ID-124

Jurnal Nasional Teknik Elektro dan Teknologi Informasi
Volume 13 Number 2 May 2024

© Jurnal Nasional Teknik Elektro dan Teknologi Informasi
This work is under a Creative Commons Attribution-ShareAlike 4.0 International License
Translation of article 10.22146/jnteti.v13i2.9430

Effects of Codebook Design Weighting on Sparse
Code Multiple Access System Performance

Shilvy Fatma Fitria Rachmawati?, Linda Meylani?, Vinsensius Sigit Widhi Prabowo?

! Telecommunication Engineering Study Program, School of Electrical Engineering, Telkom University, Bandung, Jawa Barat 40287, Indonesia

[Submitted: August 31, 2023, Revised: October 17, 2023, Accepted: 18 March 2024]

Corresponding Author: Shilvy Fatma Fitria Rachmawati (email: shilvyfatmafitriar@student.telkomuniversity.ac.id)

ABSTRACT — Sparse code multiple access (SCMA) can support the system when overloading on the receiving side, thereby
improving the system’s spectral efficiency by designing symbol mapping appropriately. The performance of SCMA is
assessed through the utilization of a sparse codebook, wherein bits are directly mapped to multidimensional codewords
influenced by both the energy diversity and the minimum Euclidean distance of the multidimensional constellation (M_C).
The codebook design simulation was conducted using both Latin and non-Latin generators with phases of 60° and 45°,
incorporating weighting values of w; = 0.6; w» = 0.3; wz = 0.1. The simulation also included line constellation with additive
white Gaussian noise (AWGN) channel, Rayleigh fading, and Rician channel. This study presented the optimal results across
three channels: Latin 60° with BER 1072 in the AWGN channel, non-Latin 60° with BER 1072 in the Rayleigh fading, and
non-Latin 45° with BER 1072 in the Rician channel. Then, the results on the codebook design weighting were as follows:
Latin 60° with BER 107! in the AWGN channel, non-Latin 45° with BER 107! in the Rayleigh fading, and Latin 45° with
BER 10~2%in the Rician channel. The simulation results state the effect of weighting on each channel. It was found that Latin
generators could improve BER performance by suppressing overlap at constellation points and eliminating errors occurred
in SCMA codebooks. However, this improvement was observed only in AWGN channels and not for non-Latin generators.

KEYWORDS — Sparse Code Multiple Access, Codebook Design Weighting, Phase Rotation, Base Constellation, BER.

INTRODUCTION designing a multidimensional constellation (M_C),

and

The fifth generation (5G) wireless communication is
expected to support different user cases, providing strong
connectivity, low power consumption, high reliability, and
minimal latency [1]. International Data Corporation (IDC)
estimates smart devices will increase to 41.6 billion by 2024
[2].

Plural access is a technique used to manage simultaneous
access from multiple users to wireless communication
resources. The orthogonal multiple access (OMA) scheme
eliminates multiuser interference and is compatible with simple
transceivers [3]. Examples of OMA schemes include time
division multiple access (TDMA), frequency division multiple
access (FDMA), and code division multiple access (CDMA)
[4]. However, this technique is unable to support 5G systems,
which require a vast number of users and devices [5].

The formation of nonorthogonal multiple access (NOMA)
[6] has been shown to increase the capacity of wireless
communication systems, rendering it a promising technique for
5G wireless communication. Reference [7] asserts that NOMA
demonstrates significant multi-user capacity in the additive
white Gaussian noise (AWGN) downlink channel. One notable
NOMA technique, known as sparse code multiple access
(SCMA) [8], was successfully developed in 2013. This
technique proves effective in supporting systems during
overloading conditions, thereby enhancing spectrum efficiency
[9].

SCMA is a nonorthogonal multiple access technique based
on the use of codebooks. SCMA performance is influenced by
codebook design and the decoding process using a message-
passing algorithm (MPA) [10]. The large number of layers on
SCMA allows for great connectivity [11], making it suitable for

meeting the connectivity requirements of 5G wireless networks.

The design of the codebook influences the bit error rate
(BER) value, a process achieved through two steps, firstly,
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secondly, performing specific operations on M_C to generate
codebooks [12].

