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Abstract

Objectives. The aim of this paper is to study the noise immunity of digital information transmission in systems with
orthogonal frequency division multiplexing (OFDM) and quadrature amplitude modulation (QAM) of subcarriers
in the presence of narrowband interference. As a way of managing this interference, the paper studies the use
of a demodulator with soft outputs and subsequent decoding of the convolutional code and low-density parity-
check (LDPC) code used in the system.

Methods. The results presented in the article were obtained using statistical radio engineering, mathematical
statistics, encoding theory, and computer modeling.

Results. The paper presents a simple method for calculating soft bit estimates in the M-point signal QAM
demodulator, where M is an even power of two. A considerable amount of numerical results were obtained which
show the dependence of the transmitted information bit error rate on M, as well as on the signal-to-noise ratio,
signal-to-narrowband interference, and code rates.

Conclusions. It can be concluded from the above results that the use of encoding with soft demodulator decisions
significantly improves the noise immunity of OFDM signal reception, and enables narrowband interference to be
managed efficiently. LDPC encoding is superior to convolutional encoding in increasing the noise immunity
of OFDM signal reception both in the absence and in the presence of narrowband interference. Along with the use
in QAM-OFDM systems, the proposed simple method for demodulating QAM signals with soft decisions can be used
in any wireless communication system using M-position QAM signals, where M is 2 to an even power.
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HAYYHAA CTATbA

IHomexoycToituuBoCcTh MpuemMa curuajia OFDM
C UCMOJIb30BAHUEM KBAJAPATYPHOU
AMIIJIUTYIHON MOAYJSAIMHA ¢ MATKUMHU PellICHUSIMHU
IPY HAJIUYUHU Y3KOMOJOCHBIX IMOMeEX

A.A. NMapamoHos @,
B.B. Yy

MUP3A — Poccumickuni TexHosorn4eckmni yumsepeutet, Mocksa, 119454 Poccus
@ ABTOp An19 nepenvicku, e-mail: paramonov@mirea.ru

Pe3iome

Llenun. Llensto paboTbl ABNSETCA UCCNeaoBaHne NOMexXoyCTOMYMBOCTY Nnepeaayn uudpoBon MHdopMaLum B CUCTe-
Max Ha OCHOBE MYNbTUMIEKCUPOBAHMS C OPTOroHasIbHbIM HaCTOTHLIM pa3aeneHuem (orthogonal frequency division
multiplexing, OFDM) n kBagpaTypHOI amnnuTyaHon moaynaumen (quadrature amplitude modulation, QAM) nogHe-
CYLLUMX B MPUCYTCTBUN Y3KOMOJIOCHOM noMexu. B kauecTBe cnocoba 60pbObl C 3TOM MOMEXOM NCCNeaoBaHO NpumMe-
HeHve OeMoLynaTopa ¢ MArkMuMuy Belxogamu 1 nocneayoliee AeKoaAnpoBaHne NCnosib3yeMblX B CUCTEME CBEPTOY-
Horo koaa v koga LDPC (low-density parity-check code).

MeTopabl. [peacTaBfieHHbIe B CTaTbe PedysibTaTbl MOJy4EHbI C ICMNONb30BaHMEM METOL0B CTAaTUCTMHECKOWN paamno-
TEXHUKN, MATEMATUYECKON CTATUCTUKN, TEOPUN KOANPOBAHUSA U KOMIMBbIOTEPHOI0 MOAETMPOBAHUS.

Pe3ynbTathl. [TpeacrtaBneH NpocTon MeTon BbIYUCIEHUS MAMKUX OLLEHOK GUTOB B AEMOAYNATOPE M-N4YHbIX CUrHa-
noB QAM, roe M aBnseTCcs YeTHOM CTeneHbio ABOMKN. MosyyeH 60/bLIOoN 06bEM YNCEHHbIX PE3YNbTATOB, MOKa3bl-
BAIOLLIMX 3aBMCMMOCTb BEPOSATHOCTU OLIMOKM Ha OUT nepeaaBaemMon MHGopmMauum OT KPaTHOCTU M, OT OTHOLLEHWIA
CUrHan/Wwym, CUrHan/y3konosocHas noMmexa, OT CKOPOCTM KOAOB.

BbiBOoAbI. 13 NONYYEHHbIX PE3YIbTATOB MOXHO CAenaTb BbIBOA, YTO UCMNOJIb30BaHNE KOANPOBAHUS C MATKUMU pe-
LWEHNAMU OeMOOyNATopa 3HAYMTENBHO yy4llaeT NoMexXoycTon4mBoCcTb npuema OFDM-curHana, no3sonsisa ag-
deKTUBHO BOPOTLCS C y3KOMNONOCHLIMU NoMexamun. KoanpoeaHue LDPC nokasbiBaeT NPeBOCXOACTBO HaZ, CBEPTOY-
HbIM KOOVPOBAHMEM B MOBLILLEHUN MOMEXOYCTONYMBOCTM Npnema curHana OFDM kak B OTCYTCTBME Y3KOMOJIOCHbIX
nomex, Tak 1 Npu nx Hanuinu. Hapsaay ¢ ncnonb3oBaHveM B cuctemax QAM-OFDM, npeanoxeHHbIn NPOCTON MeTos,
nemMonynaumm curHanos QAM ¢ MAMKMMU peLLEHNSIMY MOXET NMPUMEHSTLCS B IOObIX CMcTeMax 6ecnpoBOAHON CBS-
31, MCnonb3yoLwmx M-nos3numoHHble curHansl QAM, y kKoTopbix M npeactaBnsgeT co60i YNCNO 2 B YHETHOWM CTEMNEHU.

