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Abstract—Filter Bank Multicarrier (FBMC) with offset QAM
(OQAM) is a possible waveform candidate for 5G and future
wireless systems and standards. FBMC is realized using either

polyphase network (PPN)-FFT or Frequency Spread (FS)-FBMC.

In this paper, channel coding schemes such as turbo codes and
low-density parity check (LDPC) codes were investigated in
terms of their peak-to-average power ratio (PAPR) and bit-error-
rate (BER) reduction performances for FS-FBMC/OQAM and
Orthogonal Frequency Division Multiplexing (OFDM) systems
in additive white Gaussian noise (AWGN) channel. Simulation
results show that turbo coded and LDPC coded FS-
FBMC/OQAM systems performed better than turbo coded and

LDPC coded OFDM systems in terms of BER performance. Also,

LDPC coded FS-FBMC/OQAM system because of its adequate
BER performance, reasonable PAPR performance, and reduced
computational complexity was found to be an appropriate choice
among other systems for 5G and future wireless networks. It was
also found that incorporating channel coding resulted in a very
large coding gain with only a minor rise in the system's PAPR
value.

Index Terms—Filter Bank Multicarrier (FBMC), Orthogonal
Frequency Division Multiplexing (OFDM), offset QAM
(OQAM), turbo codes, low-density parity check (LDPC) codes

I.  INTRODUCTION

Filter Bank Multicarrier (FBMC) is a possible
multicarrier waveform candidate for 5G and future
wireless systems and standards. It offers several
advantages such as minimum out-of-band (OOB) leakage
among other multicarrier waveform candidates such as
Filtered-OFDM (F-OFDM), Generalized Frequency
Division Multiplexing (GFDM), and Universal Filtered
Multi-carrier (UFMC), high spectral efficiency, and
relaxed synchronization requirements [1], [2].

Channel coding enhances the reliability of a system but
at the cost of increased system complexity and extra
bandwidth requirement. In [3] performance of turbo coded
Orthogonal Frequency Division Multiplexing (OFDM)
and FBMC systems are investigated in the presence of
phase noise. In [4], a turbo coded MIMO-FBMC system is
proposed and compared with a turbo coded MIMO-OFDM
system. In [5], BER performance of turbo coded and
uncoded massive MIMO-FBMC system is compared with
turbo coded and uncoded massive MIMO-OFDM system
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in underwater acoustic channel for real-time video
transmission. In [6], authors have proposed a parallel
coding technique using turbo product code for mobile
multimedia data transmission over a MIMO-FBMC
system. In [7], performance of low-density parity check
(LDPC) coded FBMC system is investigated. In [8],
authors have proposed a LDPC coded FBMC system for
data transmission over underwater acoustic channel. In [9],
non-binary LDPC codes are applied to FBMC/OQAM
system. In [10], authors have proposed a LDPC coded
MIMO-FBMC system for multimedia signals transmission
over underwater acoustic channel. In [11], authors have
proposed a LDPC coded FBMC system for voice and
image transmission over underwater acoustic channel.

FBMC can be realized either using polyphase network
(PPN)-FFT or Frequency Spread (FS)-FBMC realization
[12]. In this work FS-FBMC realization is employed.

In this paper turbo coded and LDPC coded FS-
FBMC/OQAM systems were investigated and compared
in terms of peak-to-average power ratio (PAPR)
performance and bit-error-rate (BER) performance over
additive white Gaussian noise (AWGN) channel, which
was not studied in any of the earlier works. Also, turbo
coded and LDPC coded OFDM systems were compared
with turbo coded and LDPC coded FS-FBMC/OQAM
systems in terms of PAPR and BER performances. It was
observed that turbo coded and LDPC coded FS-
FBMC/OQAM systems outperformed turbo coded and
LDPC coded OFDM systems, with turbo coded FS-
FBMC/OQAM systems outperforming other systems in
the signal-to-noise ratio (SNR) range of -4 dB to -2 dB and
LDPC coded FS-FBMC/OQAM systems outperforming
other systems for -2 dB < SNR < -1 dB. For SNR > -1dB,
turbo coded FS-FBMC/OQAM system, LDPC coded FS-
FBMC/OQAM system, and turbo coded OFDM system all
provided BER=0. Also, it was found that LDPC coded FS-
FBMC/OQAM system provided reasonable PAPR
performance and reduced computational complexity.

