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Abstract— The main goal of this work was to analyse the viability 
of Spatial Modulation as a technology to implement and support 
future 5G systems that are currently being developed. This was 
done by evaluating multiple access strategies applied with Spatial 
Modulation in multiple user scenarios, and finding a solution that 
may be viable for a real world implementation. The solution found 
to apply with Spatial Modulation is a Space-Time CDMA based 
one. The system's performance was analysed by testing the 
influence of its main parameters in multiple scenarios with various 
detectors. Some scenarios are from 5G projects to understand its 
viability for 5G systems. The main influential parameters were the 
number of receive antennas and the number of users, the first with 
a gain of approximately 4 dB. The second one shows only a 
negligible degradation for a Maximum Likelihood decoder. For 
the other non-optimal detectors used, it degrades the performance 
due to the presence of multiple access interference. The spatial 
diversity associated with transmit antennas was also analysed due 
to the existing trade-off between orthogonality and diversity. For 
the Matched filter detector, diversity does not compensate the loss 
of orthogonality, opposite to the other detectors, due to its 
vulnerability to multiple access interference. The presence of 
correlation between antennas also degrades performance in 
approximately 2 dB. For the 5G scenarios, the system shows 
negligible degradation for a higher number of users, 
demonstrating its potential to fit well in future 5G systems. 

Keywords- 5G, MIMO, Spatial Modulation, ST-CDMA, BER 
performance, SNR gain. 

I.  INTRODUCTION 

Nowadays, the 4G deployment with Long Term Evolution 
(LTE) and LTE-Advanced technologies is well underway, with 
success and shows good longevity [1]. But wireless 
communications are constantly looking into new ways of 
improving the existing networks on all possible aspects, "to 
satisfy the ever increasing demand for higher data rates and 
lower latencies at a lower cost" [2]. 
As such, 5G is currently being developed in order to address the 
demands of 2020 and beyond. 5G is an "end-to-end ecosystem" 
[1] and is expected to enable a fully mobile and connected 
society, which is no easy task. There is a tremendous growth in 
connectivity and density of traffic that 5G must be able of 
supporting in order to achieve its goals [3], which means there 
is the need for a big push in performance to meet all its 
requirements. 
Although LTE can meet some of these requirements, there is a 
need for a new 5G radio access technology to fulfill all 

requirements [4]. Several new radio interfaces that show 
potential are already being explored for this purpose too, for 
example Beamforming and Spatial Modulation (SM), focusing 
on SM. Beamforming has already been implemented with LTE 
and shows great promise, but this work focuses on a solution 
more oriented for machine to machine communications (M2M), 
and SM shows more potential in that direction, hence it was 
chosen.  
SM is a Multiple-Input Multiple-Output (MIMO) technique and 
has been rising in interest over the last years, because of its good 
performances for a low complexity system [5]. Approximately 
two or three years ago, it started being applied to multiple user 
scenarios, because one of the major issues in wireless 
communications is to be able to serve simultaneously a large 
number of users while maintaining a good connection on all 
communications. Several works have been done to solve this 
issue, the main ones being the conventional multiple access 
(MA) strategies like CDMA, FDMA, TDMA and OFDMA. 
Because of the demands of 5G, there is the need to search for a 
solution that can serve an even higher number of users than 
those conventional MA strategies, while at the same time 
keeping the complexity as simple as possible. 
This is where "Space-Time CDMA based on Spatial 
Modulation" (ST-CDMA) enters, the solution that is proposed 
and expanded in this work through a detailed theoretical 
analysis and simulation. 
With it, this work shows how it can meet the requirements of 
complexity and number of users, but at the same time it also 
shows the flaws or issues it may present and how they can be 
dealt with. It shows the advantages of implementing SM for 
multiple users, but also the obstacles of such implementation 
and what can be done to surpass them.  
It ultimately tries to explore the potential and applications of 
this radio interface, theoretically and practically, in order to 
ascertain its possible role in future 5G systems. 

The main goals of this work are to investigate the ST-CDMA 
solution to ascertain its potential as a new radio access 
technology for 5G that can meet the demanded requirements, 
and to evaluate its performance and potential as a more practical 
work based on SM that can cope with multiple users, and with 
the degradation it may suffer in a real world implementation. 
This work is divided into 5 parts. Section II gives an overview 
of 5G and its connection to SM, as well as an introduction to 
SM and its concepts, creating a base of knowledge for this 



work. Section III gives a detailed and theoretical analyses of the 
ST-CDMA, its architecture, its components and the main 
effects that affect it, as well as a detailed description of the 
algorithm used to simulate the system, its metrics and an 
assessment to confirm the validity of this work. Section IV 
shows the results obtained from the simulation of the ST-
CDMA system and its analysis and discussion. 
Lastly, Section V gives the final conclusions to take from this 
work, the main results obtained and their meaning, the 
contributions this work carries and future research that can 
expand it.   

