frequency separation
1/Ts[27].

The PAPR is usually calculated through cumulative distribution
function (CDF) which is a probabilistic approach. Complex
FBMC/OQAM symbols are composed of real parts and imaginary
parts. [28]. Hence, the amplitude of FBMC/OQAM symbols fol-
lows Rayleigh distribution.

Fig. 4: Proposed STBC Alamouti MIMO FBMC Transmitter Block Dia-
gram.

Assuming that the average power of s(t) s equal to one, = 1; then

z . . . . .
» are Rayleigh random variables normalized with its own aver-
age power will have Probability Density Function (PDF)

z = .
f, (== e~ =2z¢"
5

(13)

Where E{z,} =207 =1, then CDF of %™ can be presented as
Fo(@)=P(Z.)<2) ”
=(@1-e™)" (15)

Where Z is known as the crest factor (CF), which is used to find
the probability that exceeds z of the complementary CDF
(CCDF)[29]; then CCDF can be given by

CCDF =F, (z)=P((Z,.)>7) =1-P(Z,, <z)=1-F_(z)

::I.—(:I.—eilz)M (16)
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Where EW (z) is the complementary cumulative distribution func-
tion (CCDF). The CCDF in MIMO for the FBMC/OQAM trans-

ceiver system with M >N, is then given by

CCDF =Pr(PAPR <z)=1-(L-e )" (17)

Where M is the number of subcarriers for FBMC/OQMA system

and N, is the transmitter antennas[30].

5. Proposed method

The block diagram of the FBMC/OQAM transmitter with the
proposed method of PAPR reduction is shown in figure 4 while
figure 5 shows the flow chart explaining the operation of each
block of the transmitter given in Figure 4.

The proposed method is based on a combination of SAS prepro-
cessed with WHT precoding to reduce PAPR for FBMC/OQAM
transceiver. However, the principle of the SAS

method is to change the phase of each successive symbols of the
FBMC/OQAM frame. For M number of subcarrier there will be
also M symbols which can be denoted m =0,1,2,3, ... ... M-1
symbol [31].

So, each odd symbol is multiplied by +1 while each even symbol
is multiplied by -1. After that, the symbols are arranged in a ma-
trix according to equation (20) with M rows [17] .

( )
The input bit stream is modulated with OQAM
scheme
\ J

| |

Code the modulated symbol using STBC cod-
ing with respect to number of transmit an-
tennas

|

Passed signal into SAS preprocessing

]

After serial to parallel conversion, signal
passed to the WHT precoding

|

The bit stream passed into synthesis filter
bank for shaping using SRRC filter

¥

Data will be transmitted through the antennas

Fig. 5: PAPR Reduction Algorithm Techniques.

Mathematically the SAS process is given by the formula,

S, (k)=
S(k) for k =0

(18)

In matrix representation, the process block S, can be expressed as

1 0 0 O 0] s()
1 -1 0 0 ol| s@
s |t -1 1o 0| s
-1 1 -1 0 S(3)
L1 1 1 1Sy )
_ s0) _
S(0)-S (1)
S(0)-S () +5(2)
S = S(0)-S W) +S(2)-S(3)
1S(0)-SM+S(@2)-S@— SM -1 (20)

After getting the transformed M symbols, the WHT of the
transmitted signal is taken place[17]. Then it is passed to IFFT
block. However, the Walsh Hadamard transform (WHT)
precoding is applied for reducing the autocorrelation in the data
sequence[32]. The Walsh Hadamard transform is real, symmetric,
and orthogonal transform. Its elements are equal to *1 which
make the hardware implementation requires only addition
operation[33]. The Walsh Hadamard matrix can be given by

1
WH, = —=— (-1
M (21)
u =§)ix *j, (22)

Where i are the element indices of the WHT matrix, and Y is
matrix order, moreover, the symbol (*) denotes a binary operation
between bits of binary element indices i and j, respectively while x
is the length of the binary digits of I, and j,
WHT matrix of order 2 can be written as

WH, 11 1
WH,, | 21

Alternatively, the matrix can be constructed recursively by
defining Hadamard identity [34]as

. For example, a

WH,,

WHT, =
WH,,

(23)

WHT, =i{

2

WHM/2

WHM/2:|
WHM/2

-WH M2 (24)

Since, the WHT matrix is real, symmetric and orthogonal, it
follows that

WHT, =WHT, = WHT;, (25)

WHT, WHT, =1, (26)

Where * stands for complex conjugate, T for transpose operation,

and ' isan identity matrix with a dimension of M xM
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Furthermore, since the WHT matrix is symmetric, both the
forward and inverse transformation is identical. The one

dimensional Walsh Hadamard transforms for a sequence S s
given as[26]

= nSi for k =0,12,......M -1
m=0 ‘ 27)

Where WH.., is an element of the WHT matrix.

