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Abstract

This article is devoted to the study of a method for choosing the shape of orthogonal frequency
division multiplexing signals in selective fading conditions. The result obtained is achieved by
applying the concatenated coding method. The adequacy of the obtained results was verified
by mathematical modeling of the orthogonal frequency division multiplexing channel with the
proposed signals based on the components of the turbo codes. As a result of the study, it was
found that the performance of the concatenated coding scheme in the orthogonal frequency
division multiplexing channel depends on the number of decoding iterations, as well as the
signal structure. The obtained results will be useful in choosing the coding method for
orthogonal frequency division multiplexing communication channels.
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1. Introduction

At the current stage of the introduction of modern infocommunication technologies, the use of
channel coding (CC) plays a key role in improving the performance of channels in which Orthogonal
Frequency Division Multiplexing (OFDM) is used [1, 2]. Since OFDM technology is the base for the
deployment of 4G and 5G networks [3, 4, 5], the concept of organizing systems based on it creates the
prerequisites for increasing the efficiency of CC, namely, increasing the resistance to fading in
information transmission channels. In this regard, it is necessary to emphasize the important role of
coding in the implementation of OFDM [6], based on the use of coded systems — COFDM [7, 8]. The
main contribution of CC in combination with time and frequency interleaving is to create bit-to-bit
communication in the data stream transmitted on individual carriers in the spectrum of the OFDM signal
so that the transmitted information data in the fading channel can be updated in the receiving equipment.

A review of relevant literature sources allows you to find out the following. OFDM modulation
method, the use of which allows you to effectively counteract the effects of interference and noise on
the quality of information transmission [9]. In this case, the presence of frequency selectivity creates a
certain advantage through frequency diversity [10]. Thus, the availability of information about the state
of the channel in the case of CC creates the prerequisites for obtaining a certain gain [11].

An important task of effective implementation of OFDM is to determine the change in the
probability of occurrence of bit errors in such systems due to distortions associated with the impact on
maintaining the orthogonality of individual subcarriers [12]. The main factors of such distortions can
be considered as fast fading effects, jitter, frequency offsets, non-linear distortions, etc. The main action
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of all these factors is directed ultimately to the occurrence of crosstalk between subcarriers of OFDM
signals. The consequence of the formation of interference in the package OFDM - subcarriers is the
impossibility of ensuring optimal signal reception due to the departure from the conditions of subcarrier
orthogonality [13]. When the described phenomena occur, the issue of reliable data identification,
channel estimation, and the issue of synchronization [14] come to the fore.

The above studies of well-known researchers are supplemented in the presented work. The
specificity of the presented studies is based on the fact that, despite the significant advantages of the
OFDM concept, a case is possible when deep fading accompanying the transmission of such signals
has a selective effect on some subcarriers by suppressing them, and on others, on the contrary,
amplifying them. This pattern ultimately leads to an increase in the average signal-to-noise ratio (SNR).
Selective fading effects occur in the OFDM channel. The article presents mechanisms to counteract
such effects in OFDM channels, which are based on the use of coding methods [15, 16] with forward
error correction (FEC). Thus, the novelty of the study is focused on finding conditions for improving
the noise immunity of signal reception in an OFDM channel under conditions of selective fading and
multipath propagation by applying error-correcting coding (ECC) methods.

2. Generating channel coding component schemes

This section provides a description of the coding scheme. The features of the circuit implementation
of encoders and decoders are given. Specific aspects when designing a decoder circuit are considered.

2.1. Description of the coding scheme

In accordance with the formulated task, we analyzed systems with OFDM in order to evaluate CC
and improve the noise immunity of systems with digital modulation. In parallel, the work compares the
efficiency of signal-code construction (SCC) based on turbo codes (TC) as part of a concatenated coding
(CnC) in the context of their application in OFDM. Separately, the efficiency of an OFDM system in
the case of a multipath channel with fading was studied. The studies were carried out in channels using
digital phase shift keying (PSK) of various orders.

We carry out the description, in Fig. 1 shows a block diagram of a turbo encoder (TE) containing
two convolutional recursive encoders (CRE) of length I=5 implemented on feedback shift registers.
This design has a feature compared to the classical one for convolutional codes (CoC) [15, 17, 18]: each
code block of the TC is triggered additionally for (I — 1) bits at the end of the frame of the information
sequence. After encoding the last bit in the frame, the leftmost adder in each component encoder takes
two copies of the same feedback bit and sets their outputs to zero. After the (I — 1) th bit, four memory
cells are filled with zeros, but at other times the encoder continues to output non-zero encoded symbols.
In this encoder design, the encoding rates were 1/3, 1/4 and 1/6 without the puncturing procedure.

