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Abstract

Currently, sparse code multiple access (SCMA) is a commonly used multiple-access technique,
and it is a strong candidate [or implementation as part of the fifth generation (5G) of wireless
mobile communications. Although several design methods are available for SCMA codebooks,
we propose a new method that optimizes point-to-point distances within the same codeword
and from codebook-to-codebook for the same carrier based on singular value decomposition
(SVD). A neural network-based receiver is proposed for detecting and decoding SVD-SCMA
codewords. The simulation results show an improvement in the bit error rate (BER) compared
to that for methods such as low-density signatures (LDS), SCMA, and multidimensional SCMA
(MD-SCMA).

Keywords: 5G; SCMA; SVD; Neural Networks; SCMA.
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resulting matrices U and V* are orthonormal, which
indicates that they exhibit an optimal point-to-
point Euclidean distance. Moreover, the peak-to-
average power ratio (PAPR) and the interleaving
effect. from SVD protect the signals from channel
fading.

To design codebooks using SVD, the following
information must be considered:

Number of users: 6 (J = 6)

Radio carriers: 4 (K = 4)

Codewords: 4 (M = 4.00,01,11,10)

Code dimensions: 2 (N = 2)

Users for each carrier: 3 (df = 3)

Overloading factor: 1.5 (A = 1.5)

User data, which are transported via two radio
subcarriers. Therefore, each pair of bits (a code-
word) can be represented using four combina-
tions, which means that the four codewords are
represented by up to 16 possible combinations.

First, we select a set of grey mapping vectors that
represents each point in the constellation, which
will be known as the mother constellation (Af).
Therefore, an S; subset of Gaussian integers is then
defined with the following structural equation:

Sy = {Am(1 +4) | Am =2m —1— M,
m=1,...,M} (3)

Then values are assigned to each Si, point of
S1. Because M = 4 (M being the number of code-
words), grey mapping is based on the following
equation set:

S11 = —3(1+1)
S1p = —1(1+14)
Sz = +1(1 +1),
S14 = +3(1 +14),

.

(4)

where 57 is the first dimension. In this work, code-
books are constructed with two dimensions (N =
2). The following dimensions are obtained consid-
ering that S; = S1U;, where U, = IMXMCMI—1,
0.1 = %T]i\sz" and | = 1,...,N, so Mg is given
as follows:

S11 S12513 Sua

M, = (51,89)" = :
(S1.52) Sa1 S228523  Sos

(5)

One of the primary SCMA properties is that
books and codewords are sparse, thus achieving
wassive user connectivity. Tn SCMA, the length of

SCMA Codebook Design Using SVD

codewords is determined based on the number of
available K subcarriers (i.e. the spreading factor).
Codewords are considered sparse because the num-
ber of nonzero terms in each codeword N is less than
K. When the values of K and N are determined, it
is possible to determine the number of codebooks
(J). The number of codebooks is given by the bino-
mial coefficient in the following equation:

-()-5() e

Because K = 4 & N = 2, J = 6. In OFDMA
systems, each subcarrier transmits to only one user,
which avoids overload issues. SCMA includes trans-
missions for more than one user per subcarrier.
Since K = 4 and N = 2, J = 6 codebooks are
generated.

The number of users connected to a subcarrier
(dy) is given as follows:

K-1 JN
df:(N;1>:_K—' @)

However, the overload factor is given by A = % =

%&. For example, considering six users (J = 6), and
since each user uses a different codebook, the over-
load factor () is 1.5, and dy is equal to 3. Hence, an
SCMA subcarrier provides transmissions for more
users than does an OFDMA carrier.

Once M. is defined, the factorization of SVD to
M, is performed, which yields a 2 x 4 matrix, as
follows:

M. = UnXPZpX:oVr:zxp (8)

As previously stated, V'* represents a 2 x 4 set of
orthonormal eigenvectors; thus, V* is now the new
M., from which codebooks will be generated for all
users.

Figure 1a shows the original mother constella-
tion, and the SVD mother constellation is given in
Fig. 1b.

As shown in Fig. 1b, V* maintains the rotation
of the original matrix, with the advantage that the
matrix columns are orthonormal.

Now, V* may generate codebooks for each user.
The different user rotation angles are obtained from
df and e,, which represent the number of users
transported by a radio resonrce (in this case, 3);
therefore, the rotation angle ¢, for the different

2150021-3
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and the closest point from the constellations of users
1 and 4.

In Fig. 3a, the relationship between the mini-
mum separation distances is given by 8—'?-’£ = 2.99,

116
whereas in Fig. 3b, the relationship is gééz = 2.00.
Both the separations — that between adjacent

points within the same codeword and the codeword
point-to-point distance for users with the same car-
rier — are equal to 2.99, which is the singular value
obtained by applying SVD to the mother constel-
lation AM,.. The same relationship is found for all

other users. SVD optimizes the distance between
the constellation points; the greater the distance
between the points is, the greater the immunity to
the effects of noise and interference.