II. CONCEPTS AND APPLICATIONS OF SPATIAL 

MODULATION 

A. Role of Spatial Modulation in current and future networks 

1) 5G Development 

This work also comes as a technology that may be used in the 
development of 5G, therefore, the use of SM for 5G is discussed 
here, as well as its advantages and disadvantages in order to 
comprehend the role of SM in the next generation of mobile 
networks [6]. Nowadays there are multiple international 
projects [7] working on developing 5G and achieving a solution 
that can meet requirements. This work also analyses some of 
these projects and shows how SM can have an important role 
on them and possibly improve their networks, giving a better 
understanding of where SM stands currently on 5G networks 
and on MIMO technologies. 
"The fifth generation of mobile technology 5G is positioned to 
address the demands and business contexts of 2020 and 
beyond" [1]. It is connected to concepts such as Internet of 
Things (IoT) and a fully mobile and connected society. This 
new generation of mobile networks is currently in search for the 
technologies that can help meet the requirements devised for 
5G [1], established by Next Generation Mobile Networks 
(NGMN) [1] to show the main conditions and goals to be 
achieved by 5G. There are 33 requirements devised by NGMN, 
such as, ultra-low latency, ultra-reliable communication and 
massive M2M communication. To meet those, several 
technologies have been explored for 5G, for example 
Beamforming [8], new waveforms for 5G, and MIMO 
technologies, namely SM in this case. This also introduces the 
concept of Massive MIMO, one of the main hypothesis for the 
development of 5G [9]. In this work, the focus is directed to the 
latter, SM. In order to better understand where and how SM can 
be applied in a 5G system, some of the international projects 
from [7] are explored, namely the projects Flex5Gware [10], 
METIS-I [11], TROPIC [12], and FANTASTIC 5G [13]. 

B. Single user Spatial Modulation 

First, to understand the basic concepts of SM, the scenario of 
a single user is explored. The system model chosen for this 
analysis is the model represented in [5]. SM by itself is a MIMO 
transmission technique. Nowadays, it is an important technique 
because of its efficient performance while maintaining low 
computational and implementation complexities. This technique 
explores the advantages of switching between transmit antennas 
to carry the information more efficiently. Its second major 

advantage is the fact that Single User Spatial Modulation 
(SUSM) activates one single transmit antenna per time instant, 
hence, there is only one channel being used and no possibility of 
existing any kind of inter-channel interference [5]. Following the 
notation from [5], for a downlink scenario, the Base Station's 
(BS) transmit antennas are represented by ��  and the user's 
receiving antennas are represented by �� , the Modulation 
coefficient is �, which is important for the modulation of the 
transmission signal and is calculated through the number of bits. 
But the most important variable is the number of users, �� , 
which in this case is �� = 1. According to [5], in SUSM and 
SM in general, the signal is firstly mapped (where it is 
modulated) and transmitted, then it passes through a channel H 
and lastly the signal is received and detected.  
The receiver gets a different signal compared to the transmitted 
one, because of the presence of noise. Thus, the received signal 
consists of the transmitted signal multiplied by the channel 
(assumed an ideal channel) and the noise component, which is 
considered AWGN [5]. 
To retrieve the transmitted signal, an optimal detector is used, 
the joint Maximum-Likelihood (ML) decoder, because of the 
low complexity of SUSM [5]. This decoder consists on 
searching through all the possible combinations of active 
antenna and symbol, for the transmitted signal which is closest 
to the received signal, for all receiving antennas. 

C. Multiple Access Schemes based on Spatial Modulation 

In a more realistic situation there is not just one user trying to 
connect to the BS, but rather several of them, and all must have 
a good connection to the BS. Some of the existing and more 
conventional MA schemes are FDMA, TDMA, CDMA and 
OFDMA [14].  
Each of them has a different user allocation method, whether it 
is TDMA that allocates time-slots to users or FDMA with 
frequencies for each user, as well as OFDMA with a set of 
subcarriers for each user and CDMA with a certain amount of 
spreading codes to serve a certain number of users. By 
considering these strategies, the idea is to find a solution with 
SM that may have a better performance than these approaches, 
or use one of the approaches to help with that demand. 
According to [5], there are two main ways of implementing SM 
for multiple users, the first one is called Multi-User Spatial 
Modulation (MU-SM) and the second one is called Spatial 
Modulation Multiple Access (SMMA) [15]. Both systems are 
for multiple users scenarios and use precoding techniques to 
perform more efficiently and coordinate multi-user interference 
[5]. 
In the case of MU-SM, each group of transmit antennas is fixed 
on transmitting to a specific and constant user and each user can 
only have one receive antenna. These are limitations that 
SMMA does not have, because it can adaptively allocate the 
transmit antennas to multiple users and each user can have 
multiple receive antennas. This gives a bigger flexibility and 
adaptability to the system. Given these two main differences, 
SMMA outperforms MU-SM up to 6 dB [5], being considered 
as an upgrade of MU-S. Despite that, SMMA also has one 
important disadvantage, because it uses precoding techniques 
to deal with the Multiple Access Interference (MAI) among 



users, which require channel state information (CSI) [5]. This 
requirement is hard to fulfill, thus, there is the need to find a 
more practical scheme without such requirements and in 
general, with less requirements. 

III. MODEL DEVELOPMENT AND IMPLEMENTATION 

A. Theoretical Model 

As mentioned before, this is a solution created with the help 
of CDMA and SM to achieve transmit diversity. Its name is 
Space-Time CDMA based on Spatial Modulation, proposed in 
[16], being expanded here in a more deep and practical point of 
view. 

1) Architecture 

The intention is to create a system that can efficiently generate 
a larger number of spreading codes than the numbers generated 
by the conventional systems previously mentioned, while 
maintaining the complexity of the system low [16]. 
The first spreading is called a temporal spreading code, based 
on CDMA. But there is another different spreading in this 
system, based on SM, which is used for multiple access in this 
case. Thus, the spatial spreading code takes advantage of the 
different antenna switching patterns characteristic of SM and 
the diversity obtained from it.  
This creates the MA scheme for ST-CDMA, which can 
generate all the possible combinations between the two 
spreading codes. Due to this combination between temporal and 
spatial spreadings, an important trade-off exists between them, 
one between the orthogonality of the temporal spreading and 
the transmit diversity of the spatial one.   
 