Also, other main advantages of using WHT precoding beside
PAPR reduction help the system to restore orthogonality before
IFFT operation due to the process of successive addition and
subtraction, Hence, the FBMC/OQAM signal after IFFT is
presented as

s(m) = IFFT WHT {5, 33 (28)

6. Computational complexity

In our proposed scheme, the computational complexity can be
divided into two parts. The first part deals with the SAS prepro-
cessing computational complexity and the second deals with the
number of computation required in the IFFT stage.

i) Complexity of SAS preprocessing

Our proposed method deals with addition and subtraction of
FBMC/OQAM symbols with respect to the number of subcarriers
used at the system, therefore the complexity of the proposed
scheme can be found in two-step:

e The first step for SAS preprocessing: the complexity of the
SAS is given by the same number of the subcarrier which is
required for SAS process

e The second step is to deal with the complexity of the WHT
precoding which given by M log, M

ii) Complexity in the IFFT process

For M point IFFT, it requires complex multiplications and
M log,M additions. Here, the computational complexity of

different algorithms at the IFFT stage is calculated. Therefore, the
computational complexity of the different number of transmitter
antenna of the proposed scheme is given in table 2

Table 2: Complexity Analysis of Proposed Schemes With M, the
Transmitter Antenna

Table 3: The Parameter Used in the Simulation for MIMO FBMC System

Parameters value
1 Number of subcarriers 128,256,512,1024
2 SNR range 0-30
3 MIMO Scheme STBC
4 Modulation Technique OQAM
5 Prototype filter SRRC
6 Roll-off factor 0.55
7 Precoding scheme WHT
8 sampling factor 8

7.1. Performance under scenario 1

In this section, we analyzed the PAPR for MIMO FBMC/OQAM
Transceiver having two transmitters antennaes and two receiver
antennas with STBC technology. The complementary cumulative
distribution function (CCDF) is used to evaluate PAPR reduction
performance, which measures the probability that the PAPR ex-
ceeds a certain threshold (z). For a given threshold, a lower CCDF
indicates better PAPR performance.

Fig.6 llustrates the CCDFs of 2*2 MIMO FBMC/OQAM signal
(scenario 1) with a different number of subcarriers and combined
scheme consisting of SAS preprocessing with WHT precoding to
reduce PAPR. While Table 4 depicts the PAPR at CCDF =107* .
Clearly, from figure 6 and Table Ill, we observe that when we use
the proposed scheme, The PAPR appreciably improves. At clip
rate of 10™* , we can observe that our proposal can achieve PAPR
gain of 2.02, 2.79, 3.4, and 4.81 dB for 128, 256, 512 and 1024
subcarriers, respectively.

Table 4: PAPR Performance of Proposed Schemes under Scenario 1

No. of PAPR of conventional PAPR of FBMC with the
subcarrier  FBMC system Proposed scheme

1024 11.12 6.31

512 9.28 5.81

256 8.02 5.23

128 7.03 5.01

Multiplications Additions

Ml%logzM +M[M7logzM (M +M log, M )M,

We can observe that the IFFT requires more complexity, but the
computational complexity of the PAPR reduction of the proposed
scheme depends on the number of the subcarriers used of
FBMC/OQAM system.

7. Simulation results

In this section, the simulation results are introduced for the
proposed transceiver of STBC MIMO FBMC/OQAM systems
with used space diversity. To evaluate the performance of the
proposed schemes, we used different number of subcarriers and
different number of transmit antennas under two scenarios as fol-
lows:

i) 2*2 MIMO FBMC/OQAM Transceiver

ii) 3*3 MIMO FBMC/OQAM transceiver
We employed a different number of subcarriers as 64,128,256, and
512 for both scenarios with the detailed system parameters given
in Table 3

Fig. 7 illustrates the BER over an AWGN channel for 2*2 MIMO
FBMC/OQAM signal (scenario 1) with a different number of
subcarriers and combined scheme consisting of SAS prepro-
cessing with WHT precoding. We can observe that fortunately that
the proposed scheme has provided appropriate BER performance.

10°

P(PAPR>z)
=)

1 2 3 4 5

6 2 7 8 9 10 1 12

e Conventianl 2*2 MIMO FBMC/OQAM system for 1024 subcarrier

e Conventianl 22 MIMO FBMC/OQAM system for 512 subcarrier
weConventianl 22 MIMO FBMC/OQAM system for 256 subcarrier

=== Conventianl 2*2 MIMO FBMC/OQAM system for 128 subcarrier

= = 2'2 MIMO FBMC/OQAM system with proposed schemes for 1024 subcarrier
= = 2'2 MIMO FBMC/OQAM system with proposed schemes for 512 subcarrier
= = 2'2 MIMO FBMC/OQAM system with proposed schemes for 256 subcarrier
= = 2'2 MIMO FBMC/OQAM system with proposed schemes for 128 subcarrier

Fig. 6: PAPR Performance of 2*2 MIMO FBMC/OQAM Systems with A
Proposed Scheme.
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0 5
Eb/No (dB)

