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Abstract In mobile communication systems, there are errors that will be gener-
ated in the digital signal due to fading and interference. Consequently, different
techniques are used to improve the system’s reliability and enhance the signal’s ro-
bustness. Channel coding techniques are used to enhance the system reliability of
5G wireless communication systems. In the upcoming wireless technologies, LDPC
codes are still introduced as an alternative to turbo codes. However, the error floor
phenomenon is one of the biggest demerits of using LDPC code in the different
communication systems that need low error rates. This paper uses RS codes with
LDPC codes in a concatenated code to solve this demerit of LDPC codes. Mean-
while, a modified concatenated RS/LDPC codes are created using outer RS codes
with inner LDPC codes then appended by interleaver, unlike the conventional con-
catenated codes that use the interleaver between both codes. Thereafter, the mod-
ified concatenated RS/LDPC codes were suggested to enhance BER performance
for the f-OFDM system. The results showed that using the proposed concatenated
code outperformed using single and familiar concatenated RS/LDPC code in terms
of improving BER performance. Meanwhile, the proposed system achieved lower
OOBE values than the conventional OFDM system. Therefore, the resulted sys-
tem can be introduced as a competitor candidate for 5G wireless communication
systems due to these features.

Keywords f-OFDM · 5G · MIMO · RS · LDPC · BER · PAPR · OOBE

1 Introduction

In broadband wireless communication systems including the Fourth Generation
(4G), the technology of Multicarrier Modulation (MCM) especially Orthogonal
Frequency Division Multiplexing (OFDM) system, is considered a key technology.
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The design of the OFDM system is suitable to resist the impact of multipath
reception. It considerably alleviates the Intersymbol Interference (ISI) and en-
hances spectral efficiency. Nevertheless, Long Term Evolution (LTE)/4G systems
became insufficient in meeting the requirement of wireless communication systems
and their requirements of higher data rate due to the rapid growth of wireless
communication services. Thereby, Fifth Generation (5G) systems have become a
hotspot for research nowadays. On the other hand, due to the high Peak to Av-
erage Power Ratio (PAPR) and Out Of Band Emission (OOBE), OFDM does
not suitable for the demand of the 5G heterogeneous service. Moreover, in the
entire bandwidth, the OFDM supports one kind of waveform parameter. While,
filtered OFDM (f-OFDM) system divides the whole system’s bandwidth for sev-
eral subbands which are filtered using different filters, thereby it supports various
waveform parameters based on different service scenarios [1]. In mobile commu-
nication systems, errors will be generating in the digital signal due to fading and
interference. Consequently, different techniques are used to improve the system
reliability and enhance the signal robustness such as increase the transmit signal
power and using error detection/correction techniques. However, channel coding
techniques are considered a common method to minimize the system error rate
[2]. Different channel coding techniques including Bose–Chaudhuri–Hocquenghem
(BCH), Reed Solomon (RS), polar, Low Density Parity Check (LDPC), turbo and
convolutional codes were suggested by [3–12] to enhance the system reliability 5G
wireless communication system. Meanwhile, LDPC and polar codes were intro-
duced by Third Generation Partnership Project (3GPP) in the recent finalized
release-15 5G New Radio (NR) access technology standard to use rather than the
turbo and convolutional codes with 4G/LTE [13]. Both polar and LDPC codes are
discussed in [14] for the 5G NR standard. They showed that the NR LDPC codes’
performance is similar to LTE turbo codes. Nevertheless, turbo codes suffer from
error floor at high code rates. On other the hand, NR LDPC codes outperform
LTE turbo codes in terms of lower latency and higher throughput[14]. Meanwhile,
different channel coding such as convolutional, turbo, LDPC and polar codes have
been evaluated in [15] to propose the optimum code for a 5G mobile communica-
tion system over Addictive White Gaussian Noise (AWGN) channel and Binary
Phase Shift Keying (BPSK) modulation scheme with 1/2 code rate. The analysis
has been performed based on the reliability, flexibility, latency and complexity for
short-length message transmission. They showed that the systematic convolutional
code outperforms in higher reliability, low encoding latency and better flexibility
for the 5G mobile communication system. While, polar code outperformed in terms
of decoding complexity [15].
In 5G technologies, the demand for higher data rates (around 1000 times higher
than 4G) and higher reliability led to the search for channel coding techniques char-
actering high efficiency. In the upcoming wireless technologies like Ultra-Reliable
Low Latency Communication (URLLC), massive Machine Type Communication
(mMTC) and Device to Device communication (D2D) etc, LDPC codes are still
introduced as an alternative to turbo codes [16]. It is a type of linear block code
has capability of error correction close to Shannon limit [17].However, the error
rate floor phenomenon is considered one of the biggest demerits of using LDPC
code in different communication systems which needs to low error rates [18–20].
In contrast, different researchers are trying to solve this problem using several
techniques. Nevertheless, they are facing the problem of increasing the decoding
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latency or encoding/decoding complexity due to the use of these techniques [21].
On the other hand, RS codes are classical linear block codes utilized in many clas-
sical transmissions which required to correct burst errors [22]. Many researchers
such as [23–26], proposed using RS with LDPC codes in a concatenated code to
solve the problem of the error rate floor phenomenon of LDPC codes. They showed
that, the error floor LDPC code could be significantly eliminated by using with
outer RS codes in concatenated RS/LDPC codes, achieving high decoding perfor-
mance. Furthermore, the concatenated RS/LDPC codes have good handling with
burst error and improve coding gains owing to use outer RS codes. In digital com-
munication systems, concatenated coding is considered a common error correction
technique that uses both codes, outer and inner separating them with interleaver.
Using the interleaver is important to scatter burst errors that may occur after
the inner decoder and thus helps the outer decodes in correcting the remaining
errors from the inner decoder [27]. In [28], a novel BCS code was created using the
same idea of concatenated codes with different from combining both codes, then
appended by interleaver as shown in Fig. 1. They showed that the proposed code
is outperformed the familiar concatenated code.