The scenario considered here is a multiple-access uplink 
scenario with ��  users that want to simultaneously transmit 
their own information to a common receiver with ��  receive 
antennas, Fig. 1. Each of the users has respectively �� transmit 
antennas to transmit their information through a single Radio 
Frequency (RF) chain, since only one of the transmit antennas 
per user is activated at a certain instance of time, which depends 
on the multiple access system and its spreading codes. 

 

Figure 1 System Model of ST-CDMA (extracted from [16]). 

After receiving the signal, the receiver decodes the information 
transmitted by each user with the help of a detector. But there 
are three different detectors explored in this work, and each 
with its limitations and advantages. Those are the Matched 

Filter (MF), the Successive Interference Cancellation (SIC) and 
the optimal one, the ML decoder. 
The first step is to analyse the signals that will be transmitted 
by users. Starting with the information bits that each user wants 

to transmit, ��
(�) , there are two phases to get to the final 

transmitting signal and they can be seen in Fig. 1. First is the 
modulation of the information bits and then is the encoding by 
the MA strategy with the use of the temporal and spatial 
spreading code, getting the final transmitting signal matrix, 
�(�) [16]. The modulation of the information bits is performed 
with a M-PSK modulator, creating a constellation �  of size 
� and then choose a signal from that constellation to represent 
the modulated signal, �(�)� �. Then the modulated signal, �(�), 
is encoded by the temporal and spatial spreadings. 
First is the temporal spreading, for which there is an important 
variable to consider, � , which is the length of a temporal 
spreading code. This variable is also very important for 
simulation purposes, knowing that, the signal �(�) is encoded 
by the temporal spreading code through the following 
expression 

��
(�) = �(�) ∙ ��

(�) , ��
(�) ∈ {−1, +1}�× � ,         (1) 

with: 
 ��

(�) : Time spreaded signal for the u�� user. 
 �(�) : Modulated signal for the u��   user. 

 ��
(�) : Temporal spreading for the u��  user. 

The temporal spreading code, ��
(�), is preferably an orthogonal 

sequence, similar to the conventional CDMA system, for 
example a Walsh sequence or M-sequence [16]. Having 
obtained ��

(�), the signal is then spatially spread. Hence, the 
final transmitting and spread signal is obtained through the 
following expression 

�(�) = [��
(�), ��

(�), … , ��
(�)]�  ∘  ��

(�)    (2)  
with: 

 �(�) : Transmitting signal matrix for the u�� user 

 ��
(�) : Spatial spreading for the u��  user. 

As it is possible to see, the transmitting signal results from the 
Hadamard or element-wise product between an array of the 

temporally spread signal ��
(�) repeated �� times and the spatial 

spreading code, ��
(�) ∈ ℂ ��× �  [16]. As mentioned before, in 

the transmission of the signal of each user, only one antenna is 
activated per instance of time, thus, this spatial spreading code 
decides which antenna is activated at every instance of time.  
As mentioned before, this combination also presents a trade-off 
between the two spreadings. On one hand, there are benefits 
caused by the orthogonality in the temporal spreading, and on 
the other hand there are the benefits of transmit diversity caused 
by the spatial spreading. Therefore, there are two situations to 
consider, when the system only uses one transmit antenna per 
user and when it uses multiple transmit antennas per user.  
In the case of one transmit antenna, there is no spatial spreading 
because the same antenna in each user is activated for all 
instances of time, thus, there is no transmit diversity.  
In this case, the signal is only spread by the temporal spreading, 
turning it equivalent to conventional CDMA scheme, and 
benefitting from its correspondent orthogonality.  



As soon as the number of transmit antennas increases, the 
spatial spreading activates and influences the system due to the 
switching between antennas. In this case, the transmit diversity 
is no longer null and starts influencing system's performance. 
Due to the two spreadings being multiplied by each other, in 
this case, it ends with the orthogonality of the system caused by 
the temporal spreading, hence, this trade-off between 
orthogonality and transmit diversity is created by the 
spreadings’ combination. 
As observed in Fig. 1, the receiver gets all the transmitted 
signals of all users. Each of these transmitted signal matrices 
must pass through a channel � specific to each user, and it is 
important to account for the presence of noise. Therefore, in this 
system with N� users, the received signal can be described by 

� = ∑ �(�)�(�)��
��� + �,   (3) 

where: 
 � ∈ ℂ ��× �  : Received signal matrix. 
 �(�) ∈ ℂ ��× ��  : Channel coefficient matrix for the 

u�� user. 
 � ∈ ℂ ��× � : Noise matrix. 

The channel contains ��  different channel matrices, each 
corresponding to one user. The channel coefficients of �(�) are 
mutually uncorrelated, and each of them is a zero-mean and 
circularly symmetric complex Gaussian random variable with 
unit variance [16].  
As for noise, it is described as a matrix of the same dimensions 
as the received signal to fully describe the influence of noise on 
the received signal, �. The elements of this noise matrix are IID 
and follow a zero-mean, �= 0, complex Gaussian distribution 
with variance ��.  
For the receiver to be able to decode each users' information, it 
must resort to a detector. In this work, three detectors are used 
and analysed, MF, ML and SIC.  

2) Channel with Correlation between Antennas 

The existence of correlation in the channel coefficients, 
described in [17], is considered when two antennas are 
separated by less than a wavelength, hence, influencing each 
other and becoming harder to distinguish for the detector, thus 
increasing the probability of a detector causing estimation 
errors. This correlation can exist in both the transmit and 
receive antennas, representing how the antennas influence each 
other. Following the model in [17], the influence of this 
correlation in the channel matrix can be expressed by 

� = Φ�
� �⁄ ��Φ�

� �⁄ ,             (4) 

with: 
 � : Correlated channel coefficient matrix. 
 �� : Receiving correlation matrix. 
 ��  ~ �� (0,1) : Ideal channel coefficient matrix. 
 �� : Transmitting correlation matrix. 

