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Abstract: A comparative analysis of  the performance of  SL-SIC (Symbol-Level Serial 
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users is presented. Real modulation and coding schemes (MCS) from the 3GPP LTE (Long 
Term Evolution of  3rd Generation Partnership Project) communication standard are used. 
The performance of  CWL-SIC achievable in practice in real systems for all possible designs 
of  a group PD-NOMA signal consisting of  different pair combinations of  noise-immune 
MCS has been obtained. With the help of  mathematical modeling, weighting power factors 
that provide the maximum average performance of  the group signal for two user channels 
are obtained. The high efficiency of  CWL-SIC and the expediency of  its use in real systems, 
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1. INTRODUCTION
The method of  organizing multi-channel 
data transmission performed by many 
users is one of  the key ways to increase the 
efficiency of  multi-user communication 
systems. In modern multi-channel systems, 
Orthogonal Multiple Access (OMA) 
methods based on the maximum possible 
elimination of  inter-channel interference 
are used. While developing physical layer 
protocols for the fifth generation (5G) 
networks, a new approach to providing 
multi-channel communication was 
proposed, which allows for controlled 
inter-channel interference to increase 
spectral efficiency. Such multiple access 
methods were called Non-Orthogonal 
Multiple Access (NOMA).

The NOMA group combines several 
approaches proposed by different teams. 
One of  the most efficient approaches is 
non-orthogonal multiplexing of  channels 
in the power domain (PD-NOMA) [1]. 
The advantage of  PD-NOMA is that it can 
be jointly used with OMA, for example, 
with Orthogonal Frequency Division 
Multiple Access (OFDMA) and (or) with 
Space Division Multiple Access (SDMA) 
channels. The combination of  these 
technologies makes it possible to perform 
multiplexing of  users simultaneously in 
four domains: frequency, time, power, and 
space.

The formation of  a PD-NOMA 
group signal is based on the principle 
of  superposition coding [2]. The signals 
of  different subscribers are summed 
up together, using different power 
weighting factors. The joint calculation 
of  the weighting factors is based on a 
priori information about the state of  

the transmission channels. The highest 
weighting power factor is assigned to the 
subscriber with the lowest signal-to-noise 
ratio (SNR) so that it is possible for the 
subscriber to demodulate their own signal 
the most accurately. In contrast, the lowest 
power factor is assigned to the subscriber 
with the highest SNR, so that it is sufficient 
to perform accurate demodulation. Thus, 
users can be divided into "weak" (with low 
SNR) and "strong" (with high SNR). At 
the same time, the signal of  the "weak" 
user has the highest power and vice versa.

PD-NOMA processing is carried out by 
the Serial Interference Cancellation (SIC) 
method [3], which consists in sequential 
decoding of  user signals one after 
another. First, the most powerful signal 
of  the "weak" user is decoded. Then it is 
regenerated (restored to its original state) 
and subtracted from the received group 
signal. After that, it is possible to decode 
the second most powerful signal, and so 
on, until the least powerful signal of  the 
"strong" user is decoded.

2. PROBLEM STATEMENT
The main issue with the SIC decoder 
is that there is the possibility of  making 
an error when eliminating interference 
signals, which leads to additional errors 
during decoding. There are two approaches 
to the SIC decoder implementation: the 
regeneration of   interference noise at 
the level of  modulation symbols, SL-
SIC (Symbol-Level SIC), and at the level 
of  a code word, CWL-SIC (Code Word-
Level SIC). The advantage of  CWL-SIC is 
that it makes it possible to use the error-
correcting capability of  a noise-immune 
decoder to reduce the likelihood of  errors 
when eliminating an interference signal. 
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The disadvantage lies in an increase in 
the computational complexity of  signal 
processing due to the need to perform 
additional decoding/encoding operations. 
Alternatively, SL-SIC has less precision 
in eliminating interference noise and less 
computational complexity. Therefore, the 
search for a compromise between CWL-
SIC and SL-SIC is a pressing issue. The 
block diagram of  SL-SIC and CWL-SIC 
receivers is shown in Fig. 1.

The performance gain of  CWL-
SIC relative to SL-SIC can be obtained 
graphically using the dependency of  
Bit Error Rate (BER) probability on 
SNR. As an example, Fig. 2 shows 
these dependencies for the channel of  
a "strong" user. The PD-NOMA group 
signal is formed using 4-QAM and 64-
QAM superpositions with weighting 
power factors equal to 0.85 and 0.15, 
respectively. Fig. 2 shows the range in 
which CWL-SIC provides the same BER 
value as SL-SIC, but at a lower SNR 
value. Let us call the difference in SNR 
at the same BER level the performance 
gain of  CWL-SIC relative to SL-SIC.

