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1. INTRODUCTION

In the upcoming 5G network, it is expected that it can hold enormous number of applications and
terminals. One of the most important 5G requirements is that it should support enormous connectivity [1] with
a huge number of devices. The new standard is expected to be implemented in 2020; consequently at this phase
a lot of research is being carried out. 5G systems should be able to support a rate of several 10’s of megabits
per second serving 10000’s of users and a latency of 1 msec [2]. Non-Orthogonal Multiple Access (NOMA)
schemes are recommended as the proper solution to raise the number of connected terminals for restricted
number of resources [3]. Unlike traditional orthogonal multiple access techniques, NOMA introduces some
controllable interference to implement overloading with increasing the receiver complexity leading to more
spectral efficiency and enormous connectivity [4].

Different non-orthogonal multiple access schemes are suggested for 5G communication networks,
such as Multi User Shared Access (MUSA) and Sparse Code Multiple Access (SCMA) [5] and others. MUSA
is a one of the 5G multiple access scheme that is suggested by ZTE. MUSA employs the characteristics of
suitable spreading sequences and Successive Interference Cancellation (SIC) receiver [6]. At the transmitter
side, user’s data are spreaded first by using one of the special spreading sequences, and then they are overlapped
and transmitted through the channel. At the receiver side, an SIC receiver is used to recover the data
of each user.

In [7, 8], the authors introduced SCMA as one of the new multiple access scheme. In SCMA, incoming
data flow from different users are straight mapped to code words of diverse multi-dimensional codebooks; with
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each codeword appears as a spread transmission layer. The sparsity of code words makes the detection
appropriate through refined message passing algorithm (MPA). In [4], the authors compared the performance
of three NOMA schemes, SCMA, MUSA (3-ary type), and Pattern Division Multiple Access (PDMA). The
results show that SCMA has the higher performance in terms of BER. On the other hand, both MUSA and
PDMA have an identical performance.

In [9], the major technology aspects of non-orthogonal multi-user superposition transmission and
shared access were addressed. The discussion covered basic principles and individual schemes for both
downlink and uplink cellular systems, for both mobile broadband and Internet-of-things scenarios. Several key
techniques were described: SCMA, MUSA and PDMA, together with simulation results. The results as well
included the user overloading performance with the BER for the three techniques. In [5], we proposed a new
type of spreading codes, 5-ary codes. We compared the performance of 5-ary codes with different complex
spreading codes types while changing the ordering method of the SIC receiver for MUSA. We found that
Signal to Interference plus Noise Ratio (SINR) based ordering SIC method has better system performance for
MUSA while using either 3-ary codes or 5-ary codes.

In this paper, the performance of BER for our proposed 5-ary MUSA scheme and SCMA is studied
in terms of user overloading showing the effect of increasing the number of users for the two schemes while
keeping the same system parameters. The rest of the paper is organized as follows. In Section 2, 5-ary MUSA
with the design of the complex spreading codes, models of MUSA transmitter and receiver and SCMA with
the transmitter and receiver models are described. Numerical results are provided in Section 3 and the
conclusion is given in Section 4.

2. RESEARCH METHOD

In this section we are going to give a brief view on our proposed scheme for multiple access which is
5-ary MUSA showing both transmitter and receiver models including the type of codes used for spreading.
Another scheme is also discussed in this section called SCMA showing both the transmitter and
receiver models.

2.1. 5-ary Multi User Shared Multiple Access (MUSA)

MUSA adopts a grant-free access strategy that simplifies the access procedure significantly. In
addition, an advanced code domain non-orthogonal complex spreading is used to accommodate massive
number of users in the same radio resources. The characteristics of MUSA lie mainly on the system
performance improved significantly. It supports a huge number of users-access, and no synchronization is
needed which is beneficial to improve the battery life. Therefore, the technology of MUSA uplink is very
suitable for the loT network application where the uplink transmissions are not tightly scheduled, and the grants
for transmission are not signaled per user basis, and with a high overloading [10, 11].

Figure 1 shows the basic features of MUSA with 300% user overloading. Grant-free transmission and
high user overloading performance can be achieved by MUSA, which is important to improve connection
efficiency and support the required connection density [12]. A family of complex sequences with short length
is chosen as spreading sequence for their ability to enable simple and robust successive interference
cancellation at the receiver and deal with higher user overload.

. | e
0 Elements of complex spreading codes
-1
. 1l e
complex spreading codes set
) .
Each user randomly picks one code for spreading
Codeword level SIC receiver

sl + 82 + s 0 +812 = —

c1 C2 cl12

SIC: Successive Interferance Cancelation

Figure 1. An example of MUSA with user overloading 300% [11]
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User overloading means having a number of users that is more than the number of available resources
and they have to share these resources in order to access the network. For MUSA, each modulated symbol is
spreaded by a complex spreading code of length L to be transmitted on R time and/or frequency resources [13].
If the number of accessing users is N, user overloading can be defined as:

useroverloading = % X 100% 1)

2.1.1. 5-Ary MUSA Transmitter Model

In our system model, MUSA transmitter is based on a random process for generating stream of data
bits for each user. Each user’s data is then modulated using Quadrature Phase Sift Keying (QPSK) giving a
stream of symbols for each user; the number of symbols now is half the number of bits. Each user’s modulated
symbols are then spreaded using a special type of spreading codes known as 5-ary complex spreading code,
which will be explained shortly. Blind detection is applied at base station for MUSA in which active user, user
spreading code and user channel would not be known before handing [14].