Kniouesbie cnosa: OFDM, kBagpatypHasa amnanTyaHas MOAyNSUmMs, MArkoe peLleHne, KogMpoBaHue, y3Kkononoc-
Hasi NoMexa, MoOMEXOYCTOMYNBOCTb, KO3IPPULMEHT BUTOBBIX OLLIMGOK

* Moctynuna: 23.04.2024 » fopa6oTaHa: 19.06.2024 e MpuHaTta k onyonukosaHuio: 05.08.2024

Anga uutnpoBanua: MapamoHos A.A., Yy B.B. NomexoycToinumBocTb npnemMa curHana OFDM ¢ ncnosnb3oBaHMEM KBa-
ApaTypHON aMMNTYOHON MOAYASLUMM C MATKUMU PELLEHUSAMU MPU HANMYMM y3KOMNOJOCHbIX nomMmex. Russ. Technol. J.
2024;12(5):17-32. https://doi.org/10.32362/2500-316X-2024-12-5-17-32

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uam meTogax.
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INTRODUCTION

In modern wireless communication networks where
the radio spectrum efficiency is crucial, data transmission
systems based on orthogonal frequency division
multiplexing (OFDM) [1-3] and quadrature amplitude
modulation of M multiplicity (M-QAM) [4-6] are
widely used. However, under conditions of the active
use of spectrum and the presence of numerous sources of
interference including narrowband ones [7, 8], reliable
data transmission is becoming an urgent issue.

The aim of the paper is to investigate the noise
immunity of the QAM-OFDM system with encoding
in the presence of narrowband interference [9-11].
Decoding methods using demodulator hard decisions
cannot often compensate for the impact of narrowband
interference effectively, thus significantly degrading the
reception quality. In this context, the method of soft
demodulator decisions is proposed. This demodulator
can be used effectively in conjunction with an appropriate
decoder for improving reception noise immunity. The
proposed soft decision algorithm for demodulation
has a lower computational complexity when compared
to conventional methods. The proposed method is
based on analyzing the quality of the received signal,
which allows the reliability degree to be determined
dynamically for each bit of the transmitted signal.
Thus, greater efficiency of the decoding process may be
achieved, which results in increased noise immunity of
the system in the presence of narrowband interference.

This paper describes the proposed method of
demodulation of M-QAM signals with soft decisions,
compared with existing demodulation methods, and
simulation results showing its efficiency. It shows
that the use of decoding with soft decisions allows for
a noticeable improvement in noise immunity reception
in the presence of narrowband interference.

OFDM SYSTEM AND SOFT DECISION
ALGORITHM

The OFDM system considered in the paper is shown
in Fig. 1.

Figure la shows the structure of the OFDM
transmitter. The bit stream is encoded before modulation.

The system is assumed to use M-QAM. After the inverse
fast Fourier transform (IFFT), a guard interval is added
to the OFDM signal, in order to protect the received
signal from intersymbol interference. The signal is then
transmitted over the air.

Figure 1b shows the structure of the OFDM receiver.
In the receiver, signal processing is carried out in the
reverse order to the transmitter processing order. Firstly,
time synchronization and division of the OFDM signal
into OFDM symbols are performed. After removing
the guard interval, the fast Fourier transform (FFT) is
performed. Then the signal is demodulated and finally
decoded to obtain the original data stream.

The M-QAM signal x(¢) with symbol duration equal
to the OFDM signal symbol duration is transmitted on
each orthogonal frequency of the OFDM signal. Signal
X(¢) received by the receiver on this frequency can be
described as follows:

X(1) = x(1) + w(t), (1
wherein w(z) stands for additive white Gaussian noise.

In such a problem statement, it would be reasonable
to develop the algorithm for receiving the M-QAM
signal. Including any additive interference into the
received signal X(¢), except for noise, implies the
information transmission system should necessarily
operate on frequencies occupied by interference. A more
realistic scenario is when the transmission system is
designed to operate on frequencies free of interference.
However, interference may actually occur, so the
transmission system immunity should be analyzed
separately for this case. It is thus from the positions
referred to below, that the study of noise immunity to
reception of QAM-OFDM signal in the presence of
narrowband interference is carried out.

Here, it is worth noting the particular impact of
harmonic interference on OFDM signal. The following
formulas relating to harmonic interference assume that
OFDM signal is shifted to zero frequency. Figure 1
shows that the received oscillation x(¢) is subjected to
FFT procedure performed digitally. If this oscillation
contains harmonic interference in the region of some
subcarrier, it can be written as a sequence of time
samples in the following way:

; Inverse Adding
Bits -
Encoding M QAM » fast Fourier > guard
modulation .
transform interval
(a)
OFDM Removing M-QAM Bits
Synchronization > symbol > guard > FFT > . —» Decoding ——>»
A . demodulation
division interval

Fig. 1. The OFDM system structure: (a) transmitter, (b) receiver
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g(n) = A4,/

wherein A is the narrowband interference amplitude;
fg is the narrowband interference frequency; T is
sampling interval equal to the symbol duration; and 0 is
the randomly distributed phase, 0 € (—=; «t].

The narrowband interference frequency does not
necessarily coincide with the subcarrier and is defined

as follows:

_m+o

Je =

f, 0Sm<N-1,-05<a<0.5,

wherein f_ is frequency spacing between subcarriers; m is
the number of the subcarrier closest to the interference;
and N is the number of subcarriers in OFDM signal (and
FFT dimensionality at reception).

Substituting fg into the formula for harmonic

1
interference and using the fact that f; = i the following

S
can be obtained:

j(ﬁ(m +o)n + Sj
g(n)=4,e N .

