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An efficient codebook design approach based on salp swarm algorithm
for the downlink SCMA system

Sakir Simsir

The codebooks are the key components of the sparse code multiple access (SCMA) system. In order to distinguish the multiple
users from one another, a distinct codebook is assigned to each user. Apart from this, the codebook design has a direct effect
on the SCMA performance. In other words, a properly designed codebook set leads to a performance boost in the SCMA
system. For this reason, it is crucial to find the most appropriate codebook set to maximize the system performance. With that
purpose in mind, a salp swarm algorithm (SSA)-based codebook design scheme has been proposed for the downlink SCMA
system in this paper. In the proposed scheme, the codebooks are directly optimized by a recently developed robust algorithm
called SSA to acquire the ideal codebook set for the related system. Most of the codebook design procedures available in the
literature consider some key performance indicators like minimum product distance (MPD) and minimum Euclidean distance
(MED) of the superimposed codewords while designing the codebook set. However, the system performance represented by
the average bit error rate (BER) of the multiple users cannot only be determined by the distance properties of the superimposed
codewords but also affected by the symbol detector by which the information bits are recovered using the designed codebook
set at the receiver side. For this reason, in order to take the whole system into account without concentrating solely on the
distance characteristics of the codewords, the average BER value of the SCMA scheme is employed as a fitness function of
SSA to be minimized while optimizing the codebook set. In the simulation study, the BER achievement of the proposed SSA-
based codebook design strategy is compared to those of varied methods existing in the literature. According to the simulation
results, the codebook set produced by the suggested strategy makes the downlink SCMA system to reach better BER levels
compared to the other methods considered in this paper.
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1 Introduction

It is not hard to predict that we are approaching the
sixth generation (6G) era even though the fifth genera-
tion (5G) mobile technology has not yet been fully
deployed throughout the world [1]. According to the
vision determined by the International Telecommu-
nication Union (ITU), 5G systems are expected to meet
three typical scenarios like massive machine type
communication (mMMTC) allowing one million con-
nections per square kilometer (km?), enhanced mobile
broadband (eMBB) systems ensuring data speeds in the
order of gigabits per second and ultra reliable low
latency communication (URLLC) systems providing
milli-second latency in the air interface. Furthermore,
the new applications that have emerged in recent years
such as autonomous driving, virtual reality (VR), 3D
integrated communications and augmented reality (AR)
seem likely to accelerate the transition from 5G to 6G.
In the aforementioned scenarios, communication access
at extremely high speeds and far more data rates which
exceed those offered by 5G technology is going to be
needed in the upcoming period [2]. Satisfying such
endless high standard communication scenarios will

become challenging unless more sophisticated trans-
mission technologies are developed. The inventions of
multiple access schemes like time division multiple
access (TDMA), code division multiple access
(CDMA), frequency division multiple access (FDMA)
and orthogonal frequency division multiple access
(OFDMA) have been the most significant milestones in
the progress of wireless technology throughout different
generations [3, 4]. The common fundamental principle
behind these multiple access strategies, each of which
has been employed in a different generation of mobile
technology, is orthogonality. According to the principle
of orthogonality, resource sharing is carried out ortho-
gonally among the multiple users in frequency, code or
time domain. We can both minimize the multiple access
interference and employ low-complexity receivers by
performing an orthogonal assignment of resource blocks
between the users.

From the other point of view, the existing orthogonal
resource blocks cause a restriction in the number of
manageable users. For this reason, the orthogonal-based
multiple access technologies will not be sufficient to
satisfy the growing connectivity demands that are expec-
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ted to intensify even more in the future generations.
Taking this into account, the researchers developed
anon-orthogonal multiple access (NOMA) [5-7] scheme
to pave the way for widespread access. Thanks to this
non-orthogonal technology, the resource blocks can be
further exploited. For instance, in the NOMA system, it
is possible for multiple users to share the identical
narrow frequency range within the same time frame.
This enables supporting additional number of users
while leading to an enhancement in the complexity of
the receiver. There are two primary NOMA categories
regarding the types of allocated resources. These are
code domain and power domain NOMAs called CD-
NOMA and PD-NOMA, respectively. While PD-
NOMA makes use of power as a new dimension, CD-
NOMA applies a similar approach with the traditional
CDMA. The usage of spreading codes that are limited to
non-orthogonal sparse sequences with low cross corre-
lation is the key difference of CD-NOMA compared to
CDMA [8-10].