Thus, CWL-SIC reduces the probability 
of  erroneous signal decoding in a limited 
SNR range, increasing the system 
performance. The range limits and the 
amount of  gain directly depend on the 
PD-NOMA signal structure. Currently, 
there is no limited set of  structures that 
could be applicable in real PD-NOMA 
systems proposed. Therefore, a vital task 
is to develop and study various sets of  
PD-NOMA signal structures, and the 
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Fig. 1. Block diagram of  CWL-SIC and SL-SIC decoders.

Fig. 2. Gain in noise immunity of  CWL-SIC relative to 
SL-SIC.
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comparison of  CWL-SIC and SL-SIC 
performance for these sets is an important 
direction to investigate.

In open access, there are works 
devoted to the study of  CWL-SIC and 
its comparison with SL-SIC. Work [4] 
shows that the CWL-SIC performance 
is close to the SIC performance with 
an ideal compensation; however, the 
authors do not take into consideration the 
comparison of  CWL-SIC with SL-SIC. 
In addition, the emphasis in this work is 
shifted to evaluating the impact of  weight 
power factors to achieve the required level 
of  data transmission quality.

In [5], the authors compare CWL-SIC 
and SL-SIC in the form of  BER-SNR 
dependencies for a typical PD-NOMA 
signal configuration. The paper does 
not consider real modulation and coding 
schemes (MCS); therefore, the resulting 
performance cannot be obtained in 
practice in existing telecommunication 
systems.

A common disadvantage of  the known 
works is that they use typical PD-NOMA 
scenarios, where 1–2 structures of  a group 
signal are considered. They demonstrate 
the overall efficiency and prospects 
of  CWL-SIC, but do not consider real 
structures consisting of  real MCS (for 
example, from the 4G LTE or 5G NR 
standard). As a result, the matter of  CWL-
SIC efficiency assessment in a system with 
real MCS remains open.

The aim of  this work is to determine 
the maximum achievable CWL-SIC 
performance gain in practice relative 
to SL-SIC for all possible PD-NOMA 
signal structures formed by the MCS 
superposition from the LTE standard.

3. SYSTEM MODEL
We consider a downlink PD-NOMA group 
channel, where the data of  "weak" (UE1) 
and "strong" (UE2) users are transmitted. 
The formation of  group signal s is 
described using the expression

1 1 2 2  s p x p x= + , (1)

where p = {p1, p2} are weighting power 
factors, and x = {x1, x2} is information 
QAM (Quadrature Amplitude Modulation) 
symbols of  users UE1, UE2 with modulation 
orders Q = {Q1, Q2}. The basic PD-NOMA 
scenario is used, according to which UE1 
receives the highest power factor, keeping 
to p1 > p2. The sum of  power coefficients 
p1 + p2 = 1.

The model uses a transmission channel 
with complex additive white Gaussian 
noise (AWGN). The signal at the input of  
the SIC decoder UE2 is described, using 
the expression
 r = s + n,         (2)
where n ~ CN(0,N) is the implementation 
of  complex AWGN with zero expectation 
and power N. Let us denote the signal-to-
noise ratio in the channel by variable W. 
UE1 signal decoding in CWL-SIC and SL-
SIC is implemented in the same manner; 
therefore, the signal decoding on the UE2 
side implemented in two consecutive 
stages is further considered. First, symbols 

1̂x  of  the "weak" user are evaluated in 
background and interference noise from 
the "strong" user 2 2 ,p x n+  using the 
criterion of  the minimum Euclidean 
distance:

1 1

2

1 1 1ˆ min ,
x

x arg r p x
∈

= −
A

 (3)

where A1 is the alphabet of  all possible 
states in Q1-QAM constellation.
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The interference noise is eliminated by 
generating compensation signal 1x∗ from 1̂x  
and subtracting its weighted component 

1 1p x∗  from r. Consider the formation of  
1x∗  in SL-SIC and CWL-SIC.

In SL-SIC, symbol 1x∗  is formed directly 
from 1̂x , so 1x∗  = 1̂x . The errors made during 
the execution of  (3) are not eliminated.

In CWL-SIC, the formation of  1x∗  is 
carried out in several successive stages 
(Fig. 1):
• QAM demodulation of  1̂x  according to 

constellation map Q1-QAM; code word 
1ĉ  is formed at the demodulator output.

• Noise-immune decoding of  1ĉ ; message 
1b̂ , in which bit errors are eliminated if  

possible, is formed at the output.
• Noise-immune coding of  1b̂ ; 

regenerated code word 1c∗  is formed at 
the output.

