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Abstract: The goal of the study presented in this paper is to evaluate the performance of a proposed
transmission scheme in multiuser multiple-input multiple-output (MIMO) configurations, via code
reuse. Hence, non-orthogonal multiple access (NOMA) is performed. To this end, a correlation
matrix of the received data is constructed at the transmitter, with feedback as only the primary
eigenvector of the equivalent channel matrix, which is derived after principal component analysis
(PCA) at the receiver. Afterwards, users experiencing improved channel quality (i.e., diagonal terms
of the correlation matrix) along with reduced multiple access interference (i.e., the inner product of
transmission vectors) are the potential candidates for their assigned code to be reused. As the results
indicate, considering various MIMO configurations, the proposed approach can achieve almost 33%
code assignment gain (CAG), when successive interference cancellation (SIC) is employed in mobile
receivers. However, even in the absence of SIC, CAG is still maintained with a tolerable average bit
error rate (BER) degradation.

Keywords: NOMA; PCA; MIMO systems

1. Introduction

The deployment of fifth-generation (5G) mobile cellular networks is inextricably connected with
the provision of high data rates to mobile stations (MSs) in order support bandwidth demand and
zero latency applications [1–3]. To this end, various novel technologies have been introduced over
the last few years: mmWave transmission [4,5], massive multiple-input multiple-output (MIMO)
systems [6,7], as well as non-orthogonal multiple access (NOMA) transmission schemes [8,9]. In the
latter case, available network resources (i.e., frequency blocks or codewords) can be reused by certain
groups of users, thus improving overall network capacity. Therefore, two main NOMA categories
can be identified in literature: power domain NOMA [10,11] and code-domain NOMA [12]. In the
first approach, the transmitted signals share the same frequency and time resources but vary in
power. The second approach includes, among others, multiple access solutions relying on low-density
spreading (LDS) and sparse code multiple access (SCMA).

In power domain NOMA, major scientific challenges include, among others, appropriate power
allocation to MSs, and advanced transceiver techniques to mitigate intracode interference. In this
context, MSs with improved channel conditions employ successive interference cancellation (SIC) to
remove the messages intended for other MSs before decoding their own. In [13], the impact of user
pairing on the performance of two NOMA systems, NOMA with fixed power allocation (F-NOMA)
and cognitive radio inspired NOMA (CR-NOMA), was studied. According to the presented results,
the performance gain of F-NOMA over conventional orthogonal multiple access (OMA) assignment
schemes can be further improved by selecting users whose channel conditions are more distinctive.
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In [14], system-level evaluations were performed, according to which downlink NOMA with
SIC can improve both the capacity and cell-edge user throughput performance based on wideband
channel quality indicator (CQI) without relying on the availability of the frequency-selective CQI at the
base station (BS) transmitter side. In this context, multi-user transmit power allocation and multi-user
scheduling are performed according to sub-optimum algorithms. In [15], the design and performance
evaluation of precoding and detection matrices for MIMO-NOMA is described. In this framework,
user pairing was considered. However, users were randomly divided into multiple groups. The work
in [16] focused on leveraging the capabilities provided by low-complexity single-antenna cooperative
relays with buffers and NOMA transmission. In the same context, in [17], a novel relay selection
policy is presented, namely flex-NOMA, that facilitates simultaneous transmissions from multiple
sources to multiple relays, exploiting channel state information at the reception, and dynamic decoding
ordering by the relays performing SIC. The work in [18] presented a sub-optimal hierarchical power
allocation scheme along with a vertical user-pairing approach to deal with a large number of users in
the NOMA system. An optimization problem is formulated to maximize the sum rate with total power
and minimum rate constraints. In [19], the authors studied user pairing and power allocation in a
downlink 2-user NOMA network. In addition, the globally-optimal closed-form solution in a general
NOMA system was obtained. In [20], the paper focused on the user pairing and power allocation in
the 2-user NOMA system and proposed the user pair power allocation (UPPA) scheme based on the
optimal closed-form solution with the proportional fairness objective. Simulation results verified that
the proposed UPPA scheme improves the performance gains of NOMA over orthogonal frequency
division multiple access (OFDMA) in terms of both efficiency and user fairness.

It becomes apparent from the above that a major scientific challenge in power-domain NOMA
schemes is the deployment of computationally efficient approaches for user pairing during transmission.
In this work, a code reusage scheme is proposed and evaluated which separates active users into
groups according to their channel quality and interuser interference. To this end, the received data
correlation matrix is constructed at the transmitter, using only the primary eigenvector and eigenvalue
of the corresponding correlation matrix as the input via feedback, deducted via principal component
analysis (PCA) at MSs [21]. Hence, as it is shown in the presented results, our approach can achieve
significant code assignment gain (CAG) with minimum computational and feedback complexity as
well as average bit error rate (BER) deterioration. CAG is defined as the ratio of total codes assigned in
the NOMA case compared to the ones used in the OMA transmission schemes.