CD-NOMA category includes an exclusive member
of multiple access schemes called sparse code multiple
access (SCMA) [11], which has been drawing con-
siderable attention in recent years due to its great
potential to be employed in future generations of mobile
communication systems. In the SCMA system, the
spreading operation is combined with the modulation
process. A set of codebooks pre-defined in the SCMA
scheme consists of multi-dimensional complex code-
words. These codewords are selected from the codebook
set with respect to the information bits of the related
user. It is possible for the SCMA system to provide a no-
table shaping gain due to the usage of high-dimensional
sparse codebooks. Furthermore, inherent sparsity of the
SCMA scheme allows for easy implementation of ad-
vanced message passing algorithm (MPA) at the receiver
side for the multiuser detection process [12].

On the other hand, the bit error rate (BER) achieve-
ment of the SCMA system is directly influenced by the
design of a codebook set. In other words, it is possible to
maximize the system performance by designing the
codebook structure, appropriately. The study carried out
in this paper addresses this matter referred to as code-
book design in literature. Within this scope, the code-
book design issue is transformed into an optimization
problem by making the codebooks of multiple users
suitable for being optimized in a direct manner. With
view to fulfilling the related optimization task, an
efficient recently developed metaheuristic approach
called salp swarm algorithm (SSA) [13] is proposed.
After fulfilling the codebook optimization process
carried out for the Rayleigh fading channel in the

downlink SCMA system, the BER performance of
theSSA-based optimized codebook set is compared
withthose of varied codebook sets existing in the
literature. It is evidently demonstrated by the compre-
hensive experimental analysis that the proposed SSA-
based strategy is a promising codebook design approach
to be utilized in the downlink SCMA system due to its
superior BER performance compared to the other
considered tech-niques.

The literature includes diversified studies focusing on
the design of an appropriate set of codebooks for the
SCMA scheme. In [14], a strategy of codebook design
that relies on the star quadrature amplitude modulation
(StarQAM) constellations is developed. In [15], the
design of the codebook set is carried out by utilizing the
genetic algorithm (GA). Since the GA is directly applied
to the codebooks of multiple users, the mother con-
stellation is not required for the optimization process.
While optimizing the codebook set, minimum Euclidean
distance (MED) is employed as the objective function to
be maximized by the GA. The studies carried out in [16]
and [17] are based on the maximization of MED, which
is a key performance indicator providing significant
information about the BER achievement of the related
codebook set particularly in the additive white Gaussian
noise (AWGN) channel. In [18], in order to further
increase the MED between the superimposed codewords
existing in the set of codebooks, the authors reformulate
the MED problem into a biconvex form by imple-
menting an iterative algorithm based on alternating
maximization. In [19], the authors consider the energy
diversity of the constellation points along with the MED
when acquiring the optimum codebook collection for the
SCMA system. In [20], a sub-optimal technique is pro-
posed to construct an improved SCMA codebook set for
varied uplink Rician fading scenarios. In [21], the
authors design a novel class of codebooks, which
demonstrates a power imbalance among multiple users,
by considering not only the MED but also the minimum
product distance (MPD) of the codewords during the
design process. In [22] and [23], the codebook design is
performed in two stages. In the first stage, the optimum
codebook is designed for a single user. In the following
stage, the relevant codebook designed in the previous
stage is subjected to some user-specific operations to
achieve the codebooks of the remaining users. In [24],
a combined multitask learning-based framework, in
which the authors utilize deep learning to jointly design
decoder and encoder blocks of the SCMA scheme, is
proposed. In [25], a deep neural network-based new
approach is put forward by the authors with a view to
design a useful codebook set for the SCMA system.
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It is possible to summarize the key contributions of
this study in the following way:

1. In the literature, it is the first time for the salp swarm
algorithm to be integrated into the SCMA scheme
with the aim of resolving the codebook design issue.