Fig. 1 Novel BCS code

On the other hand, BCS code was suggested in [29] to be used with f-OFDM
system and introduced as a promising technique for 5G systems. They explained
that a considerable enhancement in Bit Error Rate (BER) performance and mini-
mized PAPR has been achieved by using BCS code in the f-OFDM system, while
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using finite impulse response (FIR) filter is significantly reducing OOBE. The same
idea of BCS code [28] has been used in this paper for concatenated RS/LDPC code.
The proposed concatenated RS/LDPC code is created using an inner LDPC code
with an outer RS code then appended by interleaver. Thereafter, the proposed con-
catenated RS/LDPC code will be used with the f-OFDM system and introduced
as a candidate for 5G wireless communication system.

2 System Diagram

The proposed concatenated RS/LDPC codes in the f-OFDM system block diagram
have been depicted in Fig 2. The simulation is performed by MATLAB software
over a 2X2 MIMO system in the presence of a multipath fading channel for BPSK
and Quadrature Phase Shift Keying (QPSK) modulation schemes. In this paper,
owing to the ease and simplicity of online generation filters, the windowed Sinc
scheme is chosen to be used in f-OFDM system architecture among the existing
FIR filter schemes. Kaiser, Hanning and Rooted Raised Cosine (RRC) are the
different options of window functions. The RRC window has been used in this
paper to achieve good trade-off between time and frequency localization [30].

