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Abstract—This paper investigates the integration of multi-
layer non-orthogonal multiple access (N-NOMA) into a 5G New
Radio (NR) compliant transceiver model, aiming to reveal the
full potential of the NOMA technology in practical scenarios.
We propose an N-NOMA-aided 5G NR physical layer (PHY)
design, where a simplified multi-layer NOMA multiplexer with
a one-shot multiplexing technique is developed to reduce the
transmitter complexity and thus potential delay for processing
the additional NOMA layers. Our design offers a new perspective
for the NOMA technology to address various challenging use
cases, such as massive machine type communication (mMTC) and
enhanced mobile broadband (eMBB) under low signal-to-noise
ratio (SNR) regimes. Then, in order to provide a comprehensive
error performance evaluation of the proposed N-NOMA PHY
design, we take into account various system configurations, e.g.,
different modulation and coding schemes (MCSs) with low-
density parity-check (LDPC) code and different multi-input
multi-output (MIMO) configurations. During the evaluation of
the proposed design, we uncovered key factors missing from
the existing bit error rate (BER) analytical models literature,
e.g., the imperfect successive interference cancellation (SIC). The
derived BER expressions capture the effect of the SIC errors,
which is consistent in our analytical and simulation performance
comparison. Through the simulation, we also comprehensively
evaluate and discuss the link-level performance of the proposed
PHY design.

Index Terms—Non-orthogonal multiple access (NOMA),
multiple-input multiple-out (MIMO), low-density parity-check
(LDPC), New Radio (NR), bit error rate (BER), successive
interference cancellation (SIC)

I. INTRODUCTION

FUTURE cellular networks aim to support unprecedented
user connectivity with a certain quality of experience

met evenly, to enable services such as live sports and video
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game broadcasting [1], or to deliver massive machine-to-
machine communications (mMTC), e.g., large-scale software
updates for IoT devices [2]–[5]. Supporting different service
or device categories is a challenging task, due to diverse
data rates, power efficiency, latency and accuracy requirements
[6]. Non-orthogonal multiple access (NOMA), which allows
transmission of multiple data streams over the same time-
frequency resources, has shown a potential to support massive
connectivity, providing greater spectrum efficiency and sys-
tem capacity [7]–[9]. Advanced television systems committee
(ATSC) 3.0, a major standard for television broadcasting,
uses a 2-layer division multiplexing (LDM), a subset of the
power domain NOMA introduced in 2012 [10]–[12]. These
two layers, namely upper layer (UL) and lower layer (LL),
provide services to portable or mobile receivers with low data
rates, and services (e.g., UHDTV/HDTV) to fixed receivers,
respectively. Then at the receivers, successive interference
cancellation (SIC) technique plays a key role in eliminating
the higher-layer interference from the composite signal by
subtracting the received higher-layer data after reconstruction
from the composite signal [13], [14]. Previous studies have
shown that using NOMA in ATSC 3.0 physical layer (PHY)
outperforms orthogonal multiplexing counterparts, e.g., time-
division multiplexing (TDM), in terms of throughput for
mobile services [11], [12]. Also, the application of NOMA in
ATSC 3.0 highlights its adaptivity to varying demands of the
receiver heterogeneity [15], [16]. The integration of NOMA
into the ATSC 3.0 has paved avenues for its application in 5G
New Radio (NR) as shown in [17], [18].

Over time, extensive literature [19]–[24] has developed on
exploring the intricate nature of the NOMA-based transmitter
and the effect of variable channel conditions on system per-
formance. The authors of [25] combined spatial modulation
with multiple-input and multiple-output (MIMO) and LDM,
suggesting that increasing the MIMO order could potentially
enhance the delivery of broadcast/multicast services. However,
this model does not incorporate key elements such as low-
density parity-check (LDPC) forward error correction and
practical MIMO channel modeling. In [26] it suggested that
using low-rate LDPC codes in the UL improves the overall
performance and achieves higher transmission efficiency. Mo-
tivated by these research gaps, we consider a practically novel
transceiver model, incorporating a series of NOMA func-
tionalities for heterogeneous services to a 5G NR-complaint
PHY, including MIMO precoding and LDPC coding, with
tapped delay line (TDL) or clustered delay line (CDL) channel
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model. We also take into account critical NOMA techniques
for incorporation and integration, including symbol rate syn-
chronization by aligning signals and optimal placement of
NOMA PHY processing functions in the 5G transceiver chain,
to reduce latency and complexity.

While the two data layers LDM or NOMA structure remains
limited capacity to support services such as mMTC and
enhanced mobile broadband (eMBB) with massive concurrent
users, multi-layer NOMA (N-NOMA) (> 2) can play a signifi-
cant role here to enhance system capacity [26]. In recent work,
Kim et al. [26] explored the potential of a time-shared 3-layer
LDM system for ATSC 3.0, and tested various multi-layer
systems and investigated their capacity enhancement potential.
The time-shared 3-layer NOMA is a way to provide 3 services
using a 2-layer LDM design where the lower layer is shared
between two services due to the performance degradation
and complexity associated with vertical integration. However,
the integration of N-NOMA, e.g., more than 3 layers, will
introduce severe challenges to the practical system, e.g., the
requirement of high transmission power and the increased
complexity of the transceiver design. As demonstrated in
[27], [28], adding more NOMA layers, while possible, the
minimum signal-to-noise ratio (SNR) requirement increases,
which is challenging in practical scenarios, particularly if the
microWave/mmWave spectrum is used. Compared to previous
generations, 5G NR PHY performance at low SNR regimes
offers a higher quality of service (QoS) owed to the inclusion
of technical enablers such as LDPC and MIMO. It is of
great interest to see if a combination of NOMA and NR
technologies can reduce the minimum SNR requirements when
adding new layers. On the other hand, the work in [29]
showed that the complexity at the transmitter side arises from
data processing, NOMA multiplexing, power allocation, and
user grouping. The main issues at the receiver side are the
multiple SIC operations (n − 1) SIC operation for the nth
data layer) and maintaining the minimum SNR levels for
successful signal detection [30]. Resource allocation in N-
NOMA transmission is a complex problem concerning power
allocation and user pairing as data layers increase [31], [32].
Note that, unlike point-to-point unicast, point-to-multipoint
(PTM) transmission does not require exclusive user pairing,
lowering resource allocation complexity and thus making N-
NOMA more attractive for PTM service delivery.