2. In this paper, instead of focusing our attention solely
on the transmitter side of the SCMA scheme by
taking only the distance properties of the codewords
into account, we consider the whole system with each
component having an impact on the BER perfor-
mance while designing the codebook set. To this end,
we determine the average BER of the SCMA system
as the objective function of SSA for being minimized
rather than maximizing the MPD or MED of the
codewords as is done in most codebook design
works. By doing so, not only the transmitter, but also
the receiver side of the SCMA scheme where the
logarithmic-message passing algorithm (log-MPA)
detector has a significant effect on the system per-
formance is taken into account while optimizing the
codebook set via the SSA.

3. The SSA-based codebook set designed for the down-
link SCMA system evidently gets ahead of various
prominent codebook sets such as AESCMA [25],
LowETrror [18], Hu [26], Huawei and ConsRot [27]
with regard to BER performance in the related
system.

2 Downlink SCMA system structure

The system structure belonging to the downlink
SCMA is illustrated in Fig. 1. At the transmitting part of
the relevant scheme given in Fig. 1, each individual user
is allocated a particular codebook consisting of M
complex codewords each of which has K dimensions. In
these KxM-sized codebooks predefined for J different
users, the value of M corresponds to the modulation
order of the SCMA system. Apart from this, the
aforementioned K-dimensional complex codewords
forming the columns of KxM-sized codebooks are
specified as sparse vectors. Each of these sparse vectors
has N non-zero components such that K > N. It should be
noted that the non-zero elements occupy particular
codeword dimensions that do not change within a certain
codebook.

SCMA Mapping
Binary Bits for l »{ Codebook 1
User 1 | )
|
Binary Bits for ! MPA
User 2 | »| Codebook 2 Detector bJ
|
Bi Bits fi I
inary Bits for | ol
User J > Codebook J
|

Fig. 1. Block diagram of the downlink SCMA system

SCMA-based data transmission starts with the
mapping process in which the m bit information
belonging to the user j for (j = 1, 2, ..., J) is mapped to
the relevant complex codeword existing in the j-th
codebook. Upon completing the mapping operation for
each user, a superimposed codeword without sparsity is
obtained by combining J complex codewords selected
from J different codebooks with respect to the infor-
mation bits of J individual users [28]. The way of
mapping information bits to the complex codewords and
combining these selected sparse codewords into a single
non-sparse codeword is demonstrated in Fig. 2 for

K=4,J=6and m=2. In the codebook illustration given
in Fig. 2, the rectangular boxes with different colors
indicate non-zero elements while the remaining white
boxes represent zero elements [28].

We can use a factor graph for the SCMA system to
represent its sparsity scheme. In the following equation,
an example of a factor graph representation is given [15]:
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where the rows denote the orthogonal resources and
columns indicate the users. Note that each complex
codeword existing in a codebook includes K orthogonal
resource elements (REs). In this factor graph example
given in Eqn. (1), each user occupies two orthogonal
resources and these occupied positions are depicted by
ones.

For the downlink SCMA system shown in Fig. 1, the
expression of the received signal belonging to the j-th
user is as follows:

Codebook 1 Codebook 2 Codebook 3
11 01 I o 10
RE(1)
RE() []
wo g N+
RE(4)

y; = diag(h)) T_, x; + w; 2)
where
hj = (hjl' hjZ' vy th)T and Xj = (leijZ' ey XjK)T

are the channel coefficients and sparse codeword of user
J» respectively, while w; represents Kx1-sized complex
Gaussian noise vector belonging to the j-th user. Sparsity
of the factor graph, an example of which is given in
Eqn. (1), makes the SCMA receiver perform a multiuser
detection process by utilizing the MPA.

Codebook 4 Codebook 35 Codebook 6

Fig. 2. The operation of mapping and combining performed at the SCMA transmitter

3 Salp swarm algorithm

The salps that belong to the Salpidae family are very
interesting marine organisms showing quite similar
features to jellyfishes by having a transparent body
tissue in cylindrical form and pumping the water through
their body to not only move in the ocean but also feed by
using their inherent biological filters [29]. While
foraging in deep oceans, these amazing creatures show
a very different swarming behavior by arranging one
after another in a spiral shape, which is called salp chain
in literature. Inspired by the aforementioned swarming
behaviors of the salps, Mirjalili et al. have produced
a novel swarm intelligence-based optimizer called salp
swarm algorithm (SSA) by mathematically modelling
the strategic foraging movements of these organisms in
the form of salp chains [13].

