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Abstract

Different multiple access methods in wireless communications allow multiple contented stations to share the wireless
medium. It can be either orthogonal or non-orthogonal. In orthogonal multiple access (OMA), the channel alloca-
tion between the contented stations is orthogonal (either by time, frequency, space or code). This is done to avoid
interference between the wireless stations. However, it decreases the performance because the number of simultaneous
connections is limited by the orthogonal channel resources, which minimizes the degree of freedom per station. On
the other hand, non-orthogonal multiple access (NOMA) allows multiple stations to transmit and receive at the same
channel resource time and frequency by using another domain. For example, different power levels for different stations
or what is known as PD-NOMA. This paper shows that NOMA can improve the performance of wireless communica-
tions even with the presence of interference because each station has a full degree of freedom per resource. Besides,
PD-NOMA and MIMO have a good combination by taking advantage of MIMO array gain with non-orthogonal access
to improve spectral efficiency. By allocating different power to different stations, different optimization objectives are
proposed to maximize the fairness, spectral efficiency, and energy efficiency in the downlink channel.
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1 Introduction

In the few recent years, the wireless communications have an exponential growth to support different types of
applications such as Internet of Things (IoT) [2, 11, 8, 18, 20, 21], Augmented Reality (AR) [18, 21], Machine-to-
Machine (M2M) [8, 19, 26] and Wireless Sensor Network (WSN) [9, 12, 20]. That is why the wireless networks have
many challenges to offer better performance for these applications including better throughput, latency and a higher
number of connections. Multiple station connectivity can be implemented by using different techniques of multiplexing
[22]. Most known multiplexing methods such as TDMA, FDMA, CDMA and SDMA are orthogonal which means that
the number of active connections is limited to the number of available channel resources in time, frequency, code
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or space to avoid the interference [8]. For example, Multi-User MIMO (MU-MIMO) [4, 14] is one of the wireless
communications multiplexing methods that offer better multiplexing gain by allowing multiple users to share the
channel simultaneously using beamforming but the number of active stations is still limited by the number of antenna
units at the BS. Besides, the MU-MIMO technique provides array gain because of the existence of multiple antennae.
Massive MIMO [5, 13, 17] which is an evolved version of MU-MIMO with a massive number of antenna units and it
is one of the most important techniques proposed in 5G. Massive MIMO provides even higher spectral efficiency and
energy efficiency but the number of active stations at any time is still limited by the number of the antenna units as
with other MIMO techniques.

, On the other hand, NOMA is another multiplexing method [22]. Unlike orthogonal multiplexing, the number of
active stations is not limited by channel resources. A single channel resource (frequency, time, space and code) can be
shared among several wireless stations which leads to higher throughput, lower latency and massive connectivity. One
type of NOMA is implemented in the power domain [1, 10, 15, 22]. In PD-NOMA, successive interference cancellation
(SIC) [7, 22, 28] is used in the uplink transmission from the wireless stations to the BS to successively estimate the
signal of the strongest station with the highest received power while treating the signals of the weaker stations with
lower received power as noise. Then, the strongest signal is subtracted from the overall signal to successively estimate
the next strongest signal and so on. While in the downlink transmission from the BS to the wireless stations, SIC
with superposition coding (SC-SIC) [22, 28] is used to encode the overall downlink signal. Downlink power is allocated
inversely which means that a higher power is allocated to the weakest station. The weakest wireless station receives the
overall signal and treats the signal of other stations as noise. But for other stations, the signal of the weaker stations
(with higher downlink power allocation) must be subtracted successively and the signals of the stronger stations (with
lower downlink power allocation) are treated as noise to estimate the desired downlink signal for each station.

The motivation of this paper is to propose a combination of MIMO and PD-NOMA wireless systems to increase
the density of simultaneously active connections by sharing the same channel resources through the non-orthogonal
channel access in the power domain as well as improve the system performance by taking the advantage of array
gain in MIMO which increases both of the spectral efficiency and energy efficiency. The results of this paper show
that PD-NOM has better DoF than OMA. Also, different optimization objectives are proposed for downlink power
allocations of different stations to maximize either the fairness, the spectral efficiency or the energy efficiency as shown
in the results.