Ata =0, theinterference frequency coincides with the
subcarrier frequency and the interference is orthogonal
to other subcarriers. At a # 0, the interference frequency
does not coincide with the subcarrier frequency and this
interference is not orthogonal to other subcarriers.

The expression for the narrowband interference
spectrum after FFT is written as follows:

_ j2mnk .
1 N-1 _J ) 1- j2na
Glky=— gme N ="Ee/0 © .
N5 N P2 m—k+a)
1-e¢" N
When the narrowband interference is

orthogonal (a = 0), it has the following form after FFT:

A.e/® k=m,
G(k)=1"¢
0, k#m.

Thus, the narrowband interference coinciding
in frequency with some mth subcarrier does not fall
on frequencies of other subcarriers. If a # 0, i.e., the
narrowband interference is not orthogonal to other
subcarriers, then the power of this interference is
distributed over all subcarriers, i.e., a leakage of
the interference spectrum occurs. The power of the
narrowband interference leaked on some kth subcarrier
due to non-orthogonality is determined by the following
expression [7]:

42 1-cos(2ma
0% = FlI Gy P)=—%- )

l—cos—n(m—k+oc)
N

Looking back to relation (1), its components can be
represented as signal points in some signal space:

X=X+W. ()

The conditional probability density of the received
signal X, given signal X, is transmitted can be written

as follows:
()
——e¢ 207 . 3)

2nc

f(X1X)=

Here, o2 is the distribution variance (3).

Each M-QAM signal symbols carries log,M bits
of information. For example, for 16-QAM, the bits
are by, b,, b,, and b,. The soft decision for some ith
bit is considered to be the logarithm of the likelihood
ratio defined for a priori equal probability bits as
follows [12-18]:

2 yes SX1X)
D e [X1X)

v - R
_ ‘X_Xi,opt|
1 262
(5]

I(b)=1n

2
~In 2no _ _ )
{_X—X%mPJ
1 262
e
2nc?

1 - -
— - 2 2
=S (X = X P =1 X = X P,

where S and S; stand for sets of symbols whose
ith bit is 1 and 0, respectively.

In expression (4), X/ and X are signals X

closest to the received oscillation X whose ith bit is
1 and 0, respectively:

Xi+,0pt =argmin| X — X 2,
XeS;t
. o ®)
Xi,opt =argmin | X — X |©.

XeS§;

Determining soft decisions by using expressions (4)
and (5) is a rather cumbersome task. The complexity
of calculations increases significantly with increasing
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modulation level M. The next section examines
considerably simpler algorithms for determining soft
decisions for signals QAM with M being 2 in even
power. The algorithms for 16-QAM, 64-QAM, and
256-QAM are set out in more detail.

SIMPLE ALGORITHMS FOR SOFT
DECISION-MAKING IN M-QAM DEMODULATION

Figure 2 shows constellations for, 64-QAM, and
256-QAM. A decimal number is located near each signal
point, and when converted into binary form it shows the
set of transmitted binary symbols (hereinafter referred to
as bits) corresponding to this signal point. For example,
for 16-QAM signal, the point marked by number

6 corresponds to the set of transmitted bits: 0, 1, 1, 0.

We first examine the demodulation of 16-QAM
signal. Each point of the signal constellation corresponds
to 4 transmitted bits: b, b,, b,, and b. The projections
of signal points on the in-phase and quadrature axes for
different combinations of transmitted bits are shown in
Table 1.

Figure 3 explains the proposed simplified algorithm
for computing the logarithm of the likelihood ratio. Let
a given symbol of 16-QAM signal be taken, as shown by
a blue circle on the /Q-diagram: )~(i = iR(f(l.) + jS(f(l.),
where ‘R()N(l.), S(f(l.) are real and imaginary parts of
oscillation X.

The projections of signal points of the transmitted
16-QAM signal on axes / and Q are marked with red
circles.

16-QAM 64-QAM
4 8 . . . . . .
» ®» »4 »6 »8 %6 %0 02
3 ® * ¥2 ® 61 ;
o % ®5 o7 #9 %7 w1 33
27T 4r 1
» 1 »7 9 %1 %9 %3 5
1 . % ¥3 »® ot ]
% 0 »#6 8 %0 %8 *$2 304
Q 0 Q 0
% W4 »0 »2 %4 %2 6 %8
1 » 4 #5 »1 ot
« A5 81 3 | 65 83 w7 9
-2 4 4
% A3 »®9 »®1 %3 %1 %5 W7
3t % ® ¥4 »0 6t ]
o H2 w8 20 %2 %0 w4 6
-4 : : : ' -8 S — :
-4 -3 -2 -1 0 1 2 3 4 -8 -6 -4 -2 0 2 4 6 8
/ /
256-QAM
15 % M6 8 82 86 12 80 64 | 292 008 240 024 60 AN76 44 28
M M7 %9 83 M7 13 1 65| 93 09 w41 225 61 7T 45 %29
B M9 61 85 09 15 83 967 | 95 @11 043 027 63 79 4T 31
10} |
R MB350 4 8B 14 2 66 | 94 3010 @42 026 62 78 46 3430
% 2 4 B8 02 18 6 O | 98 014 46 3030 66 82 M50 434
5+ % ®3 »5 %9 03 19 87 »1 W99 W15 W4T W31 W67 83 51 35
% »1 %3 »7 01 w17 W5 %9 W97 W13 W45 W29 65 M81 €49 33
% 30 62 86 00 16 84 268 | 96 012 w44 28 64 B0 4B %32
0
@ M2 @8 B0 4 0B 24 B2 (6 | 04 @20 @52 36 72 N8B 56 40
M3 29 b1 M5 M09 25 @3 {7 | 05 21 53 3T 73 MBI 57 41
5L M5 381 %3 M7 11 27 85 WO | »07 023 W55 W39 75 N1 59 %43
4 0 32 6 10 326 04 w8 W06 @22 @54 38 W74 MO0 58 42
0 »®6 %8 W2 06 22 W0 w4 02 @18 @50 34 70 NB6 W54 38
10+ ]
1 »7 %9 %3 07 23 W1 €5 ®03  R19 @51 W®35 71 MB87 M55 39
% 35 67 %1 05 21 9 A3 | 01 @17 w49 033 69 M85 53 37
151 8 24 366 M0 04 20 88 2| »00 016 48 32 68 84 52 36
1 1 1 1 1 1
-15 -10 -5 0 5 10 15