In the SSA, the population is considered to have one
leader salp existing at the leading position of the salp
chain. The remaining part of the salp population is
considered as the followers. In the guidance of the leader
salp, the follower salps track each other in the form of
salp chain during the foraging process. As in the other

population-based algorithms, solution vectors corre-
sponding to the salp positions are defined in a search
space with n dimensions. Therefore, each salp position
is expressed as n-dimensional solution vector. Apart
from this, it is presumed that there exists a target food
denoted by f'to be reached by the salp chain within the
search space. Below is the mathematical model used in
the SSA for updating the leader position:

sl = {fn +ry [(Ubn - lbn) 1+ lbn],r3 =0 (3)
" Afy =11 [(uby — Lby) -1y + Lby], 13 < 0

where s}, f,, ub,, and lb,, indicate the leader (first) salp
position, target food position, upper bound and lower
bound in the n-th dimension, respectively. 3 and 7, are
the random values generated in the ranges [—1, 1] and
[0, 1], respectively while r is a coefficient that is
updated with respect to the iteration number throughout
the optimization process in the following way:

4k \2
n=2- ) 4)

where £ and Imax represent current and maximum itera-
tion numbers, respectively. It should be noted that 7; is
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the main control parameter ensuring the SSA to balance
exploitation and exploration during the search for the
optimal solution. In order to update the follower salp
positions, the law of motion proposed by Newton is
utilized as follows:

Sh=1-a-t?+By t,i=23,...,P )

where the n-th dimension of the i-th follower salp
position is signified by s, 8, corresponds to the initial
speed, @ = Brinai/Po, t denotes time, B = (s — sq)/t
and P is the size of salp population. In the optimization
process, the time is equivalent to iteration. Since the
difference between the iterations equals 1, Eqn. (5) can
be modified by considering S, = 0 in the following
manner:

sh=3-(sh+si),i=23,...,P (6)

The working principle of SSA can be easily com-
prehended from its pseudo-code given in Fig. 3.

Randomly generate initial salp positions s'(i = 1,2,..., P)
complying with /6 and ub

while (termination criterion is not met)
Perform fitness calculation for each salp position
Assign the best individual as the target food position f°
Update the parameter r1 via Eqn. (4)
for each salp (s?)
ifi=—1
Update the leader salp position via Eqn. (3)
else
Update the follower salp positions via Eqn. (6)
end
end
Fix the new salp positions with respect to /b and ub values
end

Return f

Fig. 3. The pseudo-code of SSA

The key advantages of SSA algorithm can be summa-
rized as follows [13]:

o The best salp position achieved so far is saved as the
target food position. By doing so, the current best
solution vector corresponding to the target food
position is always protected and never lost
throughout the optimization process even if the salp
population deviates from the global optimum as
a whole.

e The space around the current best solution is always
explored and exploited via the leader salp, the
position of which is updated with respect to the best
solution achieved so far.

e The position update mechanism defined for the
follower salps in Eqn. (6) leads to a gradual
movement towards the leader salp, which prevents
the SSA from getting easily stuck in local optimum.

e The adaptive reduction of parameter r; throughout
the iterations makes the SSA algorithm to effectively
scan the search space by first exploring and then
exploiting it.

e SSA algorithm has easy to implement and simple
structure by possessing just one main control
parameter, which is 7.

4 Design of codebook using salp swarm algorithm

As previously mentioned in this paper, we appoint
the average BER of the SCMA scheme as the fitness
function of the SSA algorithm. When optimizing the
codebook set by employing the proposed metaheuristic
approach, we will utilize the following notations [15]:

pi’+q;>=E (7)
2
%: L =12,.,] (8)

where p; and q; represent the symbol magnitudes
belonging to the codewords, £ corresponds to the energy
of a codeword and A; specifies the variation of codeword
power. In this study, the value of codeword energy
denoted by £ is kept at 1 for the purpose of making every
single codeword of the designed codebooks to have unit
norm. It is worth mentioning that the convergence
efficiency of the MPA detector used at the SCMA
receiver for symbol detection enhances with power
variations in orthogonal resources and these power
variations can be achieved by ensuring the parameter 4;
to have varying values among the codebooks of different
users. With the usage of Eqns. (7) and (8), it is possible
to express p; and q; parameters in terms of A; and E as
shown in the equations below:

