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Abstract—Non-orthogonal multiple access (NOMA) transmis-
sion techniques promise reduced latency, massive user deploy-
ments, and higher data rates. To investigate how these per-
formance enhancements translate to practical deployments in
a network, a reliable system-level abstraction for downlink
two-user power domain NOMA with successive interference
cancellation at the receiver is needed. A simple and efficient
abstraction is described and then validated through comparison
with link-level simulation results. With the developed abstraction,
the effects of the deployment of NOMA techniques in a wireless
network with a large number of machine type communication
users are evaluated in terms of cell throughput, number of users
served simultaneously, and fairness.

Index Terms—non-orthogonal multiple access, NOMA, mul-
tiple access, system-level, wireless network, simulations, mobile
communications, cellular network, successive interference can-
cellation, SIC, multi-user superposition transmission, MUST

I. INTRODUCTION

Analytical evaluation of non-orthogonal multiple access
(NOMA) techniques has delivered promising results: NOMA
allows to schedule more users [1], which leads to lower
latency [2], [3], as well as to enlarge the achievable rate
region [4] and thus to increase the throughput [5]. These
improvements have led to NOMA techniques being adopted
into standardization as multi-user superposition transmission
(MUST) in the 3rd generation partnership project (3GPP)
standardization body [6] and make NOMA a candidate for
next generation multiple access for fifth generation (5G) and
beyond [7].

However, the gains promised by NOMA can only be
achieved under specific conditions when the channel quality of
the multiplexed users shows large differences [5]. To evaluate
whether the desired conditions are met in practical deploy-
ments, system-level simulations can be used. Simulations
come with the additional benefits of being repeatable, cheap,
and feasible even for heterogeneous networks [8]. Therefore,
a number of system-level simulations have been performed to
evaluate NOMA techniques, for example [9]-[12]. However,
a validation of the employed NOMA system-level model is
lacking as of yet. This lack is addressed in this paper.

The focus of this work lies on downlink two-user power do-
main NOMA with successive interference cancellation (SIC) at
the receiver. SIC refers to iterative detection, where interfering
signals are detected and subtracted from the received signal
before detecting the desired signal. An example of a NOMA
transmission is shown in Fig. 1, in which two users share
the available resources in the power domain. A near user
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Fig. 1: A NOMA transmission.

with very good channel conditions, e.g., positioned close to
the serving base station, is allocated a small share ayeay Of
transmit power and a far user with poor channel conditions,
e.g., at the cell edge, is allocated the larger remaining share of
the available power oy = 1 — ipear. The larger the difference
in channel quality between the near and the far user is, the
more effective the SIC and the NOMA transmission perform.
Power allocation according to 3GPP MUST [6] is assumed.

In order to retrieve its data signal from the received signal,
the near user has to perform SIC, where the signal of the
far user is detected to then be subtracted from the received
signal. Only then, the near user detects its own signal. Perfect
interference cancellation at the near user is assumed in this
work, thus no error propagation occurs during the detection
of the near user signal. This means that the near user is not
affected by interference from the far user in case of successful
detection of the far user signal. The far user directly detects
its signal treating the near user signal as additional noise.

The introduced NOMA system-level abstraction is not re-
stricted to the used power allocation scheme and can be
extended to an arbitrary number of superimposed users. A
similar abstraction can be used for uplink NOMA, where
the base station performs SIC for the received signals in an
ascending order of channel quality. The trade-off struck for
the enhanced performance achieved by NOMA is increased
detection complexity due to SIC at the near user and the
reduction in received signal quality.

To evaluate the gains achieved in a practical network
deployment, an efficient system-level abstraction is described
in detail in Section II and integrated in the Vienna Cellular
Communications Simulators (VCCS). The VCCS is a suite of
MATLAB based simulators, of which the Vienna 5G system-
level simulator (SLS) [13] is extended for NOMA trans-
mission and the Vienna 5G link-level simulator (LLS) [14]
is used for validation of the NOMA system-level abstrac-
tion in Section III. The LLS implements the entire signal
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processing chain, including channel coding, multiple-input
multiple-output (MIMO) processing, orthogonal frequency di-
vision multiplexing (OFDM), whereas the SLS works only
with signal to interference and noise ratio (SINR) values on
SINR to block error ratio (BLER) mapping tables. With the
validated system-level abstraction, the performance of NOMA
deployments with machine type communication (MTC) users
is evaluated in Section IV.