• QAM modulation of  1c∗  according 
to constellation map Q1-QAM; 
compensation signal 1x∗  is formed at 
the output of  modulator.
The interference noise elimination is 

described using the expression
*

1 1' ,  r r p x= −  (4)

where r' is the signal after compensation 
containing only the UE2 signal. Next, r' is 
demodulated and its own useful symbols 

2ˆ .x  are evaluated, perceiving only noise n 
as interference:

2 2

2

2 2 2mˆ in ' ,
x

x arg r p x
∈

= −
A

 (5)

where A2 is the alphabet of  all possible 
states in constellation Q2-QAM.

To compare SL-SIC and CWL-SIC, it is 
required to obtain performance for various 
structures of  the group PD-NOMA signal. 
Further, we describe the approach of  

calculating BER and provide group signal 
structures used.

3.1. CalCulatIon of ber for sl-sIC 
and CWl-sIC
Let us denote 1 2{ , }ρ ρ=ρ  the probability of  
bit errors at Q1, Q2-QAM demodulation 
of  1̂x , 2x̂  in the UE2 receiver. In 
communication systems, data transmission 
is carried out with the required level of  
quality that is determined by the acceptable 
error probability during reception.

Let us denote by variables 1 2,  z zρ ρ  the 
maximum allowable (threshold) probability 
of  bit errors in 1 2ˆ ,  ˆc c  at the output of  
the demodulator (input of  the decoder). 
In real systems, values zρ  are calculated 
in such a way that the decoder can 
correct bit errors with a high probability. 
Therefore, to simplify the work, we hold 
to the assumption, according to which 
all errors in the compensation signal 
are corrected in CWL-SIC if  the error 
probability at the decoder input does not 
exceed the threshold error, i.e. 1 1 .zρ ρ≤  
There is the need for simplification as it 
is not possible to derive such a general 
analytical expression to calculate 2ρ  that 
would consider the omission of  bit errors 
at the decoding/encoding stage in the UE1 
compensation signal.

In SL-SIC, 2ρ  is calculated using (20) 
from [6]: it takes into account that the 
accuracy of  the "weak" user channel 
demodulation influences the accuracy of  
the "strong" user channel demodulation. 
Let us describe the calculation of  2ρ  in 
CWL-SIC and look into two situations 
that occur when demodulating the UE1 
signal in the UE2 receiver.

1) When demodulating 1̂x , the bit 
error probability is 1 1 .zρ ρ≤  According to 
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the assumption made, all bit errors in the 
UE1 signal are corrected, allowing for the 
formation of  an accurate compensation 
signal 1x∗  and its ideal elimination from r 
(4). Then, the signal after compensation r' 
is a normal Q2-QAM signal with power p2. 
In this case, 2ρ  is calculated by formula 
(10) from [7], taking into account that Es 
= p2.
2) When demodulating 1̂x , the bit error 
probability is 1 1 .zρ ρ>  The decoder does not 
correct bit errors in the UE1 signal, which 
leads to incorrect formation of  1x∗  and 
its inaccurate elimination from r, and the 
signal after elimination r' is demodulated 
with errors. In this case, it is impractical 
to use CWL-SIC, because the correcting 
ability of  the decoder does not allow 
increasing the accuracy of  1x∗  formation. 
The decoding of  the group signal is carried 
out by SL-SIC, and formula (20) from [6] 
is used for 2ρ  calculation.

3.2. CharaCterIstICs of mCs used for 
transmIssIon

PD-NOMA group signals consist of  MCS 
used in the 3GPP Long Term Evolution 
(LTE) standard and based on QAM and 
Turbo codes. There have been 15 MCS 
identified. There characteristics are shown 
in Table 1, where Q is a modulation order; 
Rc/1024 is an encoding rate; Z is a threshold 
level of  SNR, at which 10% BLER is 
provided; zρ  is a bit error probability at 
the decoder input, at which 10% BLER is 
obtained at the decoder output, that is, the 
specified level of  information transmission 
quality is provided.

The value of  Z is determined by the 
decoding algorithm, and it is possible to 
reduce it using more efficient and complex 

algorithms. Our paper uses the Z values 
for MCS LTE obtained in [8].