Our motivation is not only to explore the feasibility of N-
NOMA in conjunction with 5G NR technical enablers, but
also potentially address some key implementation issues of
the N-NOMA-aided PHY. For example, one of the drawbacks
of including more NOMA layers in a standard sequential
combiner is the added complexity of the additional signal
processing functions [26]. Our proposal is to design a one-shot
technique that multiplexes all NOMA layers using a single
function. Another example is that, during the SIC operation,
an imperfect detection of higher layer data can add interference
to the lower layer signal. This important factor has not been
considered in the previous bit error rate (BER) analytical
models, leading to an overoptimistic estimation of error. As the
scale of the NOMA order increases, the estimation becomes
even more deflated with the SIC operation in the system.

An accurate BER analysis, essential for validating NOMA
architectures in practice, should incorporate the impact of
SIC into the error modeling, e.g., considering both residual
and non-residual errors in case of the perfect or imperfect
SIC, respectively. In this context, we define the residual error
events, which occur when the symbol from the preceding
layer is incorrectly decoded, leading to additional interference
during SIC operation. On the other hand, non-residual error
events apply to cases where the preceding layer symbol is
correctly decoded, resulting in NOMA interference solely from
the impact of all subsequent NOMA layers. In [33], a closed
form BER was derived for NOMA with receiver diversity
for several modulation orders. However, the authors did not
capture the impact of SIC in their proposed solution, and
they assumed a single antenna transmission which has certain
limitations in 5G. The authors in [31] derived a theoretical
BER expression for N-NOMA-quadrature amplitude modu-
lation (QAM) with equal power distribution between data
layers. However, they did not consider orthogonal frequency-
division multiplexing (OFDM) or MIMO processing in their
expression. Furthermore, although they explored SIC operation
for the BER performance, they did not quantify the additional
interference caused by the imperfect SIC. With the above in
perspective, we aim to derive a closed-form BER analytical
expression by accounting for both residual and non-residual
errors from SIC at the receiver, incorporating MIMO gain,
using TDL/CDL model and thus expanding its scope. Our
approach to derive the error probability follows the Q function
estimation, where we assume uncoded OFDM system and
Gaussian distributed interference for residual and non-residual
errors.

The contributions of this paper are summarized as follows.

• We propose a new N-NOMA-aided 5G NR-complaint
transceiver design, incorporating a series of NOMA and
MIMO functions to the NR PHY to enable heterogeneous
transmission, combining multiple NOMA layers over a
common communication channel.

• We provide an improved N-NOMA multiplexer design
by developing a one-shot technique to reduce the com-
plexity and latency, compared to the standard sequential
combiners.

• We derive a closed-form BER expression, accounting for
both residual and non-residual errors from SIC, and incor-
porating MIMO gain and practical channel model, which
introduces a new tool for understanding and analyzing
NOMA systems. In our expression, we quantify the
maximum non-residual error as the maximum pairwise
distance between square QAM (SQAM) symbols captur-
ing its maximum possible impact on the error probability.

• We conduct a series of BER measurements for differ-
ent modulation schemes at various NOMA layers and
normalized SNR levels under a TDL-MIMO channel.
As such, the practical applicability and effectiveness of
the proposed transceiver design and analytical model are
verified through rigorous simulation results.

The structure of the remainder of this paper is as follows:
Section II proposes a system model incorporating a 2-layer
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Fig. 1. Illustrates a 5G transceiver model integrating a 2-layer NOMA scheme.
The shaded areas denote proposed modifications for NOMA integration, while
the remaining components adhere to the standard 3GPP 5G transceiver model.

NOMA-aided 5G PHY and a transceiver model. This model
is extended in Section III into an N-NOMA transceiver model,
allowing the transmission of over 2 data layers using a single
traffic channel. This model is further simplified to reduce
latency and complexity. Section IV presents a closed-form
BER expression to determine the maximum error for any layer
of data in N-NOMA transmission. The results of our system
and analytical models are presented and evaluated in Section
V. Finally, Section VI summarizes our findings and discusses
potential future work.

II. 2-LAYER NOMA-AIDED 5G NR-COMPLIANT PHY

We start with a 2-layer NOMA to present the proposed
modular PHY design, in which we integrate NOMA-aided
transceiver blocks into the standard 5G NR-compliant down-
link data transmission model, as specified in 3GPP TR
38.901 [34]. As illustrated in Fig. 1, besides the standardized
transceiver blocks such as LDPC-based encoding and OFDM
modulation, the model also combines NOMA multiplexing and
SIC, MIMO precoding and CDL/TDL channel models, among
other functions.

A. Transmitter design

5G NR downlink transmitter commonly has the data input
(in binary bits) in the PHY intended for single-user cases. Our
design considers multi-user cases, e.g., with the data streams
for two users separated into two data layers (e.g., L1 and L2)
using NOMA multiplexing, which is merged with the standard
data processing chain to combine and transmit data blocks for
two independent users using a single traffic channel.

Since the processing of individual data blocks can be exe-
cuted in parallel before multiplexing, the only added latency
in the transmitter side is the time required for NOMA inte-
gration. The multiplexing can be achieved on a bit or symbol
level, while for both data layers, the length of the processed
bit/symbol needs to be identical to carry out this operation.
As such, the challenges of our design are: 1) synchronizing

the bit/symbol rate of both layers before multiplexing and 2)
determining the optimum position of the NOMA multiplexer
in the transmitter chain.

Recall in our system description that two input sources are
defined as L1 data and L2 data, which can be expressed as:

xl1 = (xl1,1, · · · , xl1,nl1
), (1)

xl2 = (xl2,1, · · · , xl2,nl2
), (2)

where xl1,i, xl2,i ∈ {0, 1},∀i, and nl1, nl2 represent the total
number of L1 and L2 bits to be transmitted, respectively. To
effectively synchronize the symbol rate for transmission, we
derive nl1 and nl2 based on the OFDM transmission symbol
rate ns, which is the number of data symbols in each frame,
and the respective coding rates ρl1, ρl2, and bits per modulated
symbol, ml1, ml2, determined by the modulation order (M )
by m = log2 M . We then calculate the bit rate of both layers
using the following expressions:

nl1 = ns · ρl1 ·ml1 (3)
nl2 = ns · ρl2 ·ml2 (4)