2.1.2. Spreading Sequences

Spreading codes with short length and good user overloading performance are designed for MUSA.
As the spreading code length is relatively short and its elements have limited values, base station can generate
numerous local spreading codes with low correlation. The family of complex spreading codes is very useful,
due to the design freedom with real part and imaginary part. Complex Spreading Codes for 5-ary sequence [5]
takes their values for each element in the code from the set {-2, -1, 0, 1, 2, -1+i, i, 1+i, -1-i, -i, 1-i, -2+i, -2+2i,
-1+2i, -2-i, -2-2i, -1-2i, 2i, -2i, 1+2i, 1-2i, 2+i, 2+2i, 2-i, 2-2i}. As shown in Figure 2, the set consists of 25
values that will be used to generate the code. As a result, 25" codes could be generated, which may be much
better for large number of users accessing in a grant-free manner.

® ¢ %o @

Figure 2. Complex set {-2,-1,0,1,2} (M-ary=5)

2.1.3. 5-ary MUSA Receiver Model

MUSA receiver is mainly based on SIC, that is used to separate the superimposed symbols according
to the received SINR difference. An Ordered Successive Interference Cancellation (OSIC) is one type of the
detection methods that is used to reveal all the received data streams as stages. The revealed signal from each
stage is deducted from the received signal then the residual signal can be used in the next stages [15] as shown
in Figure 3.

In MUSA, SIC is used to fulfill Multi User Detection (MUD) at the receiver. One of the standard
linear detection methods is the Minimum Mean Square Error (MMSE) technique and we are going to use it to
detect user’s data in our model. The model equation for a system with a linear receiver is given by

y=hx+n (2)

where y, is the total received signal at the receiver, h is the channel coefficient matrix, x is the composite
transmitted signal and n is a complex-valued noise sample taken from a zero mean Gaussian distribution
with variance 62

In order to detect the signal of each user at the receiver, we must first compute the inverse of the
channel matrix h which is h™ and multiply (2) by this inverse to get the estimated signal %
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h™ly=%+i 3)

=
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where fi is n multiplied by A~1. For the difficulty of computing the term h™!y as the inverse only exists for
square matrices, a refined definition of an inverse is (hf h)=* h¥ as

Wyp = (hFh)~1hH ®)

where (.)F denotes the Hermitian transpose operation, W,is the weight matrix coresponds to zero forcing
technique. For MMSE technique, the MMSE weight matrix is given as

WMMSE = (hH h + 02 I)_l hH (6)
where o2 is the variance at the receive antenna and I is the identity matrix. Now rewriting (4), we get

X = Wumse ¥ (7)

Y
-4-“ First Estimated Stream I’——~ £

Y1

_t Ji=y-h %, h—-‘l Second Estimated Stream H iy

Yz Yn-1 "

. = Fy
—| ¥na1= Ve~ by ¥y l——ﬂ N Estimated Stream N——o

Figure 3. OSIC signal detection

2.1.4. SINR Based Ordering Method
In this method, signals having higher Signal to Interference plus Noise Ratio (SINR) are detected first
at receiver. The SINR can be calculated using the formula [16]

2
Ex|wi mmsE hil
2
Ex Y1=i|wimmse hi| + 02||wi mumsk ||

SINR, = (8)

where E,, is the energy of the transmitted signals, w; ymsg iS the ith row of the MMSE weight matrix and h;
is the i column of the channel matrix with i referring to the number of transmitting antenna.

2.2. Sparse Code Multiple Access (MUSA)

One of the non-orthogonal multiple-access techniques that is being sophisticated with 5G and other
future communications systems is SCMA. In many approaches, SCMA can be treated as a combination of
Code Division Multiple Access (CDMA) that is used in 3G networks and Orthogonal Frequency Division
Multiple Access (OFDMA) the one being used in 4G networks [9]. Figure 4 shows an example of SCMA,
where the coded data stream are directly mapped to a codeword with nonzero sparse elements from a codebook.
Here, there are only 4 orthogonal resources used to transmit 6 sparse codewords giving a user overloading of
150%. Each codeword is a column in the codebook. The way of choosing the codeword in a certain codebook
for a certain user depends on the user’s coded bits. As an example, if the users coded bits are (0, 0), the first
column will be the codeword for this data, (0, 1) takes the second codeword, (1, 0) takes the third codeword
and (1, 1) takes the last codeword. Take into account that in any codebook the number of codewords and the
number of orthogonal resources must be the same.
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Figure 4. An example of SCMA with six users and 150% overloading

2.2.1. SCMA Transmitter Model

At the transmitter side, each user is allocated a different codebook having a number of codebooks
equal to N. Each codebook contains R codewords each one of length S. The humber of non zero elements
(NZE) in each codeword must be less than S, leading to a sparse codewords. The received signal on subcarrier
s can be represented by:

