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With the stringent requirements of fifth-generation and beyond wireless communications technology coupled
with the potential bottleneck in the optical fronthaul, radio-over-fiber (RoF) technology offers an alternative
solution to distribute the wireless signals while meeting these requirements. The inherent centralized architecture
of RoF enables advanced coordination functionality to be performed within the fronthaul network. Advanced
coordination functionality such as non-orthogonal multiple access (NOMA) has gained traction as a means to
improve spectral efficiency for larger user-base networks. Among various NOMA implementations, the recently
proposed multilevel code (MLC) was found to be superior to the commonly investigated superposition coding
successive interference cancellation scheme in a two-user scenario. In this paper, we generalize the definition of
the MLC to n user cases and discuss two power allocation schemes for the generalized MLC definition, which are
based on the spectral efficiency (SE) criterion and symbol error rate (SER) criterion, respectively. Simulation-
based performance analysis on the MLC–SE and the MLC–SER schemes was conducted over different cluster
sizes and randomly generated user distributions. The results show, to the best of our knowledge, that the best
performance in terms of user fairness and bit error rate can be obtained in a two-user MLC–SER scheme. © 2021

Optical Society of America

https://doi.org/10.1364/JOCN.405506

1. INTRODUCTION

To meet the stringent requirements of the fifth-generation
(5G) and beyond mobile communication systems to provide
unprecedented data rates while connecting to an increas-
ing number of devices, there is a strong desire to shift the
wireless operating frequency from the overcrowded lower
microwave regions to millimeter-wave frequency bands. One
of the consequences of this migration is an increased number
of smaller antenna cell sites because of the higher propaga-
tion losses of wireless signals in this band [1]. As a result,
very densely packed small cells would have to be deployed to
maintain the desired geographical coverage. In addition, a
significant amount of additional load will be created on the
transport networks to deliver data to and from the expanding
number of cells. To address this issue, a centralized/cloud radio
access network (C-RAN) has been proposed that is capable of
servicing a large number of remote radio heads (RRHs) via a
centrally located baseband unit (BBU) pool connected by the
fronthaul network, as shown in Fig. 1 [2]. In this architecture,
the centralized BBU pool facilitates network management, a
cooperative processing capability, and resource sharing.

Common Public Radio Interface (CPRI) is widely used in
the fronthaul that uses an uncompressed digitization tech-
nique to digitize the wireless signals supporting up to 24 Gb/s
[3]. Due to the stringent requirements of the 5G and beyond
wireless specification coupled with an increased number of cell
sites, the CPRI link does not scale well with the total optical bit
rate that is expected to increase exponentially with the wireless
channels and bandwidth [4]. One approach to overcome this
bottleneck is to transport the wireless signals in an analog
format using radio-over-fiber (RoF) technology over the front-
haul links. Analog-based RoF fronthaul also enables a simpler
RRH design [5] while supporting a centralized control capabil-
ity with minimal latency. The centralized control capability
enables joint processing and advanced coordination functional-
ities such as coordinated multipoint (CoMP), non-orthogonal
multiple access (NOMA), and multiple-input multiple-output
(MIMO) to be performed within the fronthaul network [2,6].

NOMA is introduced to improve the spectral efficiency
requirements of a larger user-base network. In conventional
orthogonal multiple access (OMA) schemes, users are allocated
orthogonal resources in the time/frequency/code domain so
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Fig. 1. Illustration of the fronthaul in C-RAN.

that the number of connected users is limited by the number
of orthogonal resources [7–9]. To overcome this limitation, the
NOMA scheme has been proposed and actively investigated
with the main aim to improve the performance and spectral
efficiency of a large user base, which may be limited by OMA
[8]. In contrast to OMA, NOMA multiplexes multiple users
in the power domain at the transmitter to improve the spectral
efficiency (SE). The most commonly investigated NOMA
scheme in the literature is based on a superposition code with
a successive interference cancellation scheme (SPC–SIC) to
support multiple users via interuser interference cancella-
tion [10,11]. Despite its popularity, the performance of the
SPC–SIC scheme is limited by error propagation and fur-
ther compounded by the increased receiver complexities and
latency.