This work is organized as follows: Section 11 defines an
OFDM system. Section Il introduces the FS-
FBMC/OQAM system. PAPR of FS-FBMC/OQAM
signal is defined in Section IV. Turbo codes and LDPC
codes are presented in Section V. The proposed coded FS-
FBMC/OQAM system is shown in Section VI. Section VII
contains the simulation results as well as a discussion of
the findings. Conclusions are drawn in Section VIII based
on the findings.
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OFDM is a multi-carrier modulation system in which
data is sent as a combination of orthogonal narrowband
signals known as subcarriers. OFDM is based on single
carrier modulation, like QAM, and can transmit data at
similar rates. OFDM, on the other hand, is more resistant
to frequency selective fading and allows for easier receiver
equalization. Many common wireless communication
technologies, including WiFi and LTE, use OFDM as a
basic architecture.

The OFDM transmission method is made up of
numerous different parts. The information is first coded
and modulated, most commonly into QAM symbols.
These symbols are fed into equally spaced frequency bins,
and the signal is transformed into orthogonal overlapping
sinusoids in the time domain using the inverse fast Fourier
transform (IFFT).

One OFDM symbol is made up of the N samples at the
IFFT's output. Each OFDM symbol is then given a cyclic
prefix (CP), which permits circular convolution to be
computed using linear convolution if the CP is at least as
long as the channel impulse response. This enables
receiver equalization to reduce intersymbol interference
using a simple complex scalar multiplication applied to
each OFDM symbol separately.

OFDM due to its certain disadvantages such as low
spectral efficiency due to redundant CP transmission, high
OOB leakage due to rectangular pulse shaping, and
requirement of strict frequency synchronization between
subcarriers is not a suitable choice for 5G systems [13].

OFDM SYSTEM

I1l. FS-FBMC/OQAM SYSTEM

FBMC is a multicarrier waveform method in which
non-rectangular pulse shaping filters are used to filter the
individual subcarriers. Over K symbol intervals, the
FBMC symbol expands. As a result, it overlaps with K
successive FBMC symbols. The overlapping factor is
denoted by the letter K. Fig. 1 [13] illustrates the FS-

FBMC/OQAM transceiver structure. Time domain
subcarrier multi tap equalization is required by the PPN-
FFT FBMC receiver, which adds to the transmission
latency. For each subcarrier, the FS-FBMC receiver
requires only one tap frequency domain equalization,
which results in no additional delay. The FS-FBMC
transceiver requires KN-sized extended IFFT and FFT.

The total number of subcarriers is N in this case. The
PPN-FFT transceiver requires N-size IFFT and FFT, as
well as KN additional multiplications for the PPN [14].

The following equation can be used to explain the
frequency spreading [12] operation:

Sig+k = Fi X d;

1)

where, S(p") has index K + k and d(p) has index [, and
d(p) is a sequence of real and imaginary parts (imaginary
parts are multiplied by imaginary term ‘j') of complex
modulated symbols that alternate to ensure real field
orthogonality across subcarriers S(p'), and F, are the
frequency domain coefficients of prototype filter such that
Fp=F_,.

Here, p=0 to N-1, [=1 to N, p’= 0 to KN-1, and k= -(K-
1) to (K-1).

The following equation can be used to express the
output of the extended IFFT block, s(n’):

KN-1

p'=0 S(p"e jzmp'n! [KN

s() = 7= % ()

where, n'=0 to KN-1

To achieve full capacity, OQAM is used to double the
symbol rate. By switching the mapping of the real and
imaginary parts of complex modulated symbols at the
frequency spreading and filtering block's inputs,
successive extended IFFT outputs can be formed.
Extended IFFT outputs having a duration of KN are
overlapped with a delay of N/2, then summed and sent
across a channel. The time domain output of the FS-
FBMC/OQAM transmitter is shown in Fig. 2 and can be
expressed as follows:
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Fig. 1. FS-FBMC/OQAM transceiver block diagram.
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Fig. 2. Output of FS-FBMC/OQAM transmitter.

(To-)
Xeguc (N) = Z S (n—-gN/2) @)
(g=0)
where,n =0to (K +T,/2) N—N/2 -1
Where, Ty is the total number of FS-FBMC/OQAM
symbols, and s, (n") is the g™ extended IFFT output.
The received FS-FBMC/OQAM signal 7pgy-(n) is
expressed as:

Trpmc (M) = Xppyc(n) + wn) 4)

where, the channel noise signal is denoted by w(n).