=8~ Conventianl 22 MIMO FBMC/OQAM system for 128 subcarrier

=B~ Conventianl 22 MIMO FBMC/OQAM system for 256 subcarrier

=%~ Conventianl 22 MIMO FBMC/OQAM system for 512 subcarrier

=&~ Conventianl 22 MIMO FBMC/OQAM system for 1024 subcarrier

== 2'2 MIMO FBMC/OQAM system with proposed schemes for 128 subcarrier
== 2'2 MIMO FBMC/OQAM system with proposed schemes for 256 subcarrier
== 2'2 MIMO FBMC/OQAM system with proposed schemes for 512 subcarrier
== 2'2 MIMO FBMC/OQAM system with proposed schemes for 1024 subcarrier
Fig. 7: BER Performance of 2*2 MIMO FBMC/OQAM Systems with A
Proposed Scheme under AWGN Channel.

7.2. Performance under scenario 2

In this section, we analyzed the PAPR for MIMO FBMC/OQAM
Transceiver with having transmitter antennas and three receiver
antennas with STBC technology.

Fig.8 Illustrates the CCDFs of conventional 3*3 MIMO
FBMC/OQAM signal (scenario 2) with a different number of
subcarriers and combined scheme consisting of SAS prepro-
cessing with WHT precoding to reduced PAPR. While, Table 5
depicts the PAPR at CCDF = 10~*. Clearly, from figure 8 and
table IV, we observe that when we use the proposed scheme, The
PAPR appreciably improves. At clip rate of 10™* , we can observe
that our proposed can be achieved PAPR gain of 1.82, 1.65, 2.4
and 3.35 dB gain for 128, 256, 512 and 1024 subcarriers, respec-
tively.

10°

3
T

P(PAPR>Z)
3
%
:

1
4 5 6 7 8 z 9 10 11 12 13
= Conventianl 3*3 MIMO FBMC/OQAM system for 1024 subcarrier

= Conventianl 3*3 MIMO FBMC/OQAM system for 512 subcarrier

= Conventianl 3*3 MIMO FBMC/OQAM system for 256 subcarrier

— 3*3 MIMO FBMC/OQAM system with proposed schemes for 128 subcarrier
= = 3'3 MIMO FBMC/OQAM system with proposed schemes for 1024 subcarrier
= = 3*3 MIMO FBMC/OQAM system with proposed schemes for 512 subcarrier
= = 33 MIMO FBMC/OQAM system with proposed schemes for 256 subcarrie
= = 3'3 MIMO FBMC/OQAM system with proposed schemes for 128 subcarrier

Fig. 8: PAPR Performance of 3*3 MIMO FBMC/OQAM Systems with a
Proposed Scheme.

Table 5: PAPR Performance of Proposed Schemes under Scenario 2

No. of PAPR of conventional PAPR of FBMC with the
subcarrier  FBMC system Proposed scheme

1024 12 8.45

512 10.5 8.1

256 9.45 7.8

128 8.84 7.03

Fig. 9 illustrates the BER over an AWGN channel for 3*3 MIMO
FBMC/OQAM signal (scenario 2) having different number of
subcarriers and combined scheme consisting of SAS prepro-

cessing with WHT precoding. We can observe that fortunately that
the proposed scheme has provided appropriate BER performance.

-10 5 0 Eb/No (dB) 5 10 15

—<&—Conventianl 3*3 MIMO FBMC/OQAM system for 128 subcarrier
—+—Conventianl 3*3 MIMO FBMC/OQAM system for 256 subcarrier

—&— Conventianl 3*3 MIMO FBMC/OQAM system for 512 subcarrier
—6—Conventianl 3*3 MIMO FBMC/OQAM system for 1024 subcarrier

= = 3'3 MIMO FBMC/OQAM system with proposed schemes for 128 subcarrier
= = 3"3 MIMO FBMC/OQAM system with proposed schemes for 256 subcarrier
== 3'3 MIMO FBMC/OQAM system with proposed schemes for 512 subcarrier
== 3'3 MIMO FBMC/OQAM system with proposed schemes for 1024 subcarrier

Fig. 9: BER Performance of 3*3 MIMO FBMC/OQAM Systems with A
Proposed Scheme under AWGN Channel.

8. Conclusion

The FBMC/OQAM system with MIMO technology may be used
as one of the best modulation schemes for the next wireless com-
munication system namely as fifth generation (5G) system.
Moreover, it can improve the spectrum efficiency, high diversity
gain, and system capacity. However, the most disadvantage of
MIMO FBMC/OQAM system is high PAPR especially when
signal access nonlinear devices, since it may require wide dynamic
range, or maybe cause nonlinear distortion so that it degrades the
overall performance. This paper presents a new scheme based on
the combination of the SAS preprocessing with used WHT pre-
coding for reduced PAPR of the MIMO FBMC/OQAM system
and Computational complexity of the proposed scheme was also
carried out

From our simulation, we can conclude that our proposed scheme
is able to provide a great reduction in PAPR as well as providing
acceptable BER performance at different number of subcarriers.
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