Both layers of data are first processed through the downlink
shared channel encoding (DL-SCH Encoding) block, where
xl1 and xl2 are encoded according to the coding rates, ρl1 and
ρl2. The DL-SCH block uses LDPC error-correcting encoding,
in line with 3GPP TR 38.901 Release 16 [34]. The output of
the DL-SCH block can be expressed as

xdl1 = (xdl1,1, · · · , xdl1,ndl1
), and (5)

xdl2 = (xdl2,1, · · · , xdl2,ndl2
), (6)

where the size nd = (n/ρ) for both UL and LL. Next, xdl1

and xdl2 are modulated into QPSK or QAM symbols as per
packet data shared channel (PDSCH) block. The output is in
the following format:

sl1 = (sl1,1, · · · , sl1,ns
), (7)

sl2 = (sl2,1, · · · , sl2,ns
), (8)

where sl1,i, sl2,i ∈ {s1, s2, · · · , sM}, ∀Ml1 and Ml2.
Data integration into the NOMA signal could occur at

multiple stages within the 5G transmitter framework, leading
to varying degrees of complexity and latency. As both data
layers undergo simultaneous processing until they reach the
point of multiplexing, implementing a bit-level NOMA multi-
plexer reduces the total count of operational blocks within the
transmitter, decreasing the overall computational complexity.
Conversely, symbol-level NOMA multiplexing allows the sys-
tem to assign different bit rates to each layer, where symbols
are synchronized using varying code rates ρ and modula-
tion orders M . Furthermore, the placement of the NOMA
integration block within the transmitter also determines the
location of SIC at the receiver and the number of additional
blocks required for L1 reconstruction. This factor is crucial in
determining the overall latency at the L2 signal detection.

In [20], a symbol level 2-Layer NOMA integration was
implemented within a simplified 5G transceiver model, incor-
porating a hybrid automatic repeat request (HARQ). Similarly,
[16] designed a low complexity LDM-enabled transceiver
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model for ATSC 3.0, also applying symbol level integration. In
line with these studies, we positioned the NOMA integration
block after the PDSCH block, representing the earliest data
symbol form in the 5G PHY as per 3GPP TR 38.901 [34].
This design approach offers the benefit of individual coding
rates ρ and modulation orders M to perform synchronized
symbol rates, enabling transmission of different bit rates for
each layer while minimizing latency. In a sense, this is the
optimum position for NOMA multiplexer block.

The symbols from both layers are multiplexed together
using the following relation:

sNOMA,i = sl1,i + g · sl2,i, (9)

sl1,i and sl2,i are ith L1, L2 QAM symbols, and sNOMA,i

is the ith NOMA multiplexed symbol. The combined data
xNOMA can be expressed as:

xNOMA = (sNOMA,1, · · · , sNOMA,ns
). (10)

We assume the transmitter is equipped with a uniform linear
array pattern of nt antennas each have 0 dBi gain, and its
precoding vector is in the form of:

pw = (w1, · · · , wnt
). (11)

xNOMA is then multiplied with pw to spread the data
according to the precoding weight as:

Xpre = xT
NOMA × pw, (12)

where xT
NOMA is the transpose of the xNOMA. The matrix

that represents the preceded signal from (12) can be expressed
as follows:

Xpre =


sp,11 sp,12 . . . sp,1ns

sp,21 sp,22 . . . sp,2ns

...
...

. . .
...

sp,nt1 sp,nt2 . . . sp,ntns

 , (13)

These signals are then mapped into the resource grid and
converted to OFDM-modulated signals using a series of signal
processing blocks (e.g., IFFT, DAC), ready for radio transmis-
sion. The OFDM symbol matrix X can be expressed as:

X =


so,11 so,12 . . . so,1no

so,21 so,22 . . . so,2no

...
...

. . .
...

so,nt1 so,nt2 . . . so,ntno

 , (14)

where the index

no =
Sampling Rate

Non-Uniform Fast Fourier Transform (NFFT) size
,

(15)
is the frequency resolution in Hz.

B. Channel model

The most accepted 5G channel models between a transmitter
and a receiver with MIMO and mMIMO transmissions are
TDL and CDL models, respectively, as set by the ETSI TR
138 900 V14.2.0. We have considered both of these channel
models in our system model.

1) TDL channel model: The TDL channel models are
defined for a total frequency range from 0.5 to 100 GHz with
a maximum bandwidth of 2 GHz. TDL model is useful in
MIMO systems because it captures the effects of multipath
propagation, and these channel models are categorized into
TDL-A, TDL-B, and TDL-C to represent different non-line of
sight (NLOS) channel profiles and TDL-D and TDL-E for line
of sight (LOS) channel profile. The channel impulse response
of a TDL channel, h(t, τ) ∈ C, for Ntap number of taps is
given by

h(t, τ) =

Ntap∑
k=1

ak(t) δ(τ − τk). (16)

where ak(t) is the amplitude with τk delay and δ(τ − τk) is
the Dirac delta function representing all signals with τk delay
[35].

2) CDL channel model: The CDL models are defined for
the same frequency range and maximum bandwidth and are
more suitable for representing MIMO transmission with beam-
forming. Similarly, CDL-A, CDL-B and CDL-C represent the
NLOS channel models, whereas CDL-D and CDL-E are used
to represent the LOS channel models. Each CDL model can be
scaled in delay and angles to achieve the desired RMS delay
spread and angle spreads. The channel impulse response of
the CDL channel is described in [36]

Hu,s(t, τ) =

N∑
n=1

M∑
m=1

(
au,s,n,m

√
Pn

M
δ(τ − τn)

)
, (17)

where u is the antenna element index of the receiver, s is the
antenna element index of the transmitter, N is the number of
clusters between the base station (BS) and the user equipment
(UE), and M is the number of rays within each cluster. The
gain coefficient au,s,n,m is calculated as:

au,s,n,m = fUE,u,n,m fBS,s,n,m, (18)

where fUE,u,n,m and fBS,s,n,m denote the antenna gains of
the antenna elements u and s in the UE and BS, respectively.

The channel correlation matrix H between no transmission
paths and nr received antenna can be written as:

H =


h11 h12 . . . h1no

h21 h22 . . . h2no

...
...

. . .
...

hnr1 hnr2 . . . hnrno

 . (19)

Each element of H combines signals of transmit antenna
element using (16), indicating how related the signals received
at different antennas.

C. Receiver design

The radio signal is received by nr antenna elements, and
the linear channel model Y can be defined as:

Y = H×X+N, (20)
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where N is the zero-mean variance-σ2 additive white Gaussian
noise (AWGN). The observation matrix Y is expressed as

Y =


sr,11 sr,12 . . . sr,1no

sr,21 sr,22 . . . sr,2no

...
...