Recently, we proposed what we believe, to the best of our
knowledge, is a new NOMA scheme based on the multilevel
code (MLC) and experimentally demonstrated for 60 GHz
mobile fronthaul to address the issues imposed by the SPC–
SIC [12]. The results showed that the MLC scheme was able
to eliminate the error propagation issue in the SPC–SIC and
performed better than the SPC–SIC scheme.

However, the study in [12] was limited to only a two-user
clustering scenario based on a RoF fronthaul, and the general
benefits of the MLC over the SPC–SIC in clustering situations
with less than two users remains uninvestigated. Learning how
MLC behaves in such situations is vital to assess its perform-
ance in a practical NOMA-based RoF fronthaul application,
because an operational NOMA is envisioned to have the
advantage of dynamically allocating frequency resources and
clustering users according to its channel state information
(CSI) [13]. Hence, this motivates the study in this paper to
further investigate the proposed MLC scheme to generalize
the scheme to multiuser clustering scenarios, and study how
the fronthaul performance varies with the number of users per
cluster and how it compares to the SPC–SIC in such situations
in a simulated environment.

The paper has four sections. In Section 2, the definition of
the MLC for a generalized multiuser clustering will be pro-
vided, and the theoretical derivations for two optimal power
allocation schemes will be discussed. Section 3 covers the simu-
lation setup and the discussion of the results. Conclusions are
summarized in Section 4.

2. THEORY

A. Principle of MLC for Multiuser Clustering

In this section, the principle of the MLC scheme will be
presented and the developed algorithm to generate the
constellation map for such a scheme will be provided.

The idea of the MLC is to integrate symbols for all users
within a served cluster to one composite symbol on a conven-
tional gray-coded quadrature amplitude modulation (QAM)
constellation map and, as such, eliminate error propagation
and receiver complexity by only using conventional QAM
demodulation [12]. At the transmitter end, the symbols of each
user are first bit interleaved to form one composite symbol on
the QAM constellation map and then broadcast to all users
within the cluster. At the receiver end, all users perform only
one QAM demodulation to obtain the composite symbol,
from which they then extract their designated symbol based
on the position of the bits within the composite symbol.
For this study, the scenario is limited to two bits per user per
transmitted symbol.

The implementation was carried out in MATLAB, where
the bits for each user are interleaved together to generate a
composite symbol. To formulate this process, the following
parameters are defined:

• User n ⊆ {1, . . . , N}, where N is the total number of
users, user 1 is the nearest user from the RRH, and user N is
the furthest in a cluster.

• Transmitted bits for user n: b1,nb2,n , where b1,n ⊆

{0, 1}, b2,n ⊆ {0, 1}.
• Composite symbol S.
• Bit-interleaving function f (·).

Here the bits are treated as decimal integers, and the bit-
interleaving function is defined as

S = f (b1,1b2,1, b1,2b2,2, . . . , b1,Nb2,N)

=

N∑
m=1

22(N−m)+1b1,m + 2N−mb2,m . (1)

The resulting composite symbol after interleaving in binary is
given as

S = b1,1b1,2 . . . b1,Nb2,1b2,2 . . . b2,N .

This symbol is then mapped onto a MLC constellation map for
a corresponding complex signal. The mapping is achieved via
a MLC algorithm. For this algorithm, we define the following
parameters:

• Number of users/levels in the cluster N; e.g., the level for
user 1 is the 1st level, the next level is for user 2, and so forth.

Authorized licensed use limited to: University of Melbourne. Downloaded on April 11,2025 at 06:12:58 UTC from IEEE Xplore.  Restrictions apply. 



Research Article Vol. 13, No. 3 / March 2021 / Journal of Optical Communications and Networking 27

• Decimal integer representation in for the composite sym-
bol for user n.

• Power for current level Pn .
• Current quadrant q .
• Constellation position c .
• Quadrant mapping matrix A, which is generated by

extracting the gray-coding pattern with respect to the defined
MLC levels. In matrix A shown below, the row number corre-
sponds to the quadrant that symbol “00” is in, which in turns
represents the symbol pattern in the current level. Each column
number corresponds to a constellation symbol, and the index
on that column indicates in which quadrant the corresponding
symbol is located.