The rest of this article is organized as follows: In Section 2, basic transceiver concepts of multiuser
MIMO configurations are described. In Section 3, the proposed NOMA approach based on PCA and
SIC is described. Simulation results are presented in Section 4, both for the SIC/non-SIC cases at MSs
for various MIMO configurations. Finally, concluding remarks and proposals for future work are
provided in Section 5.

2. Multiuser MIMO Configurations

Considering the downlink of a MIMO configuration with Mt antennas at the transmitter and Mr

antennas per MS (Mt ×Mr configuration), the transmitted signal can be expressed as [22]

xk(t) =
√

pktkbk(t)ck(t) (1)

where xk(t) is the Mt × 1 transmission signal matrix of the kth MS (1 ≤ k ≤ K), pk is the allocated
power, tk represents the Mt × 1 precoding matrix, bk(t) is the transmitted symbol, while ck(t) is a
spreading sequence for Code Division Multiple Access (CDMA) schemes [23]. Hence, in this context,
a code-domain NOMA system was considered that can support multiple transmissions within the
same time–frequency resource block by assigning different codes to different MSs [24].
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The received signal at the sth symbol period (i.e., [(s − 1) × T, s × T] where T is the symbol
duration, for simplicity time indexes have been omitted) after Maximal Ratio Combining (MRC) via
2-D space-time RAKE processing is obtained by [25]

L∑
l=1

ζk,l,s =
L∑

l=1

rk,l



Hk,ltkb̂k,s
√

pk+
L∑

l′ = 1
l′ , l

Hk,l′ tk
(
ρk,k,|l−l′ |b̂k,s−1 + ρk,k,|l−l′ |b̂k,s

)√
pk+

K∑
k′ = 1
k′ , k

L∑
l′=1

Hk,l′ tk′
(
ρk,k′,|l−l′ |b̂k′,s−1 + ρk,k′,|l−l′ |b̂k′,s

)√
pk′+

nk


(2)

where the first term is the desired MS signal, the second/third term denotes multiple access and
intersymbol interference, respectively, while the final term is the additive white Gaussian noise.

Moreover, L is the number of multipath components, rk,l =
(
Hk,ltk

)H
is the MRC multiplying vector

(1 ≤ l ≤ L, xH is the conjugate transpose of x), Hk,l is the Mr ×Mt channel matrix, b̂k,s is the received
symbol and ρ, ρ are the corresponding partial cross-correlations [21]. Hence, in a multiuser (MU)
MIMO configuration, the equivalent signal to interference ratio (SIR) can be expressed as (neglecting
intersymbol interference) [25]

SIRk ≈

 L∑
l=1

Mr∑
q=1

∣∣∣∣∣∣ Mt∑
v=1

H(q,v)
k,l t(v)k

∣∣∣∣∣∣2


2

pk

K∑
k′ = 1,
k′ , k

pk′

∣∣∣∣∣∣∣ L∑
l=1

Mr∑
q=1

 Mt∑
v=1

H(q,v)
k,l t(v)k

 L∑
l′=1

(
Mt∑

v=1
H(q,v)

k,l′ t(v)k′

)
ĝs,k′

∣∣∣∣∣∣∣
2 (3)

where x is the conjugate of x, and

ĝs,k′ = ρk,k′,|l−l′ |b̂k′,s−1 + ρk,k′,|l−l′ |b̂k′,s (4)

Note that X(i) denotes the ith element of the vector matrix X (notation is adapted with multiple
indexes in cases of multidimensional matrices).

Transmission vectors are formulated according to the iterative algorithm of Algorithm 1. In Step
1, all vector values are initialized, where 1(d) is a d × 1 matrix of ones. In Step 2, the equivalent matrix
Ak,i of the desired MS signal at the ith iteration is calculated, and the transmit vector is updated as
the eigenvector X that corresponds to the maximum eigenvalue of Ak,i (i.e., λm(Ak,i)). The algorithm
comes to an end when the transmit power pk converges, according to threshold ε.

Algorithm 1 Transmission matrix formulation for multiuser (MU) frequency selective fading environments.