2 Preliminaries

2.1 Uplink Transmission

For PD-NOMA uplink transmission from K stations each equipped with a single antenna to the BS equipped with
M antenna units can be represented as:

yul =

K∑
k=1

√
pulαkhkxul,k + n (2.1)

where yul = [yul,1 ... yul,M ]
T
. pul is the uplink transmitted power of each station. αk is the large scale fading value

and it must follow that α1 > α2 > ... > αK . hk = [hk,1 ... hk,M ]
T
is the small scale fading vector for M antenna at

the BS with zero mean and unit variance and xul,k is the transmitted signal from station k with zero mean and unit

variance and n = [nul,1 ... nul,M ]
T
is the additive noise vector.

At the BS, to reconstruct the signals of all stations, this must be done successively from the strongest signal to
weaker signal as:

x̂ul,k = argmin
x∈X

∥yul,k −√
pulαkhkx∥2 (2.2)

Then this process is repeated for the next strongest signal as:

yul,k+1 = yul,k −√
pulαkhkx̂ul,k (2.3)

From equations (2.2) and (2.3), each estimated signal treats the weaker signals as interference. Thus the uplink
signal to interference and noise ratio (SINR) for each station with normalized noise power becomes:

γul,k =

{
pulβk

1+pul

∑K
k′=k+1

βk′
, k < K

pulβK , k = K
(2.4)
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where βk = αk ∥hk∥2 is the channel gain.

Using Shannon theory, the uplink rate of station k is:

RNOMA
ul,k = log2(1 + γul,k) (2.5)

From equations (2.4) and (2.5), the uplink spectral efficiency is:

SENOMA
ul =

K∑
k=1

RNOMA
ul,k

=

K−1∑
k=1

log2(1 +
pulβk

1 + pul
∑K

k′=k+1 βk′
) + log2(1 + pulβK) (2.6)

Equation (2.6) can be simplified as:

SENOMA
ul = log2(1 + pul

K∑
k=1

βk) (2.7)

Equation (2.7) shows that the uplink spectral efficiency using PD-NOMA is proportional to the logarithm of the
channel gain sum of all stations. So, increasing the number of the stations increases the uplink spectral efficiency.

On the contrary, the uplink rate of the station k using the OMA uplink transmission from K stations each equipped
with a single antenna to the BS equipped with M antenna can be represented as [23, 24, 25]:

ROMA
ul,k = dul,k log2(1 +

pulβk

dul,k
) (2.8)

where dul,k is the uplink DoF of the kth station which represents the fraction of the resource allocated to the station

k such that 0 ≤ dul,k ≤ 1 and
∑K

k=1 dul,k ≤ 1.

The uplink spectral efficiency for K stations using OMA can be represented as [23, 24, 25]:

SEOMA
ul =

K∑
k=1

ROMA
ul,k =

K∑
k=1

dul,k log2(1 +
pulβk

dul,k
) (2.9)

For equally DoF for all stations (dul,k = 1/K, ∀k ∈ K), the spectral efficiency becomes as [24, 25]:

SEOMA−Eq.
ul =

1

K

K∑
k=1

log2(1 +Kpulβk) (2.10)

The value of dul,k can be optimized as [23]:

d∗ul,k =
βk∑K

k′=1 βk′
(2.11)

Then the optimized uplink spectral efficiency using OMA becomes as [23]:

SEOMA−Opt.
ul = log2(1 + pul

K∑
k=1

βk) (2.12)

By comparing equations (2.7) with equations (2.10) and (2.12), the spectral efficiency SENOMA
ul > SEOMA−Eq.

ul and

SENOMA
ul = SEOMA−Opt.

ul but still PD-NOMA has better DoF than OMA methods.
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2.2 Downlink Transmission

The overall downlink signal vector from the M antenna BS to the K stations can be given as:

xdl =

K∑
k=1

√
ηkxdl,k (2.13)

where ηk is the downlink power constraint coefficient such that 0 ≤ ηk ≤ 1 and
∑K

k=1 ηk ≤ 1. xdl,k = [xdl,k,1 ... xdl,k,M ]
T

is the downlink signal vector from the BS to the station k with zero mean and unit variance.

For PD-NOMA, the received signal by the station k is:

ydl,k =
√
pdlαkh

T
k xdl + n =

K∑
k′=1

√
ηk′pdlαkh

T
k xdl,k′ + n (2.14)

where pdl is the downlink power transmitted by the BS and n is the additive noise.