/

Fig. 2. M-QAM constellations
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Table 1. Projections of signal points of 16-QAM signal on
the /and Q axes

bob, I byb, 0
00 -3 00 3
01 -1 01 1
11 +1 1 -1
10 +3 10 -3

It should be noted that the value of bit b affects
the projection of the signal point on the /-axis only, but
does not affect the projection on the Q-axis. This can
be clearly seen in Fig. 3a. When b, = 0, the real part of
16-QAM signal takes value —1 or —3. When b, = 1, the
real part of the signal is +1 or +3.

The soft decision-making process for the first
bit b, is shown in Fig. 4, representing the lower part
of Fig. 3a.

r® @ 0 0

0000 0100 1100 1000

e @ @ @

0001 0101 1101 1001

T @ @ @

0011 0111 1111 1011

—s-o.h @)

0010 0110 1110 1010

-4 -3 -2 -1 0 1 2 3 4
I
(a) 1st bit

1

5r ® @ 0 0

0000 0100 1100 1000

2}
@ e O
0001 101 1101 1001

Q of

-1 10 @ @

0011 0111 1111 1011

2}
<r @ e O
4 0010 01‘10 . 1110 1010

-4 -3 -2 -1 0 1 2 3 4
/

(c) 3rd bit

Fig. 4. Calculating the logarithm of the likelihood ratio
for the 1st bit

The conditional
oscillation X ; at by =0 1is as follows:

C(R(X)+3)?
P(Xi|b0:0):?e 207
no
C (RO +1?
+ e 202
2

2nc

The conditional

probability of the

probability of the

oscillation X, ; atby=11is as follows:

received

(6)

received

0000

0001

‘r® @ 0 O

0100 1100 1000

T @ e e

0101 1101 1001

o @ O O

0111 1111 1011

0110 1110 1010

-2

-1 0 1 2 3
/

(b) 2nd bit

(0 @ O O

0100 1100 1000

0101 1101 1001

0111 1111 1011

0011
2ol
-3}
0010
-4 L
-4 -3
4
0000
2-
@
0001
Q of
it @
0011
_2-
st @
0010
4 1
-4 -3

-2

0110 1110 1010
-1 0 1 2 3

/
(d) 4th bit

Fig. 3. Example of calculating the logarithms of likelihood ratios for each bit of 16-QAM signal
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(R(X))-3)?
P(X,|by=1)= — 262 4
V2o N (7)
(R(X)-1)?
+ ! e 202
2nc?

The likelihood ratio is described by the following
expression:

CREDHDT (RX)+3)?
P(X;|by=0) e 262 te 252 .
P()?l |b0 =1) B B (i){()}'i),l)Z . (9{(5(1.)73)2 . ®)
€ 202 +e 262

Using expression (8) is inconvenient since it
requires that exponents be calculated. However, it can
be simplified considering that the projection of the
received oscillation in practice usually appears closer
to one of the two possible signal points corresponding
to a certain decision. For example, the projection of
the received oscillation shown in Fig. 4 is closer to the
value —1, rather than to —3, on which basis the decision
on symbol b, = 0 is made. Given that expression (8)
includes exponents of the squares of projection
differences, it may be assumed that the first summand
in denominator (8) is significantly larger than the
second. Thus, the second exponent can be neglected.
Similar reasoning is valid for evaluating numerator (8).
Consequently, the logarithm of the likelihood ratio at
value X represented by the blue circle can be
calculated quite accurately using the following
expression:

(B, X,) = ﬁ((iﬁ(&-) S - (R(E) 412 =

©)
= —Gizin(f(l.).

When making the decision on bit b, reference should
be made to Fig. 3b. The lower part of this figure is shown
in Fig. 5. As in the previous case, the value of bit b,
affects the projection of the signal point on the /-axis
only and does not affect the projection on the Q-axis. At
b, = 0, the real part of 16-QAM signal takes —3. When
b, = 1, the real part of the signal takes —1, as shown
in Fig. 5.

Fig. 5. Calculating the logarithm of the likelihood ratio
for the 2nd bit

The likelihood ratio for the second bit b, of the
received oscillation X is the following:

(b, X)) ~ ﬁ((%(&-) FD2 - (R(X,)+3)2) =

. (10)
=S (R(X))+2).
()

For 16-QAM signals, only the projection of the
signal point on the Q-axis varies depending on the value
of bit b, (Fig. 3c). When b, = 0, the imaginary part of
16-QAM signal takes 1. When b, = 1, the imaginary part
of the signal takes —3, as shown in Fig. 6.

Fig. 6. Calculating the logarithm of the likelihood ratio
for the 3rd bit

The logarithm of the likelihood ratio for b, of the
received oscillation X is the following:

10y, X))~ S5 (S 3 = (3K ~17) =
o (1)
=G—2(5(Xl.)+1).

It follows from Fig. 3d that the value of b, affects
the projection of the signal point on the Q-axis only.
When b, = 0, this projection takes —3. When b, = 1, the
projection takes —1, as shown in Fig. 7.