II. SYSTEM MODEL

The Vienna 5G SLS is used as a framework that is extended
for two-user downlink power domain NOMA transmissions
according to MUST with SIC at the receiver. The underlying
system-level abstraction [15] is described in detail in [16,
Section 3]. The system model is described for the case of
a MIMO transmission with N, antennas at the receiver, N
antennas at the transmitter, that are used to transmit v spatial
beams that are called layers. The system model description
for single-input single-output (SISO) can easily be obtained
by the simplification Ny = N, = v = 1.

In the system model, for each resource block scheduled to a
user, the post-equalization SINR +; is calculated for each trans-
mission layer [ = 1, ..., v according to the network geometry.
Here, a resource block is a set of transmit symbols as defined
in long term evolution-advanced (LTE-A) standardization for
which the small scale fading will be assumed flat and constant
for the duration of the resource block. The post-equalization
SINR values +; are then mapped to a single value by means
of a mutual information effective SINR mapping [17]. This
single value is called effective SINR and is used to obtain the
BLER and the throughput of the transmission.

A. Link Quality Model

The link quality model evaluates the quality of a link per
resource block by calculating the post-equalization SINR ~;
for each layer [ according to the experienced fading. This
calculation is explained for only one resource block, but is
performed for each resource block allocated to a user.

Assuming the use of a zero forcing (ZF) equalizer with
perfect channel estimation, the estimated received symbol
vector & € CY*! after equalization with the ZF receive
filter F € C"**™: can be expressed as

Nint
x=F | H{ %o+ Y H"x;+n|, ey

i=1

receive signal

in which N, is the number of interfering transmitters,
xg € C¥*! is the transmit symbol vector of the desired
transmitter, x; € C¥*! is the transmit symbol vector of the
ith interfering transmitter using v; layers for transmission,
n € CNo*! represents the additive white Gaussian noise of
noise power o2 at each receive antenna, and Hfﬂ € CNexvi
represents the effective channel connecting the transmitter
i =0,..., Ny to the receiver.

The effective channel can be separated into the macro-
scopic fading L;, the normalized small scale fading matrix
H; € CN~*Ne the precoding matrix W; € CNeX¥i | and the
transmit power allocated per layer Py ;:

HT = L,H,W, P, ;. 2)

For the small scale fading channel matrix H;, normalized
refers to a matrix in which all entries have a mean power
of one. The macroscopic fading L; consists of the wall loss
Lwan,i, the shadow fading Lgpadow,i» the distance dependent
path 10ss Lpatnh,i, and the antenna gain G; at the base station.
The index ¢ indicates that the loss affects the link to the
ith transmitter. The complete macroscopic fading can be
expressed as L; = Lghadow,i Lwall,i Lpath,iGi- In the following,
a homogeneous per-layer power distribution will be assumed,
so that the average power received per layer P, can be
denoted as

Pixi = LiPoi. (3)

When plugging Eq. (2) and Eq. (3) into Eq. (1), the estimated
receive signal vector can be expressed as

Nint
X = P oFH P ;FH,W;x; + Fn . 4
b'e 0 oWoxg + ; , W,x; + Fn 4)

desired signal noise

interference

With Eq. (4), the post-equalization SINR on layer ! obtained
with a ZF receive filter can be expressed as

Py

n= Ning v . N (5)
Z Z |9i,ll/|2prx,i + Z |ET‘202
i=11'=1 r=1

=1 =N;
Py
= = (©6)

I+ N,

where A;; represents the element in row ¢ and column j
of matrix A and the matrix ®; = FH;W, represents
the interference enhancement with the receive filter F =
(HoWo)"HoW,) 1 (HoWy)H. A denotes the conjugate
(or Hermitian) transpose of matrix A.

In Eq. (5) the received power of the desired signal corre-
sponds to the average received power due to the assumption
of using a ZF equalizer. The terms I; and NN; are introduced
as the total interference power and the total noise power to
allow for a shorter notation.