Each station estimates its signal by estimating the higher power allocated signals (weaker stations) then subtracting
them as well as treating the lower power allocated signals (stronger stations) as noise. The downlink SINR for each
station with normalized noise power is:

γdl,k =

{
pdlη1β1 , k = 1
pdlηkβk

1+pdlβk

∑k−1

k′=1
ηk′

, k > 1 (2.15)

Using Shannon theory, the downlink rate of the station k is:

RNOMA
dl,k = log2(1 + γdl,k) (2.16)

From equations (2.15) and (2.16), the downlink spectral efficiency becomes:

SENOMA
dl =

K∑
k=1

RNOMA
dl,k

= log2(1 + pdlη1β1) +

K∑
k=2

log2(1 +
pdlηkβk

1 + pdlβk

∑k−1
k′=1 ηk′

) (2.17)

For high downlink power (pdl → ∞) and by applying the downlink power constraint (
∑K

k=1 ηk ≤ 1), the downlink
spectral efficiency in equation can be approximated as:

SENOMA
dl ≈ log2(pdlβ1) (2.18)

Equation (2.18) shows that with high downlink power, the spectral efficiency is mainly affected by the channel gain
of the strongest station.

The values of downlink power coefficients (η1, η2, ... ηK) can be set to optimize the downlink power allocation for
the stations to maximize the fairness, the spectral efficiency or the energy efficiency.

On other side, the uplink rate of the station k using the OMA downlink transmission from the BS equipped with
M antenna to K stations each equipped with a single antenna can be represented as [16, 29]:

ROMA
dl,k = ddl,k log2(1 +

pdlηkβk

ddl,k
) (2.19)

As with uplink rate in equation (2.8), ddl,k is the downlink DoF of the station kwhich represents the fraction of

the resource allocated by the BS to the station k such that 0 ≤ ddl,k ≤ 1 and
∑K

k=1 ddl,k ≤ 1.

The downlink spectral efficiency for K stations using OMA can be represented as [16, 29]:

SEOMA
dl =

K∑
k=1

ROMA
dl,k =

K∑
k=1

ddl,k log2(1 +
pdlηkβk

ddl,k
) (2.20)



Comparison between OMA and PD-NOMA in wireless MIMO system with optimized downlink power allocation 255

For equally DoF and equally power allocation for all stations (dul,k = 1/K and ηk = 1/K, ∀k ∈ K), the spectral
efficiency becomes as:

SEOMA−Eq.
dl =

1

K

K∑
k=1

log2(1 + pdlβk) (2.21)

The value of ddl,k can be optimized as [16, 29]:

d∗dl,k =
βk∑K

k′=1 βk′
(2.22)

Then the downlink spectral efficiency for eqaully downlink power allocation becomes as:

SEOMA−Opt.1
dl = log2(1 +

pdl
∑K

k′=1 βk′

K
) (2.23)

To even improve the downlink spectral efficiency using OMA, let ηk = d∗dl,k. The spectral efficiency is then:

SEOMA−Opt.2
dl =

K∑
k=1

d∗dl,k log2(1 + pdlβk) (2.24)

By comparing equations (2.18) with equations (2.21), (2.23) and (2.24) considering high downlink power, PD-
NOMA has better DoF and spectral efficiency than OMA methods.

2.3 Proposed Downlink Power Allocation Optimization for PD-NOMA

2.3.1 Fairness Maximization

The fairness of the downlink transmission is maximized by maximizing the minimum rate among all stations
[3, 6, 27, 30]. The optimization function is then:

max
∀ηk

min(RNOMA
dl,1 , ... , RNOMA

dl,K ) s.t. η1 > 0, ηk+1 ≥ 1

µ

k∑
k′=1

ηk′ ,

K∑
k=1

ηk ≤ 1 (2.25)

where 1/µ is the accepted interference level to estimate the desired signal. µ has to be greater than or equal to one to
guarantee that the interference power level does not exceed the desired signal power level.

The best way to achieve a higher fairness is by having equal SINR for all stations as:

s = γdl,1 = γdl,2 = ... = γdl,K (2.26)

The downlink power coefficient value is then:

η∗k =

{
s

pdlβ1
, k = 1

( 1
pdlβk

+
∑k−1

k′=1 η
∗
k′)s , k > 1

(2.27)

By using the power constraint
∑K

k=1 η
∗
k = 1 and substituting the values of η∗k in term of s, we get a K-orders

polynomial equation of s. Then, the optimal value of s is the largest real value root of this polynomial equation.