. . .
...

sr,nr1 sr,nr2 . . . sr,nrn0

 . (21)

The receiver first applies a path filter to the received
signal Y, synchronizing the time and mitigating the effects
of varying path delays of H. Following channel equalization,
the signal then proceeds to OFDM demodulation, passing
through a channel filter to reduce noise and path gain. To
extract NOMA symbols yNOMA as a vector from Y, the
received signal is processed through timing synchronization,
OFDM demodulation, channel estimation and equalization
blocks, sequentially. The output from the channel estimation
and equalization blocks yNOMA, is given by:

yNOMA = (sr,1, · · · , sr,ns
). (22)

The L1 and L2 data are required to be extracted from
the received NOMA symbols yNOMA. Unlike the transmitter
chain, the receiver can not process both data layers in parallel
due to the SIC operation, which requires the L1 data to be
detected first. To perform the SIC, the L1 data is detected
from yNOMA, with the L2 data being treated as residual in-
terference during this detection phase. Concurrently, yNOMA

is stored in a local buffer for L2 layer detection, which will
subsequently be utilized for SIC during NOMA subtraction.

For the detection of L1, the yNOMA undergoes processing
via PDSCH demodulation (L1 layer) and produces encoded
L1 bits as:

yl1e = (yl1e,1, · · · , yl1e,ndl1
), (23)

where yl1e,i ∈ {0, 1} ∀i. The signal is then passed through
the L1-DL-SCH decoder (ge,l1), to remove channel coding
and the received L1 data bits yl1 can be expressed as:

yl1 ← ge,l1(yl1e)

yl1 = (yl1,1, · · · , yl1,nl1
).

(24)

The received yl1 will be processed using the same DL-SCH
and PDSCH encoding module used for L1 encoding at the
transmitter. The reconstructed L1 layer symbols yrl1 can be
expressed as:

yrl1 = (srl1,1, · · · , srl1,ns
). (25)

At this stage, both yNOMA and yrl1 are input into the NOMA
subtraction, which executes SIC by eliminating yrl1 from
yNOMA. If the reconstructed symbol srl1,i is different from
the original L1 transmit symbol, then the SIC operation adds
additional interference in the L2 symbols, which is defined as
non-residual interference. The result of this SIC operation is
subsequently multiplied by (1/g) to compensate for the L2
power reduction implemented at the transmitter and given by:

yl2s =
yNOMA − yrl1

g
. (26)

The retrieved L2 symbols can be expressed as:

yl2s = (sl21, · · · , sl2ns
). (27)

Fig. 2. An extended 5G transceiver model, incorporating an N-NOMA
scheme. The shaded areas denote the proposed modifications for N-NOMA
integration, allowing for the multiplexing of N data layers. The remaining
components adhere to the standard high-level 3GPP 5G transceiver model.

Now, yl2s is demodulated using L2 PDSCH demodulation to
extract encoded L2 bits, as

yl2e = (yl2e,1, · · · , yl2e,ndl2
), (28)

which will be processed by L2 DL-SCH decoder (ge,l2), to
remove channel coding bits and retrieve L2 data. The L2
received bits can be expressed as:

yl2 ← ge,l2(yl2e)

yl2 = (yl2,1, · · · , yl2,nl2
).

(29)

III. N-NOMA-AIDED 5G NR-COMPLIANT PHY DESIGN

In this section, we expand the system model shown in
Fig. 1 to incorporate N-NOMA as shown in Fig. 2. In this
design, the N-NOMA multiplexing uses the same sequential
combiner used in [26]. The proposed system model integrates
N data layers into a single channel using NOMA multiplexing.
Therefore, the total input for the system can be defined as a
vector of size ni for the uth data layer, represented as:

xu = (xu,1, · · · , xu,nu). (30)

Each data layer is then processed according to its own DL-
SCH and PDSCH configuration, as explained in Section II.
The processed data symbols for the uth data layer can be
expressed as:

xsu = (su,1, · · · , su,nsu
). (31)

Fig. 2 shows NOMA multiplexing using a sequential com-
biner technique, which multiplexes 2 lowest data layers, and
then the combined signal is multiplexed with a third data layer,
and so on. An N-NOMA transmission must execute n − 1
multiplexing blocks following this technique. If the the power
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Fig. 3. Depicts the one-shot N-NOMA integration in the 5G NR PHY,
demonstrating the multiplexing of all data layers in a single block

2 3 4 5 6 7 8 9 10

NOMA Order

20

40

60

80

100

120

140
One-Shot Multiplexer

Sequential Combiner Multiplexer

Fig. 4. Latency comparison between the sequential combiner NOMA mul-
tiplexing and one-shot NOMA multiplexing, emphasizing the efficiency of
the latter approach. (Simulation device: Intel core i7-13700K, 32 GB DDR5
(5600 MHz) RAM, NVIDIA RTX 4090 )

ratio between uth and (u− 1)th data layer is gu, then we can
express the combined NOMA symbols xNOMA as:

xNOMA = g1(xs1 + · · ·+ gn−1(xsN−1 + gnsN ))

=

N∑
i=1

 i∏
j=1

gj

xsi.
(32)

The NOMA signal can now be processed for transmission
according to the 5G PHY as described in the previous section.

Using a one-shot multiplexing technique, data symbols from
all N layers can be seamlessly multiplexed, following (32).
This one-shot multiplexer for N-NOMA transmission is shown
in Fig. 3. To test the efficiency of this new multiplexer, we
comprehensively evaluate the latency associated with both
multiplexing systems, compared in Fig. 4. These findings indi-
cate a substantial reduction in latency as additional data layers
are incorporated into the system. For a 2-Layer system, the
latency remains the same, as the process of 2-layer integration
is identical in both systems. However, from three to higher
layer multiplexing, the latency from the one-shot multiplexer
is significantly lower than the sequential combiner multiplexer,
as shown in Fig. 4.

From (32), the total power of the transmitted signal is the

sum of powers from each data layer, as:

Ptotal =

N∑
u=1

[
Pt

u∏
i=1

gi

]
. (33)

The data is transmitted using a single traffic channel following
the transmitter model in Fig. 2 with the same principle of a
2-NOMA system. The received signal is initially synchronized
and then demodulated to remove the OFDM components and
corrected based on channel estimation while the NOMA sym-
bols are as in (22). The data of the first layer is detected using
standard NR PD-SCH demodulation and DL-SCH decoding
blocks, as shown in Fig. 2. During this signal detection, no
prior knowledge of NOMA data layers is required, and the
sum power of all subsequent layers is treated as noise.