A=

1 4 2 3
2 3 1 4
3 2 4 1
4 1 3 2

 .

To illustrate the mapping procedure, an example is given for
a three-user cluster, as shown in Fig. 2. Here, User 1 is located
the furthest away from the RRH and will transmit “01”; User 2
is located 2nd furthest from the RRH and will transmit “10”;
and User 3 is located closest to the RRH and will transmit
“11.” Based on the convention used in the mapping, User 1
is considered as Level 1, followed by User 2 at Level 2, and
finally User 3 at Level 3. In this example, “00” is initialized
to be in quadrant 3 (q = 3). The location of the composite
symbol is mapped using the MLC constellation mapping
algorithm together with matrix A. The row number of matrix
A represents which quadrant “00” locates in on the current
level and the symbol pattern on this level. The column number
determines the location of a specific transmitting symbol on
the current level given the current row number (the current
value of q ) and the symbol pattern going into the next level.
For instance, User 1 transmitting bits of “01” determines that
the composite symbol should be located within quadrant 2 of
the constellation on Level 1 (obtained by using initial q = 3
(row 3 of matrix A) and 2nd column (symbol “01” is consid-
ered the 2nd symbol out of the predefined symbols sequence
[0,1,10,11] via the equation in Algorithm 1, line 4) of row
3, which gives quadrant 2. This indicates that the composite
symbol of the three-user cluster is located within quadrant
2 in Level 1 (as shown in Fig. 2) and q is updated to 2 as the
algorithm goes into the next level. The bits transmitted by User
2 (“10”) determine the composite symbol location on Level 2.
To locate this, using the current quadrant q , which is already
updated to 2, and the corresponding quadrant for Level 2 is
obtained to be in quadrant 1 (row 2 that corresponds to q = 2,
3rd column that corresponds to the location of “10” in the
predefined symbols sequence [0,1,10,11]). To find the final
location of the composite symbol that will be determined by
User 3, the current quadrant q is updated to 1, and the final
location of the composite symbol is located in quadrant 3 (1st
row, 4th column of matrix A as defined by “11,” which is the
fourth symbol within the predefined symbol sequence) for
Level 3, as indicated in Fig. 2. As a result, we find the com-
posite data “011101” located at the solid dotted constellation
position. This procedure ensures gray coding while each level
is associated with the transmitted data for the corresponding

000100 001100

000101 001101

011100 010100

011101 010101

000111 001111

000110 001110

011111 010110

011110 010110

User1  01

User2  10

User3  11

011101

Level 1

Level 2

Level 3

Quadrant 1Quadrant 2

Quadrant 3 Quadrant 4

Fig. 2. Illustration of the MLC scheme for three-user clustering.
The standard quadrant convention in the literature is followed where
Quadrant 1 is located in the top right hand corner and 2, 3, and 4 are
sequentially placed in the counterclockwise direction.

Algorithm 1. Algorithm for MLC Constellation Map
Generation

1: c = 0.
2: q = 3 Fq is chosen to be 3 for the constellation pattern

shown in Fig. 2, where “01” is in the 2nd quadrant on level 1.
3: For n in N levels do.
4: in = 2b1,n + b2,n + 1.
5: q = A(q , in).
6: c = c + Pne j (− π4 +

qπ
2 ).

7: Return c .

user. In addition, the constellation point position within each
level is assigned a power, denoted P1, P2, and P3, respectively.
By adjusting these powers, each level is given a certain extent
of robustness against noise. Thus, power can be allocated to
achieve relatively even performance across users.

B. Optimal Power Allocation Schemes

As mentioned earlier, we need to determine the power for each
user because it maximizes the user’s performance. This can
be explicitly established using an optimal power allocation
scheme for the MLC. Here, we propose two power allocation
schemes based on the SE criterion and symbol error rate (SER)
criterion. We denote the two MLCs with their respective power
allocating schemes as the MLC–SE and MLC–SER.