3.3. formatIon of Pd-noma GrouP 
sIGnal struCtures

The group PD-NOMA signal structure 
means a pair of  MCS with indices i1, 
i2 (taken from Table 1) and a pair of  
weighting power factors p1, p2 used for UE1 
and UE2 data transmission. The structures 
are compiled from paired combinations 
of  MCS (Table 1) according to the "each 
with each" principle. The combination 
number is indicated by symbol j, and the 
total number of  combinations J = 120. 
Fig. 3 shows the number of  the compiled 
structures and paired MCS combinations 
from Table 1 assigned to them. For 
example, the tenth (j = 10) structure is 
composed of  two MCS with indices i1 = 1 
(for transmitting UE1) and i1 = 10 (for 
transmitting UE2).
3.4. CalCulatIon of WeIGhtInG PoWer 
faCtors

The use of  QAM imposes a restriction 
on the ratio between p1 and p2, violation 
of  which inevitably leads to incorrect 
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Table
SCC from 3GPP LTE

i Q Rc Z zρ

1 4 78 -9.478 0.3685517

2 4 120 -6.658 0.3208912

3 4 193 -4.098 0.2663857

4 4 308 -1.798 0.2081311

5 4 449 0.399 0.1476374

6 4 602 2.424 0.0931680

7 16 378 4.489 0.1779069

8 16 490 6.367 0.1354970

9 16 616 8.456 0.0903190

10 64 466 10.266 0.1479521

11 64 567 12.218 0.1113804

12 64 666 14.122 0.0787522

13 64 772 15.849 0.0516968

14 64 873 17.786 0.0265724

15 64 948 19.809 0.0096117
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superposition of  signals and an increase 
in the number of  errors at the reception. 
Let us denote this relation by γ = p1/
p2. Power factors should be selected in 
such a way that the symbols of  the UE2 
constellation are located inside the symbol 
detection area in the UE1 constellation. 
The boundaries of  the detection areas are 
marked in Fig. 4 with dotted lines by the 
example of  a group signal constellation 
composed of  two 16-QAM.

The restriction on p is written as follows

( )( )
( )

( )( )
( )

2 1
1

1 2

2 1
2

1 2

1 1
 1

1 2
.

1 1
0 1

1 2

Q Q
p

Q Q

Q Q
p

Q Q

 − −
 < ≤
 − +


− −
≤ < −

− +

 (6)

p1 increase leads to p2 decrease, which is 
the reason for an increase in the UE1 signal 
performance and a decrease in the UE2 
signal performance, and vice versa. This 
is shown in Fig. 5, which demonstrates 
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Fig. 3. PD-NOMA group signal configurations.

Fig. 4. Constellation of  group PD-NOMA signal.

Fig. 5. Noise immunity of  channels with different 
distribution p1, p2.
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examples of  ρ  dependencies on W for 
three different p distributions in the group 
PD-NOMA signal.

In general, there are an unlimited 
number of  γ values that satisfy constraint 
(6). One of  the problems stated is to 
determine a single γ for each structure that 
provides maximum performance. This 
problem is solved by brute-force search.

Taking into account (6), the compilation 
of  sample 1 2{ , ,..., }K

j j j jγ γ γ=ν  of  all possible 
ratios with given discrete increment Δ of  
change in γ value participating in brute-
forcing is performed for structure j. The 
sample size is denoted by K, and the k 
index denotes a specific element of  the 
sample.

To evaluate performance, metric of  
sustained performance Wm is introduced, 
which shows the average SNR value in 
user channels, at which the threshold 
probability of  a bit error zρ  during their 
demodulation is reached. For the k-th 
ratio of  power coefficients, value k

mW  is 
calculated using formula

1 2
10 10

10
10 1010log ,

2

k kW W

k
mW

 
+ =  

 
 

 (7)

where 1
kW  and 2

kW  are SNR values (on a 
linear scale) in channels UE1 and UE2, at 
which 1 2,  z zρ ρ  is reached. Values 1

kW  and 
2
kW  can be determined graphically using 

dependency (W)ρ .
Let us consider an example of  

calculating k
mW  to get 1 2,  z zρ ρ  = 10-2 and 

select γ for a specific PD-NOMA signal 
structure. Fig. 4 shows the dependencies 
of  BER on SNR for three ratios: γ1 = 4, 
γ2 = 9, γ3 = 19. Ratio γ1 requires that SNR 
values 1

1W  = 8.75dB for UE1 and 1
2W  = 20.3 

dB for UE2. Similarly, for ratios γ2, γ3, it 
is required that 2

1W  = 10.2 dB, 2
2W  = 17.3 

dB and 3
1W  = 13.25 dB, 3

2W  = 14.8 dB. Wm 
calculated by formula (7) for γ1, γ2, γ3 are 
the following: 1

mW  = 17.58 dB, 2
mW  = 15.06 

dB, and 3
mW  = 14.09 dB. Comparing these 

values, one can conclude that γ3 has the 
maximum energy efficiency, because given 

1 2,  z zρ ρ  = 10-2 is reached at a minimum 
averaged SNR equal to 3

mW  = 14.09 dB. 
Accordingly, the distribution of  power 
factors is p1 = 0.95, p2 = 0.05.

