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Power Domain Non-Orthogonal Multiple Access (PD-NOMA) is a promising
technique for future wireless networks. Currently, the growing number of
researchers are addressing PD-NOMA issues. The great number of known
results are based on the Shannon capacity theorem, assuming infinite code
block length. However, they cannot be achieved in practice when modulation
and coding schemes (MCS) with finite code block length are used. To solve
this problem, we propose an approach which allows utilizing LTE MCSs in
the link-level simulation of PD-NOMA. In this paper, we present an adaptive
MCS map for a PD-NOMA system with two users, considering non-perfect
Serial Interference Cancelation (SIC). In addition, we have developed a map
for power allocation coefficients (PAC). The max-sum rate criterion and 10%-
Block Error Rate constraint are utilized. The MCS and PAC maps allow
access point to jointly and adaptively select MCS parameters for the users
depending on their SNR values. The proposed MCS maps can be used in a
link-level simulation of the PD-NOMA system to near-practical performance.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION approaches can be divided into power domain NOMA

(PD-NOMA) and code domain NOMA (CD-NOMA).

High standards are imposed on next-generation cellular
communication systems, such as Beyond 5G or 6G (Katz
et al., 2019). In particular, it is necessary to ensure much
higher density of network connections per resource unit
and an increase in a channel capacity for the provision of
new customer services and applications. Non-orthogonal
multiple access (NOMA) can partially satisfy the
requirements listed above. NOMA is referred to a group
of a large number of techniques. Broadly, all NOMA

! Corresponding author: Yakov Kryukov
Email: kryukov.tusur@gmail.com

The concept of NOMA is to transmit data of two (or
more) users in the same frequency-time resource
segment (RS). In orthogonal frequency-division
multiplexing (OFDM) systems, RS is an orthogonal
subcarrier, so NOMA transmits data from several users
on a common subcarrier. Varieties, trends, issues, new
approaches, and advantages of NOMA are described in
detail in reviews (Abd-Elnaby et al., 2023; Budhiraja et
al., 2021).
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Our work focuses on PD-NOMA that utilizes different
power levels for user multiplexing in the power domain
(Saito et al., 2013) of an OFDM subcarrier. The total
available power is shared between users, and the group
signal is formed by the superposition of signals of all
users with various power levels from each other. In this
case, user channels affect each other, causing inter-
channel interference (ICI). One of the main goals of PD-
NOMA is ICI management, and it is controlled by two
factors: the power allocation (PA) between users and the
type of their modulation and coding schemes (MCS).

The goal of PA is to share common power among users
by satisfying one of the system criteria (fairness,
capacity, latency, energy efficiency, error probability,
and so on). Increasing the power share of one of the
users allows for increase in its performance, which, at
the same time, leads to a decrease in power shares of
other users as well as decrease in their performance.
Therefore, PA impacts not only the capacity of one user,
but also the capacity of other users, and there should be a
compromise found.

When performing PA, the main criterion is the channel
quality (CQ) of multiplexed users. Fixed PA (FPA)
(Benjebbovu et al., 2013) is non-complex, but it does not
account for varying CQ. Works (Hojeij et al., 2016;
Abd-Elnaby, 2021; El-Sayed et al., 2016) describe low
complexity approaches of dynamic PA (DPA)
considering varying CQ. They also propose Full Search
PA (FSPA) (Benjebbovu et al., 2013) consisting of the
enumeration of all possible power levels and the
exhaustive search for the optimal solution. As it has a
high computational complexity, several FSPA
optimization schemes have been proposed (Wu et al.,
2021; Alghasmari & Nassef, 2021). The greater number
of works, for example (Hojeij et al., 2017; Wang et al.,
2016; Xu & Cumanan, 2017; Chen et al., 2018), are
devoted to DPA optimization schemes used for
maximizing sum-rate and weighted sum-rate. Some
researchers put forward various schemes (Liu et al.,
2015; Fuetal., 2018; 17. Al-Abbasi & So, 2016;
Dogra & Bharti, 2022; Mei et al., 2016; Wang et al.,
2019) concerning the joint user pairing and PA (UPPA),
mostly focused on addressing optimization problems. All
of the above studies are based on the Shannon capacity
formula ignoring the bit error rates (BERs) of PD-
NOMA users. Hence, they focus only on achievable
rates (capacity region) without considering the problem
of error propagation of co-allocated users.