1 1 E
2 2) — —
“\pi©tqi°) = "E=>1+1=
) = B 1=
E-2 E -4
sqgl=—_—22-q2= S p2= J
qj )[]+1 J q‘] Aj+1 p] )[]+1
_ | EA
=P = D ©)
1 1 E
2 2
— - pi“t+tq;°)=— E=>4+1=—
e
E E
24" =024 = G (10)

(4j+1)
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The codebooks belonging to different users can be
modelled in a generalized form for j > 1 as follows:

0. 0 . 0. 0 .
- pjel~9,, _qjez-e,, qjel~9,, _pjel-Bv
7 _qjei'0v+1 _pjei’9v+1 pjei'0v+1 qjei'0v+1
0 0 0 0
(11)

wherej=1,2,...,Jandv=2/for/=1,2,...,J—1. Apart
from the initial non-zero row of C; matrix indicating the
codebook of first user, the non-zero rows of each
codebook are multiplied by e*% complex exponent. In
the case that the factor graph yielded in Eqn. (1) is
utilized, we can model the codebook set for J = 6 users
in the following way:

0 0 0 0
P1 —q1 q1 —P1
C, = (12)
0 0 0 0
|—qe"% —piet® petf geth
[ pret®:  —qyetfz quetPz  —p,etfe]
_ 0 0 0 0
€= —qpe'%  —pyet¥ pet¥s gyetts (13)
0 0 0 0
[ pzet®  —qze™® qzel®t —pyet %]
C, = |—ase"% —pset¥s pzetfs  ggelfs | gy
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
C,= pieifs  —g,eifs  geife —p, et (15)
| _quet®  —pei® pet®  geit |
[ pse'f  —qset%  gsetfs  —pgetfe]
0 0 0 0
Cs; = (16)
0 0 0 0
|_geei®  —peeite peeifs  goelte |
0 0 0 0
o _ peeif0  _geeifio  geelfn  _p el
de€ be€ be€ qe€
0 0 0 0
(17)

In the SSA-based codebook design procedure, the
optimum set of codebooks minimizing the average BER
of the SCMA scheme is obtained by optimizing
the following vector parameters via the SSA algorithm:

A=, 2., 4) (18)
0 =(01,6,...,0y-1) (19)

where N denotes the number of non-zero components
existing in each column of the codebook matrices. As it
is evident from the lengths of A and @ vectors, a total of
(JN + J — 1) parameters are required to be optimized by
the SSA. For instance, we will need to optimize
6x2+6—1=17 parameters for N=2 non-zero components
per matrix column and J = 6 users. For these J and N
values, the vectors of 4 and @ will transform into the
following form:

A == (/11,/12,...,/16)
0 = (911 92;-"I911)

(20)
21

The above vector parameters will be optimized in this
study with the utilization of SSA algorithm. Below is the
definition of fitness function that needs to be minimized
throughout the optimization process:

fitness = BER (F,2,6,2) (22)
0

By using a predefined factor graph F for the A and 8
parameters that are subjected to the optimization
process, the BER(-) function calculates the average bit
error rate in the downlink SCMA scheme at a pre-
determined value of Ej; / Ny corresponding to energy per
bit-to-noise ratio. In the simulations, we use the factor
graph F provided in Eqn. (1). Besides, after it was
realized as a result of repetitive simulations that the best
optimization results are obtained at 12 dB E} / Ny value
for the Rayleigh fading channel, the value of parameter
Ey/ Ny is kept at 12 dB while the codebook set is being
optimized. Apart from this, the optimization boundaries
determined for the A and 6 parameters are as follows
[15]:

0<86,<2m,

v=12,...,JN—-1
0.01 < 4; < 40, }

i=12,....] (23)

In the course of optimizing the codebook set, when
the fitness value is to be calculated in a certain iteration,
the set of codebooks is obtained with respect to the
current A and 6 values by using the Eqns. (12-17), which
are defined based on these parameters. Thereafter, for
the relevant iteration, the average BER of the SCMA
scheme (fitness value) is calculated by employing the
obtained set of codebooks. The iterations are kept going
until we reach a codebook set ensuring the minimum
BER (fitness) value. In the next subsection, the operation
steps belonging to the SSA-based codebook optimi-
zation are presented in detail.
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4.1 Step by step description of the codebook
optimization based on SSA algorithm