Puncturing was used at a coding rate of 1/2 (1/3). For frame lengths of 1632 to 16384 bits, different
interleaver were taken, including pseudo-random and regular, operating according to the permutation
rule with records of results in a look-up table. The diagram is shown in Fig. 1, synchronization elements
are provided. In particular, the synchronization marker serves to control the state of the input buffer
(control of the contents of the buffer); with respect to the original buffer (multiplexer), it fixes the frame
synchronization pointer; in component encoders, fixes the moment of expiration of the code block. It
should be noted that the encoding process is necessarily accompanied by signal time delays (timings)
[15], and the entire information block of I-bits must be read before the next block is submitted for
encoding.

Next, a construction of a CC based on the component TC and the Reed-Solomon (RS) code is
proposed. Therefore, when synthesizing the structure of the TC encoder, we will place the following
accents. The implementation of the TE has its own peculiarities. In particular, the information block
must be buffered and read in a certain order during the encoding process. Such buffering is absent in
the CoC, and the buffer size is comparable to the interleaver size for the RS code. Thus, the TE generally
replaces the concatenated design based on the CoC and the RS code, and is not an alternative to the
convolutional encoder (CoE) in the above concatenated design. However, a combination of such codes
will be proposed to improve the efficiency of concatenated structures.
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The design of the decoder is formed by two decoders (DC), organized according to the principle of
"Soft in - Soft out™ (SISO), one for each stream formed by a single CRE block.
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Figure 1: TC encoder block diagram: Int is the interleaver; IBB is the information block input buffer;
OB is the output buffer

2.2. The nuances of the decoder circuit

They process the systematic part of the code (denoted as X« in Fig. 2) and the redundancy bits
associated with the Yy (and/or Yi2) streams and external information coming from another encoder. The
implementation of the decoder determines the process of its functioning, which can be parallel or
sequential, but the recursiveness is preserved.

g

BPU

Figure 2: TE design for analytical description (coding rate 1/3): BPU is the bit puncturing unit
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On Fig. 3 practical scheme of the TC decoder (TD). There are a number of algorithms for the
functioning of TC decoders. Minimum decoder scheme error probability (SISO) provides a maximum
a posteriori (MAP) decoding algorithm [15].
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Figure 3: Practical block diagram of a TD: DEC is the decoder SISO: Deint is the deinterleaver

TE uses an iterative decoding algorithm. Each component decoder provides a likelihood estimate,
with the received uncoded information symbols available to both decoders to perform these estimates.
Each decoder sends its likelihood estimates to the other decoder and uses the corresponding estimates
from the other decoder to determine new likelihood estimates by extracting redundant information
contained in the other decoder's estimates based on parity symbols only available to it. In general, the
following decoding algorithms can be used in TE: MAP, logarithmic MAP (max-log-MAP, APP), Soft
Viterbi (SOVA) decoding algorithm [17].

Mathematically, for a systematic code, the soft decoding process A( gi) can be represented as
follows:

ACGr) = Ac(Xi) + A(gr) + A (i) (1)

where A(gy) is the a priori logarithmic ratio of the likelihood function (LLF); A.(Xy) is the metric
obtained during channel estimation; A.( gi) is the metric is obtained on the basis of external
information from the decoding process and is generally independent of the decoder input Xx.

Thus, the metrics A.(Xx), Ao ( Gx), and A( §x) are used by the second decoder as an observation of
g inorder to organize the iterative process.

On Fig. 4 shows a scheme for investigating a transmission system with OFDM and TC-based
channel coding.

As follows from the diagram, the input frames of the TC are grouped, each block of packets forms
an OFDM frame, which begins with a synchronization symbol, followed by a reference symbol [1, 2,
8]. The first symbol will be used to determine the frame start time and estimate the frequency offset,
and the second will be used to estimate the frequency response of the channel. That is, the issue of
ensuring synchronization conditions is very important. Let's touch it in detail.

Synchronization of TC blocks is achieved through the use of a synchronization marker (Fig. 5). In
this case, the length of the TC block and the synchronization marker is inversely proportional to the
nominal coding rate R.

Therefore, the synchronization efficiency depends on the encoding rate. On the receiving side of the
telecommunication channel, the synchronization marker is identified by the features of its structure. It
should be noted that each of the decoders of the composite decoder (see Fig. 3) cannot always correctly
identify the effective size of the synchronization marker, which is very important. Indeed, when
decoding a long TC, the decoders of the constituent decoder must clearly identify the boundaries of the
code block, including taking into account the delimited and deinterleaved data in the decoder structure.
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Therefore, the synchronization marker usually includes a channel symbol (domain) that defines the
framing method.