The ideal channel matrix, �� , corresponds to the channel 
matrix that has been considered in this work up until this point. 
So, to describe the correlation between antennas, the 
transmitting and receiving correlation matrices are needed. 
Considering the worst case where both the transmit antennas 

and the receive antennas have correlation between each other, 
both correlation matrices are described by the Constant 
Correlation Model [17] with ρ ∈ [0,1]  as the correlation 
coefficient, having a fixed value and equal for both 
transmission and receiving matrices. This way, it is possible to 
analyse the effects of the correlation between antennas. 

3) Detectors 

Starting with the one with highest computational complexity, 
the ML decoder in a multi-user version, it is an optimal detector, 
and following the expression in [16], it is expressed as  

� ��(�), … ,  ��(�), … ,  ��(��)� = 

   =  ��� min
∀�,��(�)∈�(�)

�� − ∑ �(�)��(�)��
��� �

�

�
   (5) 

where: 

  ��(�): Estimation of the transmitted signal for the u�� 
user. 

 ��(�) : Possible spatially and temporally spread signal 
matrix for the u��  user. 

The result obtained from the ML decoder is the set of 
estimations of the transmitted signals from each user. This set 
is calculated by estimating the minimum distance between the 
received signal �  and the component of that signal without 
noise for the entire set �(�), obtaining an optimal estimation. 
But this detector's computational complexity "exponentially 
increases in proportion to the modulation level �, the number 
of users N� and the size of the spatial-temporal spreading code 
" [16]. Due to this issue, alternative detectors are needed for 
implementations and analyses of higher order, thus introducing 
MF and SIC.  
The MF detector is the one with the lowest complexity, and, 
consequently, it is also the less optimal one. It estimates the set 
of transmitted signals through the maximum of the cross-
correlation between the received signal and the component of 
that signal without noise, for all users, 

� ��(�), … ,  ��(�), … ,  ��(��)� = 

= ��� max
∀�,��(�)∈�(�)

���〈�, �(�)��(�) 〉�        (6) 

It calculates the cross-correlation for all possibly transmitted 
signals,  �(�)��(�) = ��(�)  ∈ ℂ ��× � , and finds the maximum 

for each user, estimating its transmitted signal  ��(�) [18]. But 
MF does not take into account the presence of MAI in the 
signal, which may cause more errors in its estimation. 
Thus, introducing the SIC detector, based on the MF detector, 
which has a mechanism to deal with MAI [19]. As previously 
mentioned, in MF and for a certain user u, the estimation of the 
signal transmitted results from the maximum of the cross-

correlation of the received signal with all possible ��(�)  for a 

certain user u. As such, for the estimation of each user's  ��(�), 
there is a component of those correlations that represents the 
other undesired users' contributions and may cause errors in the 
estimation, the MAI [19]. 
By using MF as a basis to do the estimation of the set of signals, 
SIC is divided into three main steps which are repeated in an 
iterative way until a certain threshold is hit. The first step is to 



make an initial estimate of all users' signals exactly like in MF, 
(6), with the purpose of sorting these users by the magnitude or 
power of the estimated signals. After sorting them, if it is the 
first iteration then the SIC detector chooses the user with the 
strongest signal and subtracts that user's contribution from the 
received signal �, which represents the third step [19]. But if it 
is not the first iteration of the detector, then it estimates that 
user's signal again before subtracting it to the received signal, 
corresponding to the second step, because after the received 
signal loses one of its users' contributions, when estimating the 
other users' signals again that contribution no longer exists. This 
means that the MAI errors possibly caused by the contributions 
of that user u no longer affect the detector because they were 
removed. These steps are repeated several times and each user's 
contribution and interference is removed until all the users have 
been estimated again and the detector hits its threshold, when 
the only thing that remains in the received signal is the noise 
component, � = �. This way, the SIC detector is able to better 
deal with MAI and better estimate the set of transmitted signals. 

B. Multiple Access Interference Analysis 

MAI among users is one of the major limiting factors in SMMA 
systems, reducing their capacity and increasing their Bit Error 
Rate (BER), degrading the performance of SMMA systems 
[20]. As such, it is very important to characterize such an 
influential factor in detail to fully understand it and develop 
solutions that prevent MAI from causing errors and degrading 
the system performance of SMMA and, in this case, ST-CDMA 
systems. The system is analysed for a receiver with an MF 
detector, observing the output of the detector for a specific user 
and symbol, and separating the MAI component from the signal 
in the output, to characterize it independently. As such, the 
resulting expression of the MAI component for a symbol � and 
a specific user (user 1 for example) is represented by 

��
(�) = ∑ ∑ ∑ ���

∗(�)
[�][�] ∙ ���

(�)
[�][�],

��
���

�
�

��
�   (7) 

which is actually the cross-correlation between the signal 
transmitted from user 1, without the presence of noise, and the 
sum of all the transmitted signals from all the other undesired 
users, also without noise, confirming the definition of MAI 
itself as the correlation between a certain user and the rest of the 
users. The more correlated the users are, the more interference 
they cause to each other. 
Now that the MAI is described, one can better understand the 
trade-off between orthogonality and transmit diversity for this 
system. Considering the two situations explained before, 
regarding that trade-off, which are a scenario with only one 
transmit antenna per user and a scenario with more than one 
transmit antenna per user, this analysis helps better visualize the 
effects of that trade-off in the system. In the case of one transmit 
antenna, the system has a spreading equivalent to the 
conventional CDMA, as such, its spreading sequences are 
orthogonal, which means that when two orthogonal sequences 
are orthogonal, its product is zero. Therefore, for this first 
scenario, the product between the spreadings of two different 
users is zero. 