1. SE Criterion

A common scheme to maximize fairness for all users is the
max–min fairness (MMF) scheme [14], which allocates
power to a cluster of users such that the lowest spectral effi-
ciency within the cluster is maximized. In other words, this
scheme aims to improve the lower bound of a user cluster’s
performance. This is formulated as

max min
n=1,...,N

{Rn},
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where Rn denotes the nth user’s spectral efficiency, and N is the
number of users within a cluster.

Assuming that we have a fixed total transmitted power Pt ,
and we are only concerned with the optimization within a clus-
ter, the MMF is equivalent to finding a power ratio such that all
users have the same transmission rate/spectral efficiency [14].
Since the signal is independently demodulated at each receiver,
and the relevant bits for each user are independently extracted,
the SE for each user is only a function of the transmitted power
for that user, the channel gain, and the noise floor of that user’s
receiver (transmitter noise is ignored here). The SE for the nth
user can then be expressed as

Rn = log2

(
1+

Gn Pn

Nn

)
, (2)

where Gn is the channel gain for the nth user, Pn is the trans-
mitted power for the nth user, and Nn is the noise floor of the
nth user’s receiver [10]. Given a set of known channel gains of
{Gn=1,...,N}, we can readily write down the equation set for the
MMF as

log2

(
1+

G1 P1

N1

)
= log2

(
1+

G2 P2

N2

)
= · · · = log2

(
1+

G N PN

NN

)
.

(3)

Further assuming an equal noise floor for all users, the above
equation set can be reduced to

G1 P1 = G2 P2 = · · · = G N PN . (4)

Using this equation set in conjunction with the total fixed
transmitted power, we can determine the power for all users
based on the SE criterion. If we denote the power ratio between
two adjacent user as rn =

Pn
Pn+1

, we have
r1 =

P1
P2
=

G2
G1

· · ·

r N−1 =
PN−1

PN
=

G N
G N−1∑N

n=1 Pn = Pt

. (5)

Then the power for each user Pn can be obtained as

Pn = Pt
Pn

Pt

= Pt
rnrn+1 . . . r N−1 PN

Pt

= Pt

(∏N−1
m=n rm

)
PN(

1+
∑N−1

l=1

∏N−1
o=l ro

)
PN

= Pt

∏N−1
m=n rm

1+
∑N−1

l=1

∏N−1
o=l ro

. (6)

2. SER Criterion

The second proposed power allocation scheme is based on
maximizing user fairness. This scheme equalizes performance
across all users by equalizing each user’s SER. Specifically,

User 2 Detection Boundary 

User 1 Detection Boundary 

Fig. 3. Illustration of the MLC–SER criterion for two users.

for an additive white Gaussian noise (AWGN) maximum-
likelihood (ML) detector, the symbol error rate is determined
by the distance between symbols and its detection boundary
[15]. Therefore, the idea for this scheme is to equalize the
distance between the corresponding user symbols and the ML
detection boundary after taking into account the relevant user
channel gain. For illustration purposes, the two-user case is
shown in Fig. 3.

From basic trigonometry, the distance of a near user symbol

to its detection boundary is
√

P2
2 , and the distance of the far

user symbol to its detection boundary is
√

P1
2 −

√
P2
2 . The

proposed SER criterion scheme asserts that, to equalize the

SER for both users,
√

G2

√
P2
2 =
√

G1

(√
P1
2 −

√
P2
2

)
, with

G1 and G2 being the far user and near user channel gain,
respectively.

Generalizing this to N users, we have

√
G1

(√
P1 −

N∑
n=2

√
Pn

)

=

√
G2

(√
P2 −

N∑
m=3

√
Pm

)

= · · ·

=

√
G i

(√
Pi −

N∑
l=i+1

√
Pl

)

= · · ·

=

√
G N

√
PN . (7)

With a fixed total power
∑N

n=1 Pn = Pt , we can solve Eq. (7)
for the power for each user within the cluster. Denoting
the square root of the power ratio between adjacent users as