Step 1:i←1, tk,i ←
(
1/
√

Mt
)
1(Mt), pk,i ← tH

k,itk,i, ε = 10−3

Step 2: rk,l,i ←
(
Hk,ltk,i

)H
Ak,i ←

(
L∑

l=1
rk,l,iHk,l

)H(
L∑

l=1
rk,l,iHk,l

)
Step 3: tk,i+1 ← X(λm(Ak,i)) and pk,i+1←tH

k,i+1Ak,itk,i+1

Step 4: If |pk,i+1−pk,i|
pk,i

≤ ε the procedure terminates else go to step 2
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3. Code Reuse via Principal Component Analysis

As it was shown in [21], PCA can lead to transmission complexity reduction in MIMO–CDMA
wireless configurations. In this context, only the primary eigenvector of the corresponding correlation
matrix Ck of received data is sent back to the transmitter, which formulates a modified matrix C̃k

Ck(l, l′) =
1
S

S∑
s=1

ζk,l,sζk,l′,s 1 ≤ l, l′ ≤ L (5)

C̃k = V(1 : L, 1 : w)H
Σ(1 : w, 1 : w)V(1 : L, 1 : w) (6)

In Equations (5) and (6), S is the total number of samples and w is the number of equivalent
eigenvectors (denoted as V) and eigenvalues in the diagonal matrix Σ for correlation matrix
reconstruction (in our case w equals 1 in order to reduce overall feedback burden [21]). Notation a:b
indicates all elements from a to b with a unity step. Note that the (i,j) entry of Ck represents the overall
correlation among two different reception branches in the 2-D space-time RAKE receiver. For MSs
with increased channel quality, or in cases of limited multiple access interference, it is expected that
non-diagonal terms of correlation matrices will be significantly reduced compared to the diagonal ones.
In the proposed approach, which is described in Algorithm 2, MS grouping is performed as follows

(uo, u1)← argmax
(k,k′)∈JUo


L∏

l=1

∣∣∣∣C̃k(l, l)
∣∣∣∣

tH
k tk′

L∑
l=1

L∑
l′=1,l′,l

∣∣∣∣C̃k(l, l′)
∣∣∣∣2


(7)

In Equation (7), product usage ensures that weak channel conditions in certain transmission
modes are properly weighted. MSs uo and u1 are selected as a NOMA group (NG) (NG
throughout the rest of this manuscript, while NGm is the maximum number of NGs) that now
share the same allocated code (i.e., the one originally assigned to MS uo). For a set of K active

MSs (denoted as Uo), then JUo indicates all possible 2 ×
(

K
2

)
= K!

(K−2)! pair combinations (note

that the argument of Equation (7) is not symmetric). Afterwards, SIC is performed per NG,
starting with the decoding of the symbol of user uo (see Algorithm 2, where C denotes the
transmitted symbol constellation). For example, if K = 4 active users, then Uo = {1, 2, 3, 4} and
JUo =

{
(1, 2), (1, 3), (1, 4), (2, 3), (2, 4), (3, 4), (2, 1), (3, 1), (4, 1), (3, 2), (4, 2), (4, 3)

}
. Considering now

2 NGs, then if for example in the first iteration the set (2,3) of MSs maximizes the performance metric
of Equation (7), U1 ← {2, 3} , Uo = {1, 4} and JUo =

{
(1, 4), (1, 5), (4, 5), (4, 1), (5, 1), (5, 4)

}
. In this case,

in the next step unavoidably U2 ← {1, 4} , Uo ← { } .
It should be noted at this point that in our proposed approach, transmission vector formulation

is performed locally at MSs. Hence, the required feedback is minimized, since MSs send back to
their serving BS only the primary eigenvector of the correlation matrix along with the corresponding
eigenvalue and the transmit vector. The BS then informs all involved MSs in an NG with the
transmission vectors to be used during SIC decoding. With respect to Figure 1, and unlike other
proposed approaches in literature, NOMA users can now have the same transmission power levels as
in the OMA case. As it will be shown in the results section, average BER values can be maintained at
practically the same levels compared to OMA transmission schemes. This is achieved since NOMA
grouping takes into account not only the desired MS signal and channel conditions, but interference
minimization to the other MS of the same NG as well.
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Figure 1. Successive interference cancellation (SIC) for a pair of mobile stations (MSs).

Algorithm 2 Non-orthogonal multiple access (NOMA) user grouping and decoding algorithm.