Considering that ���
(�)

contains the spreading of each user, the 
product represented in (7) contains the product between the 
spreading sequences of user 1 and another different user. 
Hence, for one transmit antenna per user, those two spreading 
sequences are orthogonal, meaning that their product is zero 
and that the MAI component represented in (7) is consequently 
zero. Thus, when the system has just one transmit antenna per 
user it suffers no MAI between its users because of its 
orthogonality being only influenced by existing noise. But 
when the number of transmit antennas increases, transmit 
diversity starts to exist and MAI is no longer zero because the 
orthogonality in the spreading sequences is lost. 

C. Algorithm Implementation and main Metrics 

To support and expand the theoretical part, an extensive and 
detailed simulation with Python was done for the system with 
the ST-CDMA strategy from [16] that was previously analysed. 
First, one explains the base algorithm that simulates the ST-
CDMA system and the metrics that are used to evaluate the 
results. After that comes an assessment of the algorithm in order 
to validate its implementation and results. 

1) Base Algorithm 

To better comprehend the base algorithm, a general diagram is 
presented in Fig. 2. To evaluate such a system's performance, 
the chosen criterion is BER, being estimated for SNR or �� ��⁄ , 
for a certain number of points. The latter, �� ��⁄ , is a 
normalized SNR measure, representing the ratio of the Energy 
per bit, �� , to the Spectral Noise Density, ��. To estimate BER 
with accuracy, hundreds of thousands of estimations are 
needed, hence, each point is the result of the average between 
tens of thousands of estimations. Each estimation is the result 
of running the algorithm that simulates the ST-CDMA system 
one time.  
When one estimation is made, the ST-CDMA algorithm is run, 
and it starts with the transmission of the users' signals. Each 
user has its information bits modulated and then spread by the 
temporal and spatial spreadings of the system, resulting in the 
final transmitting signal matrix for each user. These signal 
matrices are then multiplied by the channel, for each user, to 
account for the presence of the channel and its influence. Then 
the results of these multiplications are all accumulated into one 
final matrix that represents the information part of the signal the 
receiver will detect, to which a noise component is added to 
form the complete received signal and account for the presence 
of noise. Having received the signal, the algorithm uses the 
three different detectors described before, MF, ML and SIC to 
estimate in three different ways the signal each user transmitted 
initially. Each wrong bit on the estimation performed by each 
detector is accumulated to count the number of errors occurred 
through all the estimations that are done to accurately estimate 
one BER point. To finish the complete and accurate averaging 
of all estimations done for a BER point, the ST-CDMA 
algorithm has two ways of reaching the end, one is to perform 
the maximum number of iterations defined for the algorithm 
and the other is to fulfill stopping conditions that prevent the 
algorithm from estimating endlessly and turn it more efficient. 



 

 
Figure 2 Basic functioning of the algorithm used for SNR. 

Each BER point corresponds to a certain SNR or �� ��⁄  and 
those are the connection to the algorithm of the ST-CDMA 
system. In this work, for M-PSK modulators, their resulting 
constellations are normalized in order to have the power of the 
signal equal to one. As such, SNR depends only on the power 
of the noise. In this case, the power of noise is equal to its 
variance, because the simulated noise in this work is AWGN, 
thus, the variance is obtained from the chosen SNR. 
For each BER point with a chosen SNR, there is a 
corresponding variance of noise, hence, a new estimation of the 
noise variable to use in the ST-CDMA system. 
But, there are some cases that must be evaluated according to 
the normalized ratio, �� ��⁄ , instead of SNR, because they 
depend on more parameters and the SNR alone cannot provide 
a good and fair basis for evaluating these cases.  
To estimate with accuracy all the points of the BER 
performances of the system for these tests, each BER point is 
averaged for a maximum number of 10� estimations. This only 
happens if the algorithm does not stop before that limit, because 
a point is only estimated the necessary number of times to have 
an accurate estimate of that. That number of times is defined in 
the algorithm by two conditions that stop the algorithm when 
one of them is fulfilled. The most important one, is to stop when 
1000 estimation errors are achieved for one point.  
Each simulation of this work is defined with a list of 10 values 
per curve, an SNR ∈ [0,18]  dB, a step of 2 dB, and 10� 
iterations per point. 

2) Assessment 

As stated before, this ST-CDMA system already exists, this 
work being a theoretical and practical expansion of the work in 
[16]. As such, the models used here are validated by [16]. As 
for the practical work, the algorithm developed here is based on 
these theoretical models and equivalent to the one simulated in 
[16], with some additions. To confirm the validity of the results 

presented in this work, a graphical and statistical comparison is 
done between the results obtained from the algorithm simulated 
in [16] and the results obtained with the algorithm developed 
and simulated in this work, for the same scenarios. 
The scenario used for comparison between the two algorithms 
is taken from [16] and is characterized by (��, ��, �, �) =
 (3,1,4,2), with a BPSK modulator and variating �� = 2,3,4. 
As such, the comparison of results can be observed in Fig. 3. 

 
Figure 3 Comparison between results of the two Algorithms. 