The first FS-FBMC/OQAM symbol is
Trpme (M) =010 kn-1, the second FS-FBMC/OQAM symbol
is Tpgme (M) n= kN to 2kn-1, and SO ON.

The following equation can be used to explain the
frequency de-spreading [12] operation conducted at the
receiver side:

dy = Y=t k—1) S ik X Fy ®)

where, the frequency de-spreading and filtering block's

outputs are d (p) indexed as I, while the frequency de-
spreading and filtering block's inputs are S’(p") with index
IK + k.

IV. PEAK-TO-AVERAGE POWER RATIO (PAPR)

PAPR of FS-FBMC/OQAM signal x[n] can be
expressed as:
2
PAPR(dB) = 101lo0g,, (maxoj[;([:i;]lx{n” ) ©)

where, x(n) = xpgpc () |n=0 to kN-1

The complementary cumulative distribution function
(CCDF) of PAPR values is defined as the probability, P,
that PAPR exceeds some predetermined limit, PAPR,, and
is stated as:

CCDF(PAPR,) = P(PAPR > PAPR,) @
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V. CHANNEL CODES

A. Turbo Codes

A turbo encoder is a recursive systematic encoder with
two concurrent recursive systematic convolutional
encoders [15]. After applying a pseudorandom
interleaving technique to the input bit sequence, it is
transmitted through the second convolutional encoder.

For a particular number of iterations, turbo decoding
employs one of the two algorithms: Log-Maximum A
Posteriori (MAP) or Max-Log-MAP [15].

An iterative Max-Log-MAP turbo decoding technique,
a simplified version of Log-MAP, is used here.

Turbo codes with large interleavers have some
drawbacks, such as increased decoding delay and a
computationally complex iterative decoding procedure.
However, most communication systems tolerate the
decoding delay and increased computational complexity in
order to achieve very high coding gain [15].

WCDMA, LTE, DVB, and WiMAX all use turbo codes
[16], [17].

B. LDPC Codes

The Low-Density Parity Check (LDPC) code is a linear
error-correction code with a sparse parity check matrix H
(fewer nonzero elements in each column and row of the
matrix, H) [18]. There are two approaches to represent
LDPC codes: one using a parity check matrix, H, and the
other using a graphical representation, such as a bipartite
graph [19].

If the length of a code word is represented by no, the
number of information bits is represented by ko, and the
number of parity bits is represented by mo, then the code
rate is Rc= Ko/ no. If u stands for uncoded input bits, the
codeword c is written as [19]:

c = uG (8)

where,
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G is the generator matrix of size koxno, I, is the identity
matrix of size koxko and P is parity matrix of size ko ><(no—
ko). H stands for Parity Check Matrix and is expressed as
[19]:

Gkgxno = [Ikopkox(no—ko)]

H(no—ko)xng =[PT Ing—ko] (10)
Because the matrices G and H are orthogonal [19]:
HGT =0 (11)

The LDPC decoder employs either soft or hard decision
decoding algorithms. Soft decision decoding techniques
have a significant improvement in BER performance, but
at the expense of higher computational complexity and
decoding delay. Hard decision decoding methods have a
shorter decoding delay but a lower BER performance [19].

The soft decision hard output iterative Belief
Propagation decoding algorithm [19] is utilized in this
study since it has a low computational complexity and
decoding time.

DVB-S2, WIMAX 802.16e, Wireless LAN 802.11n,
and Wireless RAN 802.22 [18], [19] all employ LDPC
codes. LDPC codes are also candidates for 5G channel
codes [19].

100[

5
- --LDPC code|*
-=-turbo code
—uncoded ||

L J
-4 -2 0 2 4 6 8 10 12 14
SNR (dB)

Fig. 3. BER performance of turbo and LDPC codes using 4-QAM in
AWGN channel for code rate, Rc=1/3.

Fig. 3 depicts the BER performance of turbo and LDPC
codes in AWGN channel using 4-QAM for code rate,
R:=1/3. It can be observed that turbo code provides better
BER performance in the SNR range of -4 dB to -2 B. Also,
it can be observed that turbo code provides BER=0 for
SNR > -1 dB, whereas LDPC code provides BER=0 for
SNR > -2 dB.