Rn =
√

Pn√
Pn+1

,

Rn =
√

G N
G N−1

, for n = N − 1

1+
√

Gn+1

Gn
+

(
1−

√
Gn+1

Gn

)∑N−1
m=n+1

∏m
l=n+1

1
Rl
, otherwise

.
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The power for user n can then be obtained as

Pn = Pt

( ∏N−1
m=n Rm

1+
∑N−1

l=1

∏N−1
o=l Ro

)2

. (9)

3. SIMULATION

A. Assumptions

The following assumptions are made for the simulation.
For the transmission in the fronthaul:

• It is assumed that the losses associated with the optical-to-
electrical conversions, optical components, and fiber dispersion
were constant. Furthermore, as the received powers at the users
were normalized for the analysis, as shown in the simulation
parameters in Table 1, these losses did not play a significant role
in the investigations. As such, only the transmission from the
RRH to the user equipment (UE) is modeled in the simulation.

For the transmission from the RRH to the UE:

• All transmission channels from the RRH to the user
equipment are AWGN channels. The noise has zero mean and
variance of σ 2. A zero-mean AWGN channel is commonly
used to model the noise in communication channels [16].

• The signal operates in the millimeter-wave band.
Therefore, the path loss (PL) can be modeled by the gen-
eral Friis free space path loss (FSPL) model with obstruction
loss neglected [17], so

PL( f , r )[dB] = 20log10

(
4π f

c

)
+ (10l)log10(r ),

where f is the transmission frequency, c is the speed of light,
l is the path loss exponent, and r is the distance between the
RRH and the served user. And the channel gain is given by

G =
GTXGRX

P L
,

where GTX and GRX are the transmitter and receiver antenna
gains, respectively.

• In the research literature, various receiver techniques with
satisfying results have been proposed for the millimeter-wave
band [18,19]. Therefore, an assumption is made that the up-
and down-conversion process can be carried out perfectly at
the transmitter and receiver. Thus, only a baseband channel is
modeled.

Table 1. Table of Parameters Used in Simulation

Power Per user power budget P 1 W
Noise power at user equipment σ 2 0.002 W

Transmitter antenna gains GTX 1000
Receiver antenna gains GRX 1000

FSPL Speed of light c 3e8 m/s
Transmission frequency f 60 GHz

Path loss exponent l 2.1

• All receivers experience the same noise floor, which
is valid under the assumption that the interference from
neighboring cells is negligible.

• The signal power is recovered to its transmitted power
level at the receiver. This is to simplify the computation steps as
explained below and can be done by tuning the receiver gain.

B. Simulation Setup

The simulation setup is illustrated in Fig. 4. A total of 12 user
locations are randomly generated in uniform distribution
between 0.5 m to 4.5 m away from the RRH transmitter,
while the RRH has a range of 10 m in diameter. These users
are sorted according to their distance in ascending orders, and
then scenarios are simulated where they are clustered in two-,
three-, four-, or six-user groups. For clustering of N users, the
users that are 12

N − 1 position(s) away on the sorted order will
be clustered into one group; e.g., in six-user clustering, users
1, 3, 5, 7, 9, and 11 will be clustered together, while users 2,
4, 6, 8, 10, and 12 will be clustered into the other group, as
illustrated in Fig. 5. The users are clustered this way so that
the users under the same cluster are always a considerable dis-
tance apart. This prevents a situation where one cluster’s users
may be overcrowded compared to another cluster, which may
introduce extra variation to different clusters’ performances.

The user data are first used to generate the composite sym-
bols as defined by the MLC-specific bit interleaving scheme,
then mapped onto the MLC constellation map via a cus-
tom Simulink block. The MLC constellation map has the
optimized power allocation incorporated with either the SE
criterion or the SER criterion. The channel gain information is
considered known in real time and is converted from the user

User 1
Data

User 2
Data

User N
Data

...

Power
Allocation

MLC Encoder

AWGN Channel 1

AWGN Channel 2

AWGN Channel N

...

MLC 
Decoder

1

QAM 
Modulator

QAM
Demodulator

MLC 
Decoder

2

QAM
Demodulator

MLC 
Decoder

N

QAM
Demodulator

...