The MCS selection in PD-NOMA and OMA is not
identical and also allows for the ICI management. The
common constellation is obtained by the superposition of
several users’ constellations (mostly QAM) with various
power levels. Increasing the modulation order of one
user leads to a decrease in the Euclidean distance
between the constellation points of other users and
increases error probability. In particular, (Iragi & Al-
Dweik, 2021; Ferdi & Hakan, 2020; Cejudo et al., 2017;
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Choi, 2016) address the problem of PA considering
QAM.

The PA and MCS selection are solved together because
they are interrelated. There is the sufficient number of
papers devoted to this issue. Among them, a number of
works solve the issue using the iterative search, which is
computationally complex (Kim et al., 2018; Cejudo et
al., 2021; Yu et al., 2021). In addition, several papers use
assumptions that reduce the accuracy of results. The
authors Kim et al. (2018) assume perfect serial
interference cancellation (SIC), which is a simplification
that reduces accuracy. In (Cejudo et al., 2021), the
researchers perform constant BER but they use an
approximation to calculate it. The QAM modulation and
power adaptation for downlink two-user PD-NOMA are
studied in (Yu et al., 2021). The proposed algorithms
make it possible to select the QAM order and PA
without exceeding a given BER threshold. The paper is
of considerable interest; however, it uses an iterative
search approach and considers conventional QAM, not
MSCs.

Another approach of the PA and MCS selection is to
construct a ready-made adaptive map with pre-calculated
multiplexing settings. The benefit of this approach is that
optimal settings can be defined in advance, eliminating
the need for the real-time iterative search. In (Hsieh et
al., 2016), the authors describe their own approach for
constructing the MCS map for co-allocated users
assuming symbol level SIC (SL-SIC). To build such an
MCS map, the first step is to find BERs of co-allocated
users with given SNRs, MCS settings, and PACs. Using
the exhaustive search in a simulation model, the authors
determine the feasibility of assigning any given pairwise
combination of MCS (8 MCSs pool) and PAC to data
transfer under given SNR (from 15 to 50 dB), while
ensuring that BERs do not exceed 10 for each user.
Next, all feasible combinations are recorded in the MCS
map.

In (Thieu et al., 2017, Yang & Hsieh, 2015), the authors
present the MCS map using the following method. It is
constructed similar to the method employed in (Hsieh et
al., 2016), recording the combination of PA coefficients
(PACs) and MCSs (10 MCSs pool) that satisfy the BER
threshold constraint 10 for co-allocated users within the
given SNR range of 4 to 22 dB. At the receiver side, the
SL-SIC is implemented.

Other researchers (Endovitskiy et al., 2021) present the
PA and MCS selection while analyzing the performance
of downlink PD-NOMA in Wi-Fi networks. To solve
these problems, the signal-to-noise and interference ratio
(SINR) for two users is obtained, incorporating the ICI
component from the second user as additive white
Gaussian noise (AWGN). Further, the pair of MCSs with
the performance exceeding the SINR threshold is
selected from the table. The disadvantage of such an
approach is that taking ICl as AWGN is a simplification
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and gives additional inaccuracy in the data receiving
quality metrics (BER, BLER, etc.).

In contrast to related works, we propose an approach for
constructing maps for the adaptive joint MCS selection
and PA for non-perfect SIC, considering 10% BLER
fulfillment. To prove it, we present two maps for SL-SIC
and codeword level SIC (CWL-SIC) with 1 dB SNR
resolution.  Furthermore, we  demonstrate  the
performance of the system with CWL-SIC compared to
SL-SIC and show that CWL-SIC outperforms SL-SIC
under poor channel conditions. Future studies can utilize
these maps for the link-level simulation of PD-NOMA
systems and obtain more practical system performance.