Using the approach described above, 
the power factors for all PD-NOMA group 
signal structures (Fig. 3) are determined 
using mathematical modeling by the brute-
force search, providing maximum sustained 
performance Wm for each of  them. Fig. 6 
shows p1 values for each structure, and p2 
can be calculated using p2 = 1 – p1.

3.5 CalCulatIon of PerformanCe GaIn

For all PD-NOMA group signal structures 
with the corresponding factors obtained 
(Fig. 6), dependency 2 (W)ρ  at the SL-SIC 
and CWL-SIC output is calculated in the 
range [ ]10,45W ∈ −  with step ΔW = 0.1 dB. 
After that, the graphical method is used to 
search for SNR WSL and WCWL  values, at 
which the level of  the bit error probability 

( )2 2
SL zWρ ρ=  and ( )2 2 .CWL zWρ ρ=  set for 

each MCS is provided. The performance 
gain of  CWL-SIC relative to SL-SIC is 
calculated by formula

.SL CWLG W W= −  (8).
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Fig. 6. Factors p1 obtained for all structures.
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4. ANALYSIS OF SIMULATION 
RESULTS
The values of  G for all group PD-NOMA 
signal structures are obtained using the 
mathematical model and are shown in 
Fig. 7. The simulation result demonstrated 
that the maximum gain in CWL-SIC 
performance is achieved in PD-NOMA 
signals consisting of  noise-immune 
MCS. This is due to the fact that the 
operational range of  the signal-to-noise 
ratio of  noise-immune MCS coincides 
with the effective range of  CWL-SIC, so 
the greatest performance gain of  noise-
immune MCS is provided by PD-NOMA 
signal configurations.

Analyzing the obtained result, it can 
be concluded that CWL-SIC provides 
a significant performance gain of  the 
"strong" user channel that lies in the 
range of  1.5-6.4 dB for noise-immune 
MCS (indices 1–6). When using less noise-
immune, but higher-rate MCS (indices 
7–15), the performance gain lies in the 
range of  0-1.5 dB. This proves the high 
efficiency of  CWL-SIC and the feasibility 
of  its use in real systems, especially under 
conditions of  a low signal-to-noise ratio.

The following is an illustrative example 
demonstrating the gain in performance 
G for the second (j = 2) structure, which 
is the result of  MCS superposition with 
indices i1 = 1, i2 = 2  (Table 1) at p1 = 0.510, 

p2 = 0.490 (Fig. 6). Fig. 8 shows dependency 
2 (W)ρ  and threshold level 2

zρ  = 0.3208912 
(Table 1). The SNR values, at which 

2 2
zρ ρ=  is reached: WSL = 2.8, WCWL = –3.6 

are found graphically. Accordingly, the 
performance gain for the second structure 
can be calculated by (8) and G = 6.4 dB.

5. CONCLUSION
The paper presents a comparative 
performance analysis of  two SIC 
approaches to decoding PD-NOMA group 
signals in a system with two users. The key 
feature of  the work is that the PD-NOMA 
system under consideration with two users 
exploits real MCS from the 3GPP LTE 
communication standard.

A set of  120 group PD-NOMA signal 
structures that can be used for data 
transmission in PD-NOMA systems is 
formed from paired MCS combinations 
following the "each with each" principle. 
For each structure, we have found the 
weighting power factors providing 
maximum sustained performance for two 
user channels by means of  the brute-force 
method.

INFORMATION TECHNOLOGIES PERFORMANCE COMPARISON OF DECODERS OF NON-
ORTHOGONAL MULTIPLE ACCESS SIGNALS CONSIDERING...

Fig. 7. CWL-SIC performance gain relative to SL-SIC for 
all configurations.

Fig. 8. Evaluation of  performance gain for the second group 
PD-NOMA signal structure.
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It is shown that the maximum CWL-
SIC performance gain relative to SL-SIC 
is reached in the PD-NOMA group signals 
composed of  noise-immune MCS. CWL-
SIC provides a significant performance 
gain of  the "strong" user channel that 
lies in the range of  1.5–6.4 dB for noise-
immune MCS (indices 1–6). When using 
less noise-immune, but higher-rate MCS 
(indices 7–15), the performance gain lies in 
the range of  0–1.5 dB. This proves the high 
efficiency of  CWL-SIC and the feasibility 
of  its use in real systems, especially under 
conditions of  a low signal-to-noise ratio.
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