Reference [13] served as the primary source in this study.
The study examined SCMA codebooks utilizing constellation
rotation and employing both Latin and non-Latin generator
matrices. The resulting output was the performance of BER
with quadrature modulation phase-shift keying (QPSK) and
binary phase-shift keying (BPSK) with phase values set to
g%g andg on the AWGN channel.

This study achieved a bit error rate (BER) comparable to
that reported in [13] by modifying the line constellation and
incorporating weight into the codebook design with phase

values of;and g and conducting tests on AWGN channels,

Rayleigh fading channels, and Rician channels.

This study aimed to design a codebook for the SCMA
system and analyze its impact on the measured system
performance, specifically the BER. The objectives of this study
include determining the effect of the codebook design,
evaluating the impact of codebook design weighting, assessing
the influence of codebook design weighting on ¢, and
examining the effect of phase shifts on the constellation
diagram. Additionally, the primary goal is to investigate the
effect of weighting on the SCMA codebook design, an aspect
that has not been addressed in the main reference.

Il. METHODOLOGY

A. SYSTEM MODEL

In an uplink SCMA system, user J is divided into
orthogonal resource elements (RE)s-K through the base station
(BS). The SCMA encoder functions as a mapping from log, M
bits to a K-dimensional complex codebook that is of size M.
Each user occupies N orthogonal time-frequency resources, J
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is(g), and overloading factor 1 = J/K > 1. Codebooks are

sparse and MPA possesses an iterative nature, serving to detect
low-complexity multiusers who exploit repeated message
exchanges between resource nodes and layer nodes. If the J =
6 user shares to K = 4 orthogonal RE, the constellation point
utilized in the codebook is M = 4, with an overloading factor of
J = 150%. Faxs denotes the relationship between the resource
and the user. Through the factor graph description, by inserting
the K-N row zero elements into the Iy unit matrix and the
obtained sparse matrix, V has the same zero-zero row as Faxe.

B. SIMULATION SCHEME

The simulation scheme can be implemented after designing
a system that meets the criteria. Figure 1 describes the
processes structured in system design to facilitate research.

C. SCMA BASIC CONCEPT

In CDMA systems, as the number of users increases, the
resulting detection complexity can increase exponentially on
the receiving side. However, studies have shown that this
complexity can be effectively reduced when the system is
overloaded, meaning when the number of users exceeds
available resources. The complexity that arises poses
challenges in maintaining system stability on the receiving end,
particularly when the factors contributing to overloading are
more pronounced.

Building upon the chip sequence design in CDMA, known
as sparse spreading, a low-density signature (LDS) was created,
originally proposed by Reza Hoshyar [14]. This advancement
led to the evolution of CDMA to LDS-CDMA, capable of
functioning even under system overload conditions by
spreading modulated symbols across nonzero elements of the
spreading code [15]. It is achieved due to its extended signature
length and multiple nonzero elements, which effectively reduce
the complexity of MPA.

To meet the requirements of the 5G system, SCMA was
developed as an upgrade to the LDS-CDMA system [16]. Inan
LDS system, bits are directly mapped to the quadrature
amplitude modulation (QAM) symbols, repeated, and

transmitted through subcarriers based on the specified signature.

In contrast, in SCMA bits are directly mapped to
multidimensional complex codewords from predetermined
codebooks. SCMA does not repeat QAM symbols but instead
provides shaping gain through a multidimensional constellation
design [17]. One similarity between these two systems is the
small number of dimensions required to transmit data, resulting
in a very small number of codewords in SCMA.

SCMA is a nonorthogonal plural access technique based on
the use of codebooks formed from M_C and shaping gain.
SCMA can mitigate interference between users [11] due to the
sparse properties of the codebook, which includes a “zero”
element in the codeword directly receiving data input. The
significant number of layers in SCMA enables extensive
connectivity, thereby meeting the connectivity requirements of
5G wireless networks. SCMA serves as a viable solution in
scenarios characterized by an increase in users under
overloaded conditions.

Codebooks are sparse and can produce optimal BER
performance based on symbol mapping results. SCMA
performance is influenced by energy diversity and the
Euclidean minimum distance from M_C. MPA serves as a user
detection algorithm on the receiving side. The SCMA system
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Figure 1. Simulation scheme.

processes begin with bits of information and culminate in the
formation of codewords in the system.