2. SYSTEM MODEL

2.1 Downlink PD-NOMA signal

We consider a basic downlink PD-NOMA scenario
where an access point (AP) serves two users. User 1 is
located at the cell edge and possesses a “weak"
propagation channel, and user 2 is located close to AP
and possesses a "strong"” propagation channel. The data
from both users is transmitted on the common
orthogonal subcarrier by multiplexing in the power
domain with different PACs p = {p;,p.}, Where p; is
assigned to user k € {1,2}, fulfilling p; >p, and
p1 +p, = 1. The data transfer is conducted using a set
of MCSs, the settings of which are shown in Fig.1. Let
us denote the data symbols of user 1 and user 2 by
variables x € X,y € Y, where X, Y represent the QAM
alphabet determined by the modulation orders Q =
{Q4, Q,} of MCSs. Thus, the group PD-NOMA symbol s
to be transmitted on the subcarrier is given by

s =\/p_1x+\/p_2y. @)
2.2 SL-SIC

The received signals at user k are expressed as
T, = ais +ny, 2

where n,~CN (0, c2) is the noise realization of user k
with zero mean and variance o2, and a is the channel
coefficient from AP to user k.

Let us consider the process of SL-SIC decoding in the
AWGN channel. At the receiver of user 1, its own X is
estimated using the minimum Euclidean distance

criterion, treating the signal from user 2, ./p,y, as
interference according to

Pl — x) +\/;sz+’;—1| NG

At the receiver of user 2, x is first decoded according to
(3), replacing Z—i by Z_i SL-SIC does not use forward

error correction (FEC) codes, hence the cancelation
signal /p,x* is generated directly from % at the symbol

X = argmin
x;€X

level, and x* = x. Next, \/p,x* is removed from the

received signal and then user 2 obtains its own ¥ as
follows:

. * n 2
y=argryr}ér;|\/ﬁ(x—x IR VCACES DR Sm IC)

2

PD-NOMA researchers often consider perfect SIC,
wherein interference component x* is canceled
perfectly, leading to a revised form of equation (4):

2

n
g=argmin|\p:0 -3 4| . ©)
Perfect SIC is fairly considered when the error
probability of x is significantly lower than that of y. It is
assumed that s is formed in such a way that X is
decoded without errors at the receiver of user 2, which
may reduce the system capacity as well as the PA and
MCS selection range. In addition, the system models
with perfect SIC cannot provide an accurate measure of
system performance that depends on the data reception
metric (e.g., BER). More correctly, we consider a
system with non-perfect SIC, and CWL-SIC can be
utilized to improve the quality of the cancelation signal.

2.3 CWL-SIC

Now let us consider CWL-SIC that can only be
performed at the receiver of user 2. Compared to SL-
SIC, CWL-SIC employs FEC, thereby reducing the
probability of error cancelation in (4) and bringing the
received y closer to perfect SIC (5). However, it
increases the computational complexity due to the need
for encoding/decoding of the external signal.

In CWL-SIC, x* is carried out in several successive
stages: a) obtaining X (3); b) FEC decoding %, correcting
errors and coding again; ¢) Q;-QAM mapping of the
codeword and obtaining x*. CWL-SIC gives the BER
benefit of ¥ under poor CQ, when there is a high error
probability of X at the receiver of user 2.

3. CONSTRUCTION OF MCS MAPS

3.1 MCS characteristics

We have utilized the MCS table from the LTE standard
in our paper. It contains M = 15 schemes (Fig. 1), each
of which is characterized by the following parameters: m
— MCS index; Q — QAM order; y/1024 — code rate
(Turbo); Z — SNR threshold that provides 10% BLER;
and p“ — BER at the decoder input under Z conditions.
The SNR thresholds are specified by the performance of
the decoding algorithm provided in (Fan et al., 2011).
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m | Q |y/1024| R 5% | Z, AB twstoid| p° desoser it |desodes ovtpus
1§ 4 78 0.1523 §-9.478 0.368551
2§ 4 120 £02344 §-6.658 0.320891
3 4 §193 £03770 i-4.098 0.266385
4% 4 $308 £06010 -1.798 0.208131
5% 4 {449 08770 §0.399 0.147637
6 i 4 602 11758 2424 0.093168
7§16 §378 §14766 i4.489 0.177906
8 § 16 1490 {19141 §6.367 0.135497 i 10%
9 i 16 {616 £24063 i 8456 0.090319
10 i 64 :466 27305 10266 0.147952
11§ 64 §567 33223 12218 0.111380
12 64 {666 39023 i14.122 0.078752
13 64 §772 45234 15849 0.051696
14 64 §873 §51152 #17.786 0.026572
15§ 64 1948 55547 #19.809 0.009611