Fig. 2 Proposed System Diagram

As shown in Fig. 2, the discrete binary stream is the input data that will be
encoded using the proposed RS/LDPC codes. After that, the encoded data will be
modulated using either BPSK or QPSK modulation schemes. The OFDM signal
will be created after using both Inverse Fast Fourier Transform (IFFT) and Cyclic
Prefix (CP). By using the FIR filter on the OFDM signal, the f-OFDM signal will
be created. By using filter f(n), it is possible to utilize several types of windows
functions to obtain f-OFDM [1]. In general, S(n) is the classic OFDM symbol can
be written as follows [1]:

S(t) =

N−1X

i=0

direct(t− ts − (T/2))ei2πfi(t−ts) ts ≤ t ≤ ts + T (1)
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Table 1 Simulation Parameters

Transmission BW 20 MHZ

Channel (2X2) MIMO System
Multipath Fading Channel

No.of IFFT/FFT Points 2048
No. Occupied Sub-Carriers 1200
CP Length 144
Modulation Schemes BPSK and QPSK
Subcarrier Spacing 15 kHz
B.W 19.83 MHz
Sampling Rate 30.72 MHz

Filter Type Root-Raised-Cosine
Design (RRC) Windowed- Sinc

Roll-off factor (α) 0.6
Length 513

Channel Coding Concatenated BCH/LDPC Codes

where N, di, T, fi and rect(t) is the subcarrier numbers, complex data symbol,
symbol duration, the subcarrier frequency and rectangle function, respectively.

Assume that {sn,k}
N−1
k=0 with E|Sn,k|

2 = σ
2
s the transmitted complex symbols

of nth OFDM block. Hence, the OFDM signal could be written as follows [1]:

Sn(t) =

N−1X

k=0

Sn,ke
j2πk∆ft 0 ≤ t ≤ Ts (2)

where ∆f, Ts is the sub-channels space and symbol duration.

By passing the OFDM signal s(n) via the filter f(n) , the f-OFDM signal gs(n)
could be created. Hence, it could be expressed using the convolution process as
follows [1]:

gs(n) = S(n) ∗ f(n) (3)

The time domain of the filter is written as follows [30]:

f(n) = Sid(n) ∗ w(n) (4)

where w(n) and fid(n) is the time domain of the window function and the ideal
low pass filter, respectively [30]:

fid(n) = 1/2

Z wc

−wc

ejwndw = sin(wcn)/wcn (5)

where wc is the low pass filter’s cutoff frequency While, the time domain of
the RRC window is given by [30] :

WRRC(n) = [0.5(1− cos(2πn/Nf − 1))]α (6)

where α is the factor controlling the window shape ( α = 0.6 for RRC) and Nf

represents the filter’s length.
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3 Simulation Results

In the beginning, BER performance will be evaluated for the proposed concate-
nated RS/LDPC codes in the f-OFDM system then compared to both single and
conventional concatenated RS/LDPC codes for both modulation schemes. The
impact of using interleaver in single and concatenated codes will be discussed.
Furthermore, using the interleaver between outer and inner codes in conventional
RS/LDPC codes against using after both codes in the proposed concatenated
RS/LDPC codes will also be compared in this section. BER performance of LDPC
codes in the f-OFDM system for BPSK is depicted in Fig. 3. It showed that both
curves of BER performance for LDPC code with and without interleaver at low
values of Signal to Noise Ratio (SNR) were smoothly improving and the errors de-
creasing. On contrast, they give a constant number of errors at higher SNR values
due to the error floor phenomenon. Thus, using interleaver with LDPC code does
not help in solving the problem of error floor phenomenon for BPSK modulation
schemes.

Fig. 3 The Performance of LDPC code in f-OFDM system/BPSK

On the other hand, Fig. 4 shows the BER performance of LDPC codes in the
f-OFDM system for QPSK modulation schemes. It shows that, for QPSK, using
interleaver could not help in solving the LDPC code’s problem. Both curves could
not decrease the errors after around 20dB and 24dB without and with interleaver,
respectively. Thus, the error floor problem of LDPC code still exist and could not
be solved by using interleaver for both modulation schemes.
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Fig. 4 The Performance of LDPC code in f-OFDM system/QPSK