The criteria in the SCMA concept are as follows [9].

1. Binary data is encoded into multidimensional
codewords from a set of codebooks.

2. A single codebook may be intended for either one user
or one layer.

3. Codewords on the formed codebooks are sparse,
enabling multi-user detection on MPA to identify
multiplexed codewords with adequate complexity.

4. The number of multiplexed layers exceeds the
dispersion factor.

The structure of the SCMA codebook is described by the
factor graph matrix [8], as expressed by (1).

F= (L2 ...fD 1)

where fi, fa, ..., f; represent the specific user and can be
represented in (2) [8].

f; = diag (V;v)) )

where V; is a sparse binary mapping matrix that derives
codebooks from multidimensional constellations for each user
and va is a transpose matrix from V;.
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The number of users (J) and resource element (K) are
connected if and only if (F)k; = 1. The formation of a factor
graph matrix for six users in four resource elements, namely J
=6, K=4, N =2, and overloading factor () = 0.1. The number
of users is determined using (3) [9].

J=@&) ®3)

where N is a nonzero element. The users served in each
resource are defined by (4) [9].

deyy=dp = (1) =K-1 (4)

By summing K-N rows of zero elements on an N-size
identity matrix, a mapping matrix can be formed.

D. SCMA SYSTEM SCENARIO

The research began with the initiation of system parameters,
namely K=4,N=2,J=6, M =4, 4x4 codebook, and the signal
frame. Subsequently, data input in the form of bits was
generated to iterate signal-to-noise ratio (SNR). These data bits
were then mapped to a codeword of 4x4, codebook dimensions,
and the constellation was rotated according to the phase. Each
user then formulated six mapping matrices, then formed a
factor graph matrix that later then be converted into symbolic
forms and inputted into the SCMA encoder system, channel
propagation, and SCMA decoder. The symbol was then
reverted to its initial forms, i.e., bits, and the BER value on the
SCMA system was calculated.

E. MULTIDIMENSIONAL CONSTELLATION (M_C)

The design and operation of user-specific M_C served to
generate codebooks. M_C was designed and optimized to
achieve the maximum value of shaping gain and the value of
the farthest normalized Euclidean minimum distance. The
minimum Euclidean distance was obtained using (5) [18].

dmin = min {|xi — xi,|,i #i'} (5)

where Xxi is the superposition of codeword elements on resource
k that produces M from 1 < i < M* constellation point where
mar values 1, 2, ..., df using (6) [19].

K K K
X = x,(nl) + x,(nz) + ---+xfn;f. (6)

The codebook at SCMA was optimized to facilitate the
distinction between stacked layers on the resource element,
thereby simplifying the decoding process.

Designing a constellation is challenging due to the potential
overlap of resource elements across multiple layers. The
optimal  minimum  Euclidean distance  from the
multidimensional constellation results in good system
performance, particularly when the number of layers is minimal
and without collisions between layers [20]. As the number of
layers increases, so does the likelihood of collisions between
them. Consequently, rotation is needed within the constellation
to manage dimensional dependencies and power variations
while preserving Euclidean distance.

F. FORMATION OF CODEBOOK SCMA

The codebook was constructed by modifying the mapping
matrix using a factor graph and selecting parameters for
permutation vector and phase rotation operators, influenced by
multidimensional constellations, and shaping gain [21]. Each
layer of the codebook may be generated to determine the value
of the multidimensional constellation and the exact value of the
operator. The operator can adjust the average power level in the
constellation dimensions, it facilitates the detection of MPA
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and the separation of interfering symbols. Operators were
categorized into three types: complex conjugate operators,
phase operators, and permutation vectors.

Codebook optimization was conducted to ensure that each
layer within the resource element did not overlap with one
another, allowing for clear distinction and facilitating the
decoding process. The design of the codebook design had to be
carried out by considering the spacing of the points in the
constellation and the average energy of the symbols. The
average energy of the points in the constellation is represented

by (7) [9].
Ey = — 31 |1x) 2. Y

The formation of the codebook commenced by multiplying
the values of the mapping matrix, the permutation vector
parameters, and the phase rotation operators adjusted to their
respective  constellation conditions.  Subsequently, a
permutation operation was conducted on multidimensional
constellations to generate the structure of the codebook. This
process was computable using (8) [21].

where Vj is the mapping matrix; A; may consist of three types,
namely phase operators, permutation vectors, and complex
conjugates; and M_C is the designed basic constellation form.