B. Extension for NOMA

The post-equalization SINR from Eq. (6) is now extended
to include the effects of the NOMA power allocation and the
interference of the near user at the far user and vice versa. At
the far user, a reduction of the power allocated to the signal
by the factor oy, and an increase of the interference by the
near user signal is experienced. At the near user, SIC is more
involved. The far user signal has to be detected successfully
first and only then the signal of the near user can be extracted
from the received signal. In the system-level abstraction this
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means, that first the quality of the far user signal is evaluated
at the near user through the post-equalization SINR 'yl(fr?;;r.
If this post-equalization SINR is large enough to allow for a
successful transmission of the far user signal to the near user,
then the near user signal can be evaluated.

a) Far user: We first introduce an expression for the
post-equalization SINR -y, ¢, of the signal received by the far

user on layer /.

O4farf)rx,fa»r,0
)
ancarprx,far,o + Il,far + Nl,far

where Py far,0 represents the receive power of the combined
transmit signal at the far user, I; g, is the interference power
from other cells experienced by the far user, and IV g, is the
noise power experienced at the far user. The additional term
Onear Prx,far,0 in the denominator represents the interference
produced at the far user by the near user signal. From Eq. (7),
it can be seen that the signal quality at the far user suffers from
both the reduced power of the desired signal and the additional
interference from the near user.

b) Near user: To model the SIC at the near user, first
the post-equalization SINR of the far user signal at the near
user is calculated as

Vi, far = (7)

afarR‘x,near,O
)
anearPrx,near,O + Il,near + Nl,near

(far)
fyl,near -

®)

where I} near and Nj near represent the interference and noise
power experienced by the near user, and Py near,0 T€presents
the receive power of the combined transmit signal at the
near user. This post-equalization SINR %(fif;r is now used
to determine whether the cancellation of the far user signal
at the near user is successful. If the detection of the far
user signal is unsuccessful, then the near user cannot remove
the interference of the far user and cannot proceed with the
detection of its own signal - the transmission of the near user
signal fails. If the detection of the far user signal is successful,
the post-equalization SINR for the transmission of the near
user signal can be expressed as

(near)
L, - :
near Il,near + Nl,near

The post-equalization SINR in the final decoding iteration of
the near user is only affected by the power share from the
NOMA transmission, because perfect interference cancellation
is assumed here. In order to account for interference from the
far user after SIC, an additional term €ctfar Prx near,0 €an be
added to the denominator, in which ¢ represents the amount
of interference that remains after imperfect interference can-
cellation. It can be seen in Eq. (9), that the quality of the
near user signal suffers from the reduced signal power and
the SINR is reduced by a factor of aye,,. The probability for
transmission failure increases, since two signals have to be
detected successfully in order to retrieve the desired signal.

anearprx,rlear,O (9)

C. NOMA User Pairing

To decide which users share resources for a NOMA trans-
mission, the user pairing scheme described in [5] is used. The

user pairing scheme quantifies the quality of the channel con-
dition of each user by evaluating the receive power v; L; Py ;.
The user with the strongest channel condition, i.e., SINR, in a
cell is paired with the user with the weakest channel condition
if the difference between their channel condition metrics is
larger than the user pairing threshold. These users are then
removed from the pairing candidates and the procedure is
repeated until either a pair does not meet the condition of
exceeding the user pairing metric, or fewer than two users are
left as candidates. If two users have been paired, they share
all resources allocated to either of them by the scheduling
algorithm.

III. VALIDATION OF NOMA SYSTEM-LEVEL
ABSTRACTION

To validate the accuracy of the developed NOMA system-
level abstraction, the simulation results using the system-level
abstraction are compared to the results of the Vienna 5G LLS
for SISO, multiple-input single-output (MISO), and MIMO
transmission.

far
user 1

e

120 dB

far
user 2

\_‘D
115dB

Fig. 2: Simulation scenario for comparison to the Vi-
enna 5G LLS. The value under each user equipment indicates
the path loss experienced by this user. The barbell connecting
two users indicates that these users are paired for NOMA
transmission.

A. Validation Simulation Scenario

TABLE I: Validation simulation parameters

Time and Frequency

slot duration 1 ms
frequency 2.5 GHz
bandwidth 1.4 MHz
subcarrier spacing 15 kHz

Link Properties

{SISO, MISO, MIMO}
{1x1,2x1,2x2}
Pedestrian A [18]

transmit mode
Nt X Nr
small scale fading

temporally correlated fading true [19]
user speed 1 m/s
feedback delay 1 slot
precoder 3GPP TS 36.211 [20]

Coding and Decoding

MUST index 01 [20]
coding Turbo
decoding Linear Log-MAP
decoding iterations 8
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Fig. 3: Simulation results for Vienna 5G LLS and SLS with 99% confidence intervals. The confidence intervals for link-level
simulation are omitted for better readability, they are of similar magnitude as the confidence intervals of the system-level

simulation results.