TABLE |I: PARAMETER VALUES OF LDPC CODES AND TURBO CODES

Parameters Values
LDPC Code rate, R, 1/3
code - - -
Parity check matrix, | As used in DVB-S2
H standard
Turbo Code rate, R, 1/3
code -
Constraint length 4
Generator matrix [13 15] octal
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VI. PRoOPOSED CODED FS-FBMC/OQAM SYSTEM

The proposed coded FS-FBMC/OQAM system is
depicted in Fig. 4 as a block diagram employing either
turbo codes or LDPC codes. The random data bits are
encoded using a turbo encoder or an LDPC encoder, then
modulated using an FS-FBMC/OQAM modulator, as
described in Section Ill. The FS-FBMC/OQAM signal is
then passed through the AWGN channel. The received FS-
FBMC/OQAM symbols are first demodulated at the
receiver using the FS-FBMC/OQAM demodulator
(described in Section IlI), and then the data bits are
decoded using either the turbo decoder or the LDPC
decoder (covered in Section I1l). On the receiver side,
perfect channel estimation is assumed.

Turkbos LDPC
Encoder

Fs-
FBM CiD Gk
hoculation

'

Fontiel ]
channel

l

F=-
FERC OGN
Dremoculation

Data Bits !

Turkod LDPC
Drecoder

Recovered Bits

Fig. 4. Proposed coded FS-FBMC/OQAM system.

The total number of operations (Additions,
Multiplications, Complex operations) per code word for
turbo, and LDPC codes, can be expressed using (12) and
(13) respectively [20]:

Teurpo = 5 X 10%L (12)

where, Tuwro is the total number of operations per code
word for turbo codes, and L is the codeword length.

Tippc = 0.8 x 10%L (13)

where, Tippc is the total number of operations per code
word for LDPC codes. Hence, in comparison to turbo
decoding, LDPC decoding takes less operations per code
word length:

Tiurbo = 6 Trppc (14)

VII. SIMULATION RESULTS

In the AWGN channel, the suggested coded FS-
FBMC/OQAM system was evaluated in terms of PAPR
and BER performances. N'=22024 was chosen as the
number of uncoded subcarriers, while N=65224 was
chosen as the number of coded subcarriers. The number of
subcarriers allocated to guard band was set at 424. K=4
was chosen as the overlapping factor. The prototype filter's
frequency domain coefficients, F., were utilized as
specified in the PHYDYAS project [12]. The modulation
scheme used was 4-QAM. Table | shows the parameter
values of LDPC, and turbo codes used in this work. Soft
decision hard output Max-Log-MAP decoding algorithm
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was used for turbo decoding with 4 iterations. Soft
decision hard output Belief Propagation decoding
algorithm was used for LDPC decoding with maximum
number of iterations set to 50. MATLAB was used to carry
out the simulations.

o
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Fig. 5. (a) PSD of uncoded FS-FBMC/OQAM signal (b) PSD of uncoded
OFDM signal

TABLE Il: PAPR PERFORMANCE COMPARISON OF UNCODED FS-
FBMC/OQAM AND OFDM SYSTEMS

OFDM FS-FBMC/OQAM
11.38 11.84

PAPR (dB) at
CCDF=10"

Fig. 5 (a) and Fig. 5 (b) show the power spectral density
(PSD) plots of uncoded FS-FBMC/OQAM and OFDM
systems, respectively. Here, the no. of subcarriers was
fixed at 22024 for both uncoded FS-FBMC/OQAM and
uncoded OFDM systems and the number of overlapped
symbols, K was fixed at 4 for uncoded FS-FBMC/OQAM
system. Table Il compares the PAPR performance of
uncoded FS-FBMC/OQAM and OFDM systems. Fig. 6
shows the BER performance of uncoded FS-
FBMC/OQAM and OFDM systems in the AWGN channel
for various SNR values. It can be observed that uncoded
OFDM and FS-FBMC/OQAM systems provide almost
similar PAPR and BER performances, but FS-
FBMC/OQAM system provides very low OOB emission
as compared to OFDM system (PSDrs-remciogam = -175
dBW/Hz, and PSDorpm = -30 dBW/Hz at Normalized
Frequency=0.5). Also, FS-FBMC/OQAM  system
provides high spectral efficiency as compared to OFDM
system because of no CP transmission.

r r T T T T T
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uncoded
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109}
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Fig. 6. BER performance of uncoded FS-FBMC/OQAM and uncoded
OFDM systems in AWGN channel.