Detecting any uth data layer where u > 1 requires SIC to
remove u−1 layer symbols from the received NOMA symbols.
Therefore, the LN data can not be detected before the LN−1

data is detected, and so on. This operation can be explained
for uth data layer using (26). The generalized equation for uth
layer SIC is written as:

ysu =
ys(u−1) − yr(u−1)

gu
, ∀ 2 ≤ u ≤ N. (34)

IV. BIT ERROR RATE ANALYSIS FOR N-NOMA SYSTEM

This section presents a closed-form error probability expres-
sion, incorporating MIMO gain, using the TDL model and
accounting for residual and non-residual errors from SIC.

A. Error probability for M-QAM transmission
We begin with a standard symbol error function for a QAM-

OFDM system with AWGN channel. The universal formula for
the symbol error rate (SER) of a QAM-OFDM system can be
expressed as [37]:

Prs ≤ 4 Q

[√
3 γs

M − 1

]
, (35)

where Q[·] denotes the Gaussian Q-function, and γs represents
the SNR of the transmitted symbol, s. In the context of an M-
QAM OFDM system over an AWGN channel with transmit
power Pt, the upper bound of error probability is expressed
as:

P̂rs = 4

[√
3 Pt

N0(M − 1)

]
, (36)

where N0 denotes the noise spectral density.

B. Derivation of the effective channel gain Gu for 5G PHY
MIMO systems

To factor in the effects of MIMO transmission, we now
define the effective channel gain, denoted as Gu, for a PHY
MIMO system. MIMO transmission channel employs nt trans-
mit antennas and nr receive antennas, and we utilize the TDL
channel model, as defined in (16) to calculate the spatial
channel gain. Initially, we formulate the channel matrix H
for nt × nr transmission. Subsequently, we apply singular
value decomposition (SVD) to calculate the total channel gain,
Gtotal, at receiver ui.
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1) Channel matrix formation: The process begins with
constructing a nr × nt channel matrix H, where the element
hi,j(t) represents channel response at time t, expressed as:

hi,j(t) =

Ntap∑
k=1

ai,j,k(t) e
−j2πfcτk , (37)

where fc is the carrier center frequency, and ai,j,k(t) is the
complex gain of the kth tap between the ith receive antenna
and the jth transmit antenna at time t. The channel matrix H
is expressed as:

H =


h1,1(t) h1,2(t) . . . h1,nt(t)
h2,1(t) h2,2(t) . . . h2,nt

(t)
...

...
. . .

...
hnr,1(t) hnr,2(t) . . . hnr,nt(t)

 . (38)

2) Total MIMO channel gain Gtotal using SVD: To derive
the effective channel gain from H, we use SVD to approximate
the eigendecomposition as follows:

H = U ·Σ ·VH , (39)

where U is an nr×nr unitary matrix, Σ is an nr×nt matrix
with non-negative real numbers on the diagonal, and VH is
Conjugate transpose of nt × nt unitary matrix. diag(Σ) =
σ1, σ2, · · · , σmin(nr,nt), are the singular values of H and
represent the effective channel gains for each spatial mode
in the MIMO system.

We obtain the effective channel gains for all spatial modes
in the MIMO system as follows:

Gk = |σk|2, k = 1, 2, · · · ,min(nr, nt). (40)

To calculate the total effective MIMO channel gain, we
assume transmit diversity and combine the coefficient gains
as follows:

Gtotal =

min(nr,nt)∑
k=1

Gk. (41)

We next incorporate Gtotal into (36) to obtain the impact
of MIMO transmission with transmit diversity as follows:

P̂rs = 4 Q

[√
3 Gtotal Pt

N0 (M − 1)

]
. (42)

C. Symbol error probability for N-NOMA system with SIC

In an N-NOMA system that utilizes SIC, the total error
probability for a layer is a function of both non-residual and
residual errors that arise from the SIC. Let Eu be the decoding
error event at the uth layer and Cu as the successful decoding
event at the uth layer. Using Bayes theorem, the symbol error
probability for the uth layer is therefore defined using the
weighted sum of non-residual and residual error probability,
which can be expressed mathematically as

Prs;u = Pr{Eu|Cu−1}︸ ︷︷ ︸
Non-residual error

Pr{Cu−1}+Pr{Eu|Eu−1}︸ ︷︷ ︸
Residual error

Pr{Eu−1}.

(43)

1) Non-residual error probability: The impact of non-
residual noise on NOMA layers can be measured as the
conditional error probability that the uth layer symbol is
incorrectly decoded, given that the previous layer, (u− 1),
has been successfully decoded. We then calculate the prob-
ability of a correctly decoded symbol in (u− 1) layer as(
1− P̂rs;(u−1)

)
, and the interference from the non-residual

error as the sum power of the subsequent NOMA layer. The
non-residual symbol error probability for uth layer is derived
in (45) by considering the transmit power of the uth layer
power,

Pu = Pt

u∏
i=1

gi, (44)

extracted from (33), and the total interference (N0+ non-
residual interference).

When u = 1, the first layer detection does not have any
dependency on the SIC performance, and we can consider[
1− P̂rs;(u−1) = 1

]
. In equation (52), interference from other

layers is accounted for in the denominator of the expression
inside the Q[·] by assuming the interference from subsequent
data layers to follow a Gaussian distribution. The interference
term

N∑
i=u+1

Pt

i∏
j=1

gj , (46)

defines the cumulative interference from all other NOMA
layers with an index greater than u. This term is added to the
noise spectral density N0 in the denominator, which improves
the quality of symbol error probability estimation.