Ys = Zrl\ll=1 hsnXsn + N 9)

where Xsn is the sy, component of the codeword x,, for user n, hs, is the channel gain of user n at the sy, subcarrier,
and n is a complex noise sample taken from a zero mean Gaussian distribution with variance 2. The total
system model is shown in Figure 5.
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Figure 5. SCMA transmitter and receiver

2.2.2. SCMA Receiver Model

The procedure of Message Passing Algorithm (MPA) can be explained by the factor graph as shown
in Figure 6; the graph includes both variable nodes and factor nodes. Particularly, in SCMA, variable nodes
consist of transmitted codewords from N users, factor nodes can be seen as the received signals over K
subcarriers, and there exists an edge between a variable node x, and a factor node yy if and only if X # 0.
Message can be passed among variable nodes and factor nodes through the edges. As shown in Figure 6, each
variable node is connected only with 2 factor nodes and each factor node can be connected with three
variable nodes.

In order to maintain a reasonable level of sparsity, the number of connections between a certain
variable node and all factor nodes must not exceed the total number of factor nodes k [17].
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1) Number of connection between a variable node and all factor nodes = 2.

2) Number of users N = (12() =k (kz_l) = 6, for k=4
N

3) User overloading factor /= = 1.5 =150%
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_|to0110
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Factor Nodes (4 orthogonal resources)

Figure 6. Factor graph representation of MPA

To enable higher connectivity in SCMA, the use of SCMA overloading is very benefit. However,
increasing the overloading factor .Z will cause an increase on the number of colliding layers per each resource
element (RE). Superimposing large number of codeword elements at a RE causes a significant degradation of
BER performance. The complexity of MPA is proportional to .7, as increasing 7 increases the complexity
exponentially [18].

3. RESULTS AND ANALYSIS

In this section, simulations with small packet traffic model are performed. Particularly, QPSK
modulation is used during this simulation. The total number of users is varying between {4, 6, 8, 10, and 12}
sharing 4 orthogonal resources. Therefore, the overloading factor is varying between {100%, 150%, 200%,
250% and 300%}. The SNR takes a range from 0dB to 50dB. The codebooks in SCMA are designed according
to [15], spreading sequences in MUSA are generated by pseudorandom sequences whose real and imaginary
are taken from {-2,-1, 0, 1, 2} for 5-ary codes and taken from {-1, 0, 1} for 3-ary codes. The system
performance is shown in terms of BER in Rayleigh fading channels.

In Figure 7, the BER performance is shown for 5-ary MUSA, 3-ary MUSA and SCMA is shown for
150% user overloading. The results show that SCMA has better performance than the other types because of
the low user overloading beside the shaping gain property. In addition, 5-ary MUSA performance outperforms
the 3-ary MUSA. Comparing this result with the results in [4], we find that the similar results exist of both
SCMA and 3-ary MUSA. We added to the graph the performance of 5-ary MUSA which appears better than
3-ary MUSA.

100F
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> 3-ary 150% useroverloading
& 5-ary 150% useroverloading
~>-SCMA 150% useroverloading
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Figure 7. MUSA and SCMA 150% user overloading
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In Figure 8, the BER performance is shown for 200% user overloading. The results show that while
increasing the number of users that yields to higher overloading, SCMA’s performance is affected by the
collision that occurs due to the positions of zeros in different codebooks are not distinct. It is shown that 5-ary
MUSA has the best performance. It is also expected for the same small number of orthogonal resources and
while increasing the number of users sharing them the BER will increase compared to Figure 7.
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Figure 8. MUSA and SCMA 200% user overloading

In Figure 9, the BER performance is shown for 250% user overloading. The results show that SCMA
has the lowest performance compared to MUSA even that MUSA’s performance decreases but it still
outperforms SCMA. In Figure 10, the BER performance is shown for 300% user overloading. The results show
that 5-ary MUSA still has the best performance.

Taking SNR=20dB as a mid point to study the effect of changing the number of users while using
SCMA and MUSA yields to the results shown in Figure 11. As shown, till 150% overloading, SCMA has better
performance than 5-ary MUSA. At 200% overloading, both types of MUSA has lower BER than SCMA
specifically 5-ary one.
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Figure 9. MUSA and SCMA 250%
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Figure 11. MUSA and SCMA user overloading for SNR=20dB
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4.  CONCLUSION

In this paper, we compared the performance of two non-orthogonal multiple access techniques which
are SCMA and our proposed scheme 5-ary MUSA while changing the user overloading for different values of
SNR. The complex spreading code design is briefly described for the 5-ary MUSA. The process of MPA for
SCMA is explained showing the factor graph. The final results show that SCMA is the suitable technique for
multiple access for small user overloading as it gives lower BER compared to both types of MUSA. While
increasing user overloading, the performance of SCMA decreases and thus 5-ary MUSA gives better
performance than SCMA. The BER is increasing for higher user overloading and for the same small number
of orthogonal resources, so to improve the results we must use a suitable number of resources that can
accommodate the huge number of users in the future for a real communication system.
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