Fig. 4. Illustration of the simulation setup. Data is randomly
generated for each user, then sent through the power allocation and
MLC algorithm to be combined as a composite symbol. This symbol
is then QAM-modulated and transmitted through N parallel AWGN
channels, each channel with a noise level that reflects the receiver
SNR after the signal experiences the respective path loss.

1 2 3 4 5 6 7 8 9 10 11 12

2-User Clusters

4-User Clusters

Fig. 5. Illustration of the clustering format of two-user clusters
and four-user clusters.
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distance via Friis’ FSPL equation. The corresponding signal
is then generated as a QAM signal. In the AWGN channel,
instead of attenuating the transmitted signal, the noise is scaled
up to match the targetted signal-to-noise ratio (SNR). This is
based on the assumption that the transmitted power level is
perfectly recovered at the receiver.

At the receiver, the signal is demodulated as QAM using
the same MLC constellation map, and the relevant bits are
extracted for each user and compared to the sent bits for the bit
error rate (BER) calculation.

For the transmitter power, the power budget toward a cluster
is proportional to the user number in the cluster; that is, for
an N user cluster, the transmitted power budget is N P , where
P is the per-user power budget. Therefore, the SNR before
demodulation at the nth user is Gn N P

σ 2 .
At the receiver, because the power is restored to the trans-

mitted level according to the assumption above and all UEs
experience the same noise level, the noise is scaled up inverse
proportionally to the channel loss. Thus, to obtain the correct
SNR at the receiver, the simulation puts the signal through an
AWGN lossless channel, with the noise level inverse propor-
tional to the calculated channel loss based on the Friis model
above.

C. Results and Discussion

The parameters used in the simulation are presented in Table 1.
The wireless carrier frequency is chosen to be 60 GHz to

represent the signals in the millimeter-wave band for the RoF
fronthaul system. The path loss exponent l is 2.1, which is
empirically obtained for a 60 GHz millimeter-wave signal
in [20]. The per-user power budget P is normalized to 1
and the noise level σ 2 is adjusted to 0.002 W with respect
to the normalized power budget and antenna gains GTX and
GRX to produce an appropriate range of the BER data for
demonstration.

The result is produced by running the above simulation
setup with the proposed SE criterion and the SER criterion,
respectively, over 122 simulation runs with 1e8 samples gen-
erated for each run. As a reference to the performance of the
MLC, the signal in each run is also transmitted and received
using the SPC–SIC with the max–min optimal power alloca-
tion scheme proposed in [14]. For each simulation run, the 12
user locations are uniformly redistributed over the specified
range. The lined curve represents the mean value at each user
over these 122 runs and the vertical error bar represents the
variance at each user over these 122 runs. These observations
can be made from the results in Fig. 6:

• When comparing across different clustering schemes,
despite being assigned the same amount of power, smaller
clusters perform better under the same SNR; hence, they are
more robust against noise and are sufficient for zero-error
transmissions such as the FEC limit [21]. This performance
improvement in smaller clusters is observed for all cases of the
SPC, MLC–SE, and MLC–SER.

• When comparing the MLC–SER and MLC–SE schemes,
the SER exhibits higher consistency in terms of a tighter upper
and lower bound for the BER within one clustering scenario,
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Fig. 6. Plot of log10(BER) per user for SE criterion (top) and SER
criterion (bottom). The line at log10(BER)=−10 represents the zero
error rate in this simulation. Results under the SPC scheme are also
plotted for comparison. The line at log10(BER)= log10(2.3e − 3)
represents the forward error correction (FEC) limit with 7%
overhead.

as well as a smaller variance across all users, as seen in Table 2.
This translates to better user fairness. Thus, the SER scheme is
considered the better scheme to adopt for the MLC.

• Between the MLC–SER and SPC, the MLC–SER
scheme in general achieves a better BER level across all users, as
shown by the mean values in Table 2. The disadvantage of SPC
becomes particularly noticeable in a six-user clustering format.