The curves of subtitle "Prat..." correspond to the practical 
results obtained from this work's algorithm and the curves of 
subtitle "Teo..." correspond to the results extracted from [16]. 
By comparing curves of the same color in Fig. 3, it is possible 
to observe the similarity between the two algorithms' BER 
performance and consequently the high degree of similarity 
between the behaviours of both algorithms for each pair of 
curves. To complete the assessment of this work, a more 
statistical analysis is also needed in order to evaluate the values 
obtained and compare them with the ones from [16], using the 
relative error ∆. 
Thus, the relative error between the results of the two 
algorithms in Fig. 3 was calculated in order to statistically 
evaluate its degree of similarity. This allowed to confirm for a 
relative error with values predominantly below 20%, meaning 
the majority of the results from this work's algorithm achieved 
a proximity of at least 80% with the algorithm from [16] for a 
precision of 10� iterations per point. As such, considering the 
results from the comparison in both behavioural and statistical 
perspectives, it can be concluded that this algorithm and its 
results are validated by [16]. 

IV. RESULTS ANALYSIS 

In this chapter, the simulated scenarios are described and the 
results obtained from simulations are shown, as well as the 
consequent analysis and discussion of results. 

A. Scenarios Description 

The scenarios explored and simulated for this work are divided 
into four parts. First, the ST-CDMA system is tested by varying 
its main parameters and analysing their influence, to see which 
parameters improve or degrade system performance.  
The second part is to test the spreading used in transmission, 
both temporal and spatial ones, but with emphasis on the spatial 



spreading. Then comes the third part of testing, which tests a 
more realistic scenario, where the used channel is no longer 
ideal, but instead has correlation between its antennas.  
The entire simulation of the ST-CDMA system for these three 
parts is made for the three different detectors previously 
explored, to compare their performances. The last part is the 
simulation of a 5G scenario taken from the previously 
mentioned 5G project, Flex5Gware [10], in order to observe the 
performance of the ST-CDMA in one of the current projects 
that are being developed for 5G and see how well it can fit the 
needs of that project and 5G. 

B. Influence of Main Parameters 

The main point here is to understand how flexible and adaptive 
the system is to each of the parameters that help form the 
system, to see what the ST-CDMA system is really capable of 
doing. The parameters are components of the system and the 
ones analysed are the number of receiving antennas �� , the 
number of users ��, the number of transmission antennas ��, 
the modulation coefficient � , and the size of the temporal 
spreading sequences � . These tests are done using an ideal 
channel and the temporal spreading is an orthogonal sequence 

with the form ��
(�) ∈ {+1, −1}� × �. 

1) Number of Users 

One of the purposes in this work is to find a multiple access 
strategy for spatial modulation that perform with negligible 
degradation caused by multiple users.  
In this case, the test consists in varying the number of users for 
the values �� = 1,3,4,  testing both single and multiple user 
scenarios while fixing all the other parameters, using the 
conditions (��, ��, �, �) =  (1,2,4,2). The spatial spreading is 
also fixed in order to focus the performance results for �� =
1,3  on the effects of ��,  shown in Fig. 4. 

  

Figure 4 Performance of ST-CDMA for different N�. 

The numbers in the legend of Fig. 4 represent the number �� 
for each curve shown. The first fact to observe is that the BER 
performance for the MF and SIC detectors decreases with the 
increase of the number of users as expected. But, considering 
only the ML curves (best BER performance of the three 
detectors), the difference between the curves is almost zero i.e., 
the ML decoder suffers almost no degradation in its 
performance with the increase of the number of users. 
This shows that the system with the ML decoder can indeed 
perform well with multiple users. As for the performance with 

MF, for the curve �� = 1, the single user scenario, it has a BER 
performance as good as the ML decoder (optimal detector) and 
SIC, with no error floor regions. But for multiple users, �� = 3 
, the BER has a huge increase, going from the order of 10�� for 
�� = 1 and SNR = 12 dB, to the order of 10�� for �� = 3 and 
with error floor regions. This degradation is caused by the MAI 
among users, because MF has no mechanisms to deal with it.  
The SIC curves show a better BER performance than MF in Fig. 
4, exactly because SIC takes into account the presence of MAI 
while using the same base mechanism of MF, thus dealing 
better with multiple users. As such, these results confirm the 
influential presence of MAI and the expected effects on the 
detectors' performances. 

2) Number of Transmit Antennas 

The number of transmission antennas, ��, defines how many 
antennas each user uses to transmit their information to the 
receiver and it also has an important role in the spatial spreading 
of the system. If �� increases, the spatial spreading codes also 
become bigger, which means that the amount of possible spatial 
spreading codes increases significantly for each added transmit 
antenna, increasing also significantly the possible combinations 
of the two spreading codes, ultimately increasing significantly 
the number of users that the ST-CDMA is capable of 
supporting. The second advantage of increasing ��  is the 
consequent increase in the gain obtained from transmit 
diversity. But the role of orthogonality in this system is also 
important for the system. Thus, in this scenario, the trade-off 
between orthogonality and transmit diversity is observed in 
order to understand which of them can better improve the 
system and if the increase of �� will indeed improve the system. 
The number of transmit antennas is varied for the values �� =
1,2,3,  while fixing the spatial spreading and the other 
parameters, with the conditions (��, ��, �, �) =  (1,3,4,2). 
By looking at the results for �� = 1,2 in Fig. 5, it is confirmed 
that BER performance indeed improves with the increase of �� 
for the ML decoder and also for SIC, but not for MF. Because 
ML is an optimal detector, it does not suffer the influence of 
MAI as in the case of the SIC and MF detectors.

 
Figure 5 Performance of ST-CDMA for different N�. 