Fig. 7. Calculating the logarithm of the likelihood ratio
for the 4th bit

The likelihood ratio for the fourth bit b3 of the
received oscillation X is as follows:

I(by, X)) zsz((S(f(,-)H)2 ~(3(X) +3)%) =
o (12)
:—g(so@)u).

Previously, the procedure of soft decision-making
has been detailed on the basis of the specific example of
the input oscillation depicted as a blue circle in Fig. 3.
Similarly, after considering all possible positions of the
input oscillation, the following is obtained:
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_iz[gq()?i)+1], R(X,)<-2,

(o)

“ IR, —2<M(E) <0,

l(boa/\?i)= 02 (13)

~ SR, 0<R(X;)<2,

(o)

_iz[gn(j(i)_u, 2<R(X)),

(o)

l(bl,)?,.>=0%[|m()?,->|—2] VR(E),  (14)

[3(X)+1], I(X,)<-2,

(X)), —2<3(X,) <0,

2

I(by, X;) = (15)

0<3(X;)<2,

o

(Xi)’

SIS WIS NINI BN

[S(X,)-1], 2<3(X)),
I(by, X;) = 6—22[| 3I(X,)[-2] YI(X)). (16)

Table 2. Values of /(b,,X;) for k=0, 1, 2 for 64-QAM signal

The demodulation process for 64-QAM signals
can be considered in a similar way to the soft decision-
making for 16-QAM signal. The signal constellation,
the received oscillation and signal points closest to
it, corresponding to 0 and 1 for each of the six bits
byb,b,bsb,bs, contained in one symbol of 64-QAM
signal are shown in Fig. 8, similar to Fig. 3.

Figure 8 shows that the first three bits affect the
real part of the signal only, i.e., they determine the
signal projection on the /-axis. The remaining three
bits affect its imaginary part only, thus determining the
projection on the O-axis. According to these projections,
the logarithms of likelihood ratios for all six bits can
be unambiguously determined. The corresponding
formulas are given in Tables 2 and 3.

For 256-QAM modulation, each point of this
constellation corresponds to eight bits of the transmitted
information: byb,b,b,b,bsbb,. A thorough examination
of this constellation indicates that the first four bits affect
the real part of the signal only, i.e., signal projections
on the /-axis. The remaining four bits determine the
imaginary part of the signal only, i.e., signal projections
on the Q-axis. The calculation results for the logarithms
of the likelihood ratios for all eight bits are summarized
in Tables 4 and 5.

R(X,) 1(by, X,) (b, X,) 1(by, X,)
R(X;)<-6 —8[R(X,) +3] —4[R(X;)+5] -2[R(X;)+6]
-6 <R(X,)<—4 —6[R(X,)+2] “2[R(X,) +4] “2[R(X,) +6]
—4<RX,;)<-2 —4[R(X)+1] “2[R(X,) +4] 2[R(X,)+2]
-2 <R(X,;)<0 “2R(X)) —4[R(X,)+3] 2[R(X,)+2]
0<R(X,)<2 “2R(X)) 4[R(X;)-3] “2[R(X,)-2]
2<SR(X)<4 —4[R(X,)-1] 2[R(X;)-4] “2[R(X,)-2]
4<R(X;)<6 —6[R(X,)-2] 2[R(X,)-4] 2[R(X,)-6]
R(X,)=6 —8[R(X,)-3] 4[R(X,)-5] 2[R(X,)-6]
Table 3. Values of /(bk,f(,) for k=3, 4, 5 for 64-QAM signal
3(X;) I(by, X,) I(by, X;) I(bs, X,)
3(X;)<-6 8[3(X;)+3] —4[3(X;)+5] —2[3(X;)+6]
-6<3(X;)<—4 6[I(X,)+2] —2[I(X;)+4] —2[3(X,)+6]
-4<3(X;)<-2 4[3(X,)+1] —2[3I(X,)+4] 2[I(X,)+2]
-2<3(X;)<0 23(X)) —4[3(X;)+3] 2[I(X,)+2]
0<3J(X;)<2 23(X;) 43(X;)-3] “2[3J(X,)-2]
2<3(X)<4 43(X,)-1] 23(X;)-4] “2[3(X,)-2]
4<3(X;)<6 6[3(X;)—2] 203(X;)-4] 2[3(X;)-6]
I(X)=6 8[I(X,)-3] 4[3(X,)-5] 2[3(X,)-6]
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Fig. 8. Example of calculating the logarithms of likelihood ratios for each bit of the 64-QAM signal
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Table 4. Values of l(bk,)?i) fork=0, 1, 2, 3 for 256-QAM signal
R(X,) I(by, X,) (b, X)) I(by, X;) I(by, X,)
R(X,;)<-14 —16[R(X,)+7] —8[R(X;)+11] —4[R(X;)+13] —2[R(X;)+14]
—14<R(X,)<-12 —14[R(X,)+6] —6[R(X,)+10] “2[R(X;) +12] “2[R(X,)+14]
—12<R(X;)<-10 —12[R(X,) +5] —4[R(X;)+9] “2[R(X;)+12] 2[R(X;)+10]
~10 <R(X,)<-8 —10[R(X,) +4] —“2[R(X,) +8] —4[R(X,)+11] 2[R(X,)+10]
-8 <R(X,)<—6 —8[R(X,)+3] —2[R(X,) +8] 4R(X,)+5] —“2[R(X;)+6]
-6 <R(X,)<—4 —6[R(X,)+2] —4[R(X)+ 7] 2[R(X,;)+4] “2[R(X,) +6]
-4 <RX;)<-2 —4[R(X,)+1] —6[R(X,) +6] 2[R(X,;)+4] 2[R(X,)+2]
“2<R(X,)<0 “2R(X)) —8[R(X;)+5] 4[R(X,)+3] 2[R(X,) +2]
0<RM(X,)<2 “2R(X,) 8[R(X;)-5] —4[R(X,)-3] “2[R(X,)-2]
2<R(X;) <4 —4[R(X,)-1] 6[R(X,)-6] “2[R(X,)-4] “2[R(X,)-2]
4<R(X,)<6 —6[R(X,)-2] 4[R(X,)-T] “2[R(X;)-4] 2[R(X,)-6]
6<RN(X;)<8 —8[R(X,)-3] 2[R(X;)-8] —4[R(X,)-5] 2[R(X;)-6]
8<RN(X;)<10 ~10[R(X,) - 4] 2[R(X;)-8] 4[R(X,)-11] —2[R(X,)-10]
10<R(X;) <12 —12[R(X,)-5] 4[R(X,)-9] 2[R(X;)-12] “2[R(X;)-10]
12<R(X,;) <14 ~14[R(X,) - 6] 6[R(X,)—10] 2[R(X;)-12] 2[R(X;)-14]
R(X;) =14 ~16[R(X,)-17] 8[R(X,)—11] 4[R(X,)-13] 2[R(X,)-14]