Step 1: Set ng← 1, Uo ← {1 : K} , Ung← { }
Step 2: while (ng < NGm)

(uo, u1)← argmax
(k,k′)∈JUo


L∏

l=1

∣∣∣C̃k(l,l)
∣∣∣

tH
k tk′

L∑
l=1

L∑
l′=1,l′,l

∣∣∣C̃k(l,l′)
∣∣∣2


Ung ← Ung ∪ {uo, u1} , Uo ← Uo\{uo, u1}

ng← ng + 1, Ung← { }
end
Step 3: SIC
ng← 1
while (ng < NGm)
{uo, u1}← Ung, j← 1
Decode the sth symbol of user uo:

zuo,s ← argmin
y∈C

∣∣∣∣∣∣ L∑
l=1

ζuo,l,s − y

∣∣∣∣∣∣
while (j < L)

ζu1,l,s ← ζu1,l,s − ru1,l
L∑

l′=1
Hu1,l′ tuo

(
ρu1,uo,|l−l′ |b̂uo,s−1 + ρu1,uo,|l−l′ |b̂uo,s

)√
puo

j← j + 1
end

zu1,s ← argmin
y∈C

∣∣∣∣∣∣ L∑
l=1

ζu1,l,s − y

∣∣∣∣∣∣
ng← ng + 1
end

4. Results

The simulation results are presented in Figures 2–5 for three MIMO configurations: 4 × 4, 6 × 4,
8 × 4 with two resolvable multipath components. Effective Signal to Noise Ratio (SNR) was set to
0 dB. The output measured metric is the average BER of all active MSs in the network, while the OMA
transmission scheme was evaluated as well. Processing gain was set to 32 [23], in order to simulate
increased inter-user interference scenarios. In the first set of simulation results (i.e., Figure 2), NGs can
be either 2, 4, 8 or 10 while MSs may vary from 20 to 30 with a step of 2. As can be observed, for the
increased number of MSs in the network, the average BER deterioration compared to the OMA case is
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practically negligible. For 8 NGs and 30 MSs, BER in the OMA/NOMA case is 7.76 × 10−4/7.93 × 10−4,
respectively. Hence, in this case, a CAG of almost 25% can be achieved, since 22 codes are now
assigned compared to the 30 codes in the OMA scheme. For 30 active MSs in the network and 10 NGs,
corresponding average BER values are now 7.76 × 10−4/8.11 × 10−4, respectively. Hence, in this
case, BER deterioration is limited to 4.5%, with an equivalent CAG that reaches 33% (20 codes in the
NOMA case).
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In Figures 3 and 4, a 6 × 4 and a 8 × 4 MIMO configuration were considered, respectively. As it
can be observed, the average BER deterioration is improved when considering 30 active users and
10 NGs, since the diversity order (i.e., Mt ×Mr) of the system is increased: The corresponding values
are 1.23 × 10−4/1.28 × 10−4 in the 6 × 4 case and 2.48 × 10−5/2.56 × 10−5 in the 8 × 4 case. Hence, average
BER deterioration is limited to 4%/3%, respectively.

In Figure 5, considering 10 NGs, SIC has been omitted in order to evaluate the potential degradation
of our proposed approach compared to the OMA case. The average BER value in the NOMA scheme
is now 8.8 × 10−4 considering the 4 × 4 MIMO configuration. Therefore, although the BER degradation
compared to OMA transmission is now almost 13%, CAG values of 33% are still achieved. Hence,
depending on the tolerable BER per requested service, a trade-off can be made between average BER
and transceiver complexity reduction. In the 8 × 4 configuration, the corresponding BER values are
2.81 × 10−5/2.53 × 10−5 for the OMA/NOMA case, respectively. Therefore, the average BER degradation
is further reduced to 11%.

Unavoidably, SIC introduces a decoding delay. Hence, BER degradation can be alternately
mitigated via channel encoding techniques, where the trade-off dipole is now the average BER/net bit
rate [26,27]. Moreover, it should be noted that BER in the NOMA case can significantly degrade for a
reduced number of MSs in the network and an increased number of NGs. This is rather expected, since
in this case multiuser diversity is reduced, and the derived performance metric of Equation (7) will
unavoidably select pairs with increased interuser interference. Finally, performance gain values come
in agreement with the results presented in [14], where an Orthogonal Frequency Division Multiple
Access (OFDMA) NOMA scheme was considered.

5. Conclusions

The performance of a proposed NOMA transmission scheme was evaluated for a varied number
of active users and NOMA groups, in a multiuser MIMO configuration. According to the presented
results, a significant code assignment gain can be obtained, with minimum BER deterioration and
SIC at MSs. This is achieved with minimum computational complexity and overall feedback burden,
as MSs send back to their serving BS only the primary eigenvector and the corresponding eigenvalue
of the received data correlation matrix, deduced via PCA. However, even in the absence of SIC,
BER degradation can be mitigated by channel encoding techniques.

Future work includes, among other things, the extension of the presented algorithm in 5G
multicellular configurations, where user grouping should incorporate additional selection criteria,
such as requested service, intercell interference, as well as handover rate especially in massive
MIMO systems.
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