Thus, when increasing the number of transmit antennas and 
going from an orthogonal spreading without transmit diversity, 
�� = 1, to a space-time spreading with no orthogonality but 



with transmit diversity, the system with the ML decoder 
significantly improves its BER performance. 
In the case of the MF detector, it is the opposite situation. For 
�� = 1, the MF detector can achieve an equivalent performance 
to both SIC and ML detectors, but for �� > 1, the system loses 
its orthogonality and the performance for the MF detector 
degrades significantly, regardless of the obtained transmit 
diversity gain. This is caused by MAI, which is no longer zero 
when the system loses its orthogonality,�� > 1, degrading the 
performance of the system because MF detector lacks a 
mechanism to deal with MAI. Finally, for the SIC detector, its 
performance improves with the increase of the number of 
transmit antennas, opposite to MF since SIC possesses 
mechanisms to cope with MAI, obtaining a closer performance 
to ML. But this improvement is not as high as for the ML 
decoder, with an error floor region at the end of the curve.  
In conclusion, the increase of �� improves the performance of 
both SIC and ML detectors, proving that gaining transmit 
diversity is worth losing its orthogonality. In the case of the MF 
detector, the same increase in  ��  degrades the system due to 
MAI, proving that it is better for it to keep its orthogonality.  

C. Diversity between antennas 

For each user, only one antenna is activated per instance of time 
and by switching transmit antennas through time, the ST-
CDMA system takes advantage of the diversity between the 
transmission antennas. This allows the creation of a good 
spatial spreading sequences for each user and different 
combinations of them for all users. Since this simulation 
directly tests the transmit diversity, it is also possible to evaluate 
the trade-off between orthogonality and transmit diversity and 
complement the previous remarks. 
To test this scenario, the parameters were fixed with the 
following conditions, (��, ��, ��, �, �) = (1,3,4,4,2) , 
obtaining the results observed in Fig. 6.

 

Figure 6 Performance of ST-CDMA for different diversity gains. 

In order to analyse the transmit diversity, three situations were 
considered, a system with no diversity gain, (curves with 
"none" written in the legend of Fig. 6), a system with a medium 
level of diversity gain (curves with "med" written in the legend 
of Fig. 6), and a system with full diversity gain. In the first 
situation, the system only depends on the temporal spreading, 
benefiting from the consequent orthogonality while the other 
two situations benefit from transmit diversity in exchange for 
losing its orthogonality. 

As observed in Fig. 6, the performance of ML and SIC improve 
with the increase of transmit diversity in the system, but in the 
case of MF the performance is significantly degraded. Starting 
with the ML detector, it improves significantly its performance, 
obtaining a minimum gain of 4 dB in the BER performance and 
confirming it is worth losing its orthogonality for transmit 
diversity. 
As for MF, in the situation with no diversity it benefits from the 
orthogonality of the system, meaning the MAI is zero, and this 
allows MF to have a performance equivalent to ML and SIC. 
But when the system loses its orthogonality, it becomes 
vulnerable to MAI, which is no longer zero. This leads to the 
significant degradation observed in the MF curves of Fig. 6, 
despite the transmit diversity gain it obtains. Thus, for MF, 
orthogonality is worth keeping instead of trading it for transmit 
diversity. 
In the case of SIC, in Fig. 6 its performance also increases 
significantly with the increase of transmit diversity, despite the 
loss of orthogonality, obtaining performances close to the ones 
from the ML detector. This shows that by having a mechanism 
to deal with MAI as SIC does, it can improve its performance 
significantly, opposed to the MF. 

D. Influence of Correlation in the Channel 

In the real world there are no ideal channels, as such it is of 
great importance to see how the system performs with a non-
ideal channel, one that is influenced by the correlation between 
antennas. Therefore, the scenario is simulated by fixing the 
parameters with the following conditions, (��, ��, ��, �, �) =
(1,3,2,4,2)  and also fixing the spatial spreading, only varying 
the correlation coefficient for the values � = 0.1, 0.5, 0.9, in 
order to solely analyse the effects of correlation in the channel, 
Fig. 7. In this figure, only the maximum and minimum 
correlations are shown for visualisation purposes. From 
observing Fig. 7, the BER performance of the ST-CDMA 
system, in general, degrades with the increase of correlation in 
the channel, except the case of MF due to issues related with 
the propagation of errors. The SIC curves show a beginning of 
error floor regions but can better show the behaviour of channel 
correlation than MF, and achieve performances close to ML. 

 
Figure 7 Performance of ST-CDMA for different correlation coefficients. 

The one that best demonstrates the effects of the channel 
correlation is the ML decoder, which shows a loss of 
approximately 4 dB when increasing the correlation, 
corresponding to a considerable degradation in the performance 



of the system. When the channel is correlated, it means that its 
coefficients are correlated between each other and less 
distinguishable. Thus, the higher the correlation, the higher is 
the number of errors in the detectors' estimations, causing a 
higher degradation in the performance of the ST-CDMA 
system. 

E. Analysis of the System’s Behavior in 5G Scenario 

To analyse and understand the viability of this system in 5G and 
its systems, a 5G scenario is simulated in order to analyse the 
behaviour and potential of ST-CDMA for 5G. Thus, a 5G 
scenario is taken from the project Flex5Gware [10], where the 
need for a system that can cope with 8 users simultaneously is 
stated. The simulation of this scenario is divided into two 
phases and the chosen detector is ML, since it has the best 
performance out of the three. First, one varies �� = 1,4,8 while 
fixing the other parameters with the setup (��, ��, �, �) =
(2,2,4,2) and also fixing the spatial spreading. This shows how 
the system can cope with 8 users and with the increase in the 
number of users. From Fig. 8, it is possible to observe one main 
result, i.e., the performance of the ST-CDMA system has a high 
degree of similarity between the three curves.

  
Figure 8 Variation of �� in 5G scenario. 