• A periodical “wavy” pattern is observed in the MLC–
SER. This is because the users in one cluster can achieve
relatively similar BER, but the further away a cluster is from
the RRH, the higher the BER gets for the cluster. Consider
a three-user MLC–SER for an example: Users 1, 5, and 9 are
in the closest cluster to the RRH, with their BERs around –7,
while the BER for the second closest cluster (users 2, 7, and
10) increases to around –5. This behavior agrees with how the
clustering format is set up and the design of the MLC–SER to
achieve better user fairness.
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Table 2. Means and Variance in Linear Scales Across All Users Under Each Clustering Format and Each Scheme

Cluster
Format

Mean Variance

MLC–SER MLC–SE SPC MLC–SER MLC–SE SPC

UE2 2.02e-5 5.70e-3 1.40e-4 1.97e-9 3.69e-4 1.32e-7
UE3 9.11e-5 4.25e-2 2.59e-4 2.72e-8 4.08e-3 1.62e-7
UE4 1.30e-3 7.73e-2 1.23e-2 7.44e-6 7.85e-3 7.56e-4
UE6 2.65-2 1.62-1 2.99e-1 7.52e-4 1.17e-2 9.30e-3
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Fig. 7. Zoomed-in comparison on the performances of the MLC–SER and SPC. The users are overlapped along the x-axis by clusters. User 1
to N corresponds to the near to far users in each N-user cluster. Cluster 1 is the closest to the RRH while Cluster 6 is the furthest away from the
RRH.

To further analyze the results for the MLC–SER and SPC,
we have plotted the results of different user clusters in Fig. 7.
The calculated BER curves for each cluster within the N
cluster are overlapped onto each other. From these results, it
can be clearly seen that the clusters located further away from
the RRH have a poorer performance for both the MLC–SER
and SPC for all the cases investigated. Also clearly indicated is
that the far user within each cluster for the SPC with N < 4
always has a better performance compared to the rest of the
users in that cluster, which highlights SPC error propagation
characteristics that degrade the performance of near users. For
the MLC–SER, the BER performance is relatively constant
for fewer user clusters; however, a slight BER degradation is
observed for users closer to the RRH for larger user clusters.
This is because the power allocation scheme for the MLC–SER
only considered the demodulation decision boundary within

the respective quadrant where the symbol sits. If, however, the
noise-imposed symbol is shifted outside the respective quad-
rant, the demodulation would fail. In other words, near users
have less tolerance for noise with the current MLC–SER power
allocation design.

Overall, we have concluded that the best performance is
achieved from the MLC with SER criterion among all inves-
tigated, based on observations that the MLC–SER has the
minimum mean BER across all users compared to the MLC–
SE and SPC. The results also indicated that the MLC–SER is
able to provide better user fairness across the users within the
cluster. Based on the results obtained, it is clear that to achieve
good NOMA performance, fewer user clusters is preferred,
with N < 4 in this investigation.

Although the investigations carried out in this study targeted
at quantifying the performance as a function of cluster size
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with appropriate assumptions made, there are still many areas
to be further explored, such as the improvement in the current
MLC–SER power allocation design to alleviate the bias toward
far users, a more accurate fronthaul model taking into account
the possible fiber impairment effects including power loss and
dispersion, the effect of a larger user pool that expands further
toward the cell edge, and the possible adaptation of dynamic
modulation and channel coding, which is beyond the scope of
this paper.

4. CONCLUSION

In summary, we have further investigated the application of a
MLC NOMA scheme for a RoF fronthaul system to scenarios
of multiuser clustering. Two power allocation schemes were
investigated for the MLC scheme based on the SE and SER,
respectively. An AWGN channel simulation was conducted
where a group of 12 users underwent different clustering
scenarios. The results show that a MLC with a SER criterion
scheme offers better user fairness across all the clusters and
higher consistency in terms of variations in the transmission
distance. A SE criterion scheme, on the other hand, achieves
a lower minimum BER, but provides poorer fairness. In addi-
tion, a larger cluster with more users is more prone to noise
and more easily fails the FEC error-free limit, justifying the
typically used two-user clustering scheme. We believe this
study provides valuable insights into the behavior of the MLC
scheme in dynamic user clustering scenarios.
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