2) Residual error probability: We define [Pr{Eu|Eu−1}] as
the residual error probability for uth layer, ∀ u > 1 when
the (u− 1) layer symbol is decoded incorrectly. To determine
the maximum impact of the residual error, we consider the
maximum pair-wise distance between the transmitted and
detected (u− 1) layer QAM symbol. Assuming a SQAM
constellation for (u− 1) layer with transmit power Pu−1, the
average symbol power Pavg is expressed as:

Pavg =
2 Pt

∏u−1
i=1 gi

3 (Mu−1 − 1)
. (47)

The minimum pairwise distance, which is the distance
between two adjacent symbols along the axis, denoted as dmin,
is calculated from Pavg as follows:

dmin =
2
√

Pavg√
Mu−1 − 1

. (48)

Now consider an SQAM constellation of order M . The
maximum pairwise distance is defined as the Euclidean dis-
tance between diagonally opposite QAM symbols. We can
determine the distance between two edge points on the axis,
denoted as daxis, using daxis = dmin(

√
M − 1) as there are√

M points along each axis, and the distance between adjacent
points is dmin. Then we can derive the maximum pairwise
distance, dmax, as follows:

dmax =
√
2
(√

Mu−1 − 1
)

dmin. (49)
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Pr{Eu|Cu−1}Pr{Cu−1} = 4 Q

√√√√ 3 GuPt

∏u
i=1 gi(

N0 +
∑N

i=u+1 Pt

∏i
j=1 gj

)
(Mu − 1)

(1− Prs;(u−1)

)
. (45)

Then, we simplify the right term of the equation (49) as

2
√
2Pavg. (50)

Substituting the value of Pavg from (47) in (50) we get the
maximum pairwise distance for u− 1 layer symbols as:

dmaxu−1 = 4

√
Pt

∏u−1
i=1 gi

3 (Mu−1 − 1)
(51)

dmaxu−1 in (51) is the interference from the residual error
for the uth NOMA layer. Assuming a Gaussian distribution
for dmaxu−1

, this term is added to the denominator with N0

and residual interference in (52) leading to (45).
The symbol error probability for the uth NOMA layer is ob-

tained from (43), incorporating both residual and non-residual
error probabilities from (52) and (45), respectively. The first
NOMA layer, independent from SIC, does not exhibit residual
error. As such, the generalized expression for the SER for any
NOMA layer in a QAM-MIMO-OFDM transmission in an
AWGN channel is derived in (53), enhancing error estimation
by accounting for interference from adjacent NOMA layers.

Assuming a Grey coding, we derive the BER upper bound
from (53) as follows:

Pb;u =
P̂s;u

log2 Mu
. (54)

The total probability of error from all NOMA layers is then
expressed as:

PbNOMA =

N∑
i=1

Pb;u. (55)

V. RESULTS AND ANALYSIS

We present the outcomes of our comprehensive analysis and
link-level simulations of 2-NOMA and N-NOMA system mod-
els using MATLAB. The simulation model uses the standard
5G NR PHY technologies, such as DL-SCH, PDSCH, LDPC,
and MIMO precoding, in line with 3GPP TR 38.901 [34]. We
incorporate 2- and multi-layer NOMA within the standard 5G
transceiver framework for end-to-end link-level simulation to
obtain specific KPIs (e.g., BER and throughput). The results
of these simulations correlate the KPIs with transmission
configuration metrics such as NOMA power ratio, modulation
schemes, MIMO order, and LDPC coding rate with various
code lengths. The OFDM carrier parameters are fixed as per
Table I. We analyze the performance of the NOMA-MIMO-
OFDM system according to the developed BER model in
(54) and compare its performance with the simulation model,
cementing the hypothesis that high-performance operation
may be achieved by 5G PHY under low-SNR.

TABLE I
FIXED CARRIER PARAMETERS

Carrier information Value

Sub-carrier spacing 15 kHz
# resource blocks 52
# symbols per slot 14
# slots per frame 10
# slots per sub-frame 1

A. Performance comparison of NOMA L1 with a standard
OMA transmission

The NOMA layer 1 is equivalent to an OMA transmission,
with higher NOMA layers introducing additional interference.
Figure 5 highlights the degradation as a result of additional
layers on L1 performance, compared to a single-user OMA
transmission. At −10 dB power ratio, the performance of L1
is almost the same as that of OMA transmission for both QPSK
and 16QAM transmission. However, allocating higher power
for L2 (−5 dB) causes significant performance degradation in
L1 16QAM transmission as it achieves the same BER at a 3
dB higher SNR channel.

Although NOMA requires a higher SNR to attain the same
BER, additional data layers can be transmitted using the same
traffic channel. Fig. 5 shows that a low rate L1 is more robust
and provides a higher degree of freedom in NOMA power
distribution without significant performance degradation. This
means L1 is more suited for low data rate PTM mMTC
transmission, where the devices are distributed over large
geographical areas with low or poor signal quality.

B. NOMA performance analysis

This subsection analyzes the performance of NOMA layers
and the services that are achievable by individual layers. We
conduct simulations on 2-layer and 3-layer NOMA trans-
missions to investigate the correlation between NOMA layer
performance and various configuration parameters, including
NOMA power ratio, modulation order, MIMO, and channel
coding. As we add more layers to the NOMA system, in-
creasing its complexity, this study reveals how the power ratio,
choice of modulation, and MIMO configuration impact the
performance of each NOMA layer. The results presented in
this section illustrate these impacts, and the analysis presented
here clearly demonstrates the degree of freedom in transceiver
configuration to meet the required individual QoS of each
receiver in the NOMA cluster.

1) NOMA power ratio vs throughput: Fig. 6 compares
the throughput of NOMA layers for different power ratios
in different L1 and L2 receivers’ channel conditions. The
throughput here is the ratio of successfully transmitted bits
and the total transmitted bits per frame, which is the relative
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Pr{Eu|Eu−1}Pr{Eu−1} = 4Q


√√√√√√

3GuPt

∏u
i=1 gi(

N0 + 4

√
Pt

∏u−1
i=1 gi

3 (Mu−1−1) +
∑N

i=u+1 Pt

∏i
j=1 gj

)
(Mu − 1)

Prs;(u−1), (52)

P̂s;u =



4Q

[√
3GuPt

∏u
i=1 gi

(N0+
∑N

i=u+1 Pt
∏i

j=1 gj)(Mu−1)

]
, if u=1

4Q

√√√√ 3GuPt

∏u
i=1 gi(

N0 +
∑N

i=u+1 Pt

∏i
j=1 gj

)
(Mu − 1)

(1− Ps;(u−1)

)

+ 4Q


√√√√√√

3GuPt

∏u
i=1 gi(

N0 + 4

√
Pt

∏u−1
i=1 gi

3 (Mu−1−1) +
∑N

i=u+1 Pt

∏i
j=1 gj

)
(Mu − 1)

Ps;(u−1),

otherwise

(53)
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Fig. 5. Comparison of BER between OMA and L1 NOMA transmission
under QPSK and 16 QAM modulation, utilizing an [8× 1] MIMO order and
(490/1024) LDPC code rate in a TDL-D channel model.

efficiency achieved during data transmission, as expressed in
[38]:

Throughput (%) =
NRx −NeRx

NTx
× 100, (56)

where NRx is the number of received bits, NeRx is the
number of erroneously received bits and NTx is the number
of transmitted bits. Fig. 6 present a surface graph highlighting
the impact of different power ratio on L1 and L2 throughput
within the channel SNR range.