First of all, in order to make A and 6 parameters ready
for being optimized via the SSA algorithm, these
parameter sequences specified in Eqns. (18) and (19) are
merged into a single vector, which is defined as the ith
salp position in the following way:

Si= (A, 2., 200,605, Oy
i=12,....,.bn=12,....JN+] -1 (24)
where i is the salp index and P is the size of salp
population.

Step 1: Random positions are assigned to the initial salp
population by considering the boundaries defined for 4
and @ variables in Eqn. (23).

Step 2: The fitness values of the salp positions are
obtained by utilizing the fitness function specified in
Eqn. (22).

Step 3: The best individual position possessing the
greatest fitness quality in the current salp population is
assigned as the position of target food source as follows:

fo=sn=[225...,4,61,65,....00y_1] (25)

where the target food position f, is made equal to the best
salp position symbolized by sj,.

Step 4: The parameter 7 is updated using Eqn. (4).
Step 5: Position update is carried out for each salp:
51.ifi=1

e The position of leader salp s} is updated
using Eqn. (3).

5.2.elseifi>1

o The positions of follower salps are updated
using Eqn. (6).

Step 6: The new positions produced for the population
members are adjusted with respect to the lower and
upper bounds defined for each vector parameters in
Eqn. (23).

Step 7: If the maximum number of iterations denoted by
Inax has not been reached yet, the optimization process
keeps going from Step 2. Otherwise, the latest target
food position f, is appointed as the optimum solution
vector acquired at the end of Inax iterations. In order to
eventually obtain the SSA-based designed codebook set,
the optimized values of A and 8 parameters comprising
the related solution vector is utilized. To this end, after A
parameters are employed in Eqns. (9) and (10) to obtain
p and g symbol magnitudes, these symbol magnitudes

obtained with respect to the A parameters are employed
together with the 6 parameters in Eqns. (12-17) to
achieve the eventual set of codebooks optimized by the
SSA algorithm.

5 Simulation results

In this section, an experimental analysis is carried out
to test our SSA-based designed codebook set in point of
BER performance in the downlink SCMA scheme. In
order to see how satisfactory the BER results of the
proposed codebook set are, we compare its BER
performance to those of diversified successful set of
codebooks available in the literature such as AESCMA
[25], LowError [18], Hu [26], Huawei and ConsRot [27].
In the simulations, the system parameters are specified
as indicated in Tab. 1.

Table 1. System parameters

Parameter Symbol | Value
Number of users J 6
Number of codewords per

M 4
codebook
Number of orthogonal K 4
resources
Number of non-zero

N 2
components per codeword
Type of wireless channel - R;i; }gﬁigh
Type of detecting algorithm Log-MPA
Number of iterations for ) 5
Log-MPA
Size of population for SSA P 10
Maximum iteration number I 25
for SSA e

The eventual values of A and 6 vector parameters
acquired at the end of SSA-based optimization process
are provided in the following equations:

_(28.1826, 19.2281, 7.5434, 23.7980,...
4= (13.6350, 16.8980 ) (26)

2.1915, 6.1163, 5.6580, 3.8170,4.6869,...

(5.1982, 4.6688, 3.8480, 3.9161,1.2478,...)
0 =
5.8309

27

After utilizing the above optimized A and 0 parameters,
the corresponding SSA-based codebook set is obtained
as follows:
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0 0
0 0
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0
0
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0
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0