Codebook plays a crucial role in replacing modulation and
signature schemes in LDS by possessing sparse properties,
enabling optimal BER performance through appropriately
designed symbol mapping. Factors such as Euclidean minimum
distances, the number of collisions at constellation points, and
dmin pairs also influence the performance of codebook
dependent BER systems. Various codebooks utilize the same
resource block as sparse “zero” elements in codeword by
reducing interference between users.

G. SIMULATION PARAMETERS

Table I shows the parameters that have been set for use in
the simulation implementation. Following the main reference
[14], this study used the same user, resource element, nonzero
element, constellation point, phase rotation, and generation
matrix. Modification was carried out using the basic
constellation, a range of SNR values, varying lengths of bit data,
the addition of weighting values that sum up to 1, and
accounting for channel variations. These modifications were
implemented to highlight more significant differences.

The Latin generating matrix serves to optimize the
codebook structure. For comparison, a non-Latin generator was
developed specifically for the SCMA system (4, 6).

Channels serve to design wireless communications and
analyze the performance of a system. The AWGN channel,
Rayleigh fading, and Rician channel are used to analyze the
performance of BER, thus enhancing the accuracy of the
system simulation process. AWGN, a natural noise present in
communication channels, is utilized to analyze the basic
performance of the system against the parameters to be
measured. This noise exists on the receiving side and exhibits
additive, white, and Gaussian properties. Rayleigh fading in
wireless communications illustrates the time variation that
alters the natural statistics on the receiver side. It explains the
fluctuations of Rayleigh signals in the distribution function of
normalized receiving power. On the receiving side, the Rician
channel typically features a dominant signal due to line of sight
(LOS). The Rician channel in the communication system
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TABLE |
SIMULATION PARAMETERS

Parameter Symbol Quantity/Type
User (Layer) J 6
Resource element K 4
Non-zero element N 2
Constellation point M 4
Basic constellation M_C Line
Phase rotation A %and g
Weighting value w Wi = 0'3\;3\'5;10'3; and
Generator matrix - Latin and non-Latin
Signal-to-noise ratio SNR 0-20dB
Data length - 107 bit
Channel i AWGN, Rayleigh, and
Rician

exhibits variance in signal strength, resulting from responses
such as reflection, shadowing, and scattering from different
environments.

H. METHODOLOGY

The SCMA system model in this study simulated the design
of two types of codebook designs, namely codebook design of
phase and codebook design of weighting with weight values of

wiy = 0.6; wp = 0.3; and wsz = 0.1, using phase rotation of E and
g, using Latin and non-Latin generators [22], line constellation

with AWGN channels, Rayleigh fading, and Rician channels.
The measured system performance was BER.
The design of the constellation with constellation points

3 1 1 3 . . . . .
[~ 7 — % 75+ ] Was carried out using a simulation using
phase rotation of A= %and A= g In addition, a weight value
was added to the codebook design with a value of w; = 0.6; w;

=0.3; and wz = 0.1 in the phase rotation of A= %and A= g
The simulation process for the SCMA system utilized four
mapping matrix schemes. The first scheme employed a Latin-
generating matrix with varying phases in rows or columns and
a nonuniform weight value. The second scheme utilized a non-
Latin generating matrix with consistent phase values in other
rows or columns, also with a nonuniform weight value. The

following are the utilized Latin matrices.

® @1 92 0 0 0
Ggtat — |¥1 0 0 @ 9o O .
(4x6) 0 92 0 ¢ 0 ¢
0 0 ¢ 0 ¢ ¢
The values of codebook design weighting on the Latin
generator matrix with nonuniform codebook design weighting
were wi = 0.6; w, = 0.3; and ws = 0.1.

GPLat —

(4x6) =
Wi.@o W2.¢01 W3.0; 0 0 0
Wi. Q1 0 0 Wi.@2 Wz.Qg 0
0 Wa. @y 0 Wi1. @ 0 Ws. @1 |
0 0 W3. Qg 0 Wa. 91 W3.Q;

The third scheme, the non-Latin generation matrix, exhibits
the inverse property of the Latin generation matrix. The
following non-Latin matrices were used.