©2022 Journal of Communications

665

Fig. 7 shows the BER performance of turbo and LDPC
coding schemes for FS-FBMC/OQAM systems in the
AWGN channel for various SNR values. It can be shown
that turbo coded FS-FBMC/OQAM system provided
somewhat better BER performance than LDPC coded FS-
FBMC/OQAM system in the SNR range of -4 dB to -2 dB.
The LDPC coded FS-FBMC/OQAM system, however,
outperformed the turbo coded FS-FBMC/OQAM system
for -2 dB < SNR < -1 dB, providing BER=0 for SNR > -2
dB. In contrast, the turbo coded FS-FBMC/OQAM system
provides BER=0 for SNR > -1 dB. For SNR > -1dB, both
turbo coded and LDPC coded FS-FBMC/OQAM systems
provided BER=0.

—uncoded
-=-turbo coded
---LDPC coded| |

SNR (dB)

Fig. 7. BER performance of turbo and LDPC coding schemes for FS-
FBMC/OQAM system in AWGN channel.

10° E
i % -LDPC coded FBMC

— @ -turbo coded FBMC
——LDPC coded OFDM
—=—turbo coded OFDM
—+—uncoded FBMC
——uncoded OFDM

SNR (dB)

Fig. 8. BER performance of turbo and LDPC coding schemes for OFDM
and FS-FBMC/OQAM systems in AWGN channel.

Fig. 8 shows the BER performance of turbo and LDPC
coding schemes for OFDM and FS-FBMC/OQAM
systems in the AWGN channel for various SNR values.
Turbo coded and LDPC coded FS-FBMC/OQAM systems
outperformed turbo coded and LDPC coded OFDM
systems, with turbo coded FS-FBMC/OQAM systems
outperforming other systems in the SNR range of -4 dB to
-2 dB and LDPC coded FS-FBMC/OQAM systems
outperforming other systems for -2 dB < SNR< -1 dB.
For SNR > -1dB, turbo coded FS-FBMC/OQAM system,
LDPC coded FS-FBMC/OQAM system, and turbo coded
OFDM system all provided BER=0. Table 3 shows the
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PAPR performance of different coded systems. It can be
observed that LDPC coded OFDM system outperforms
other systems in terms of PAPR performance, but it is not
an appropriate choice because it provides inadequate BER
performance as compared to other coded systems as shown
in Fig. 8. It can be observed that LDPC coded FS-
FBMC/OQAM system provides a lower PAPR value in
addition to acceptable BER performance. From Table II
and Table 111, it can also be observed that the inclusion of
channel coding increases the PAPR value of the system (by
about 2 dB) but at the same time provides a very high
coding gain of about 14 dB at BER=0 as shown in Fig. 7.

TABLE I11: PAPR VALUES OBTAINED USING DIFFERENT CODED

SYSTEMS
Proposed Systems PAPR (dB) at CCDF=10*
Turbo coded FS-FBMC/OQAM 13.46
LDPC coded FS-FBMC/OQAM 12.83
Turbo coded OFDM 13.42
LDPC coded OFDM 12.69
Also, it can be stated that LDPC coded FS-

FBMC/OQAM can be used for applications that require
less computational complexity and decoding latency,
because in comparison to turbo decoding, LDPC decoding

takes less operations per code word length as shown in (14).

VIII. CONCLUSION

In this paper, uncoded and coded FS-FBMC/OQAM
and OFDM systems were analyzed in AWGN channel in
terms of BER and PAPR performances. It was observed
that uncoded FS-FBMC/OQAM and OFDM systems
provided similar BER and PAPR performances, but FS-
FBMC/OQAM system provided very low OOB leakage

and high spectral efficiency as compared to OFDM system.

Also, turbo coded and LDPC coded FS-FBMC/OQAM
systems outperformed turbo coded and LDPC coded
OFDM systems in terms of BER performance. It was also
observed that LDPC coded FS-FBMC/OQAM system
provided reasonable PAPR performance along with
acceptable BER performance, reduced computational
complexity and decoding latency. Hence, LDPC coded
FS-FBMC/OQAM system due to its advantages is found
to be an appropriate multicarrier waveform technique for
5G and future wireless networks. Also, incorporation of
channel coding provided a very high coding gain with a
small increase in the PAPR value of the system.
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