In]
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Figure 4: Block diagram of signal generation and processing in an OFDM system with a concatenated
coding procedure
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bit
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Figure 5: Schematic of the resulting turbo code block with the sync marker attached: / is the
information data block length; R is the declarative encoding rate

The bit mapper block calculates the bit probability of the received character v using the formula:

IH@D)I?
4

(2)

A(vi,) = min (y(i) —y¥)? — min (y() —yY)2| = [H()|?By
vIeX;) YIEXy,

where H(i) is the channel response; X 112 and X ,i subsets described on the Gray code mapping [8],
and By ; = —|yy[i]l is the parameter for using QPSK; 16QAM (64QAM):

yylil, lyylill <2 (3)
By1=12@yli]l = 1), yyli] >2
2y [l + 1), yylil <2

By, = —|yylill +2 (4)
Let us consider the issue of choosing an interleaver in the channel turbo coding scheme, having

analyzed the results shown in Fig. 6 dependencies of the initial positions (Output) of bits in the coded
blocks on the input (Input) for different types of interleavers [19].
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Figure 6: Dependence of the initial position of bits in the block on the input position for different types

of interleavers: a is the periodic interleaver; b is the pseudo-random interleaver

In general, both periodic and pseudo-random data interleaving schemes can be implemented.
Periodic interleavers are divided into block and convolutional interleavers. The advantage of
convolutional interleavers is that the latency and storage capacity is half that of block interleavers. For
TC, the choice of the interleaver is quite important, since its structure has a direct impact on the
minimum distance and the number of low weights codewords, and these, in turn, according to formula
(5), have a direct impact on the efficiency of the TC. In the case of a pseudo-random interleaver, the
bits of the initial block in the interleaved block are located pseudo-randomly, and this ultimately has a

rather positive effect on the overall efficiency of the TC.

Bit error probability for TC takes the form:
e (5)
Pprob < Tpi

i=d

where N is the length of the code block; | is the block size that can be interleaved; ¢ is the total
information weight of all code words of weight i; pi is the probability of choosing an incorrect code

word that differs from the correct one in i positions.

3. Investigation of noise immunity of OFDM systems with channel coding

On Fig. 7 shows a scheme for studying a transmission system with OFDM and channel coding based
on a CnC (an external encoder based on a Reed-Solomon (RS) code, an internal encoder based on a
TC) [15, 20]. Dependences of Bit Error Ratio (BER) on the corrective ability of RS codes make it
possible to establish that the RS code has the best performance (255, 173) [21]. As follows from the
diagram (Fig. 7), the input frames of the TC are grouped, each block of packets forms an OFDM frame,

which, as described above in the article.

To implement OFDM in the scheme of Fig. 7, we have carried out the formation of subsystems of
blocks of the OFDM modulator and demodulator. The blocks convert a sequence of complex symbols
into a multicarrier complex envelope OFDM waveform (see Fig. 8). In the diagram in Fig. 8, the bit
sequence enters the bit mapper (MAP) and then to the subcarrier signal generator (Subcarrier MAP)

[22]. Next, OFDM signals are generated.

On Fig. 9 we present part of the signal processing subsystem with OFDM. The scheme includes the

SC DMAP block - a block that provides the allocation of data subcarriers from an OFDM symbol.
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Figure 7: Simulink - a signal generation and processing model in an OFDM system with a concatenated
coding procedure
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Figure 9: Signal processing subsystem with OFDM modulation

The performance of the system was evaluated by conducting a series of numerical simulation
experiments in various configurations of coding/decoding schemes in the AWGN channel. For research,
constructions of 100 frames in size were used, which contained 20 packets each. Programmatically, the
model had settings according to the known structure of information transmitted in the channel, in
addition, in the case of studying the effectiveness of coding, the synchronization mechanism was
organized as ideal. The research process included steps to determine the impact of the TC structure on
performance and evaluated the impact of the number of decoding iterations, encoding rate and SCC
shape. In the experiment, the characteristics of the TC as a composite encoder in the OFDM channel
were studied. The idea of using the concatenated design was to achieve the channel performance at the
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level of the bit error probability BER=10E-9. It was proved in [21] that such an approach will eliminate
the saturation effect inherent in TC and thus improve the channel performance as a whole.

Thus, in the scheme, the internal decoder reduces the probability of obtaining a BER to the level of
10E-4+10E-5 (Fig. 7), in order to obtain a concatenated code (RS +TC) of performance 10E-9 at the
output. On Fig. 10 shows a typical distribution of errors at the output of the TC in terms of the
probability of a bit error at the level of 10E-5, depending on the number of iteration cycles during
decoding.