Shilvy Fatma Fitria Rachmawati: The Effects of Codebook Design...

Yo ¢1 @2 O 0 0

GNLat _ @, 0 0 ¢, o O
(4x6) 0 ¢ 0 ¢ 0 @of

0 0 ¢, 0 @1 @

The value of codebook design weighting on a non-Latin
mapping matrix with nonuniform codebook design weighting
was w; = 0.6; wp = 0.3; w3 = 0.1.

G

Wi.Qp Wi.01 W3.0; 0 0 0

_ |W1- 9o 0 0 Wi. @2 W94 0
0 Wy @1 0 Wi. Q3 0 Ws3. Qg
0 0 W3. @, 0 W91 W3.9

where ¢, is the phase rotation operating factor with a
systematic form as in equation (9) [23].

Oo = elad (9)

where o is an integer that meets 0 < a < df —1. With a value of
di = 3, thereare « =0, « = 1, and « = 2. The 6 parameter is the
interval of two adjacent constellation points. This study
employed the A = % and A = gvalues.

I1l. RESULTS AND DISCUSSION

The results of the codebook design, obtained from the
simulations, are presented in terms of BER values. This study
simulated six users distributed across four resource elements.
In conducting the simulation, each user generated six 4x4,
codebook matrices, in which two resources were generated in
each codebook matrix.

The graph in Figure 2 depicts the performance of BER
using the basic line constellation on the AWGN channel. The
results indicated that the optimal system performance was

achieved with a = phase rotation using a Latin generator,
T 3 . .

whereas a " phase rotation employed a non-Latin generator.

Specifically, the Latin generator with a g phase rotation

generates an SNR value of 6.96 dB, while the non-Latin
generator with agphase rotation generates an SNR value of

10.38 dB at BER 10°3.

The graph illustrates that Latin generators could enhance
system performance on AWGN channels by eliminating errors
present in SCMA codebooks. Consequently, this system could
suppress overlap at the main constellation point in the most

optimal g phase. The non-Latin g results indicated inferior

system performance compared to others. This discrepancy
arises because the probability value of the symbol detection
error is greater, and the obtained minimum Euclidean value is
smaller.

The graph depicted in Figure 3 illustrates the BER
performance on the AWGN channel with the inclusion of
weights. It demonstrates the optimal system performance in ag

phase rotation in both Latin and non-Latin. Specifically, at BER
107%, Latin generators exhibited an SNR value of 12.26 dB,
while non-Latin generators exhibit an SNR of 12.28 dB.

The effect of adding weight to the AWGN channel altered
the BER results from 1073 to 10 and produced an intersystem
curve image with negligible changes. It occurred because the
resulting dmin value was smaller, leading to an increase in
symbol detection error probabilities.

Figure 4 illustrates the performance of BER under Rayleigh
fading. The results indicated that the system performance was
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Figure 2. BER performance graph with basic line constellation on AWGN
channel.

BER
o

—€— Latin A=7/3 \E

—&— Latin A= n/4
non-Latin A = 7/3 \

—&—non-Latin A = 7/4 \

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 3. BER performance graph with the basic line constellation on the AWGN
channel with the addition of weighting.

optimal with a E phase rotation using Latin and non-Latin
generators. Under a%phase rotation, BER 1072 resulted in an

SNR value of 13.78 dB in Latin generators and an SNR of 13.73
dB in non-Latin generators.

The Latin generator did not function effectively in Rayleigh
fading scenarios, and the most optimal system was inversely
proportional to the AWGN channel. This phenomenon
occurred due to the interference caused by Rayleigh fading on
the transmitted signal conditions. Consequently, the results
produced by the system did not demonstrate a significant
difference between the tested systems.