The simulation scenario used for validation is depicted in
Fig. 2 and the simulation parameters are listed in Table 1. A
single cell with two users - near user 1 and near user 2 - is
first simulated as a base line validation. Then, a far user is
added to each near user for combined NOMA transmission.
Each user pair is allocated half of the available resources. The
general parameter settings are LTE-A compliant with MUST
mode 1. The feedback is calculated according to [21] with
a feedback delay of one slot. Each user is affected by a
path loss as indicated in Fig. 2 and no other macroscopic
fading mechanism is applied. The simulations are performed
for SISO, MISO, and MIMO transmission modes with one or
two transmit and receive antennas.

B. Validation Simulation Results

The cell throughput over transmit power is shown in Fig. 3
for three different transmission modes for an orthogonal mul-
tiple access (OMA) and a NOMA network for a system-level
and a link-level simulation. It can be seen that the results
from the system-level simulation closely match the results
of the link-level simulation, which validates the system-level
abstraction and proves its accuracy. The small differences
are caused by the different receiver structures and the sim-
plifications introduced with the abstraction. The system-level
simulation uses SIC with a ZF equalizer and the link-level
simulator performs maximum likelihood (ML) detection. Both
detection schemes are optimal in the high signal to noise ratio
(SNR) region and thus lead to comparable simulation results.

For low transmit powers, from -50 dBm to -40 dBm, all
transmissions fail due to the lack of sufficiently high receive
power and no network throughput is observed. The network
throughput of the OMA network starts increasing at lower
transmit powers because the combined NOMA transmission
reduces the quality of the received signal and thus transmis-
sions fail for transmit powers up to -30 dBm. At transmit pow-
ers of around 10 dBm, NOMA starts to outperform OMA and
the network throughput exceeds the throughput in the OMA
network. At high transmit powers, the network throughput

saturates at the achievable throughput of the highest available
modulation and coding scheme. This achievable throughput
is higher in the NOMA network since two transmissions, the
near and far user transmission, take place simultaneously. The
transmission of the near user achieves the same throughput as
the OMA user and the far user achieves the throughput of
the modulation and coding scheme fixed in the MUST stan-
dardization, which corresponds to a channel quality indicator
of 6.

It should be noted that the achieved throughput is almost
doubled for MIMO transmission compared to SISO and
MISO because two layers are available for transmission. The
achieved throughput is slightly decreased for MISO transmis-
sion compared to SISO since more resources have to be used
for signaling overhead.

For NOMA to be beneficial, the receive power needs to be
high enough. In case of poor link quality, the use of NOMA
transmission will reduce the achieved throughput and increase
the number of failed transmissions, as can be seen in the region
of medium transmit power from -40 dBm to 10 dBm.

IV. MTC PERFORMANCE EVALUATION
A. Warehouse Scenario with Bursty MTC Traffic

To evaluate the performance improvement introduced by
NOMA in a network, a warehouse with a large number of
static MTC users and a small number of human and moving
MTC users is considered. The MTC users are positioned on
shelves that are equipped with small cells distributed uniformly
in the warehouse, see Fig. 4a. Additionally, a smaller number
of moving MTC and human users are uniformly distributed
in the warehouse and move with a speed of 4 km/h. The
warehouse is surrounded by 10 uniform randomly positioned
macro base stations that introduce interference into the net-
work. Simulation parameters are listed in Table II, parameters
identical to those listed in Table I are omitted.

The MTC users have data occurring in traffic bursts: all
MTC users generate a packet of 96 data bits at the same time.
This corresponds to the amount of data transmitted in one
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Fig. 4: MTC simulation scenario and results.

resource block using a channel quality indicator of 6. The
human users generate traffic at a constant rate of 100 kbit/s in
100 bit-packets. The network behavior is analyzed for 10 ms
after each MTC traffic burst. Each simulation consists of three
traffic bursts and the simulation is repeated for 100 Monte
Carlo runs with independent network and channel realizations.