The performance of the RS code with the f-OFDM system for BPSK is showed in
Fig. 5. The outcomes showed that the BER performance of the proposed system
using RS code with interleaver outperformed the performance without interleaver.
Using interleaver with RS code is significantly improved the BER performance of
the f-proposed system and eliminated the error floor compared to use RS code
without interleaver for BPSK. Thus, around 15dB coding gain has been achieved
at 2× 10−2 by using interleaver compared to RS codes without interleaver for the
BPSK. Also, for the QPSK modulation scheme, using interleaver with RS code in
f-OFDM system significantly improves BER performance and eliminates the error
floor compared to use only RS code in the f-OFDM system without interleaver,
as depicted in Fig 6. Around 10dB coding gain has been achieved at 2 × 10−2

using interleaver compared to RS codes without interleaver for QPSK modulation
scheme

Therefore, using interleaver with RS codes has significantly improved the BER
system performance and eliminated the error floor phenomenon, unlike the LDPC
codes, which does not improve the BER performance or eliminate the error floor
phenomenon using the interleaver. Thus, the LDPC code needs to be used with
other error correction codes in concatenated form to solve its error floor phe-
nomenon. The performance of conventional concatenated RS/LDPC code that
uses outer RS code with inner LDPC code then separated by interleaver in the
f-OFDM system is depicted in Fig. 7 for the BPSK. It is clear that using conven-
tional concatenated RS/LDPC code in the f-OFDM system outperforms both sin-
gle codes. Using concatenated code achieved lower BER than single RS and LDPC
codes for BPSK. Meanwhile, BER performance of conventional concatenated RS
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Fig. 5 The Performance of RS code in f-OFDM system/BPSK

Fig. 6 The Performance of RS code in f-OFDM system/QPSK

/LDPC code in f-OFDM system for QPSK modulation scheme is depicted in Fig.
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8. Also, for QPSK, the familiar concatenated RS/LDPC code outperforms single
RS and LDPC codes. Thus, using LDPC code with RS code in concatenated code
scheme achieved significant improvement in the f-OFDM system in terms of BER
performance better than single RS and LDPC code and contributes in solving
the error floor phenomenon of LDPC code in both BPSK and QPSK modulation
schemes. Here, around 12 and 17dB coding gain at 3 × 10−2 have been achieved
by using conventional concatenated RS/LDPC code against a single LDPC code
in BPSK and QPSK, respectively.

Fig. 7 The Performance of ECC’s in f-OFDM system/BPSK

The modified concatenated RS/LDPC codes which use outer RS code with
inner LDPC code and appended by interleaver has been suggested for the f-
OFDM system in this paper and compared to single and conventional concate-
nated RS/LDPC code for both modulation scheme as depicted in Fig. 9 and 10.
In both modulation schemes, although the conventional concatenated RS/LDPC
codes that used the interleaver between both codes outperform single RS and
LDPC codes, achieving lower BER and terminating the error floor phenomenon of
LDPC codes shown in Fig. 7 and 8. Nevertheless, the proposed modified concate-
nated RS/LDPC codes that used the interleaver after both codes outperformed
the single and conventional concatenated RS/LDPC codes for both modulation
schemes, as shown in Fig. 9 and 10.
Due to the use of the interleaver after both outer and inner codes, the modified con-
catenated RS/LDPC codes outperformed conventional concatenated RS/LDPC
codes. By using this method, the interleaver helps both outer and inner decoders
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Fig. 8 The Performance of ECC’s in f-OFDM system/QPSK

in correcting the errors, unlike the conventional method that uses interleaver in
between, which helps only the outer decoder in correcting the errors.