For simple scenario consisting of two stations only, equation (2.26) can be given by:

s = γdl,1 = γdl,2 (2.28)

Then from equation (2.28), power constraints coefficients are:

η∗1 =
s

pdlβ1
(2.29)
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η∗2 =
s2

pdlβ1
+

s

pdlβ2
(2.30)

Since η∗1 + η∗2 = 1, we get:

s2 + (1 +
β1

β2
)s− pdlβ1 = 0 (2.31)

Then the optimal value of s is for two stations is the largest real value root of equation (2.31) as:

s = −1

2
(1 +

β1

β2
) +

1

2

√
(1 +

β1

β2
)2 + 4pdlβ1 (2.32)

The optimal power constraint coefficients in equation (2.27) must follow the constraint functions in optimization
equation (2.25). Otherwise, the optimal power constraint coefficients can be obtained using other objective functions
as in the upcoming subsections.

After computing the downlink power coefficients, the fairness for K stations can be measured by using Jain’s
equation as:

fairness =
(
∑K

k=1 γk)
2

K
∑K

k=1 γ
2
k

(2.33)

From equation (2.33), the maximum value of fairness is equal to one when all stations are allowed to access the
channel with the same downlink SINR. On the contrary, the lower value of fairness is 1/K with only one active
station is allowed to access the channel while other stations remain idle which is the case of the orthogonal access. In
summary, the fairness maximization is achieved when fairness approaches to one.

2.3.2 Spectral Efficiency Maximization

The maximum downlink spectral efficiency is achieved by allocating all of the downlink power to the station that
has the strongest channel gain. But other stations become idle which is against the main principle of NOMA with
multiple stations can share the downlink channel resources. Besides, this leads to the worst possible fairness. To avoid
this situation, the interference level (1/µ) constraint must be included in the optimization objective function as:

max
∀ηk

SENOMA
dl s.t. η1 > 0, ηk+1 ≥ 1

µ

k∑
k′=1

ηk′ ,

K∑
k=1

ηk ≤ 1 (2.34)

The Lagrange multiplier function is then:

L(η1, ..., ηK , λ0, ..., λK) = log2(1 + pdlη1β1) +

K∑
k=2

log2(1 +
pdlηkβk

1 + pdlβk

∑k−1
k′=1 η

′
k

)

+λ0η1 +

K∑
k=1

λk(ηk+1 −
1

µ

k−1∑
k′=1

ηk′) + λK(1−
K∑

k=1

ηk) (2.35)

where λ0, ..., λK are the Lagrange multipliers.

To simplify the Lagrange function, let qk =
∑k

k′=1 ηk′ . Then, the objective function can be written as:

max
∀qk

SENOMA
dl s.t. q1 > 0, qk+1 ≥ (1 +

1

µ
)qk, qK ≤ 1 (2.36)

The Lagrange multiplier function is then:

L(q1, ..., qK , λ0, ..., λK) =

K−1∑
k=1

(log2(1 + pdlqkβk)− log2(1 + pdlqkβk+1)) + log2(1 + pdlqKβK)

+λ0q1 +

K∑
k=1

λk(qk+1 − (1 +
1

µ
)qk) + λK(1− qK) (2.37)
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From equation (2.37), the optimal value of qk is:

q∗k = (
µ

1 + µ
)K−k (2.38)

Finally, the optimal value of ηk is:

η∗k =

{
q∗1 = ( µ

1+µ )
K−1 , k = 1

q∗k − q∗k−1 = 1
µ (

µ
1+µ )

K−k+1 , k > 1
(2.39)

2.3.3 Energy Efficiency Maximization

The optimization function to maximize the energy efficiency for PD-NOMA system is:

max
∀qk

B · SENOMA
dl

pc + pdlqK
s.t. q1 > 0, qk+1 ≥ (1 +

1

µ
)qk, qK ≤ 1 (2.40)

where B is the channel bandwidth, pc is a fixed circuit power of the BS and qk =
∑k

k′=1 ηk′ .