BER MaxLogMAP
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Figure 10: Channel noise immunity graphs with TC (logMAP decoding algorithm, R=1/3, block length -
2298 bits)

In the diagram in Fig. 4, it is proposed to use an outer interleaver in order to ensure the correct
distribution of errors formed by the grouped areas of damaged data that can enter the channel from the
TC constituent convolutional encoder (Fig. 2). The spectrum of the OFDM signal [23] on the
transmitting (TX) and receiving side (RX) of the channel is shown in Fig. 11.

OFDM Spectrum —— TX Output (dBm)

-20 — RX Input (dBm)
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Figure 11: Spectrum of an OFDM signal on the transmitting (TX) and receiving side (RX) of the channel

Fig. 12 a shows graphs of noise immunity (versus carrier-to-noise ratio (C/N)) of a
telecommunication channel with OFDM and CnC. During the experiment, 3 iterations, coding rate 1/3,
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codes (7, 5), (15, 17), (37, 21), (117, 121) and QAM modulation were used. The best indicators have a
code like (117, 121), the energy gain of coding (EGC) was almost 2 dB.

On Fig. 12 b shows the resulting graphs of the noise immunity of a telecommunication channel with
OFDM signals and CnC (RS + TC) for the configuration of codes (37, 21) and (117, 121) 5 iterations
and a coding rate of 1/3 for various modulation schemes. We used multiposition signals QPSK and
16QAM.

The simulation result indicates performance losses in the case of increasing modulation levels, and
for the case of the same code structure (37, 21) when using QPSK and 16QAM, the performance drop
was about 3.9 dB, while the transition to the code structure (117, 121) for a similar type of signals
resulted in a loss of performance of 3.1 dB.
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Figure 12: Graphs of noise immunity of OFDM signals with CnC (RS+TC): 1 is the (7, 5), 2 is the (15, 17),
3is the (37, 21); 4 is the (117,121); QPSK - a and b is the graphs of noise immunity of OFDM signals
with CnC (RS+TC): 1 is the QPSK (37, 21); 2 is the QPSK (117, 121); 3 is the 16QAM (37, 21); 4 is the
16QAM (117, 127)

On Fig. 13 shows the results of studying the performance of a channel with OFDM signals in the
case of a change in the number of iterations when decoding an external TC decoder.

== 1 (1)
0.1 eee 2 (3) H
=+ 3 (5)

0.5 1.25 2 2.75 3:5 4.25 5

N
Figure 13: Graphs of noise immunity of OFDM signals with CnC (RS+TC (37, 25)): 1 is the 1st iteration;
2 is the 3rd iterations; 3 is the 5 iterations

During the study, the number of iterations was changed from 1 to 5 (coding rate 1/3). As a result of
the study, EGC was set when the number of iterations changed. So, in the case of an increase in the
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number of iterations from 1 to 3, the channel performance increased by 2 dB, and an increase in the
number of iterations to 5 led to an increase in performance by 0.25 dB.

The results of the study (Fig. 13) suggest that the performance of the CnC scheme for an OFDM
channel depends on the number of decoding iterations, as well as the SCC structure. Increasing the
length of the code sequence improves the performance of the circuit, but has a direct impact on the
complexity of decoding. Increasing the number of iterations increases the decoding performance, but
affects the speed and, accordingly, the computational complexity of decoding. However, optimal in
terms of speed and computational complexity, the selection of a circuit and a TC decoding algorithm
makes it possible to find a compromise on the design of concatenated circuits in OFDM channels and
ultimately obtain a satisfactory performance gain.

4. Conclusion

A technique for improving the noise immunity of OFDM systems with efficient coding is described.
Recommendations on the use of FEC coding methods are given. The scientific problem of increasing
the noise immunity of signal reception in an OFDM channel under conditions of selective fading and
multipath propagation is solved by applying ECC methods. A coding scheme with FEC in an OFDM
channel based on CnC SCC is proposed.

Based on the results of the study, it was determined that with an increase in the length of the code
sequence and the number of decoding iterations, the productivity of the proposed SCC increases to
almost 2 dB. However, performance decreases by 3.9 dB when changing the waveform and moving to
higher order modulation in SCC. When deploying networks based on OFDM, it is necessary to optimize
the selection of SCCs in terms of coding rate and computational complexity, which will ultimately make
it possible to find a compromise in performance indicators.

Future research will focus on the design of SCC for OFDM based on the use of polar codes and
LDPC codes and their implementation through Field Programmable Gate Array (FPGA) for 5G (6G)
information systems.
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