Figure 1. MCS table from LTE standard

3.2 Pairwise MCS combinations

In the initial step, we construct all possible pairwise
MCS combinations {m,, m,} using the MCS table (Fig.
1), where m,, is assigned to user k. We assume that
assigning a higher data rate to user 1 compared to user 2
is not reasonable due to the worse channel condition of
user 2,

since it is not efficient for the system. Therefore, we
exclude combinations where m,; >m, from the
composed pairwise combinations and obtain J = 120
combinations sorted in ascending order of total data
rate Ry (j) = Ry, (j) + Ry, (j), where j€1..] is a
combination index. All the composed combinations are
shown in Fig. 2.

3.3 Algorithm of MCS map construction

When constructing the MCS map, the goal is to find (via

enumeration) the index [ € 1...]J of the combination

with the highest data rate Ry under pairwise SNR

condition W = {W;, W,}. This choice is to ensure that

the error probability does not exceed 10% BLER when

decoding x,y. We define the SNR of user k as W, =
2

For the BLER condition to be satisfied, it is sufficient
that BER is lower than the threshold value p* (Fig. 1).
The search of [ can be expressed as follows
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l= maXjes..j Rx(j), (6)
fulfilling that

{p,e(m(i),p, wy) < p?(my ()
Py(m(]'),l’; W,) < Pz(mz(f))'
where pz(m(j), p, W;) and py(m()), p,W,) are BERs
of £ and ¥, where m(j) = {m, (j), m,(j)} contains MCS
indices of the j-th combination (Fig. 2); p contains
PACs; p?(m, () is the BER threshold of m; (j).

)

3.4 BER calculation

BER on SNR is calculated using the exact expressions
derived in (Assaf et al., 2020), depending on specific
PD-NOMA signal settings such as Q and p. In turn, Q is
defined by the MCS m(j) of j-th combination, and the
exhaustive search is used to set p, which is described in
the next section. Thus, for the non-perfect SL-SIC
receiver, pe(m(j),p,W;) and py(m(j), p, W,) can be
obtained by (14) and (20) from (Assaf et al., 2020),
respectively.

In CWL-SIC, ps(m(j), p, W;) is obtained in the same
manner as in SL-SIC, utilizing (14) from (Assaf et al.,
2020). Now, let us describe py(m(j), p, W,) in CWL-
SIC and note two situations that occur when

demodulating x at the receiver of user 2 under SNR
condition W,.

1) The strong user 1 signal at the receiver of user 2,
satisfying pz(m(j), p, W,) < p#(my(j)). Because of the
strong reception and fulfillment of 10% BLER, we
assume that all bit errors in x* are corrected, enabling
perfect SIC. Then, the signal after cancelation is
/P2y + n, which is weighted by the p, symbol of Q,-
QAM superposed with noise component n. In this case,
py(m(j), p, W5) is calculated as for conventional QAM
(eq. (16) from (Cho & Yoon, 2002), using y =
W,p,/log, Q2).

2) The weak user 1 signal at the user 2 receiver,
satisfying pe(m(j), p, W,) > p?(m,(j)). High ps does
not allow the decoder to correct errors in x*, which is
non-perfectly removed from the received signal. In this
case, py(m(j), p,W,) is calculated as for non-perfect
SIC by (20) from (Assaf et al., 2020).
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7 lmyms Rs J lmyms| Ry Jlmymy| Ry | jImy myl Ry Jolmy o mal Re | lmy ms| Ry