The Lagrange multiplier function is then:

L(q1, ..., qK , λ0, ..., λK) =
B · SENOMA

dl

pc + pdlqK
(

K−1∑
k=1

(log2(1 + pdlqkβk)− log2(1 + pdlqkβk+1))

+ log2(1 + pdlqKβK) + λ0q1 +

K∑
k=1

λk(qk+1 − (1 +
1

µ
)qk) + λK(1− qK)) (2.41)

By setting ▽qKL(q1, ..., qK , λ0, ..., λK) to zero, we get (if K > 1):

pcβK + pdlqKβK − (1 + pdlqKβK) ln(

∏K
k=1(1 + pdlqkβk)∏K
k=2(1 + pdlqkβk)

) = 0 (2.42)

The equation (2.42) is valid only if K > 1. For K = 1, we get:

pcβ1 + pdlq1β1 − (1 + pdlq1β1) ln(1 + pdlq1β1) = 0 (2.43)

The solution of equation (2.43) is:

q̂K = q̂1 =
e(W (

pcβ1−1
e )+1) − 1

pdlβ1
(2.44)

where W (·) is the Lambert W function such that z = W (zez).

For K stations in general, this value q̂K gives an optimal energy efficiency for K = 1 and sub-optimal energy
efficiency for K > 1. To even improve the energy efficiency, we propose a modified version of q̂K as:

q̂K =
e(W (

pcβK−1

e )+1) − 1

pdlβK
(2.45)

The value of q̂K is suboptimal for maximizing the energy efficiency but it must follow the downlink power constraint
which is qK ≤ 1, then the optimal value is:

q∗K = min(q̂K , 1) (2.46)

Finally, the optimal value of ηk is:

η∗k =

{
q∗K( µ

1+µ )
K−1 , k = 1

q∗K
µ ( µ

1+µ )
K−k+1 , k > 1

(2.47)
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3 Results

As mentioned previously, PD-NOMA has better DoF compared with OMA. With PD-NOMA, all of the channel
resource (time or frequency) is allocated to all the stations simultaneously. On the other hand, a fraction of the
channel resource is allocated to each station depending on its DoF. Because of that, the main advantage of NOMA
over OMA is to allow multiple stations access within the same channel resource which improves the overall throughput
and reduces the access delay. Figure 1 shows the DoF of PD-NOMA (uplink and downlink) versus OMA with equally
DoF for all stations and OMA with optimized DoF from equations (2.11) and (2.22) with respect to the number of
the stations and each station has a large scale fading value αk = 1/2k−1.

Figure 1: PD-NOMA vs. OMA DoF

Figure 1 shows that all stations have a full DoF with PD-NOMA. While OMA with equally DoF stations, the DoF
decreases when increasing the number of contented stations. In the Final case which is OMA with optimized DoF, the
DoF of the weakest approaches to zero especially when βstrongest ≫ βweakest which means that the weakest station
has mostly no channel allocation.

The uplink spectral efficiency of PD-NOMA versus OMA (equally DoF and optimized DoF) is shown in Figure 2
when each station has pul = 22 dB and αk = 1/2k−1 using a different number of antenna units (M) at the BS.

Figure 2: Uplink spectral efficiency

Figure 2 shows that the uplink spectral efficiency is improved using PD-NOMA over OMA with equal DoF for all
stations given by equation (2.10). The only case that the maximum uplink spectral efficiency approaches the uplink
spectral efficiency of PD-NOMA is when DoF is optimized as in equation (2.12) which has very low DoF for the
weakest station. Also, the spectral efficiency is increased in MIMO systems while increasing the number of antenna
units (M) at the BS because of the array gain. Moreover, the number of the active stations using PD-NOMA can
exceed the number of antenna units at the BS which means that PD-NOMA has better connectivity over the MIMO
linear processing like maximum rate combining (MRC) and zero-forcing (ZF) because the number of the active stations
using these techniques are limited by the number of antenna units at the BS.
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The percentage of the uplink spectral efficiency of PD-NOMA over OMA with equally DoF is illustrated in Table
1.