The results proved that using the modified concatenated RS/LDPC codes in
f-OFDM system achieved significant improvements in terms of BER performance,
outperforming single and conventional concatenated RS/LDPC codes in both mod-
ulation schemes. Meanwhile, the Power Spectrum Density (PSD) of both f-OFDM
and familiar OFDM systems using proposed concatenated RS/LDPC codes are
compared in Fig. 11 and 12 for BPSK and QPSK, respectively. The outcomes
showed that the OOBE of the f-OFDM system is lower than the familiar OFDM
system in both modulation schemes. It achieved around 80dB OOBE values lower
than the familiar OFDM system in both modulation schemes. Thus, owing to use
the FIR filter in the f-OFDM system contributed in decreasing OOBE values to be
significantly lower than the familiar OFDM system as shown in Figs. 11 and 12.
Therefore, the proposed system not only enhances the performance of the f-OFDM
system but also maintains the OOBE levels at low values.

The last evaluation of the system performance is the PAPR values and com-
pared to the conventional OFDM system. The comparison of PAPR values for the
proposed system versus the OFDM system are depicted in Table 2.

Table 2 PAPR values of the proposed system versus Familiar OFDM system

Technique Familiar OFDM system Proposed system

BPSK 10.1926 dB 10.5502 dB
QPSK 10.1961 dB 10.055 dB
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Fig. 9 The Performance of proposed concatenated RS/LDPC code in f-OFDM system/BPSK

Based on the results of both systems, it can be concluded that the suggested
system could save the PAPR values near or lower the conventional OFDM sys-
tem for both modulation schemes. Both systems achieved somewhat close values.
Thus, the proposed system can be introduced, which is designed using modified
concatenated RS/LDPC code in the f-OFDM system as an alternative waveform
to conventional OFDM system. This is due to solving the problem of high OOBE
level using FIR filter and achieving PAPR values near of conventional OFDM sys-
tem. Furthermore, the use of the modified concatenated RS/LDPC codes in the
f-OFDM system contributed to enhancing the BER performance to be better than
both single and conventional concatenated RS/LDPC codes. This, led to introduc-
ing the proposed system as a contender waveform for 5G wireless communication
systems due to these features.

4 Conclusion

The modified concatenated RS/LDPC codes are suggested in this paper for the
f-OFDM system via a multipath fading channel using the 2X2MIMO system. The
proposed concatenated code in this paper is created using inner LDPC code with
outer RS code then appended by interleaver unlike the conventional concatenated
code that separated the outer and inner codes by interleaver. The impact of using
the interleaver on single RS and LDPC codes has also been discussed. The re-
sults showed that LDPC codes’ performance did not improve, and the error floor
phenomenon still exists even with using interleaver. Unlike the RS codes, which
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Fig. 10 The Performance of proposed concatenated RS/LDPC code in f-OFDM sys-
tem/QPSK

Fig. 11 PSD of OFDM versus proposed system/BPSK

are significantly improved and the phenomenon of the error floor is eliminated
by using interleaver. Around 15 and 10 dB coding gain have been achieved at
2 × 10−2 by using RS with interleaver compared to the RS codes without inter-
leaver for BPSK and QPSK, respectively. On the other hand, the conventional
concatenated RS/LDPC codes in the f-OFDM system outperformed single codes
in terms of BER performance. Nevertheless, the proposed modified concatenated
RS/LDPC codes outperformed single and conventional concatenated RS/LDPC
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Fig. 12 PSD of OFDM versus proposed system/QPSK

codes in both modulation schemes. Meanwhile, using LDPC codes with RS codes
in concatenated form contributed to improving the BER performance and elimi-
nating the phenomenon of error floor of LDPC codes. Around 12 and 17dB coding
gain at 3 × 10−2 have been achieved using concatenated RS/LDPC code against
a single LDPC code in BPSK and QPSK, respectively. In contrast, due to the
use of the FIR filter in the suggested system, the f-OFDM system using modified
concatenated RS/LDPC codes achieved around 80dB lower values of OOBE than
the conventional OFDM system. It also recorded near or lower values PAPR of the
conventional OFDM system. In conclusion, the suggested system is a promising
contender for 5G wireless communication systems.
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