Figure 5 illustrates the performance in Rayleigh fading with
the incorporation of weights. The results demonstrated that the
optimal system performance was achieved using a Latin
generator with ag phase rotation, while a non-Latin generator

was optimal with agphase rotation. Specifically, at BER 107*
SNR value of 13.8 dB was generated in the g phase rotation of
the Latin generator and SNR value of 14.3 dB in the E phase

rotation of the non-Latin generator. The introduction of weight
to this Rayleigh fading altered the BER result from 103 to 10!
and shifted the optimal data result in the Latin generator from
E to g

Figure 6 illustrates the performance of BER using the basic
line constellation on the Rician channel. Optimal system
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Figure 4. BER performance graph with baseband constellation in Rayleigh
fading
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Figure 5. BER performance graph with basic line constellation in Rayleigh
fading with added weighting

performance is indicated by ag phase rotation in both Latin and

non-Latin generators. A BER 10 in ag phase rotation resulted
in an SNR value of 8.91 dB in the Latin generator and an SNR
value of 8.88 dB in the non-Latin generator. In the Rician
channel, the non-Latin E configuration did not yield a BER
value. The results in this Rician channel showed no significant
differences between systems because the transmitted signals
were disrupted.

Figure 7 illustrates the BER performance utilizing the basic
line constellation in the Rician channel with the addition of
weight. Optimal system performance is indicated by a% phase

rotation using Latin and non-Latin generators. ABER 102 ina
Ephase rotation resulted in an SNR value of 15.15 dB in the

Latin generator and an SNR value of 15.2 dB in the non-Latin
generator. The introduction of weight to the Rician channel
altered the BER outcome from 107 to 103 and converted the
optimal generator from non-Latin E to Latin E.

Figure 8 illustrates a comparison of phase and weighting in
the AWGN channel, Rayleigh fading, and Rician channel. The
optimal results were observed in the AWGN channel with A
value of 10% at SNR 9.42 dB. In contrast, there was no
significant difference between the Rician channel and Rayleigh
fading, both achieving optimal performance with a value of
1073 at SNR 12.81 dB and 14.47 dB, respectively.

Shilvy Fatma Fitria Rachmawati: Effects of Codebook Design ...



Jurnal Nasional Teknik Elektro dan Teknologi Informasi
Volume 13 Number 2 May 2024

EN-129

10

—6— Latin A= /3

—&— Latin A = /4
non-Latin A = =/3

—&—non-Latin A = /4 | 7

BER

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 6. BER performance chart with the basic line constellation on the Rician
channel.
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Figure 7. BER performance graph with the basic line constellation on the Rician
channel with the addition of weights.
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Figure 8. BER performance graph with phase comparison on the three channels.

Based on the obtained data, this weighting had the most
significant impact on the system in the AWGN channel,
resulting in a BER value of 10 at SNR 12.48 dB. The second
most affected channel was the Rician channel, exhibiting a
BER value of 107t at SNR 12.81 dB. The third significant result
occurred in Rayleigh fading, with a BER value of 107! at SNR
14.47 dB.
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IV. CONCLUSION

The design of the appropriate codebook design is the
primary factor determining the performance of the SCMA
system. SCMA systems require basic constellation, phase
rotation variation, and generator matrix variation. Optimal
Euclidean minimum distances in the constellation may improve
BER performance, while phase rotation may affect power
variation by maintaining Euclidean minimum distances.

The results of the optimal codebook design were obtained
in the non-Latin Rician E channel with BER 107 and SNR 8.88

dB, achieving a minimum Euclidean distance of 0.3423.
Conversely, the codebook design of weighting took place in the
Rician channel with A value of 102 and SNR 15.15 dB in Latin

Ewith a minimum Euclidean distance of 0.0894. Among the

two generators, the Latin generator was found to enhance
system performance.

From the phase comparison across the three channels,
optimal results were obtained in the AWGN channel with a
BER value of 1073 at SNR 9.42 dB. However, no significant
difference was observed in the Rician channel and Rayleigh
fading scenarios.

The effect of weighting on the line modulation constellation
resulted in a decrease in both the minimum Euclidean and the
average energy at the lower point. Additionally, the effect on
the minimum Euclidean distance and the average energy of the
point brought these distances closer together, resulting in
similar values for both phases. This weighting demonstrates its
most significant influence in the AWGN channel, yielding a
BER value of 10! and an SNR of 12.48 dB.

In this study, no significant changes were observed between
systems, particularly in the design of codebooks with additional
weight. Therefore, future research should encompass a wider
range of weighting values, modulation types, phase rotation
values, and modulation constellations.
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