The first NOMA pair, depicted in Fig. 6(a,b), employs
QPSK for both L1 and L2 with both receivers having the same
channel SNR range of −10 to 0 dB. Fig. 6(a) demonstrates
that L1 achieves the same throughput at a power ratio of −3
dB, compared to −10 dB, with nearly the same channel SNR.
Specifically, L1 only requires a 1 dB higher SNR at the −3 dB
power ratio to achieve the same throughput. Fig. 6 (b) shows
improvement in L2 throughput as the power of L2 increases,

and in this SNR range, L2 achieves 100% throughput when
the power ratio is higher than −5 dB. The first two subplots,
Fig. 6-(a), (b), show a minimum power limit in L2 to achieve
100% throughput on a given SNR range. This minimum power
requirement for successful data detection comes from the
modulation power and order, which determines the Euclidean
distance between modulation symbols.

The second NOMA pair, depicted in Fig. 6(c,d), employs
16 and 256 QAM for L1 and L2 with both receivers having
a different channel SNR range of −5 to 5 and 5 to 15 dB.
Both L1 simulation shown in Fig. 6 (a,c) shows that L1
achieves higher throughput as we decrease the power of L2
in NOMA multiplexing. This is because reducing the power
ratio allocated to L2 relative to L1 improves the performance
of L1 at a given SNR value, as L1 detection is independent
of L2 detection and does not involve SIC. Fig. 6 (c) shows
that at a power ratio over −4 dB, the L1 fails to detect its
symbol even in high channel SNR. This failure to detect L1
also results in a drop in L2 throughput in the same power ratio,
as shown in Fig. 6(d). This shows the maximum power that can
be allocated to L2 as L1 and L2 fail to achieve high throughput
at −3 dB power ratio. This is because if the interference from
L2 to L1 is more than the maximum noise tolerance of L1
modulation, then L1 symbols can not be detected correctly,
irrespective of the user’s channel condition. As the L2 symbol
detection depends on SIC, the L2 performance decreases
despite a higher power allocated to the symbols.

Fig. 6 demonstrates the impact of power ratio on each
layer’s throughput, emphasizing the need for local optimiza-
tion that considers the specific channel conditions, modulation,
and MIMO order of individual NOMA layers to maximize the
overall system performance. We have also observed that at a
−5 dB power ratio, both layers achieved maximum throughput
for all four different data rate combinations. Building on this
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Fig. 6. Impact of power ratio on the throughput of L1: [8×1] and L2: [8×2] transmission with (490/1024) LDPC code rate and TDL-D channel model for
two different data rate combinations (a-b) and (c-d): (a) L1-QPSK (−10 to 0 dB) (b) L2-QPSK (−10 to 0 dB) (c) L1-16QAM (−5 to 5 dB) (d) L2-256QAM
(5 to 15 dB)

result, we focused on the −5 dB power ratio in the following
analysis.

2) Modulation order of NOMA layers: We analyze various
data rate transmissions, including QPSK, 16, 64, and 256
QAM for L2, and QPSK and 16QAM for L1, with MIMO
configurations of [8× 1] for L1 and [8× 2] for L2. Fig. 7
shows that the BER of L1 remains consistent for both QPSK
and 16 QAM, irrespective of the L2 modulation order, as all
L1 BER lines are grouped together in both subplots. Similarly,
the performance of L2 remains unaffected for QPSK and 16
QAM L1 transmissions. The performance of L1 and L2 has
no dependency on each other’s modulation order. This allows
us to leverage any layer’s improved channel condition by
providing a high data rate service. This characteristic makes
NOMA highly resilient in fulfilling diverse user requirements
of mMTC and eMBB transmissions.

Fig. 7-(b) also reveals that for 16 QAM L1 and QPSK L2
transmissions, L2 performs better under low-SNR conditions
due to higher MIMO order and lower data rate. The detection
of L1 data SIC at L2 requires a lower SNR than at L1. This
means that even when L2 is in worse channel conditions than
L1, low data rate transmission of L2 is still feasible.

3) MIMO: Fig. 8 demonstrates the effect of MIMO order
on the BER performance of L1 and L2. Given the resource
constraints of mobile receivers, we assume one receiver an-
tenna for L1 (representing mMTC devices) and two receiver
antennas for L2 (representing eMBB devices). We used 1, 2, 4
and 8 transmit antennas to establish various MIMO orders.

The findings from Fig. 7, highlight the performance en-
hancement of L2 due to an additional receive antenna. These
results echo the same potential for varying MIMO orders. In

all four transmission scenarios depicted in Fig. 8-(a,b,c,d), the
BER improves as the MIMO order increases. The BER of L1
improves by 6 dB for an [8× 1] configuration from a [1× 1]
configuration for both data rate transmissions. Meanwhile,
the BER of L2 improves by 8 dB, indicating that a higher
MIMO order can significantly enhance the performance of
lower orders. The higher MIMO order makes NOMA PTM
transmission promising in downlink scenarios.

4) LDPC coding length: LDPC codes have been proven
to be asymptotically optimal for wireless channels. However,
practical issues of code rates across different NOMA layers
should be examined closely. To quantify the impact of LDPC
channel coding on the BER performance of NOMA, we used
six different coding rates as shown in Fig. 9. We display the
BER of NOMA layers L1, L2, and L3, altering only the coding
rate of the respective layer while maintaining the other two
at (490/1024). The code length impacts the BER of all three
layers, but the impact is more pronounced in lower layers with
higher-order modulation.

Fig. 9-(a,b,c) illustrates that the BER line follows the same
curve for all code lengths, with shorter code lengths reducing
the BER at lower SNR. The findings suggest that a shorter
coding rate can enhance the noise tolerance margin, which can
be used to offset additional interference from NOMA layers.