0.0864 — 0.1637i

0.6716 + 0.6571i]
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In Fig. 4, the codebook sets considered in this paper
are compared with each other in terms of their BER
achievements in the downlink SCMA system. The
curves that exist in the relevant figure are the average
BER curves belonging to the considered codebook sets.
While obtaining the related curves, six different BER
values belonging to six different users of the SCMA
scheme are obtained and then averaged for each value of
Ey / Ny in the range 0 dB to 22 dB. As it is evident from
Fig. 4, our proposed SSA-based designed codebook set
leaves the other ones behind by a clear distance. It
manages to make 1.29 dB difference even to its nearest
competitor named ConsRot at 10 BER level. Apart
from this, even though the AESCMA, LowError and Hu
show better BER performance compared to the Huawei
and ConsRot at low E; / Ny values approximately in the
range 0 dB to 12 dB, these three codebook sets fall far
behind the other ones at higher £ / Ny values beyond 14
dB. Starting from 14 dB E; / N, value, the BER curves
of the considered codebook sets are separated into two
distinct groups. While Huawei, ConsRot and SSA form
the group of codebooks that perform better, the worse
performer codebook group consists of AESCMA,

LowError and Hu. As can be seen in Fig. 4, the distance
between these two groups widens as the value of £ / Ny
increases.

10°
—O— AESCMA

—©— LowError
»—Hu

g R —&A— Huawei

10T B —%— ConsRot

—— SSA

10-2 L

BER

10-3 L

10-4 L

10 12 14 16 18 20
Eb/No [dB]

0 2 4 6 8 22

Fig. 4. The performance of codebook sets in terms of
average BER achievements in the downlink SCMA
system
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Fig. 5. User-based performance analysis of the SSA-
based codebook set

In Fig. 5, the BER performance is analyzed for each
user individually in the case that our proposed codebook
set designed by using the SSA algorithm is employed in
the downlink SCMA system. In general, the effecti-
veness of a codebook set is evaluated with respect to its
average BER performance. This is the primary metric to
be considered when determining the capacity of a de-
signed codebook set. On the other hand, the BER
achievements of individual users should also be taken
into account to see whether a codebook set is feasible for
practical scenarios. In real life applications, every user is
expected to get a communication service with similar
quality standard. For this to happen, the BER curves of
the individual users are required to be in close proximity
to each other. The proposed SSA-based codebook set
meets this criterion. As can be seen from Fig. 5, the BER
curves belonging to multiple users are quite close to each
other. They are even almost overlapping at higher
Ey / Ny values. From this perspective, not only being
superior over the other considered codebook sets with
regard to average BER performance, but also providing
quite similar BER results for the individual users makes
the SSA an advantageous codebook set that deserves to
be taken into consideration for being exploited in the
downlink SCMA scheme.

Figure 6 presents the BER achievements belonging
to worst and best users of the codebook sets considered
in this paper. As mentioned earlier, even though the main
performance metric to look at when conducting a per-
formance evaluation for a codebook set is the average
BER achievement of the multiple users, it is undesirable
for individual users to show great deal of variability in
their BER performances. For this reason, the BER
curves of worst and best users are expected to be close
to each other as much as possible. When we look at
Fig. 6, it will be seen that AESCMA, LowError and Hu

have the larger distances between their worst and best
users compared to the other three set of codebooks
named Huawei, ConsRot and SSA. Meanwhile, it is
worth reminding that the aforementioned three code-
book sets having great deal of differences between their
worst and best users also stand out from the others by
showing worse average BER performance as can be
observed from Fig. 4. If we examine Fig. 6 more closely,
we will see that our proposed SSA has been the second
codebook set providing the lowest difference between
the curves of worst and best users, while Huawei ranks
the first in this respect. However, in spite of having
multiple users with very close BER performances,
Huawei falls far behind our proposed SSA-based
codebook design strategy with regard to average BER
performance, which is the primary criterion that
determines the capability of a codebook set.

BER
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—<— AESCMA (Best User)
10-3 |~ © — LowError (Worst User)
—&— LowError (Best User)

Hu (Worst User)

Hu (Best User)
— £ —Huawei (Worst User)
—=4A— Huawei (Best User)
10* | — % —ConsRot (Worst User)
—+#— ConsRot (Best User)
— # — SSA (Worst User)
—#*— SSA (Best User)

1 1 L 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22
Eb/No [dB]