3. METHODS/EXPERIMENTS

This section provides the simulation scenario and
parameters used, including the SVD-SCMA code-
words with the method proposed in the above sec-
tion. Then, a neural network model is designed,

the neural network is trained, predictions regarding

2150021-5
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The detection and decoding of SCMA codewords
is affected by the code design, channel performance,
and noise. The message-passing algorithm (MPA)
and minimum Euclidean distance method are two
techniques primarily used by the receiver, and they
are briefly described below. The proposed receiver
is also described.

3.3.1. Message-passing algorithm
(MPA)

MPA uses the sum-product algorithm to calcu-
late the marginal probability of different codewords.
Bayesian probability methods are used to calculate
the codeword probability based on an initial prob-
ability within the codebook.?® For example, for six
users and four codewords in each codebook, and
assuming that all users transmit within the same
data frame because there is no prior knowledge of
the data to be transmitted, it is assumed that each
selected codeword has the same probability. In this
scenario, it is possible to cstablish the initial prob-
ability of a user by selecting a codeword equal to 1
divided by the cardinality M of the codeword set
in each user’s codebook.?® Therefore, all codewords
have an initial probability of 1/4. Because MPA is
an algorithm that works with joint probabilities, it
is complex to implement and requires considerable
machine time to perform calculations.

3.3.2. Minimum FEuclidean distance

The transmitter and receiver agree on the same ref-
erence constellation to modulate and demodulate
user information!? in consistent detection. The first
step in IQ detection is to calculate the Euclidean
distance between two given vectors (the reference
array and the symbols received with noise). Each

symbol in the received vector must be compared
with each symbol of the reference array before cal-
culating the minimum Euclidean distance. Because
z = (r1,22,...,2p) and y = (y1,¥2, .- ., Yp) are two
vectors in the p-plane. The Euclidean distance is
shown by the following equation:

d(z,y) = \/(7-’31 — )2+ (x2 — y2)? + (Ip o i‘/p)z-
(15)

Figure 7 shows the reference constellation (red
dots) and random data (blue dots affected by an
SNR = —3dB).

For each datum received (blue dots), the mini-
mum distance to each constellation reference point
(red dots) is calculated to decode the data. This pro-
cess, although easier to implement than the MPA,
results in intensive machine use because each datum
received is compared to 64 possible reference con-
stellation values.

3.3.3. Neural network-based
receiver

Figure 8 shows the detector used for SVD-SCMA,
which is based on supervised learning through a
neural network. For the proposed receiver based
on the neural network, the following configuration
parameters were used: four inputs (one for each
subcarrier); three dense hidden layers; and 64, 32,
and 16 neurons for the first, second, and third hid-
den layers, respectively. Moreover, 100 iterations
(epochs) were used to train the neural network, and
the batch size used was 10. The activation func-
tion for the hidden layers was a ReLU function, and
SOFTMAX was used for the final layer.

2150021-7
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function. Figure 9 shows the precision of the opti-
mization algorithims. Herein, Adam reaches an accu-
racy of 100%, and in the best case, SGD reaches
92.5%. Furthermore, the loss function is an objec-
tive function, as shown in Fig. 10. Adam rcaches a
value of zero for the loss function, and SGD has a
loss value close to 0.2.

As mentioned previously, for the uplink, the
effects of a channel influenced by Rayleigh fading
were simulated, and the SVD-SCMA results were
compared with those of the LDS, SCMA and MD
SCMA methods presented in Refs. 4-7 and 9.

Table 1 lists the main codebook characteristics.

The BER was used to evaluate the performance
of the four algorithms; the MPA2® was used in the
SCMA, LDS, and MD-SCMA methods; the detec-
tor described in the previous section was applied in
SVD-SCMA based on supervised learning through
nenral networks. Figure 11 depicts the performance
ol the live codebook building methods, wherein

SCMA Codebook Design Using SVD

Table 1 Codebook Characteristics.

dmin Favg PAPR (dB) Receiver
SCMA 2.44 1 0 MPA
LDS V2 1 0 MPA
ML SCMA 2 1 0 MPA
SVD-SCMA 299 1 0 Neural
network

.
sy SVERSC MM Adamy

+ L ] i 12 1 eL]
Eho (il

Fig. 11 BER for the five different algorithms.

SVD SCMA exhibits an improvement, over its pre-
decessors.

As shown in Fig. 11, SVD-SCMA using SGD and
Adam as neural network optimization algorithms
displays better BER performance than the algo-
rithms proposed in Refs. 4-7 and 9. I'urthermore, as
shown in Fig. 9, Adam exhibits better performance
than SGD, which is reflected in a better BER, thus
enhancing data transmission and reducing errors.

SVD-SCMA is an easy algorithm to implement
as a V* matrix that is orthonormal, maintains aver-
age signal energy and can be obtained in a single
step.

5. CONCLUSIONS

This work proposes a new approach for the design
and construction of SCMA codebooks using SVD.
The results show that the singular value reflects the
separation between adjacent points within the same
codeword; thus, it can be used to optimize point-to-
point distances within the same codeword and from
codebook-to-codebook for the same subcarrier. The
SVD method of generating SCMA codewords in
conjunction with neural network-based detection
displayed better performance (BER) than its prede-
cessors (LDS, SCMA, and MD-SCMA). The results
show that SVD-SCMA is a better alternative than
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