Table 1: Uplink spectral efficiency improvement of PD-NOMA over OMA with equally DoF stations

No. of PD-NOMA vs. OMA-Eq.
stations M=1 M=2 M=4

2 1.088% 0.969% 0.871%
3 2.819% 2.511% 2.261%
4 5.208% 4.637% 4.171%
5 8.270% 7.349% 6.601%
6 12.013% 10.651% 9.544%
7 16.453% 14.554% 13.009%
8 21.610% 19.077% 17.007%

For the downlink transmission using PD-NOMA, the downlink power must be allocated to each station based on
their channel gain. While in OMA, a fraction of channel resource (DoF) is allocated to each station as well as the
downlink power is allocated to each of them. In this work, we purposed three optimization objectives for downlink
power allocation: fairness maximization, spectral efficiency maximization and energy efficiency maximization. Using
parameters in Table 2, the results in Figures 4, 5 and 6 show the performance of PD-NOMA with different optimized
objectives compared with OMA in different cases (OMA-Eq., OMA-Opt. 1 and OMA Opt.2 from equations (2.21),
(2.23) and (2.24) respectively) in MIMO system when the BS equipped with M antennas (M=1, 2 and 4).

Table 2: Downlink transmission parameters

Parameter Value

pdl 30 dB
αk 1/2k−1

µ 1
B 20MHz
pc 20 dB

Figure 3 shows the fairness of the downlink transmission. PD-NOMA has better fairness over OMA because of
the absence of multiple active stations per channel resource. The downlink power allocation coefficients with fairness
maximization guarantee a 100% fairness for all stations over the channel in spite of the number of active stations
(all stations access the channel simultaneously and all of them have the same SINR).

(a) M = 1 (b) M = 2 (c) M = 4

Figure 3: Downlink fairness

Figure 4 shows the spectral efficiency of the downlink transmission of PD-NOMA versus OMA. PD-NOMA with
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spectral efficiency maximization objective has better downlink spectral efficiency than other cases. While PD-NOMA
with energy efficiency maximization objectives have lower spectral efficiency because the downlink power is not fully
allocated (q∗k =

∑K
k=1 ηk < 1) as given by equations (2.44) and (2.45) to achieve higher energy efficiency and as shown

in Figure 5. Also, both the spectral efficiency and the energy efficiency are increased when increasing the number of
antenna units at the BS because of the array gain.

(a) M = 1 (b) M = 2 (c) M = 4

Figure 4: Downlink spectral efficiency

(a) M = 1 (b) M = 2 (c) M = 4

Figure 5: Downlink energy efficiency

Moreover, the percentage of the downlink spectral efficiency improvement of PD-NOMA with spectral efficiency
maximization over OMA methods is illustrated in Table 3.

Table 3: Downlink spectral efficiency improvement of PD-NOMA over OMA methods

PD-NOMA vs. OMA methods
No. of OMA-Eq. OMA-Opt.1 OMA-Opt.2
stations M=1 M=2 M=4 M=1 M=2 M=4 M=1 M=2 M=4

2 5.259% 4.766% 4.356% 4.324% 3.924% 3.589% 3.440% 3.126% 2.862%
3 11.049% 9.986% 9.098% 8.373% 7.591% 6.931% 5.995% 5.457% 4.996%
4 17.375% 15.692% 14.263% 12.026% 10.939% 9.993% 7.662% 7.038% 6.470%
5 24.124% 21.867% 19.870% 15.075% 13.873% 12.733% 8.408% 7.926% 7.374%
6 30.882% 28.356% 25.880% 17.082% 16.193% 15.070% 8.004% 8.077% 7.758%
7 36.592% 34.695% 32.111% 17.143% 17.456% 16.801% 5.803% 7.218% 7.541%
8 39.082% 39.757% 38.050% 13.661% 16.762% 17.479% 0.569% 4.654% 6.403%
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4 Conclusion

This paper discusses the importance of PD-NOMA as a promising technology for wireless communications that
increases the number of active connections even with a limited number of channel resources. This leads to enhanced
performance of the wireless communications compared with the conventional OMA methods by increasing the DoF
of the stations. Moreover, the spectral efficiency and spectral efficiency are improved when using PD-NOMA with
MIMO, especially when the channel gain difference between stations becomes higher. The PD-NOMA in MIMO has a
big advantage due to the higher connectivity and the array gain. In this paper, the uplink and downlink transmission of
PD-NOMA versus OMA in MIMO systems are discussed and analyzed. Besides, different optimization objectives are
proposed for downlink power allocation in the downlink transmission. The results of this paper show that PD-NOMA
has better performance than OMA methods in many aspects, like fairness, spectral efficiency, and energy efficiency,
especially when it is combined with MIMO.
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