1 §1§1503046: 21 4% 6 117774+ 41 §3 § 10 $3.1075: 61 & 4 § 12 {45039 81 | 4 i 14 £57168 5 101 | 11 12 i 7.2246
2 §1§2i03867i22 i34 7 {{18536§ 42 i5f 9 $32833i 62§ 8 {10 46446 82 | 9 § 11 #57286% 102 | 10} 13 §7.2539
3 §2i2504688% 23 i 5% 6 120528F 43 f4§ 104333214 63§ 1 {13 4i46757F 83 | 2 ¥ 15 §57891% 103 | 8 i 15 § 7.4688
4 $183£05293% 24814 8 1206645 44§ 7% 8 9339071 64§ 2 {13 147578% 84 | 8 i 12 £58164: 104 | 9 i 14 §7.5215
5 §2i3i06114§ 25§ 4% 7 (/207828 45§ 1§ 111347468 65§ 5 § 12 {47793§ 85 | 3 | 1559317 105 | 12| 12 § 7.8046
6 §1i4507539F 26 2§ 8 214855 46 § 2 § 11 £3.5567 66§ 7 § 11 147989 86 | 5 i 14 §59922% 106 | 11} 13 § 7.8457
7 i3i3i07540i 27 i34 8 $22011f47i6f 9 $3581i67f 9 { o 148126F 87 | 7 i 13i6 107 | 10 14 #7.8457
8 2i4i08360i 28 64 6 235165 48 i 5§ 10 3.6075] 68 § 3 {13 149004% 88 | 10 i 11 #6.0528% 108 | 9 i 15 i 7.9610
9 §3i4i09786% 29 { 5§ 7 235364 49 { 3 11 36993 69 i 6 { 12 {50781F 89 | 4 § 15 §6.1563§ 109 i 10} 15 § 8.2852
10f1§5:10293§3054i 8 {25157 5058: 8 382820 70 4 {13 {51250 90 | 6 i 14 £6.2910% 110 | 12| 13 { 8.4257
11§ 2§5811114§31§1% 9 255864 5157: 9 $3.8829§ 71 & 9 § 10 {51368% 91 § 9 § 12 £63086% 111 i 11| 14 | 8.4375
124§4812032§32352% 9 264074 52 § 6510 §3.9063§ 72§ 8 § 11 {52364 92 | 5 i 15 §6.4317§ 112 | 11| 15 § 8.8770
13 §3§5:125405 33 §6F 7 1265244 53 §4 i 11 $3.9239§ 73 1 § 14 {52675} 93 | 8 | 13 {64375 113 i 12| 14 | 9.0175
14 §1§6£13281§34§3F 9 278334 54§ 1512 40546§ 74§ 2 § 14 {53496 94 | 7 i 14 {65918 114 | 13| 13 § 9.0468
15§ 2§6814102§ 35 §5% 8 279114 55 § 2 § 12 $4.1367{ 75§ 7 § 12 {53789} 95 | 10 i 12 §6.6328§ 115 | 12| 15 § 9.4570
16 4 §5:1.4786§ 36 § 1§ 10 2.88281% 56 : 5§ 11 $4.1993} 76 & 5 § 13 {54004} 96 | 11 i 11 6.6446 116 i 13| 14 i 9.6386
17 i3i6i155288 37471 7 295328 57 178108420718 77§ 10§ 10 §54610% 97 | 6 i 15 §6.7305 117 | 13| 15 { 10.078
18§ 1§7516289} 38 52 10 1296494 58 § 3§12 42793} 78 § 3 § 14 {54922} 98 | 9 § 13 §6.9297 § 118 | 14| 14 | 10.2304
19§2§7i17110§ 39543 9 300795 59 : 85 9 43204 795 6 § 13 ;569925 99 | 8 i 14 £7.0293§ 119 ; 14} 15 § 10.6699
2035§5§175403 40 { 6§ 8 {/3.0899§ 60 § 6§ 11 $4.4981§ 80§ 1 § 15 {57070 100 | 7 i 15 §7.0313§ 120 | 15} 15 § 11.1094

Figure 2. Pairwise MCSs combinations

3.5 Exhaustive search of PACs

The exploitation of QAM imposes a restriction on the
ratio between PACs. Violating this restriction causes the
constellation of user 2 to extend beyond the boundaries
of the decoding region of the constellation of user 1
(constellation overlap) and results in a significant
increase of pg. To avoid this, we use constrain on
p described in (Kryukov et al., 2023). For given
modulation orders Q, the restriction on p will be the
following:

min <1
{pl —= pl (8)

0<p, <1-—pmn’

where p™" is minimum PAC assigned to user 1,
ensuring that there will be no constellation overlap, and
it can be obtained by

pmin — (\/@ — 1)(Q1 — 1).
! (@, —1) +2

When performing the exhaustive search, for each
combination m(j) under condition W, we search p in
the range (8) that satisfies (7). If no such p is found, then
Jj-th combination cannot be selected for data transmission
under conditions W. We use search resolution Ap, as
follow

©)

min

1-p]
d
where d is the search accuracy, which linearly splits the

search range [pI™", 1) into d valid values, reducing the
computational complexity.