Table 5. Values of /(b,,X;) for k=4, 5, 6, 7 for 256-QAM signal

3(X;) I(by, X,) I(bs, X,) I(bg, X,) (b, X,)
3I(X;)<-14 16[3(X,)+7] —8[3(X,)+11] —4[3(X;)+13] —2[3(X;)+14]
—14<3(X;)<-12 14[3(X,) + 6] —6[3(X;)+10] —2[3(X;)+12] —2[3(X;) +14]
-12<3(X;)<-10 12[3(X,)+5] —4[3(X,)+9] -2[3(X;)+12] 2[I(X,)+10]
~-10< J(X,)<-8 10[3(X;) +4] —2[3(X;) +8] —4[3I(X,)+11] 2[3(X;)+10]
-8<J(X,)<—6 8[I(X,)+3] —2[3(X;)+8] 4[3(X;)+5] “2[3J(X,)+6]
-6<3(X;) <4 6[I(X,)+2] —4[3(X,)+7] 2[I(X,)+4] —2[3(X,)+6]
-4<3(X;)<-2 4[3(X,)+1] —6[3(X,) +6] 2[I(X,)+4] 2[I(X,)+2]
—2<3(X;)<0 23(X;) —8[3(X,) +5] 4[3(X,)+3] 2[I(X;)+2]
0<3(X,)<2 23(X;) 8[3(X;)-5] —4[3(X;)-3] -2[3(X;)-2]
2<3(X;)<4 4[3(X)-1] 6[I(X,)-6] “2[3J(X,)-4] “2[3J(X,)-2]
4<3(X;)<6 6[I(X;)-2] 4[3(X;) -] “2[3J(X,)-4] 2[3(X;)-6]
6<3(X,)<8 8[3(X;)-3] 2[3(X,)-8] —4[3(X;)-5] 2[3(X,)-6]
8<3(X;)<10 10[I(X,)—4] 2[I(X,)-8] 4[3(X,)-11] —2[3(X,)-10]
10<3(X,) <12 12[3(X,) - 5] 4[3(X,)-9] 2[3I(X,)-12] —2[3(X;)-10]
12<3(X,) <14 14[3(X,) - 6] 6[3(X;)-10] 2[3I(X,)-12] 2[I(X,)-14]
3(X,) 214 16[3(X;) - 7] 8[I(X;)—11] 4[3(X;)-13] 2[3(X;)-14]
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Tables 2—5 show the equations required to calculate
a small number of logarithms of likelihood ratios sufficient
for a simplified decision-making algorithm for each of the
bits defining any signal point of the QAM constellation.
The equations are finalized in a form convenient for their
practical use. The proposed algorithm requires significantly
fewer calculations than the maximum likelihood algorithm
which involves calculating logarithms of likelihood ratios
for all possible combinations of bits.

The soft decision-making algorithm was developed
for channels with white Gaussian noise. The efficiency
of this algorithm for receiving OFDM signals in the
presence of narrowband interference using soft decision
encoding requires further analysis. These issues are
discussed in the next section.

NOISE IMMUNITY OF QAM-OFDM SIGNAL
RECEPTION

Below are the results of studying noise immunity
when receiving QAM-OFDM signals in the presence of
noise interference or a mixture of noise and narrowband
interference. The study investigated the efficiency of
using encoding to handle narrowband interference with
demodulator soft decisions obtained using the algorithms
described above.

The OFDM system was modeled using the MATLAB'
tool. The number of FFT points in the formation of the
OFDM signal amounts to 128, the guard interval length
is =32, and the methods for modulating subcarriers are
16-QAM, 64-QAM, and 256-QAM.

The focus of the study was on modeling the signal
and interference. According to Fig. 2, complex envelopes
of signals are represented by numbers (a + jb), where

a,be {il,i3,...,i(x/ﬁ—l)}. In this case, the average
signal strength is dependent on modulation
multiplicity M. For comparable simulation results at
different  modulation  multiplicities,  coefficient
[ depending on M need to be introduced into the signal
representation. Then complex envelopes of signals may
be represented by numbers, as follows:

I(a + jb), where a,b e {+1,3,...+(/M —1)}.