A user pairing threshold of 0 dB is chosen to maximize
the use of NOMA to allow analysis of the beneficial and
detrimental effects of combined transmissions in the network.
In a practical deployment, the pairing threshold should be
increased to avert the negative effects of NOMA transmission
for users with channel conditions that do not permit a shared
use of the transmission resources.

TABLE II: MTC simulation parameters

Network Geometry

2000 m x 2000 m

scenario size

warehouse size 500 m x 500 m
shelf size 15 m x 15 m
number of shelves 5
MTC users per shelf 150
human users 10
moving MTC users 40
moving user speed 4 km/h

Time and Frequency

2 GHz
5 MHz

frequency
bandwidth

Link Properties

Ny X Ny 1x1
transmit power 20 W, 40 W (macro)
antenna pattern omnidirectional
path loss free space
shadow fading  space-correlated [22], u =0, 0 =1
wall loss 20 dB

Resource Allocation

0dB
round robin

user pairing threshold
scheduler

B. Bursty MTC Network Performance

The simulation results show that the use of NOMA trans-
missions allows the network to recover more quickly from
traffic bursts and to serve more users simultaneously, which
increases the fairness in the network slightly. However, the
number of failed transmissions is also increased, since the
channel conditions are worsened by the combined transmis-
sion. This could be mitigated, but not prevented completely,
with a more suited user pairing strategy.

The average cell throughput is shown in Fig. 4b. The time
indicates the time since the bursty MTC user traffic has been
generated. The cell throughput steadily decreases after the
traffic burst, indicating that the data from the traffic burst is
successfully transmitted to the MTC users and the network
recovers and returns to serving a constant base traffic load
from the human users. The cell throughput of the simulation
with NOMA shows a steeper decrease, because more MTC
users can be served in the initial two transmissions, whereas
the the cell throughput of the OMA network needs more
time to recover from the traffic burst. These results show
that NOMA is a suitable technology to tackle the challenges
brought by massive connectivity and can assist in fulfilling the
requirements for lower latency in future networks.

The transmission resources are scheduled in units of re-
source blocks, where 50 resource blocks are available at each
small cell. With five small cells, this results in 250 resource
blocks that can be scheduled to users for transmission. In an
OMA network this equates to 250 users that can be served
simultaneously. This maximum number of users can be ob-
served in Fig. 4c, where the empirical cumulative distribution
function (ECDF) of served users reaches its maximum at
250 users. A user is considered as a served user if data has
been successfully received in the current slot. In the NOMA
network, at most 500 out of the 800 users in the simulation
can be served simultaneously. This maximum number is not
reached: the ECDF reaches its maximum at 450 users. Since
all users are paired for NOMA transmission and, in the first
transmission slot, all users have data, the lower number of
served users indicates that a number of transmissions fail
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in the first slot of the NOMA simulation. The ECDFs in
Fig. 4c show multimodal distributions with three modes: the
mode on the outmost right of the plot represents the initial
stage where the maximum network capacity is used, the mode
at the center represents the transition of the network from
full load to base load, and the mode closest to the origin
represents the distribution of users served at base load. Overall,
NOMA consistently outperforms OMA in number of users
served simultaneously. The increase in number of users served
simultaneously also translates into increased fairness in the
network: Jain’s fairness index [23] is increased by 7.3%, from
0.406 to 0.436.

The increased connectivity comes with the downside of re-
duced channel quality for each individual user. This increases
the number of users in outage, i.e., that are not served within
the observed 10 ms of the traffic burst. On average 24.73 MTC
users in the NOMA network and 14.98 in the OMA network
remain with data to transmit at the end of the duration of
the simulated 10 ms. This effect could be reduced, but not
eliminated, by a more suited user pairing strategy or better
selection of modulation and coding schemes.

V. CONCLUSION

The system-level abstraction for two-user power domain
NOMA transmissions with SIC at the receiver has been val-
idated through comparison with link-level simulation results
and can thus be used to evaluate the performance of NOMA
in large scale networks. This also validates results previously
obtained with the same system-level abstraction. Simulations
with MTC and human users show that NOMA techniques
can reduce the duration of traffic peak loads and increase
the number of users served simultaneously, making NOMA a
promising candidate to tackle the challenges brought about by
massive connectivity and the requirements for lower latency in
future networks. However, the utilization of NOMA techniques
reduces the channel quality of the individual user and care
has to be taken not to push users already experiencing poor
channel quality into outage.
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