Fig. 6. Worst and best user performances for each set
of code-ooks

Figure 7 demonstrates the convergence performance
shown by the SSA algorithm while optimizing the set of
codebooks in the downlink SCMA system. In this
convergence graph, the number of iterations increasing
from 0 to 25 is represented by the horizontal axis while
the vertical axis displays 10° times the average BER
values achieved by the SSA algorithm throughout the
progress of iterations. As can be noticed from Fig. 7, the
convergence curve starts from between 4.2x107 and
43x10° BER values and suddenly drops below
3.9x107% at 9" iteration. From that point to the 19™
iteration, SSA algorithm reaches below 3.7x107 by
maintaining to converge, gradually. After one last sharp
decline from 3.68x1073 to 3.50x1073 BER value at 20"
iteration, the convergence of SSA algorithm comes to an
end.
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Fig. 7. Convergence performance of SSA while opti-

mizing the codebook set
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Fig. 8. BER achievements of SSA and ConsRot code-
book sets for different iteration numbers of log-MPA
detector

In Fig. 8, the BER achievements of the proposed
SSA-based codebook set and its closest competitor
named ConsRot are analyzed for different number of
decoding iterations of the log-MPA detector employed
at the SCMA receiver. As can be evidently observed
from Fig. 8, our designed set of codebooks keeps its
superiority over the ConsRot for each of the considered
iteration numbers determined as 1, 2 and 5 for this simu-
lation. Apart from this, a certain number of iterations are
needed in the log-MPA detector to perform an accurate
symbol detection process. We can see this from the BER
results obtained for both SSA and ConsRot codebook
sets by varying the number of iterations in log-MPA
detector. As can be clearly seen from the BER curves,
the growing number of iterations leads to an enhanced
BER performance in the downlink SCMA scheme for

both of the considered codebook sets. On the other hand,
it can be noticed from the distances between the BER
curves obtained for different numbers of iterations that
the amount of improvement in the BER performance of
the downlink SCMA scheme gradually decreases with
the increase of iteration number regardless of the
codebook set employed at the transmitter side. For
instance, if we look at the £, / Ny gains achieved for each
increment in the number of iterations at 1072 BER level,
we will see that 7.05 dB and 5.77 dB gains are achieved
for ConsRot and SSA, respectively with the increase of
iteration number from 1 to 2 while the related gains
reduce to 1.72 dB and 1.05 dB in case of increasing the
number of iterations from 2 to 5. We can infer from these
results that it is unnecessary to determine too high
iteration numbers for the log-MPA detector since its
performance reaches saturation after a certain number of
iterations.

6 Conclusion

This research presents an efficient strategy based on
SSA algorithm to design an appropriate codebook set for
the downlink SCMA scheme. In this proposed codebook
design strategy, the codebooks of the SCMA scheme can
be directly optimized via the SSA algorithm by elimi-
nating the requirement for a mother constellation while
designing a codebook set. Furthermore, contrary to
many codebook design studies in which only the
transmitter part of SCMA is considered by focusing on
just the key performance indicators like MPD and MED
of the codewords to maximize, we use average BER of
the system as the objective function of SSA to minimize.
By doing so, it becomes possible to take the whole
system with all its components including the log-MPA
detector into account when performing the SSA-based
optimization on the set of codebooks since the BER
achievement of a codebook set is not only determined by
the distance properties of the codewords belonging to
different codebooks but also affected by the performance
of log-MPA-based symbol detecting process carried out
at the SCMA receiver. In the simulations, SSA-based
codebook set is subjected to a performance measurement
together with the other considered ones. To this end, the
BER achievements of the existing codebook sets in the
case they are employed in the downlink SCMA system
are compared to each other. It is explicitly demonstrated
by the comparative performance analysis that the
proposed set of codebooks designed by utilizing the SSA
algorithm enables the downlink SCMA scheme to
achieve lower BER levels in comparison to the other
considered alternative codebook sets. These promising
results achieved by our designed codebook set clearly
verifies the efficiency of SSA-based codebook design
strategy proposed in this paper.



402 Sakir Simsir: An efficient codeboo k design approach based on salp swarm algorithm for the downlink SCMA system

As possible future works, while BER is minimized,
MED can be maximized simultaneously during the
codebook optimization by utilizing the multi-objective
algorithms. Aside from that, it is possible to utilize the
proposed SSA-based codebook design procedure for the
other prominent types of fading channel such as Rician,
Nakagami, etc., and achieve the optimal codebook set
for each one. Furthermore, a unique codebook set that
yields satisfying results in the SCMA system for more
than one type of channel can be designed by performing
a joint optimization procedure.
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