Coefficient / should be selected so that the signal
energy per transmitted symbol E, does not depend on
modulation multiplicity M. The average energy of a single
symbol of M-QAM signal with duration 7 is as follows:

M 12,2 2
. :£21 (@ +)
STME 2

I https://www.mathworks.com/products/matlab.html.
Accessed March 31, 2024.

For certainty, E,=1 and 7,=1 are assumed
in modeling, while the desired signal-to-noise
ratio (SNR) is provided by selecting the noise variance.
Then

2 %(al.2+bi2)
M 2

i=1

1

1
According to this relationship, it follows that [ = E

1
for 16-QAM signal, [ =——

V21

1
[ =—— for 256-QAM signal.

/85

The energy per bit of the transmitted information is
as follows:

for 64-QAM signal, and

E =E /logy, M = .
b = £ 1108 log, M

In the OFDM system, subcarriers are located on the

1
frequency axis at distance Il apart. The noise variance
S
. . . 2 N() . . . .
in this band is o7 =T =Ny (N, is single-sided noise

S

spectral density).

The SNR, understood as the ratio of the average
signal energy per bit of transmitted information to the
noise spectral density:

N, Grzl log, M

Hence, it may be written in the following way:
2 1
R

—>log, M
NO

(&}

This means that since the signal energy is assumed
equal to one for all types of M-QAM modulation, the

should
b
—>log, M
N, &2

Gaussian noise with variance 62 =

E
be modeled to obtain the desired SNR N_b .

Figures 9-11 show the dependencies of bit error
rate (BER) P, on SNR per bit of transmitted information
for 16-QAM, 64-QAM, and 256-QAM. The simulation is
performed for a channel with white Gaussian noise in the
absence and in the presence of narrowband interference
for the signal to interference ratio (SIR) equal to 0 dB
in power. The transmission methods without encoding,
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with low-density parity-check (LDPC) encoding [19],
and with convolutional encoding under soft and hard
demodulator decisions were investigated. The code
rate (R) is 1/2 for all types of encoding.

The convolutional code considered in this case is
based on generating polynomials G,(X) =1 + X +X2 +
+ X3+ X% and G,(X) = 1 + X + X3 + X4 This code is
decoded wusing the Viterbi algorithm. Using the
convolutional code at rate 3/4 is also discussed below.
The code is obtained from the code at rate 1/2 by poking
10
0 1}'

At LDPC encoding at rate 1/2, the codeword length
totals 648 bits, 324 of them being information ones.
Soft decoding was performed according to the Belief
propagation algorithm (or sum of products).

It can be seen in each figure that when encoding is
used, BER P is significantly reduced when compared
to cases without encoding.

1
every third output bit according to the pattern L

100

1072

Peb 1074F

—©— SIR = oo, LDPC

106} —&— SIR=0, LDPC

== SIR = o0, soft-decision convolutional code
SIR =0, soft-decision convolutional code
SIR = oo, hard-decision convolutional code

sl SIR = 0, hard-decision convolutional code
10 ~fe— SIR = o0, no encoding
—&— SIR =0, no encoding

0 2 4 6 8 10 12 14
E,/No, dB

Fig. 9. Dependence of BER P, on SNR E, /N,
for OFDM system with 16-QAM modulation
and different types of encoding

Figure 9 shows that in the presence of narrowband
interference and for P = 1073, LDPC encoding gives
10 dB better results than no encoding, 4 dB better results
than in the case of convolutional encoding with hard
decision, and 1 dB better results than convolutional
encoding with soft decision.

It follows from Fig. 10 that in the presence of
narrowband interference and for P, = 1073, LDPC
encoding gives 16 dB better results than no encoding,
6 dB better results than in the case of convolutional
encoding with hard decision, and 1.5 dB better results
than convolutional encoding with soft decision.

Figure 11 shows that in the presence of narrowband
interference and at Py = 1073, LDPC encoding gives
10 dB better result than convolutional encoding with
hard decision, and 2 dB better result than in the case of
convolutional encoding with soft decision.

100

b

10—2 L

Py, 1074

—— SIR=0,DPC

106} —g— SIR=0, LDPC
—4— SIR = oo, soft-decision convolutional code

SIR =0, soft-decision convolutional code

j: SIR = oo, hard-decision convolutional code

1 0—8- | SIR =0, hard-decision convolutional code
—sfe—SIR = o0, no encoding
—}— SIR=0, no encoding

0 5 10 15 20 25

E,/Ny, dB

Fig. 10. Dependence of BER P, on SNR £, /N,
for OFDM system with 64-QAM modulation
and different types of encoding
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10—6 3 —&— SIR=0, LDPC

~=#— SIR = oo, soft-decision convolutional code
SIR = 0, soft-decision convolutional code
SIR = oo, hard-decision convolutional code

[ SIR =0, hard-decision convolutional code

10-8 ~fe— SIR = o0, no encoding

—— SIR =0, no encoding

0 5 10 15 20 25 30
E,/N,, dB

Fig. 11. Dependence of BER P, on SNR £, /N,
for OFDM system with 256-QAM modulation
and different types of encoding

Figures 9-11 suggests that in the presence of
narrowband interference, the encoding reduces BER
significantly compared to the case of no encoding.
Encoding with soft demodulator decisions gives better
results than with hard decisions. LDPC encoding with
soft decisions gives better results than in the case of
convolutional encoding with soft decisions.

Figures 12—14 show simulation results comparing
the efficiencies of convolutional encoding and LDPC
encoding with soft demodulator decisions and with
R=1/2 and 3/4 in the presence of narrowband
interference: SIR is 0 dB in power.