Apl = ’ (10)

4. MCS MAPS FOR SL-SIC AND CWL-SIC

4.1 MCS maps

Fig. 3 shows the proposed adaptive MCS map for two-
user PD-NOMA with non-perfect SL-SIC. It is obtained
for the SNR range of -10 to 40 dB with 1 dB resolution.
Under SNR conditions W, AP selects the j(W) number
of a combination containing MCS indices m(j) for both
users. The color grading shows the total data rate
R;(W), and max(Ry) = 11.1094 bits per subcarrier is
reached by j = 120 combination in a high SNR region.

Jointly with j(W), AP selects the corresponding
parameter i(W), which is involved in the calculation of
p according to

{pl =pi""+ (-1 Ap
p2=1-p;
where pI™ and Ap, are obtained by (8, 9) depending on

Q € m(j). Fig. 4 shows the mapping of i obtained by
the exhaustive search using d = 16.

Fig. 5 shows the proposed adaptive MCS map for CWL-
SIC decoding and Fig. 6 summarizes PACs. The
parameters and algorithm of this map are identical for
both cases.
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Figure 6. PA map for CWL-SIC

4.2 Comparison of SL-SIC and CWL-SIC

Fig. 7 shows the benefit of CWL-SIC relative to SL-SIC.
Thus, the figure shows a region where CWL-SIC allows
for the data transmission while SL-SIC is unable to make
it feasible. This region is marked by the red color. It is
seen that CWL-SIC moves the SNR threshold to a lower
region, allowing for the data transmission at worse SNR
than what is achievable with SL-SIC.

40
350
300
25+
20 HpH150%

15 B 1000
10 |+

Benefit of CWL-SIC over SL-SIC

Signal-to-Noise ratio of «weak» user, dB

Comparison of the CWL-SIC map with the SL-SIC map

,,,,,,,,,,,,,,,,,,,,,,

Thus, CWL-SIC provides benefit in the low SNR region
when both users have poor CQ. The area with high gain
is highlighted in a bright color, and the area with low
gain is shown in dark blue. The numerical gain can be up
to 270% in the low SNR region and it varies from 0 to
10% in the high SNR region. The obtained result shows
the feasibility of CWL-SIC as a means to increase the
capacity of the PD-NOMA system, despite the increased
computational complexity due to the additional
decoding-encoding process.

- - SL-SIC does not allow data transfer

,,,,,,,,,,,,,,,,,,,,,,,,,,,

15 20

Signal-to-Noise ratio of «strong» user, dB
Figure 7. Comparison of SL-SIC and CWL-SIC

5. CONCLUSION

The paper presents a method for constructing the MCS
map for a two-user PD-NOMA system. It allows for
considering the performance of real MCSs in the link-
level simulations of PD-NOMA. The map uses the
strategy of maximizing the total data rate without
exceeding the 10% BLER threshold.

Adaptive MCS and PA maps for SL-SIC and CWL-SIC
have been proposed. They are obtained for the SNR
range of -10 to 40 dB with 1 dB resolution. MCSs from
the LTE standard are employed. For the specified user
SNR values, the MCS map allows AP to select the
optimal MCS pairwise combination settings for PD-
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NOMA multiplexing. The PA map is used jointly with
the MCS map and enables PA between users.

The comparison of MCS maps for SL-SIC and CWL-
SIC is obtained. CWL-SIC demonstrates advantages in a
low SNR region when both users have poor channel
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Russian Science Foundation within the framework of
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Groups Led by Young Scientists" of the Presidential
Program of Research Projects Implemented by Leading
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quality. The result shows the feasibility of CWL-SIC as 79-10148.
a means to increase the capacity of the PD-NOMA

system.
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