From Fig. 9-(b), we note that L2 fails to detect its signal
when (850/1024) coding rate is used, while both L1 and L3
successfully detect signals under all coding rates. The inability
to detect a signal even at high SNR points can be attributed to
the events when the interference residual noise surpasses the
maximum noise tolerance. In such cases, NOMA transmission
of that layer and any subsequent lower layers will fail.
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Fig. 7. Comparison of BER across various data rates in a 2-NOMA layer utilizing (490/1024) LDPC code rate, examined in a TDL-D channel
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Fig. 9. Impact of LDPC coding rate on the BER of 3 NOMA [8× 2] transmission with −5 dB power ratio between L1-L2 and L2-l3 using TDL-D channel:
(a) L1-QPSK (b) L2-16QAM (c) L3-64QAM (d) L2-16QAM, L3-64QAM

We validate this hypothesis by simulating a different setup
in (b), where we reduce the power ratio between L2 and L3
to −10 dB. The resulting BER performance with (850/1024)
is 4 dB lower than with (680/1024) at a −5 dB NOMA
power ratio. Based on these findings, one can optimize the
performance to offset the residual error’s impact, potentially
leading to a successful multi-layer NOMA configuration.

Fig. 9-(b,c) shows that L3 with (150/1024) coding rate
achieves an acceptable BER at a lower SNR than L2 with
(680/1024) coding rate. This enables us to examine the
effect of SIC and higher layer coding rate on lower layer
performance, as depicted in Fig. 9-(d), where (150/1024) is
used for L3, while (490/1024) and (680/1024) are used for
L2 in config 1 and 2 respectively. The results reveal that the L3
receiver fails to detect signals at lower SNR when combined
with the L2 (680/1024) coding rate. In this setup, the L3
BER line begins to fall after the L2 BER line dips. We also
note that, for each code rate, the required SNR to achieve the
same BER monotonically increases as the modulation order
increases.

5) Channel Models: Figure 10 demonstrates the BER per-
formance across different layers of NOMA under various
channel conditions. Simulations utilized four distinct TDL and
CDL channel models, capturing transmission in both urban and
rural environments. The result shows consistency among all
three NOMA layers. For instance, the TDL-A model required
maximum SNR, whereas CDL-C achieved the same BER at
minimum channel SNR. In our system model, NOMA achieves
better performance in CDL channel environments.

In a study conducted by Iradier et al. [20], a 3-layered
NOMA transmission was designed for 5G networks, accom-
plishing a BER of 10−4 at SNR of 11, 15, and 17 dB for

layers L1, L2, and L3, respectively. However, their work has
not incorporated all the relevant 5G PHY technologies such
as LDPC channel coding, MIMO, and CDL channel model.
Our system model on the other hand incorporates all the 5G
PHY technologies with N-NOMA, and their combined impact
achieves 10−4 BER at −12 to −5 db SNR for L1, 5 to 12
db SNR for L2 and 15 to 22 db SNR for L3. These new
performances represent substantial improvement over previous
systems in the literature.

C. Theoretical BER evaluation of N-NOMA

Figure 11 provides a comparative analysis between the BER
of a 3-NOMA system, following equation (54), and results
obtained from a complete end-to-end simulation model, which
incorporates an uncoded OFDM with MIMO AWGN channels
designed for a 3-layer NOMA transmission. In this model,
QPSK, 16QAM, and 64QAM are employed for L1, L2, and
L3 layers, with 2, 4, and 8 receive antenna elements to capture
the heterogeneity of devices in a NOMA cluster. However, our
analytical and simulation models can accommodate a wide
range of MIMO configurations. Power ratios for L2 and L3
are set at −5 dB and −10 dB.

As demonstrated in Fig. 11, theoretically determined BER
closely matches with the simulated results, especially for
higher NOMA layers, solidifying the validity of the derived
equation. We also applied the Jaccard Similarity Indices to
quantify the similarity between the theoretical and simulated
BER, and our results show L2 curves match by about 0.90
while L3 gives 0.92.
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Fig. 10. BER for 3-layer NOMA in TDL and CDL channels. Transceiver: [8 × 2] MIMO, (490/1024) LDPC. Modulations: QPSK (L1), 16QAM (L2),
64QAM (L3).
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Fig. 11. BER analysis illustrating the theoretical performance of a 3-layer NOMA system as per equation (54). The comparison is obtained using an end-to-end
simulation model of the same system. The transmission layers are as follows: Layer 1 (L1) comprises an [8 × 2] QPSK, Layer 2 (L2) utilizes an [8 × 4]
16QAM, and Layer 3 (L3) deploys an [8× 8] 64QAM.

VI. CONCLUSION

In this paper, we proposed a new 5G NR-compliant NOMA
design, which incorporates a set of optimally placed NOMA-
aided transceiver functionalities, followed by a comprehensive
performance evaluation. Technically, the transceiver allows us
to quantitatively assess the performance of N-NOMA trans-
mission, considering a series of parameters, including forward
error correction, MIMO precoding, modulation schemes, and
carrier specification, which opens new perspectives for the
non-orthogonal access technology, particularly pointing at new
optimization criteria and configuration dependency to the com-
plex MIMO-NOMA detection process. To reduce transmission
latency and transceiver complexity, we have simplified the

multi-layer standard sequential combiners with a one-shot N-
NOMA multiplexing technique. We have also developed a new
and more accurate analytical BER expression to assess the
impact of residual and non-residual SIC errors across NOMA
layers on the error probability performance. Simulation-based
evaluations have been carried out on a 5G NR-compliant link
level simulator, which validated the proposed PHY design and
the developed BER analytical results and also shown that N-
NOMA has the potential to accommodate more heterogeneous
users.
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[1] C. C. González, S. Pizzi, M. Murroni, and G. Araniti, “Multicasting over
6G non-terrestrial networks: a softwarization-based approach,” IEEE



IEEE TRANSACTIONS ON BROADCASTING 14

Vehicular Technology Magazine, 2023.
[2] C. Bockelmann, N. Pratas, H. Nikopour, K. Au, T. Svensson, C. Ste-

fanovic, P. Popovski, and A. Dekorsy, “Massive machine-type commu-
nications in 5G: Physical and MAC-layer solutions,” IEEE Communi-
cations Magazine, vol. 54, no. 9, pp. 59–65, 2016.

[3] C. Bockelmann, N. K. Pratas, G. Wunder, S. Saur, M. Navarro, D. Gre-
goratti, G. Vivier, E. De Carvalho, Y. Ji, Č. Stefanović et al., “Towards
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