This means that the increase of ��  in the system causes 
negligible degradation in the performance of the ST-CDMA 
system, specifically for the ML decoder. Also, for this system 
to be implemented in the real world, and consequently in 5G, 
BER performance must be comprised with values of BER ≤
10�� to have a valid and feasible performance. As observed in 
Fig. 8, the BER performance obeys that validation criterion and 
achieves an even better performance with the increase of SNR. 
Thus, this ST-CDMA system shows the conditions necessary to 
support and fit well in a 5G system such as the one from project 
Flex5Gware. 
The second phase consists of varying first �� ,and secondly ��, 
separately, showing how those parameters can help the system 
perform better in a 5G scenario. After varying those parameters, 
a 3D graphic is designed in order to better observe how BER 
varies with �� and �� for a fixed condition of SNR = 2dB, Fig. 
9. In this figure, the performance hits a maximum of 
approximately 2×10��  , corresponding to the worst BER 
performance in Fig. 9 for (��, ��) = (1,1),  a non-MIMO 
scenario where the system is still an orthogonal one and does 
not benefit from spatial diversity due to �� = 1. For the ST-
CDMA system to be implemented in the real world, in 5G, BER 

cannot be higher than 10�� , thus, from observing the 3D 
graphic, one can conclude that the lowest combination for 
which the system is valid, is (��, ��) = (2,2) which 
corresponds to the minimum combination to achieve MIMO. 

 
Figure 9 Variation of N� in 5G scenario. 

This shows the significant improvement that MIMO can have 
on a system, with a minimum of approximately 10�� for 
(��, ��) = (4,4),  the best BER performance in Fig. 9. By 
comparing in Fig. 9 the variation of �� alone with the variation 
of ��  alone, the superior influence of ��  in the ST-CDMA 
system is observed. These 5G scenarios simulated show the 
potential of ST-CDMA in 5G systems, the advantages, support 
and resources it can give to those systems. 

V. CONCLUSIONS 

The main objectives of this work are to investigate a solution 
based on Spatial Modulation that can serve multiple users and 
may work in a real-world implementation, while keeping 
system's complexity as low as possible, a solution that may have 
an important role in the next generation of mobile networks, 
5G. Consequently, the ST-CDMA solution is found. A 
theoretical and practical expansion of the work is taken, to show 
of what it consists and what it is capable of. 
First, an overview of the current progress in 5G systems and its 
requirements is given to show where and how SM can fit. Then, 
it is shown why SM has such a rising interest and what 
advantages it brings to a system. Its application in multiple 
users is explored and compared to the conventional approaches. 
After reviewing the existing approaches and its limitations, a 
possible solution for the requirements of this work is found and 
explored: ST-CDMA. Its model is analysed, showing the 
advantages and effects of having a combination of temporal and 
spatial spreading in transmission, such as the increase in the 
capacity of users that it can serve and the existence of a trade-
off between orthogonality and transmit diversity that is 
analysed in order to understand how it influences the system. 
Then the existing work of ST-CDMA is theoretically expanded 
by analysing several scenarios and important effects in the 
system. The first one is the analysis of three different detectors 
for the ST-CDMA system, MF, ML, and SIC. Each one has its 
advantages and disadvantages, being compared between each 
other. The second expansion to this work is the analysis of a 
channel with correlation and how that affects the system. This 
helps test a more realistic scenario, since in the real world there 
are no ideal channels. The last addition in this theoretical part 
is the analysis of the presence of MAI, which is one of the main 
causes of degradation in multiple users systems. As a result of 



this analysis, a mathematical expression that symbolizes the 
MAI for a certain user is obtained, which is represented by the 
cross correlation between the desired user's signal to detect and 
the sum of all the undesired users' signals. Thanks to this 
analysis, it is also possible to analyse the theoretical effects of 
the trade-off between orthogonality and transmit diversity in the 
system. 
Entering the practical component of this work, the ST-CDMA 
system is simulated for all the different scenarios described 
before in order to support the theoretical analysis done and 
further expand it. Parameters such as the number of receiving 
antennas, the size of the temporal spreading sequences and the 
number of transmission antennas are concluded to be of 
significant help to improving the performance of the ST-
CDMA system with gains of [4,7] dB. In the case of �� , it 
depends on the detector and it is possible to interpret the 
influence of orthogonality and transmit diversity in the system 
and how they affect differently each detector due to the MAI 
presence. Parameters such as the modulation coefficient and the 
number of users are concluded to degrade the performance of 
the ST-CDMA system with losses of 1 dB per added user, part 
of it due to the presence of MAI, in the case of ��. 
An important effect, transmit diversity, is simulated to better 
understand its advantages and the trade-off with the 
orthogonality, observing a minimum improvement of 4 dB for 
the ML decoder and concluding which detectors benefit more 
from diversity or orthogonality. Then a more realistic channel, 
one with correlation, is tested and it shows the degradation 
caused by this correlation in the performance, giving an idea of 
the degradation the channel would cause in the real world. To 
end, a 5G environment is used to see how this system performs 
and how it can fit in future 5G systems, giving a positive 
preview of the expected performances of SM in 5G systems and 
a better understanding of how the system can be improved to 
meet the level of performance for 5G. 
In future works, there is still much to explore in this subject. 
Starting with a possible real world implementation of the ST-
CDMA system that can test everything that is tested in this work 
and see how this system actually behaves. The MAI analysis 
can also be expanded and possibly derive a bit error probability 
for the edge cases, for no spatial spreading and maximum 
spatial spreading by looking into a possible CDMA approach of 
the same. The tests can be performed for higher numbers of 
users and more 5G scenarios can be tested in order to 
complement the ones explored here. 
In sum, there is still much to explore in this subject and more 
importantly, there is a considerable potential and promise in the 
ST-CDMA solution presented here. 
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