It can be seen from Fig. 12 that at P = 1073, LDPC
encoding with soft demodulator decisions at R = 1/2 is
3.5 dB better than at R = 3/4. Convolutional encoding
with soft demodulator decisions at R = 1/2 is 5 dB better
than at R = 3/4. When R = 1/2, LDPC encoding with soft
demodulator decisions is 0.5 dB better than in the case of
convolutional encoding with soft demodulator decisions.
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When R = 3/4, LDPC encoding with soft demodulator
decisions is 5 dB better than in the case of convolutional
encoding with soft demodulator decisions.

100

R=1/2, LDPC
R=1/2, convolutional code
. =R =3/4,LDPC
1071k ~i§— R = 3/4, convolutional code
+ No encoding
&
1072} v
-3L
Py, 10
1074
105}
1076

-4 -2 0 2 4 6 8 10 12 14
Ey/No, dB
Fig. 12. Dependence of BER P, on SNR E, /N,
for OFDM system with 16-QAM modulation

and different code rates

100
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1 —&— R=23/4,LDPC
1071k ~F— R =3/4, convolutional code
No encoding
1072}
Peb 10-3¢
1074¢
1075}
1076 ' ; - y -
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Fig. 13. Dependence of BER P, on SNR E, /N,
for OFDM system with 64-QAM modulation
and different code rates

100
10—1 L
1072
Pep 1 0-3}
1074}
R=1/2,LDPC
105} R=1/2, convolutional code |
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10—6 | ] | + No encoding
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Fig. 14. Dependence of BER P, on SNR E, /N,
for OFDM system with 256-QAM modulation
and different code rates

Figure 13 shows that at P, =107 LDPC
encoding with soft demodulator decisions at
R = 1/2 is energetically 4.5 dB better than at R = 3/4.
The convolutional encoding with soft demodulator
decisions at R = 1/2 is 6.5 dB better than at R = 3/4.
At R = 1/2, LDPC encoding with soft demodulator
decisions is 1 dB better than in the case of convolutional
encoding with soft demodulator decisions. At R = 3/4,
LDPC encoding with soft demodulator decisions is
3 dB better than convolutional encoding with soft
demodulator decisions.

Figure 14 shows that at P, = 103, LDPC encoding
with soft demodulator decisions at R = 1/2 is 9 dB
better than at R =3/4. The convolutional encoding
with soft demodulator decisions at R = 1/2 is 14 dB
better than at R=3/4. At R = 1/2, LDPC encoding
with soft demodulator decisions is 1.5 dB better
than convolutional encoding with soft demodulator
decisions. At R=3/4, LDPC encoding with soft
demodulator decisions is 6.5 dB better than in the
case of convolutional encoding with soft demodulator
decisions.

Figures 12—14 suggest that LDPC encoding gives
better results than convolutional encoding with soft
demodulator decisions. In this case, R = 1/2 produces
better reception immunity than rate 3/4.

Figures 15-17 show the results of evaluating
the reception immunity of OFDM signal with QAM
subcarrier modulation using soft demodulator
decisions at SIR values: R = 1/2 for all types of
encoding.

100
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07 —€— SIR =-20, no encoding
10- . : : | ] |
0 2 4 6 8 10 12 14

Ey/N,, dB

Fig. 15. Dependence of BER on SNR E, /N,
for OFDM system with 16-QAM in the presence
of narrowband interference with different levels

Figure 15 shows that at P, = 1073, when there is
no narrowband interference (SIR = o), LDPC encoding
gives 9 dB better results than when no encoding is
used. At SIR = 0 dB, LDPC encoding gives 10 dB
better results than no encoding. At SIR = —10 dB,
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LDPC encoding gives 11 dB better results than no
encoding. At P, = 1073, when SIR = —20 dB, LDPC
encoding gives at least 20 dB better results than
transmission without encoding.
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Fig. 16. Dependence of BER on SNR E, /N,
for OFDM system with 64-QAM in the presence
of narrowband interference with different levels
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Fig. 17. Dependence of BER on SNR E, /N,
for OFDM system with 256-QAM in the presence
of narrowband interference with different levels

Figure 16 shows that at P, = 1073, when there
is no narrowband interference (SIR = o), LDPC
encoding gives 11 dB better results than no encoding. At
SIR =0 dB, LDPC encoding gives 15.5 dB better results
than no encoding. At SIR = —-10 dB, BER drops below
1073 with E,/N,, higher than 5 dB. At SIR =-20 dB. This
occurs at £} /N, higher than 8 dB.

Figure 17 shows that at P, = 1073, when there is
no narrowband interference (SIR = o), LDPC encoding
gives 12 dB better results than no encoding. At
SIR = 0 dB, BER drops lower than 1073 when E,/N,) is
greater than 8§ dB. At SIR = —-10 dB, BER drops lower
than 1073 when E /N, is higher than 12 dB.

The results shown in Figs. 15—17 describe the noise
immunity of OFDM signal reception in the presence
of narrowband interference at different SIR with and
without LDPC encoding. It can be observed that for all
three types of modulation, the narrowband interference
significantly degrades the noise immunity of the
transmission system in the absence of encoding, and the
noise immunity drops more significantly with increasing
QAM multiplicity. The LDPC code reduces the impact
of narrowband interference on the system significantly,
being especially noticeable at small QAM multiplicities.

CONCLUSIONS

Based on these findings, it can be concluded that
the use of encoding with soft demodulator decisions
significantly improves the noise immunity of OFDM signal
reception, while mitigating the impact of narrowband
interference on the transmission system. LDPC encoding
is superior to convolutional encoding in improving the
noise immunity of OFDM signal reception, including
in the presence of narrowband interference. In addition
to use in QAM-OFDM systems, the proposed simple
demodulation method for soft decision QAM signals can
be applied to any wireless communication system using
M-QAM signals, where M is number 2 to an even power.
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